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a b s t r a c t

This paper presents a new pollen record from Lake Mondsee in the north-eastern European Alps and
discusses changes in vegetation composition between 9000 and 7000 a BP in response to the 8.2 ka BP
cooling event, which is clearly reflected in a stable oxygen isotope record from the same lake. Pollen and
microcharcoal analyses performed at bi-decadal resolution provide detailed insights into the vegetation
history and fire regime in the study area. The late Greenlandian and early Northgrippian between ca.
9000 and 8000 a BP were mainly characterised by the gradual expansion of spruce, accompanied by the
retreat of hazel. Results of the pollen-based biome reconstruction show that the Greenlandian
eNorthgrippian boundary at ca. 8280 a BP was marked by a shift in the affinity scores of regional forest
biomes, reflecting a decreasing role of temperate broadleaved trees and shrubs and a strengthening of
boreal conifers in the study area. During the early Northgrippian between ca. 8000 and 7000 a BP, fir and
beech spread around Lake Mondsee, which is in line with other pollen records from the northern Alpine
Foreland, indicating cooler and moister conditions. This long-term trend is likely a response to
decreasing summer insolation (i.e. decreasing summer temperatures) and the weakening of the Siberian
High, which promoted westerly-driven moisture transport from the Atlantic region. Visual inspection of
the Lake Mondsee pollen data does not reveal a clear signal of the 8.2 ka BP event. However, biomization
results show a distinct minimum in the temperate deciduous biome scores and summed scores of plant
functional types representing warm-loving tree and shrub taxa at ca. 8165e8135 a BP.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Proxy-based reconstructions of past short-term (i.e. sub-decadal
to century-scale) climate variability are of great interest, helping to
(1) assess impacts of climate change on ecosystems, biodiversity
and human communities at global and regional levels, (2) evaluate
ert), slauterbach@leibniz.uni-
eipe), brau@gfz-potsdam.de
.

accuracy and predictive capacity of Earth system models, and (3)
estimate vulnerabilities and limits of the natural world and human
societies to adapt to climate change (P€ortner et al., 2022).

Among the century-scale climatic oscillations during the Holo-
cene, the so-called ‘8.2 ka BP event’ e an abrupt cooling that
occurred approximately 8200e8000 calendar years before present
(a BP, where BP stands for 1950 CE) e has attracted particular
attention from geoscientists (e.g. Duan et al., 2021; Gonz�alez-
Samp�eriz et al., 2009; Sepp€a et al., 2007; Veski et al., 2004),
climate and vegetation modellers (e.g. Li et al., 2019; Morrill et al.,
2014; Wiersma and Renssen, 2006) and archaeologists (e.g. García-
Esc�arzaga et al., 2022; Griffiths and Robinson, 2018; Flohr et al.,

mailto:info@pollencounter.de
mailto:slauterbach@leibniz.uni-kiel.de
mailto:slauterbach@leibniz.uni-kiel.de
mailto:c.leipe@fu-berlin.de
mailto:brau@gfz-potsdam.de
mailto:ptarasov@zedat.fu-berlin.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2023.108073&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2023.108073
https://doi.org/10.1016/j.quascirev.2023.108073


A. Schubert, S. Lauterbach, C. Leipe et al. Quaternary Science Reviews 308 (2023) 108073
2016; Schulting et al., 2022). Because of its outstanding position in
the Holocene climate record, the 8.2 ka BP event has also been
utilized for the formal subdivision of the Holocene epoch, defining
the boundary between the Greenlandian age (Early Holocene sub-
epoch) and the Northgrippian age (Middle Holocene sub-epoch)
(Walker et al., 2019). First identified in a pollen record from the
alpine valley Mesolcina in Switzerland (Zoller, 1960), the 8.2 ka BP
cold oscillation has been recognised as the largest abrupt event of
the past 12,000 years in the Greenland ice core records (Alley et al.,
1997; Vinther et al., 2006), being characterised by pronounced
cooling at a hemispheric scale (Kobashi et al., 2007). It is currently
the most intensively studied and discussed climate excursion of the
Holocene epoch (e.g. Parker and Harrison, 2022). Intensive research
over the past two decades has resulted in a large body of papers
identifying the 8.2 ka BP event in a variety of globally distributed
proxy records, both marine and terrestrial (Morrill et al., 2013). To
date, the most unambiguous and accurately dated reconstructions
of the 8.2 ka BP event are provided by stable oxygen isotope records
from ice cores and speleothems. Although pollen and other bio-
logical proxies from terrestrial archives (i.e. lake sediments and
peat deposits) are the most abundant and reliable data (e.g.
Finsinger and Tinner, 2007; Kleinmann et al., 2015; Lechterbeck
and R€osch, 2021; Rey et al., 2013, 2017, 2020; R€osch et al., 2021),
some of them suffer from insufficient temporal resolution and poor
chronological control, which limits their use in discussions of
timing, duration and magnitude of the 8.2 ka BP event (Parker and
Harrison, 2022) and weakens the interpretation of its possible
impact on regional vegetation and human environment (e.g.
Schulting et al., 2022).
Fig. 1. Topographic maps showing (a) the Salzkammergut lake region in Upper Austria; (b)
and other sites/areas with palaeoenvironmental records discussed in the text (numbered w
Schwarzsee ob S€olden, 5 e Trentino, 6 e Lake Burg€aschisee, 7 e Lake Moossee, 8 e Lake Litz
and the three Neolithic pile-dwelling sites (white stars) (after Swierczynski et al., 2013a).
Mission (SRTM) v4.1 data (Jarvis et al., 2008). Modern state borders and the location of sel
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The abovementioned problems can be solved by using high-
resolution pollen records from lake sediment records with very
accurate chronologies established from counting of annual lami-
nations, known as varves (e.g. Litt et al., 2009; Nakagawa et al.,
2021; Schubert et al., 2020; Stebich et al., 2015). Such sedimen-
tary archives covering the entire Holocene are relatively rare and
their recovery and detailed analyses requires significant financial,
labour and time investments (e.g. Brauer et al., 2014; Bronk Ramsey
et al., 2012; Nakagawa et al., 2012). However, recent studies on
varved lake sediments in different parts of Europe (e.g. Martin-
Puertas et al., 2021; Rey et al., 2019, 2023; Zander et al., 2021)
demonstrate the high potential of this approach for future research.

