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A B S T R A C T

Despite fundamental progress in geoarchaeological research in the Austrian Salzkammergut region, there are still 
many unanswered questions regarding human activity and its relationship to climate change and the diverse 
environments during prehistoric times. A new palynological record from the varved composite sediment core 
MO-05 from the south-eastern part of Lake Mondsee (47◦49′N, 13◦24′E, 481 m above sea level) provides 
palaeoecological evidence of a long-term, although possibly discontinuous, Late Neolithic/Copper Age habitation 
around the study site between ca. 6000 and 4000 cal BP. Agricultural activity during this interval focused on 
animal husbandry, which had only a minor impact on the natural forest vegetation. A particularly low level of 
local human activity is indicated at the end of the Late Neolithic between 4200 and 4000 cal BP while paly
nological indicators of deforestation and agriculture show a re-increase in human activity during the Early to 
early Middle Bronze Age (ca. 3950–3460 cal BP). Without clear evidence of human activity in the vicinity of the 
coring site, the increasing agricultural activities were most likely restricted to areas more distant from Lake 
Mondsee. The end of the Late Neolithic/Copper Age habitation phase with evidence of animal husbandry and 
local fire activity at 4200 cal BP coincides with the Northgrippian–Meghalayan transition, which is marked by a 
gradual change in vegetation distribution expressed by a shift to lower scores of the dominant cool mixed 
(COMX) forest biome. This shift to a cooler and wetter climate regime might have caused the decrease in human 
activity around this time.

1. Introduction

Annually laminated (i.e. varved) lake sediments are particularly 
valuable terrestrial archives of past climate and environments (e.g. 
Czymzik et al., 2013; Kossler et al., 2011; Nakagawa et al., 2021; Stebich 
et al., 2015; Zander et al., 2021) as well as human activities and 
human-environment interactions (e.g. Boyall et al., 2024; Litt et al., 
2009; Poraj-Górska et al., 2021; Rey et al., 2017) as they can provide 
high-resolution proxy records with a very robust chronology relying on 
the counting of annual sediment layers (Bronk Ramsey et al., 2012). 
Although paleoenvironmental records with independent chronologies 

are very important (e.g. Brauer et al., 2014; Nakagawa et al., 2012), 
lakes with varved sediments are relatively rare (e.g. Martin-Puertas 
et al., 2021). This explains the particular scientific interest to a handful 
of reference lakes (and sediment cores), leading to continuous long-term 
research.

One of these lakes is Lake Mondsee, located in Upper Austria north of 
the European Alps (Fig. 1a-c). The lake with its robustly-dated ~15-m- 
long composite sediment core MO-05 extracted in 2005 (Lauterbach 
et al., 2011) can be regarded as a reference site/sedimentary sequence 
for multiproxy studies of Lateglacial and Holocene environmental dy
namics and human-environment interactions in Central Europe (e.g. 
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Andersen et al., 2017; Namiotko et al., 2015; Swierczynski et al., 2012, 
2013a, 2013b). Recently, the MO-05 sediments have been successfully 
subjected to high-resolution palynological analysis to comprehensively 
investigate past changes in regional vegetation, climate and human ac
tivities during the Late Mesolithic and Early Neolithic (Schubert et al., 
2023) and from the Late Bronze Age to the Migration Period (Schubert 
et al., 2020). These studies build on previous archaeological (e.g. Kunze, 
1986; von Schnurbein, 2009) and palynological (e.g. Draxler, 1977; 
Schmidt, 1981, 1986) research in the area but provide a much higher 
temporal resolution (20–25 years) and, more importantly, a much better 
age control.