The freshwater Lake Mondsee situated in the Salzkammergut
region (Upper Austria), ca. 25 km east of Salzburg at the northern
margin of the European Alps (Fig. 1), is characterized by a complete
Holocene and Lateglacial sediment succession (Lauterbach et al.,
2011). Previous studies on a ~15-m-long composite sediment core
(MO-05) from the southern part of the lake allowed to establish a
robust chronology for the past 14.5 ka BP (Lauterbach et al., 2011)
and emphasised a complex though sensitive response of aquatic
and terrestrial proxies to climatic and environmental changes
(K€ampf et al., 2014, 2015, 2020; Namiotko et al., 2015; Swierczynski
et al., 2012, 2013a, 2013b). Andersen et al. (2017) examined the
reflection of the 8.2 ka BP event in sediment core MO-05 by using
sub-decadally resolved stable oxygen isotope (d18O) data derived
from the calcareous valves of benthic ostracods in the 1000-year
interval between 8700 and 7700 a BP. Their study demonstrated
a good agreement in timing, duration and magnitude of the 8.2 ka
BP cooling in the Lake Mondsee record with other stable isotope
the location of the European Alps, the study region of Lake Mondsee (black rectangle)
hite circles: 1 e Lake Mondsee, 2 e Lake Soppensee, 3 e Lake Schleinsee, 4 e Lake

elsee); and (c) Lake Mondsee with the locations of sediment core MO-05 (yellow point)
The digital elevation models are based on 90-m-resolution Shuttle Radar Topography
ected cities and villages (red dots) are provided for orientation.
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records from Europe, but also provided evidence for a 75-year-long
interval of increased air temperatures directly after the 8.2 ka BP
event. Later, high-resolution palynological analyses performed for
the interval 3450e1450 a BP in sediment core MO-05 allowed
analysing the relationships between the pollen/vegetation
composition, human habitation and regional climate variability on
decadal and centennial time scales and revealed the high sensi-
tivity of the dominant arboreal taxa to temperature fluctuations in
the North Atlantic region and tomoisture fluctuations controlled by
changes in the strength of the Siberian High and the North Atlantic
Oscillation (Schubert et al., 2020).

The archaeological sequence of the Salzkammergut lake district
dates back to the Late Palaeolithic/Mesolithic period (e.g. Kern et al.,
2009; Ruttkay et al., 2004; von Schnurbein, 2009; Wolf, 1977). The
best dated and most famous cultures of the regional archaeological
record, listed as UNESCO World Cultural Heritage, are the Late
Neolithic Mondsee Culture, known for its pile-dwellings at the
shores of Lake Mondsee and adjacent Lake Attersee (Kunze, 1986;
Offenberger, 2012), and the Early Iron Age Hallstatt Culture (Kern
et al., 2009), centred around Lake Hallstatt (or Hallst€atter See;
Fig. 1a). Archaeological investigations prove large-scale salt mining
in the region since the Late Bronze Age, but earliest evidence for
human activity in the area dates to ca. 7000 a BP (Kern et al., 2009).
The transition from the Late Palaeolithic/Mesolithic (ca.
12,000e7550/7450 a BP) to the Early Neolithic (ca. 7550/
7450e6850/6650 a BP) in the region is represented by the spread of
the Linear Pottery Culture and agricultural practices. However,
there is currently no archaeological evidence for permanent set-
tlements in the Salzkammergut region prior to 7000 a BP (Kern
et al., 2009) and the timing of the first agricultural activities re-
mains ambiguous. However, three radiocarbon-dated lake-dwell-
ing sites discovered by intensive archaeological work along the
shorelines of the southern basin of Lake Mondsee (Fig. 1c) provide
robust evidence for the local presence of Neolithic farmers since ca.
5800e5700 a BP (Swierczynski et al., 2013a). In the absence of
archaeologically proven traces of human habitation and permanent
settlements around Lake Mondsee during the time interval from ca.
9000 to 7000 a BP discussed in our study, the high-resolution
palynological record should represent natural vegetation and
allow to examine the effects of rapid climate changes around 8.2 ka
BP on the regional terrestrial environments. On the other hand,
identification of minor herbaceous pollen taxa (e.g. Cerealia type,
Plantago lanceolata, Urtica, Rumex, Chenopodiaceae) and coproph-
ilous fungi spores (e.g. Sporormiella, Cercophora, Sordaria) could
provide important missing information on the early human impact,
agricultural and animal grazing activities in the region (e.g. Rey
et al., 2013, 2017; R€osch and Lechterbeck, 2016; R€osch et al., 2014,
2021; Schubert et al., 2020; Schw€orer et al., 2015).

In the current paper, we present the detailed results of paly-
nological and microcharcoal analyses on a 150-cm-long section of
sediment core MO-05 from Lake Mondsee, spanning the interval
from ca. 9000 to 7000 a BP. This interval covers an environmentally
dynamic period of the Holocene Epoch prior to the Neolithic
occupation of the catchment area, spanning the transition between
the Greenlandian and the Northgrippian (i.e. between the Early and
Middle Holocene) and the 8.2 ka BP cooling event. The newly
generated records are then interpreted in terms of changes in
vegetation composition, fire regime and potential early human
impact and discussed in relation to regional and hemispheric-scale
climatic changes.

2. Environmental setting

Lake Mondsee, the third-largest lake in the Austrian Sal-
zkammergut lake district, is located at the northern margin of the
3

European Alps (approx. 47�490N, 13�240E) at 481 m above sea level
(a.s.l.). The lake is of glacial origin (van Husen,1979; Kohl, 1998) and
has a surface area of ~13.8 km2, a catchment area of ~247 km2 and a
maximumwater depth of ~68 m, which is reached in the southern
part of the lake basin (Beiwl and Mühlemann, 2008). The northern,
more shallow part of the lake is surrounded by the gently sloped
hills of the Alpine Foreland, which are composed of Cretaceous
siliciclastic sediments that are partly covered by Quaternary de-
posits, while the southern part of the catchment is dominated by
the steep-slopedmountains of the Northern Calcareous Alps, which
are mainly composed of Mesozoic limestones and dolomites
(Irlweck and Danielopol, 1985; van Husen, 1989). The most
important tributaries of Lake Mondsee are Fuschler Ache, Wanga-
uer Ache and Zeller Ache (Fig. 1), which provide more than half of
the inflowing water volume. The outflow stream Seeache connects
Lake Mondsee with adjacent Lake Attersee (Fig. 1).

Lake Mondsee is located in the temperate oceanic climate zone
(Geiger, 1954). The mean annual, July and January air temperatures
at the Mondsee weather station (47.86�N, 13.35�E, 493 m a.s.l.) for
the period 1971e2000 areþ8.7,þ17.8 and�0.5 �C, respectively. The
average annual precipitation amounts to ~1550 mm (1971e2000),
with one third of the total sum falling during the three summer
months and the remainder being evenly distributed over the rest of
the year (Central Institute for Meteorology and Geodynamics
(ZAMG), Vienna, Austria). Heavy summer rains, often accompanied
by thunderstorms, frequently cause severe flooding with enhanced
supply of detrital catchmentmaterial by the tributaries, resulting in
the formation of significant flood deposits in the lake (Swierczynski
et al., 2012; K€ampf et al., 2014, 2015, 2020).

Today, ~52% of the catchment area are covered by forests while
~22% are covered by water, ~26% by meadows, pastures and arable
land and <0.5% by buildings and commercial areas (Beiwl and
Mühlemann, 2008). The elevated terrain (481e1700 m a.s.l.) and
the complex topography of the Lake Mondsee catchment deter-
mine variable climatic conditions and the natural vegetation dis-
tribution along the altitudinal gradient. The natural vegetation near
the lake is fragmentarily preserved. A unique beech (Fagus) forest
with yew (Taxus), linden (Tilia), elm (Ulmus), willow (Salix), maple
(Acer) and ash (Fraxinus) trees as well as numerous shrubs grows in
the protected area “Pichlwald” in Loibichl at the eastern lake shore
(Fuchs et al., 2004). It represents a temperate deciduous forest
biome (Prentice et al., 1996) that is associated in the study areawith
the warmer zone, occupying lowlands and hills below 500 m a.s.l.
Alder (Alnus) and birch (Betula) trees are common in the shore zone
and in the floodplain forests. Species-rich mixed forests dominated
by beech and spruce (Picea) and an admixture of oak (Quercus), fir
(Abies), Scots pine (Pinus sylvestris), maple, ash, linden, alder, hazel
(Corylus) and hornbeam (Carpinus) (Fuchs et al., 2004, 2005) are
common in the altitudinal zone between 500 and 1000 m a.s.l. The
altitudes between 1000 and 1600/1700 m a.s.l. are dominated by
coniferous forests consisting of fir and spruce with an admixture of
beech and few other cold-tolerant temperate deciduous trees.
Above 1600/1700 m a.s.l., the subalpine zone of the Northern
Calcareous Alps is occupied by larch (Larix) and stone pine (Pinus
cembra) forests (Nationalpark, 2016).

3. Data and analytical methods

3.1. Core material and chronology

Within this study, we analysed a 150-cm-long section
(840e990 cm composite depth) of the continuous sediment core
MO-05 (Fig. 2a), which has been recovered in June 2005 from the
deepest part of Lake Mondsee (Fig. 1c). MO-05 is 1493 cm long and
covers the entire Holocene and Lateglacial (Lauterbach et al., 2011).



Fig. 2. (a) Schematic lithology and age model of sediment core MO-05 (modified from the electronic supplement to Lauterbach et al., 2011). Stars next to the lithological column
indicate positions of terrestrial plant macrofossil samples that have been AMS 14C-dated to support the varve counting-based Holocene chronology. The blue box between 840 and
990 cm composite depth indicates the interval between ca. 9000 and 7000 a BP investigated in this study. (b) Varve counting-based age model (black line) for the interval under
investigation. The grey shading indicates the uncertainty of the varve chronology (1.25%; for details see Swierczynski et al., 2012, 2013b). Black horizontal bars indicate calibrated
AMS 14C dates (displayed are 95.4% ranges) of terrestrial plant macrofossil samples (see Table 1 for further details).
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The chronology of its Holocene part (0e1129 cm composite depth)
is based on continuous microscopic varve counting (0e608 and
909e947 cm composite depth) and a varve-based sedimentation
rate chronology (608e909 and 947e1129 cm composite depth),
supported by accelerator mass spectrometry (AMS) 14C dates ob-
tained from terrestrial plant macrofossils (e.g. Fig. 2; Table 1) as
well as 137Cs dating in the uppermost part (Lauterbach et al., 2011).
As deduced from independent varve counts by two different ex-
aminers, the uncertainty of the MO-05 varve chronology is 1.25%
(Swierczynski et al., 2012, 2013b). Following the published chro-
nology (Andersen et al., 2017; Lauterbach et al., 2011), the section
analysed in the current study covers the time interval between
Table 1
AMS 14C dates obtained from terrestrial plant macrofossils from the Holocene part of the
calendar years before present (a BP). Italicised samples substantially deviate from the varv
using the OxCal v.4.4 software (Bronk Ramsey, 1995) and the IntCal20 calibration curve

Laboratory
code

Composite depth
(cm)

Dated
material

Carbon content (mg)/d13C ± s
(‰)

AM
BP

KIA32794 782.25 leave
fragments

1.04/�30.09 ± 0.15 54

KIA36619 818.75 plant remains 1.65/�26.55 ± 0.13 58
KIA32795 873.00 plant remains 0.28/-32.70 ± 0.23 60
KIA32796 916.50 leave

fragments
3.29/�29.61 ± 0.09 71

KIA39231 941.00 twig 0.95/�29.41 ± 0.12 73
KIA32797 945.25 bark 5.11/-27.57 ± 0.07 77
KIA36616 958.75 plant remains 0.69/�25.24 ± 0.42 76
KIA36615 977.00 plant remains 2.88/�30.85 ± 0.19 80
KIA32798 993.00 bud scale 1.65/�25.73 ± 0.21 81
KIA36617 1005.50 seed 4.66/�21.20 ± 0.34 83
KIA29397 1034.75 seed 1.37/�23.89 ± 0.14 86
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~9000 and ~7000 a BP with an absolute age uncertainty of about
±100 years (Fig. 2b). All ages given in years (a) or kiloyears (ka)
before present (BP) are varve/calendar years with BP referring to
1950 CE.

3.2. Palynological analysis and visualization of results

Palynological analysis was carried out on 78 sediment samples
(1-cm-thick sediment slices, each incorporating 12e15 years) that
were taken from sediment core MO-05 between 840 and 990 cm
composite depth. The 2-cm sampling interval between analysed
levels enables a temporal resolution of approximately 25 years.
Lake Mondsee record (after Lauterbach et al., 2011) for the interval ca. 10,000e6000
e-based agemodel (Lauterbach et al., 2011). All conventional 14C ageswere calibrated
(Reimer et al., 2020).

S 14C age (a
± s)

Calibrated age (a BP, 95.4%
probability)

Modelled calendar age (a
BP)

62 ± 36 6195e6310 6288

09 ± 36 6496e6729 6724
88 ± 104 6678e7249 7405
29 ± 36 7868e8017 7985

49 ± 48 8024e8318 8312
66 ± 35 8430e8600 8368
31 ± 61 8342e8585 8556
19 ± 35 8724e9014 8817
92 ± 41 9019e9279 9049
00 ± 32 9140e9430 9242
38 ± 48 9529e9718 9697
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Following the Sustainability Mission Statement adopted by the
Freie Universit€at (FU) Berlin in research and teaching as well as EU
regulations on the substitution of hazardous chemicals, we applied
the extraction protocol described in Leipe et al. (2019) for the
current study, avoiding both the use of HF and acetolysis. Chemical
preparation of the wet sediment samples (~3 g) included treatment
with cold 10% HCl to remove carbonates and hot 10% KOH to
remove humic acids as well as densemedia separationwith sodium
polytungstate (SPT) at a density of 2.1 g/cm3 to remove siliceous
matter. After SPT treatment, the sample residues were washed
twice with distilled water and mounted in glycerol. The same
approach has previously been successfully applied to Late Holocene
sediments from the same sediment core, demonstrating excellent
pollen recovery and preservation (Schubert et al., 2020).

In order to estimate pollen and non-pollen palynomorph (NPP)
concentrations, one tablet of exotic Lycopodium spores was added
to each sample (Lyco Batch No 1031: 20,848 ± 3457 spores per
tablet) prior to chemical treatment (Stockmarr, 1971). Pollen of
terrestrial and aquatic plants, fern and moss spores, some charac-
teristic non-pollen palynomorphs (NPPs) and microcharcoal parti-
cles were counted using an Olympus CX31 light microscope at
400� magnification. Taxonomic identification was aided by pub-
lished palynological keys and photo atlases (Beug, 2004; Demske
et al., 2013; Moore and Webb, 1978; Reille, 1992, 1995, 1998; van
Geel, 2001) as well as by the institute's reference collection. Asco-
spores of the parasitic fungus Kretzschmaria deusta (Type HdV-44)
were identified after van Geel (1978) and van Geel et al. (2013).
Microcharcoal particles (<200 mm in size) were counted as a fire
proxy following Clark (1988) and Whitlock and Larsen (2001).
Counted pollen sums vary between 600 and 869 terrestrial pollen
grains per sample (667 on average). The counting of larger sums
(>500 terrestrial pollen grains), also applied in a previous study
(Schubert et al., 2020), has been demonstrated to reliably record
rare (<1%) but indicative taxa (see Bennett and Willis (2001), Litt
et al. (2009) and Weng et al. (2006) for further discussion) such
as cool-temperate broadleaved evergreen Hedera helix (common
ivy) and woody hemiparasitic Viscum (mistletoe) (Zagwijn, 1994).
Individual taxa percentages for all terrestrial pollen taxa were
calculated based on the sum of arboreal pollen (AP) and non-
arboreal pollen (NAP) taken as 100%. Percentages for aquatic and
spore-producing plant taxa and for non-pollen palynomorphs
(NPPs) were calculated based on the terrestrial pollen sum plus the
sum of palynomorphs in the corresponding group. The taxa per-
centage diagrams, which present the main analytical results
employed in the discussion, were drawn using the software TILIA
(Grimm, 1993, 2004).
3.3. Numerical analyses and data interpretations