The present study deals with a part of the MO-05 composite sediment 
core that has not yet been palynologically investigated, covering the 
interval from the Late Neolithic/Copper Age to the early Middle Bronze 
Age between 6010 and 3460 cal BP. This period is of great interest for 
both archaeological and environmental research in the region (Kern 
et al., 2009). Archaeologically, it covers the Late Neolithic/Copper Age 
Mondsee Culture with a relatively narrow regional distribution mainly 
in Upper Austria (Frank and Pernicka, 2012). Chronologically and 
geographically the Mondsee Culture is placed at the periphery of the 
Funnel Beaker Culture (Ruttkay et al., 2004) and is best known for the 
remains of pile dwellings (i.e. the UNESCO World Heritage sites: https:// 
whc.unesco.org/en/list/1363/) from the 6th and 5th millennia BP 
(Ruttkay et al., 2004) found around the lakes Mondsee and Attersee 
(Fig. 1b). The Mondsee Culture is also famous for the production of the 
characteristic ‘Mondsee copper’ (arsenical bronze) and painted ceramics 
(Frank and Pernicka, 2012; Ruttkay et al., 2004). A multidisciplinary 
study of sediment profiles from the archaeological pile dwelling site See 
(Fig. 1a) at Lake Mondsee (Schmidt, 1986) revealed weak and discon
tinuous evidence of human impact on the vegetation since ca. 
5800–4700 cal BP, when pile dwellings were constructed around the 
lake (Swierczynski et al., 2013b). However, the available data leave 
uncertainties regarding the timing and intensity of past 
human-environment interactions in the study area, particularly with 
regard to the impact of sedentary agricultural populations during the 
Neolithic and Bronze Age (Schubert et al., 2020).

The scientific discussion about human-environment interactions and 
their traces in the archaeological and sedimentary archives of Lake 
Mondsee has a long history (Draxler, 1977; Kunze, 1986; Pucher and 
Engl, 1997; Schmidt, 1986), dating back to the discovery of the lake 
shore settlement sites See and Scharfling by Matthäus Much in the 1870s 
(Reiter, 2008). The pollen record from small Lake Egelsee (Schmidt, 
1981), next to the archaeological site Scharfling (Fig. 1a), and from the 
Moosalm peat bog, situated several kilometres southeast of Lake 

Mondsee, suggest a first weak human impact on the vegetation during 
the Late Neolithic/Copper Age in connection with the pile dwellings 
(Schmidt, 1986). While no pollen of Plantago lanceolata or Cerealia, nor 
spores of coprophilous fungi, were found in the MO-05 record between 
9000 and 7000 cal BP (Schubert et al., 2023), palynological analysis of 
the younger sediments from the same core (Schubert et al., 2020) 
showed several intervals of moderate human impact between ca. 3500 
and 1500 cal BP. However, no intensive deforestation was recorded in 
the Lake Mondsee catchment until about 350 cal BP (Draxler, 1977; 
Kunze, 1986).

From a palaeoenvironmental perspective, our interest focuses on the 
transition from the Middle to the Late Holocene and its reflection in the 
palynological record of MO-05. The international chronostratigraphic 
chart (https://stratigraphy.org/chart) places the North
grippian–Meghalayan boundary at ca. 4200 cal BP. This boundary be
tween the Middle and Late Holocene is commonly associated with the 
so-called ‘4.2 ka event’, a short-term climatic oscillation ca. 
4200–4000 cal BP, which serves as a chronostratigraphic marker linked 
to a Global Stratotype Section and Point (GSSP) in a stalagmite from 
Mawmluh Cave, India (Walker et al., 2019). The ‘4.2 ka event’ is – 
together with the ‘8.2 ka event’ – one of the most widely discussed 
climate oscillations during the Holocene (e.g. Bini et al., 2019). How
ever, it remains highly controversial in terms of its timing, significance 
and spatial imprint, as it is only clearly recorded in some proxies but not 
in large, coherent spatial regions (McKay et al., 2024). Using 
high-resolution isotopic (Andersen et al., 2017) and palynological re
cords (Schubert et al., 2023) from the MO-05 sediments, the ‘8.2 ka 
event’ could be successfully traced, particularly with respect to the local 
and regional consequences of this climate oscillation at the Ear
ly–Middle Holocene boundary. Hence, palynological analysis on the 
younger MO-05 sediments could potentially also provide information 
regarding the sensitivity of the local vegetation to the climatic/envir
onmental changes around 4200 cal BP.