For discussing the results and the potential impacts of major
climatic forcings on changes in the pollen percentages of repre-
sentative arboreal taxa (Fig. 5), we refer to the bioclimatic limits of
Table 2
Central European arboreal plant functional types (PFTs) with their characteristic taxa iden
Prentice et al., 1996). Biome and PFT abbreviations are given in brackets.

Plant functional type (trees and shrubs) Taxa from the MO-5 record (this stud

Boreal evergreen conifer (bec) Abies, Picea, Pinus cembra (i.e. Haploxy
Boreal summer green (bs) Alnus, Betula, Populus, Salix
Eurythermic conifer (ec) Juniperus, Pinus sylvestris (i.e. Diploxylo
Temperate summer green (ts) Acer, Fraxinus (excelsior type), Quercus
Cool-temperate summer green (ts1) Corylus, Fagus, Tilia, Ulmus
Warm-temperate summer green (ts2) Fraxinus (ornus type), Rhamnus, Vitis
Cool-temperate broad-leaved evergreen (wte1) Hedera
Heath (h) Ericales
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plant functional types (PFTs), the definition of PFTs, the taxa-to-PFT
and the PFT-to-biome assignment (Table 2) used in the BIOME
global vegetation model based on plant physiology and dominance,
soil properties and climate (Prentice et al., 1992) and in the Euro-
pean biome reconstructions from the late Quaternary pollen data
(Prentice et al., 1996; Peyron et al., 1998; Tarasov et al., 1998). The
calculation of biome scores for all analysed pollen samples was
performed using an equation first published by Prentice et al.
(1996). Consistently, a universal threshold pollen percentage of
0.5%was applied to all taxa in the biome-taxonmatrix, as presented
in that study. A square root transformation, aiming at amplifying
the influence of minor pollen taxa, was then applied to pollen
percentage values above zero.

The biome with the highest affinity score, or the one defined by
fewer PFTs (when scores of several biomes are equal), should be
assigned to each pollen spectrum (Prentice et al., 1996) and reflects
a greater likelihood that this vegetation type grew close to the
study site during the time of sample accumulation. The dominant
biome reconstruction approach does not allow the reconstruction
of transitional vegetation types; however, this important informa-
tion can be obtained by examining the affinity scores of all biomes,
which could be potentially present in the study region (e.g. Texier
et al., 1997; Shumilovskikh et al., 2012; Kobe et al., 2020;
Krikunova et al., 2022).

We used the total percentage of NAP as an indicator of landscape
openness (e.g. Behre, 2007; Litt et al., 2009) and the microscopic
charcoal particle content as a proxy for regional fire activity (Clark
et al., 1989; Tinner et al., 1998; Whitlock and Larsen, 2001).
Kretzschmaria deusta, commonly known as brittle cinder, is a fun-
gus and plant pathogen found in temperate regions of the Northern
Hemisphere. K. deusta is an indicator for intact late successional
mixed beech and/or mixed oak forests as well as for flood events/
soil erosion (van Geel et al., 2013). So far, the use of K. deusta as a
climate proxy has not been sufficiently proven, but laboratory ex-
periments demonstrate a relation between mycelium growth rate
and air temperature (Cordin et al., 2021). These experiments
revealed very slow mycelial growth at 10 �C compared to signifi-
cantly higher rates at 15 and 20 �C and optimal growth at 25 �C
(Cordin et al., 2021), but a possible impact of climate on the spread
of the fungus is still difficult to assess. As detailed analyses per-
formed on the same part of sediment core MO-05 do not suggest
increased erosional input and/or more frequent flood events across
the 8.2 ka BP event (Andersen et al., 2017), the K. deusta record
generated in our study makes it possible to test its response to this
climate oscillation.
4. Results

The microscopic analysis of the 78 samples used for this study
revealed 82 identified taxa of palynomorphs, including 25 AP taxa
(i.e. trees, shrubs and vines), 42 terrestrial NAP taxa (i.e. herbs and
grasses), 5 aquatic plant taxa, 5 terrestrial cryptogam taxa (i.e. ferns
tified in the MO-05 pollen record (this study) assigned to the regional biomes (after

y) included Regional biome

lon type) Taiga (TAIG), Cool conifer forest (COCO), Cool mixed forest (COMX)
TAIG, COCO, COMX, Temperate deciduous forest (TEDE)

n type) TAIG, COCO, COMX, TEDE
(deciduous) COMX, TEDE

COCO, COMX, TEDE
TEDE
TEDE
TAIG, COCO, COMX, TEDE
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and mosses) and 5 taxa representing green algae and other NPPs
(Supplemental Information Table 1). In total, only 18 terrestrial
pollen taxa exceed 1% (Fig. 3a) while others are below this level
(Fig. 3b). The recovery and preservation of all palynomorphs in the
analysed samples were very good. Pollen concentration varied from
18,653 to 88,290 grains/g throughout the record with a mean value
around 47,814 grains/g.

The summary palynological diagram (Fig. 3) shows that AP is
predominant in the pollen assemblages throughout the record and
varies between 88 and 96% (mean value ~93%). The NAP is domi-
nated by Poaceae (grass) and Cyperaceae (sedge) pollen and shows
a slight decrease in percentage values from the bottom (10e12%) to
the top (4e6%) of the record. In the lower part of the record (990‒
939 cm), which represents the age interval prior ca. 8280 a BP, the
temperate deciduous taxa Corylus and Ulmus are the most abun-
dant, averaging at about 22 and 15% of the total pollen sum,
respectively. Other representative deciduous taxa are Quercus and
Tilia, followed by Betula and Alnus. Picea and Pinus predominate
among the coniferous taxa (on average ~13 and ~8%, respectively).
The Corylus and Picea percentage curves show an opposite trend,
i.e. a decrease and an increase, respectively (Fig. 3a). In the middle
part of the record (939‒849 cm; ca. 8280e7100 a BP), Picea (on
average ~24%) becomes the most dominant taxon, followed by
Ulmus (~14%) and Corylus (~13%). Fagus and Abies start to appear
regularly and Pinus cembra (stone pine) reaches up to 2%. The up-
permost part of the record (849‒840 cm; ca. 7100e7000 a BP)
demonstrates a noticeable decrease in the average values of Picea
(~11%) and Ulmus (~7%) and a corresponding increase in Corylus
(23%). Alnus, Fagus and Abies reach their highest values in the re-
cord, i.e. 17%, 4% and 1%, respectively. All aquatic taxa (Myr-
iophyllum, Nuphar, Nymphoides, Sparganium and Typha latifolia
type) are minor pollen contributors and their total sum does not
exceed 0.9% throughout the entire record. Spores of Polypodiales
and Pteridium are the main contributors among the terrestrial
cryptogams (Fig. 3a). In the NPP group, the green algae Botryococcus
and fungal spores of Glomus and K. deusta as well as microcharcoal
particles show the highest percentages and concentration values
(Fig. 4).

The quantitative pollen-based biome reconstruction (Fig. 5)
approves the subdivision based on the visual inspection of the
pollen diagram (Fig. 3). The results show that the forest biomes,
particularly cool mixed (COMX), temperate deciduous (TEDE) and
cool conifer (COCO) forests, have the highest affinity scores. The
species rich COMX biome dominates throughout the entire inves-
tigated section. In the lower (990‒939 cm) and uppermost (849‒
840 cm) parts of the record, it is followed by the TEDE biome, while
in between (939‒849 cm) the COCO and TEDE biomes share the
second/third places. The evergreen conifer forest biome (i.e.
mountain taiga; TAIG) also shows relatively high scores in this in-
terval. This is mainly due to a relative increase in the proportion of
boreal evergreen conifer (bec) taxa and a less pronounced decrease
in the proportion of broadleaved taxa contributing to the temperate
summer green (ts) and cool-temperate summer green (ts1) PFT,
respectively (Fig. 5).

5. Discussion

5.1. Vegetation change and climate dynamics between 9000 and
7000 a BP

Pollen analysis has proven to be as a powerful tool to reconstruct
changes in local to regional vegetation communities through space
and time (e.g. Berglund and Ralska-Jasiewiczowa, 1986; Dimbleby,
1985; Fægri and Iversen, 1989). The analysis performed in the
current study provides a very detailed and robustly dated record of
6

vegetation changes around Lake Mondsee at the northern margin
of the Austrian Alps across the Early to Middle Holocene (Green-
landianeNorthgrippian) boundary. The late Greenlandian part of
the investigated interval (ca. 9000e8280 a BP) reveals the domi-
nance of species-rich COMX and TEDE forest communities with
hazel, elm, linden, oak, ash, birch and alder at lower elevations and
around the lake, while spruce and pine were characteristic ele-
ments of the COCO and TAIG biomes at higher elevations (Figs. 5
and 6a). Relatively low proportions of NAP (Fig. 6b) suggest that
open vegetation played a minor role in the generally forested
landscape and was probably confined to the lake shores. Generally
low NAP percentages (i.e. below 10%) between 9000 and 7000 a BP
were also observed in high-resolution pollen records from
Switzerland and Germany (e.g. Litt et al., 2009; Rey et al., 2013;
Tinner and Lotter, 2006), suggesting that the entire region north of
the Alps was forested, although forest composition and canopy
density likely varied from site to site and between lowland sites
(e.g. Litt et al., 2009; Rey et al., 2017, 2020; Tinner and Lotter, 2006)
and subalpine sites (e.g. Rey et al., 2013, 2022). Relatively high
amounts of Corylus avellana pollen in the Lake Mondsee record
(Fig. 3a) may indicate a relatively open mixed oak forest near the
lake. In comparison, the pollen record from Lake Burg€aschisee on
the Swiss Plateau (Fig. 1b) reveals high percentages of temperate
trees and shrubs between 9000 and 7000 a BP with a predomi-
nance of mixed elm-linden-maple-oak forests without spruce and a
significant but gradually decreasing proportion of hazel (Rey et al.,
2017).

The proportion of herbaceous pollen in recent sediments from
Lake Mondsee is 17e19%. This corresponds to a satellite-based es-
timate of forest cover of 69% within a 15 km radius around the lake
(Schubert et al., 2020) derived from the AVHRR modern tree cover
dataset (DeFries et al., 2000). The main differences in the compo-
sition of the Early Holocene (i.e. late Greenlandian) vegetation at
Lake Mondsee are the absence of beech, which contributes 8.4% to
the modern pollen assemblage, as well as hornbeam, fir and yew. In
addition, the contribution of hazel (2.8%), oak (1.5%), ash (1.7%),
linden (0.2%) and elm pollen is significantly lower in the modern
pollen assemblage, while the contribution of spruce (28.7%) and
pine pollen (19.9%) is higher. Although, coniferous tree species
(mainly spruce) are naturally predominant in the modern Austrian
forests (i.e. 63.5% of the total forest area), this has been reinforced to
some extent by human activities for economic reasons (Quadt et al.,
2013).

Changes in pollen composition that began during the late
Greenlandian continued during the early Northgrippian (ca.
8280e7000 a BP), indicating corresponding changes in regional
vegetation. Thus, the continuing decrease in the percentages of
herbaceous pollen (Fig. 6b) may reflect the further spread of forest
vegetation or/and a higher density of the forest canopy. The
decrease in the proportion of hazel (Fig. 6d), a typical edge and
understorey species in open mixed deciduous forests (San-Miguel-
Ayanz et al., 2016), and the increase in the proportion of shady
boreal conifers (Fig. 5), mainly spruce (Fig. 6c), support this inter-
pretation and explain the strengthening of the TAIG and COCO bi-
omes (Fig. 5) in the study area during this interval. The early
Northgrippian part of the MO-05 record also reveals the arrival (at
ca. 7925 a BP) and successive spread of beech and fir (Fig. 6e).

The shade-tolerant and mesophytic end-successional species
Fagus silvatica and Abies alba are important components of
contemporary European forests (San-Miguel-Ayanz et al., 2016)
and Holocene pollen records from Central Europe (Tinner and
Lotter, 2006), including the Lake Mondsee area (Draxler, 1977;
Schmidt, 1981; Schubert et al., 2020). Their arrival time and
expansion patterns in different parts of Europe have been studied
and discussed over the past decades (e.g. Magri et al., 2006; Tinner
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and Lotter, 2006; Giesecke et al., 2007; Kleinmann et al., 2015; Rey
et al., 2017, 2020; R€osch and Lechterbeck, 2016; R€osch et al., 2014,
2021). However, the discussion of migrational leads and lags and
their underlying drivers is often hampered by chronological un-
certainties of the pollen records. Therefore, robustly dated records
with chronologies established by varve counting and AMS 14C
dating on terrestrial plant remains are especially important. The
timing of the spread of Fagus and Abies inferred from the new Lake
Mondsee pollen record (Fig. 6e) is in good agreement with evidence
from high-resolution pollen records from Lake Soppensee on the
Swiss Plateau (Fig. 1b) and Lake Schleinsee (Fig. 1b), situated ~4 km
northeast of Lake Constance (Tinner and Lotter, 2006), confirming a
more or less synchronous onset of the expansion of Fagus and Abies
in the northern Alpine Foreland during the early Northgrippian.
However, the very detailed and well-dated pollen record from Lake
Moossee (Fig. 1b) suggests that the local establishment of the first
stands of Abies alba and Fagus sylvatica on the Swiss Plateau
occurred at 8400 and 8200 a BP, respectively (Rey et al., 2020), i.e.
earlier than around Lake Mondsee.

To date, there is no archaeological evidence of Neolithic occu-
pation and land use in the Lake Mondsee area between 9000 and
7000 a BP. By reviewing lake sediment pollen records from
southwestern Germany in terms of changes in vegetation and hu-
man impact R€osch et al. (2021) concluded that Neolithic human
impact in the northern Alpine Foreland is generally characterised
by increased amounts of microcharcoal and indicator taxa of hu-
man impact such as ruderals, apophytes (e.g. Artemisia, Plantago
lanceolata) and Cerealia pollen although the NAP contribution may
remain low. The MO-05 pollen record (Fig. 3), however, does not
reveal similar evidence for human impact during the investigated
time interval. In particular, Cerealia and P. lanceolata pollen grains
as well as coprophilous fungi spores are absent, while other po-
tential indicator taxa are either represented by single pollen grains
only (e.g. Urtica, Rumex, Chenopodiaceae) or appear in very small
numbers throughout the record (e.g. Artemisia). The data synthesis
by R€osch et al. (2021) also suggests that between 7500 and 6300 a
BP the lacustrine pollen records from the northern Alpine Foreland,
far distant from the settlement areas of the Linear Pottery Culture,
show little human impact. This is in agreement with the pollen
record from Lake Burg€aschisee (Fig. 1b), where the first pollen
grains of Cerealia and P. lanceolata appear at ca. 6500 a BP, marking
the onset of noticeable agricultural activities around the lake (Rey
et al., 2017). The pollen record from Lake Litzelsee (Fig. 1b) in the
western Lake Constance region (R€osch and Lechterbeck, 2016) also
does not showany signs of significant human impact between 7500
and 7000 a BP, i.e. the time corresponding to the Linear Pottery
Culture period, but, however, reveals a distinct rise in the charcoal
contents.

Reviewing the vegetation dynamics in the northern Alpine
Foreland between ca. 8700 and 7500 a BP, Tinner and Lotter (2006)
concluded that neither human nor fire disturbance substantially
promoted the expansion of Fagus and Abies in the regional forests
during that interval. The microscopic charcoal record from sedi-
ment core MO-05 (Fig. 6f) is in line with these data, suggesting that
regional fire activity was rather heterogeneous. At Lake Soppensee
charcoal influx increased markedly after 8200 a BP, with peaks at
7985, 7685 and 7565 a BP. At Lake Schleinsee very high amounts of
charcoal were accumulated at 8330 a BP and secondary peaks
occurred at 8250 and 7950 a BP (Tinner and Lotter, 2006). Rey et al.
(2017) reported an increasing trend in charcoal values at Lake
Burg€aschisee after ca. 7500 a BP, suggesting higher regional fire
Fig. 3. Summary diagrams showing the relative abundance of representative arboreal polle
the analysed section of sediment core MO-05 from Lake Mondsee on depth and age scale

8

activity that peaked around 6500e5000 a BP, most likely in
response to human activities such as slash-and-burn. In compari-
son, the only notable peak in charcoal concentration in the Lake
Mondsee record dates to 7890 a BP. Given that charcoal concen-
trations were low during the rest of the study interval, this is
consistent with the absent archaeological and palynological evi-
dence for human impact in the area.Whether the fire event at 7890
a BP was caused by an accidental human visit or was of natural
origin remains unresolved.

The hypothesis that ‘native vegetation is the best expression of
climate’ (K€oppen, 1923) has been validated on a global and large
regional scale (e.g. Geiger, 1954; Prentice et al., 1992; Woodward,
1987). A recent comparison of the decadal- and century-scale
variability in the MO-05 pollen record between ca. 3500 and
1500 a BP with Greenland ice core palaeoclimate records
(Mayewski et al., 1997, 2004; Svensson et al., 2008) revealed a very
high sensitivity of the vegetation in the study area to temperature
and moisture variability in the North Atlantic region as well as to
the intensity of the Siberian High (Schubert et al., 2020). Because of
the absence of archaeological traces and the lacking palynological
evidence for human activity around Lake Mondsee between ca.
9000 and 7000 a BP, climatic forcing of the observed vegetation
changes can be considered more likely than an anthropogenic
influence.

Themost notable feature of theMO-05 pollen record (Fig. 4) and
the pollen-based reconstruction of the vegetation around Lake
Mondsee (Fig. 5) during the study interval is the shift in the affinity
scores of regional TEDE and COCO forest biomes (Fig. 6a), reflecting
a decreasing role of temperate broadleaved trees and shrubs
(Table 2) and a strengthening of boreal conifers in the catchment
area at the GreenlandianeNorthgrippian boundary at about 8280 a
BP. However, this change was preceded by a long-term gradual
decline of Corylus (Fig. 6d) and the parallel gradual expansion of
Picea in the study area (Fig. 6c). A similar trend in the Corylus pollen
curve in high-resolution pollen records from the northern Alpine
Foreland of Switzerland and Germany has previously also been
interpreted in terms of climate change (Tinner and Lotter, 2006).

The interval between 9000 and 7000 a BP in the Northern
Hemisphere mid-latitudes was characterised by decreasing but still
higher-than-present (i.e. close to the Holocene maximum) summer
insolation and increasing but lower-than-present winter insolation
(Laskar et al., 2004). At 9000 a BP, the global sea level was
~20e25 m lower than today (Waelbroeck et al., 2002; Yokoyama
et al., 2007). In the following, it quickly rose, reflecting melting of
the Northern Hemisphere ice sheets (e.g. Stroeven et al., 2016;
Margold et al., 2018), and reached ~5 m below modern levels at
about 7000 a BP. In the European mid-latitudes, these boundary
conditions should have led to warmer summers and colder winters
(i.e. greater seasonality), higher evaporation and lower moisture
availability, especially pronounced around 9000 a BP (Kutzbach and
Webb, 1993). However, reconstructions of the Early Holocene
climate based on over 500 pollen records from Europe show major
spatial and seasonal differences in temperature trends (Davis et al.,
2003), demonstrating the importance of regional studies.

A high-resolution chironomid-based mean July temperature
reconstruction from Lake Schwarzsee ob S€olden (Fig. 1b) in the
Eastern Alps (Ilyashuk et al., 2011), ~200 km southwest of Lake
Mondsee, reveals that the Early Holocene summer climate was
much warmer than today. Mean July temperatures were 2e4 �C
higher until 8280 a BP but notably decreased thereafter (Fig. 6g).
This is consistent with the decreasing trend in summer insolation
n (AP), non-arboreal pollen (NAP) and spore taxa representing terrestrial vegetation in
(this study).



Fig. 4. Simplified diagram showing the relative abundance and concentration values of representative non-pollen palynomorph (NPP) taxa in the analysed section of sediment core
MO-05 from Lake Mondsee on depth and age scale (this study).
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and helps to explain gradual changes in the MO-05 pollen record
(Fig. 3) and the reconstructed biomes (Fig. 6a). Tinner and Lotter
(2006), by interpreting changes in several well-dated vegetation
records from the western Alps, suggested that the decrease in
summer temperatures after ca. 8300 a BP was accompanied by a
marked increase in moisture supply. This interpretation is sup-
ported by evidence for regionally higher lake-levels and a positive
hydrological balance at that time (Magny, 2004). Earlier, Magny
et al. (2003) hypothesized that improved moisture conditions in
Central Europe could reflect variations in the strength of the
Atlantic Westerly Jet in relation with the thermal gradient between
high and low latitudes. In the current study, lower percentages of
Picea (Fig. 6c) and higher NAP values (Fig. 6b) during the late
Greenlandian correspond to a stronger Siberian High (Fig. 6h;
Mayewski et al., 1997, 2004) and higher than present regional
summer temperatures (Fig. 6g), indicating a more continental and
relatively dry climate regime. Higher Picea and lower NAP per-
centages during the early Northgrippian correspond to a weaker
Siberian High accompanied by cooler summers, resulting in a less
continental and relatively humid regional climate. Multiproxy re-
cords from lake sediments from the Baikal region (Kobe et al., 2020,
9

2022) also indicate a weakening of the strong winter anticyclone
during the Early Holocene, which blocked the westerly flow and
caused dry winter conditions in this region (Kleinen et al., 2011). In
contrast, the following Middle Holocene experienced much faster
forest expansion and a strengthening of the westerly circulation,
which brought precipitation to the mid-latitudinal zone of Eurasia,
stretching from France (Magny, 2004) and Germany (Litt et al.,
2009) in the west to the Altai Mountains and the Lake Baikal re-
gion in the east (Kleinen et al., 2011; Tarasov et al., 2017).

The TEDE biome scores rise again above the COCO biome scores
in the uppermost part of the investigated interval around
7100e7000 a BP (Fig. 6a). This change is associated with an abrupt
decrease in Picea in the MO-05 pollen record (Fig. 3), accompanied
by a short-term increase in Corylus percentages. However, neither
very low NAP values (Fig. 6b) nor relatively constant scores of the
temperature sensitive ts PFT (Fig. 5) indicate a significant decrease
in atmospheric precipitation or temperature. The chironomid-
based summer temperature reconstruction from Lake Schwarzsee
ob S€olden (Fig. 6g) also shows rather low mean July temperatures
during this period, suggesting another driving force behind the
recorded changes in Picea and Corylus. Quadt et al. (2013) reported



Fig. 5. Main results of the plant functional type (PFT) score calculation and pollen-based biome reconstruction obtained for the analysed section of sediment core MO-05 from Lake
Mondsee on depth and age scale (this study).
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that spruce trees in Austrian forests can be particularly affected by
frequent droughts, storms and wildfires. For example, Norway
spruce (Picea abies (L.) Karst.) has suffered from the disastrous
storms of 2007 and 2008, which left gaps and shrub areas on
former coniferous stands with an area of 95,000 ha (Russ, 2011). In
the absence of a noticeable increase in the concentrations of
microcharcoal particles in the MO-05 sediments (Fig. 6f), storm
damage might explain the decrease in Picea pollen at about 7100 a
BP. The short-term peak of Corylus pollen shortly after 7100 a BP
could be the result of increasing anthropogenic pressure on forest
vegetation (e.g. Rey et al., 2019; R€osch et al., 2021), but the absence
of other indicators of human activity does not further support such
an interpretation.
5.2. Reflection of the 8.2 ka BP event in the Lake Mondsee proxy
records

The 8.2 ka BP event and its manifestation in environmental ar-
chives around the world is a hot topic of Holocene palaeogeo-
graphic and palaeoclimatic research aiming at a better
understanding of the triggers and spatio-temporal responses of
environmental systems (and their physical, biological and social
components) to rapid climate changes. It is well-recognised in d18O
records fromGreenland ice cores (e.g. Fig. 6i; Svensson et al., 2008),
10
which are frequently used as an indicator of Northern Hemisphere
temperature changes, as well as in global speleothem records (e.g.
Parker and Harrison, 2022). However, in other well-dated climate
records, representing both larger (e.g. Fig. 6h) and smaller regions
(e.g. Fig. 6g), the 8.2 ka BP event is often not clearly expressed,
which complicates interregional correlations and interpretations of
its impact and questions the sensitivity of various archives and
proxies. Moreover, urging to identify the event in geological ar-
chives can substantially bias the interpretation of newly obtained
proxy records, particularly for those without a very robust age
control, as demonstrated by an objective statistical analysis of
abrupt changes around 8.2 ka BP in the Asian summer monsoon
domain (Morrill et al., 2003).

A sub-decadal d18O record obtained from the calcareous valves
of benthic ostracods preserved in the MO-05 sediments (Fig. 6j)
reveals a clear reflection of the 8.2 ka BP event that is in agreement
with other stable isotope records from the North Atlantic region
with respect to the timing, duration and magnitude of the event
(Andersen et al., 2017). Based on this record, the mean annual air
temperature at Lake Mondsee during the 8.2 ka BP event decreased
by ~1.5 �C relative to the pre-event level (Andersen et al., 2017). This
is similar to the temperature drop seen in the ostracod d18O-based
mean annual air temperature reconstruction from Lake Ammersee
(von Grafenstein et al., 1998), located ~170 km west of Lake



Fig. 6. Selected results of this study along with published proxy records discussed in
the text. (a) Changes in the numerical scores of the temperate deciduous (TEDE) and
cool conifer (COCO) forest biomes in the Lake Mondsee catchment; (b) changes in the
percentages of non-arboreal pollen (NAP) taxa in the MO-05 record; changes in the

A. Schubert, S. Lauterbach, C. Leipe et al. Quaternary Science Reviews 308 (2023) 108073

11
Mondsee, and also fits estimates from other European palae-
oclimate proxy records (e.g. Feurdean et al., 2008; Morrill et al.,
2013; Veski et al., 2004).

At first glance, the bi-decadal pollen record from Lake Mondsee
(Fig. 3) provides no direct reflection of the 8.2 ka BP event but re-
veals a rather protracted shift from Corylus-dominated to Picea-
dominated pollen assemblages, marking the boundary between the
Early and Middle Holocene, i.e. the Greenlandian and the North-
grippian, at about 8280e8270 a BP. Indeed, without the very robust
chronology that is available for sediment core MO-05, any of the
frequent small-scale fluctuations in the pollen curves could be
regarded as the 8.2 ka BP event. Alternatively, one could conclude
that the vegetation of the Lake Mondsee region was ‘insensitive’ to
the most severe Holocene cooling event in the Northern
Hemisphere.

Indeed, Lauterbach et al. (2011) demonstrated that even a much
stronger cooling like the Younger Dryas, about 12,700e11,600 years
ago, only left a relatively subtle imprint in the pollen percentage/
concentration record from Lake Mondsee compared to sites at
higher altitudes or closer to the remnants of the Scandinavian Ice
Sheet (e.g. in the Eifel region; Litt and Stebich, 1999). Considering
that European pollen records at higher latitudes partly show amore
distinct vegetation response to the 8.2 ka BP event even in indi-
vidual taxa (e.g. Veski et al., 2004), site characteristics certainly play
a major role for detecting the event in the pollen data. Furthermore,
Sepp€a et al. (2007) suggested that the 8.2 ka BP event was more a
winter cooling and that there has been a distinct regional zonation
in its reflection, i.e. in terms of “latitudinal belts” with variable
event strength. Our current study highlights that the 8.2 ka BP
event is not always visible by conventional (i.e. visual) interpreta-
tion of pollen diagrams from southern Central Europe (e.g. Dietre
et al., 2014; Litt et al., 2009; Rey et al., 2013) and emphasises the
objective quantitative biomization as a suitable approach to over-
come this problem.

In order to use vegetation models and fossil pollen records as a
diagnostic tool for palaeoclimate simulations, Prentice et al. (1996)
proposed a method for the objective ‘biomization’ of pollen data
based on fuzzy logic and taking into account the growing condi-
tions and bioclimatic tolerance of pollen-producing plants. The
pollen-based biome reconstruction applied to the MO-05 pollen
record (Fig. 5) reveals on the one hand a major change in regional
vegetation after ca. 8280 a BP, but shows on the other hand also a
major drop in the TEDE biome scores, culminating around
8165e8135 a BP (Fig. 6a). A similar result is demonstrated by the
sum of PFTs (Fig. 6k), including warm-loving broadleaved tree and
shrub taxa (Prentice et al., 1996, Table 2), which suggests that the
reaction of the local forests to the cooling culminated around 8140
a BP, i.e. synchronously (within the dating uncertainty) with the
July temperature minimum (superimposed on the general tem-
perature decrease) derived from the chironomid record of Lake
percentages of some characteristic pollen taxa discussed in the text: (c) Picea, (d)
Corylus, (e) Fagus and Abies; (f) microcharcoal concentration in the MO-05 record; (g)
mean July temperature inferred from the chironomid record from Lake Schwarzsee ob
S€olden, Austria (Ilyashuk et al., 2011); (h) GISP2 Kþ concentration record of Siberian
High intensity (Mayewski et al., 1997); (i) NGRIP d18O record of annual temperature
(Svensson et al., 2008); (j) d18Oostracod record of temperature from sediment core MO-
05 from Lake Mondsee (Andersen et al., 2017); (k) sum of the cold-intolerant PFT
scores (i.e. ts1, ts and wte1) in the MO-05 record (this study); (l) changes in the
Kretzschmaria deusta ascospores concentration in the MO-05 record from Lake Mon-
dsee (this study); (m) annual changes in tree-ring width (mm) derived from the
Trentino chronology, Italian Alps (adapted from Bernabei et al., 2018). The vertical
black dashed line shows the GreenlandianeNorthgrippian boundary at 8276 a BP. The
vertical light grey bar indicates the interval between 8280 and 8000 a BP, which is
commonly associated with the 8.2 ka BP event, and the dark grey bar highlights the
interval of most pronounced cooling ca. 8200e8100 a BP.
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Schwarzsee ob S€olden (Fig. 6g; Ilyashuk et al., 2011) and the min-
imum in the NGRIP d18O record from Greenland (Fig. 6i; Svensson
et al., 2008). The comparison with the ostracod d18O record from
Lake Mondsee (Fig. 6j; Andersen et al., 2017), which has been ob-
tained from the same sediment core and uses the same chronology,
reveals, however, a delay of ca. 30e35 years for the vegetation
response, possibly indicating a “response lag” of the local vegeta-
tion to the climatic forcing in the order of a few decades.

The NPP taxa in the MO-05 record (Fig. 4) are inconclusive with
respect to the 8.2 ka BP cooling. For example, the green algae
Botryococcus shows a clear change in the concentration curve to-
wards higher (albeit fluctuating) values after ca. 8280 a BP, which
indicates a stepwise change in the regional climate regime at the
GreenlandianeNorthgrippian boundary, rather than a single cold
event. On the contrary, a notable minimum concentration of
K. deusta ascospores centred at 8220e8100 a BP (Fig. 6l) falls well
within the 8.2 ka BP event. K. deusta is a parasitic fungus and plant
pathogen common on a wide range of broadleaved trees including
beech, oak, lime and maple (van Geel et al., 2013). New fruiting
bodies are formed in spring and thus could be affected by late frost.
The effect of temperature on mycelial growth of K. deusta was
experimentally studied by Cordin et al. (2021), who showed that
optimum growth occurred at 25 �C, whereas growth was reduced
at 10 �C. This finding is in general agreement with field observa-
tions from the region of Trentino (Dolomitic Alps, between 780 and
1630 m a.s.l.), suggesting a link between the observed increased
spread of K. deusta and the recent rise in average annual temper-
atures and the number of days with a mean temperature above
18 �C in the region (Cordin et al., 2021). Reconstructions of Holo-
cene forest dynamics in the United Kingdom (Innes et al., 2006) and
Poland (Latałowa et al., 2013) also suggested K. deusta as a proxy for
the Middle Holocene climate and hypothesized an increased risk of
K. deusta outbreaks under climate warming. Our data (Fig. 6l) reveal
a sensitive response of this species to the cooling during the 8.2 ka
BP event as well as to the subsequent warming reflected by the
ostracod d18O record (Andersen et al., 2017), eventually indicating
the potential of K. deusta to track past temperature variations. The
record of changes in ring width from the very accurate Trentino
chronology (Fig. 6m) based on Holocene tree remains from
temperature-controlled high-elevation sites in the Italian part of
the Eastern Alps (Bernabei et al., 2018, Fig. 1b) supports this
conclusion as it shows a very good agreement with the K. deusta
record (Fig. 6l) and the pollen-based vegetation reconstruction
(Fig. 6a, k) from Lake Mondsee. Van Geel et al. (2013) interpreted
ascospores of K. deusta in event layers in the sediments of Lake
Meerfelder Maar in Germany as rainstorm indicators during a Late
Holocene beech-forest phase. However, this relationship cannot be
confirmed for the MO-05 sediments as microfacies and geochem-
ical analyses revealed no significant changes in sediment compo-
sition and particularly no increase in the number of flood event
layers across the interval encompassing the isotopically defined 8.2
ka BP event (Andersen et al., 2017), indicating the absence of sig-
nificant changes in precipitation-driven input of detrital material to
the lake.

6. Conclusions

The 8.2 ka BP event represents the most prominent climate
event during the Holocene and has therefore been used to formally
define the boundary between the Early and Middle Holocene, i.e.
the Greenlandian and the Northgrippian. However, persistent
climate and/or ecosystem shifts except the short-term climate
perturbation at 8.2 ka BP have not been documented so far for this
boundary, leaving it rather formal and arbitrary. In the present
study we show that high-resolution pollen data from the varve-
12
dated sediment core MO-05 from Lake Mondsee, Austria, are suit-
able to identify both the vegetation impact of the short-term
cooling at 8.2 ka BP as well as a synchronous sustained shift in
local biomes at the GreenlandianeNorthgrippian boundary. In the
vegetation composition, the transition between the Greenlandian
and the Northgrippian is marked by the progressive expansion of
Picea and the parallel decline of Corylus. However, the Green-
landianeNorthgrippian boundary itself is not clearly visible in in-
dividual taxa pollen curves, concentrations and the AP/NAP ratio. In
contrast, applying the objective biomization method to the fossil
pollen data shows awell-defined shift in the TEDE and COCO biome
scores, which reflects a decreasing role of temperate broadleaved
trees and shrubs and a strengthening of boreal conifers in the study
area at ca. 8280 a BP, synchronous to the currently proposed
GreenlandianeNorthgrippian boundary. The same applies to the
8.2 ka BP event. While this cold phase is not clearly visible in the
proportions of individual pollen taxa, it can be pinpointed by a
pronounced decline in the temperate deciduous biome scores and
in the summed scores of warm-loving tree and shrub taxa at
8165e8135 a BP. The obtained results together with the published
d18O record of benthic ostracods and the newly generated K. deusta
record from sediment core MO-05 confirm the climatic sensitivity
of these proxies and the high potential of the Lake Mondsee sedi-
ment archive for reconstructing Holocene environmental vari-
ability in southern Central Europe. Our study also demonstrates the
suitability of the biomization method for identifying climate tran-
sitions and short-term climate fluctuations, which are sometimes
overlooked by the conventional examination of individual pollen
taxa curves.
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