To fill the above-mentioned knowledge gaps and to reconstruct the 
climatic and anthropogenic impact on the vegetation around Lake 
Mondsee, we conducted detailed palynological analysis on a section of 
the composite sediment core MO-05 that spans the interval between 
6010 and 3460 cal BP. Palynology is a common and successfully used 
approach to uncover details of local land use in prehistoric settlements 
that developed during the Middle and early Late Holocene in the Alpine 
and Mediterranean regions (e.g. Dwileski et al., 2025; Mercuri et al., 
2019; Rey et al., 2020; Rösch and Lechterbeck, 2016). The resulting 
records of pollen, microcharcoal particles and non-pollen palynomorphs 
(NPPs) are discussed together with published proxy records from other 

Fig. 1. Topographic maps showing (a) Lake Mondsee with the locations of the three Neolithic pile dwelling sites (red stars) and the composite sediment core MO-05 
(yellow dot), (b) the Salzkammergut lake district of Upper Austria, and (c) the location of the study area (black rectangle) in the European Alps. Numbered white dots 
indicate the locations of other sites with palaeoenvironmental and archaeobotanical records referred to in the text: 1 – Lenzing-Burgstall (Jakobitsch et al., 2022); 2 – 
Siegmoos (Festi et al., 2021); 3 – Ansfelden‑Burgwiese (Jakobitsch et al., 2022); 4 – Lake Grosssee (Dwileski et al., 2025); 5 – Lake Schwarzsee ob Sölden (Ilyashuk 
et al., 2011); 6 – Kauner Valley (Nicolussi et al. 2005); 7 – Lake Lauenensee (Rey et al., 2013); 8 – Lake Burgäschisee (Rey et al., 2017); 9 – Lake Litzelsee (Rösch and 
Lechterbeck, 2016); 10 – Lake Moossee (Rey et al., 2020); 11 – Lake Ledro (Magny et al., 2013). The digital elevation models are based on 90-m-resolution Shuttle 
Radar Topography Mission (SRTM) v4.1 data (Jarvis et al., 2008). Modern state borders and the location of selected modern cities and villages (black dots) are 
provided for orientation. After Schubert et al. (2023) with modifications.
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sites in the Alps and the North Atlantic region and with previously 
published data on past flood and debris flow occurrence obtained from 
the MO-05 sediments (see below).

2. Modern environments

The characteristics of Lake Mondsee and its catchment (Fig. 1a) are 
well-described in previous publications (e.g. Lauterbach et al., 2011; 
Namiotko et al., 2015; Schubert et al., 2020, 2023; Swierczynski et al., 
2013a, 2013b) and can be briefly summarised as follows. The lake is 
located at 481 m above sea level (a.s.l.) in the Austrian Salzkammergut 
lake district (Fig. 1b) at the northern margin of the European Alps 
(Fig. 1c). With a surface area of ~14.2 km2 and a maximum water depth 
of ~68 m (Dokulil and Jäger, 1985; Jagsch and Megay, 1982), it is 
among the largest and deepest lakes of the region. The Fuschler Ache, 
Wangauer Ache and Zeller Ache are the main tributaries to Lake Mon
dsee and the outflowing Seeache connects it with adjacent Lake Attersee 
(Fig. 1a and b).

The study area is characterised by a temperate oceanic climate 
(Geiger, 1954) with mean annual, July and January air temperatures of 
+8.5, +18.3 and − 1.3 ◦C, respectively. The average annual precipitation 
amounts to ~1550 mm, with about one third falling between June and 
August and the rest being more or less evenly distributed over the rest of 
the year (all climate data for the period 1981–2010 at the weather sta
tion Mondsee (47◦50’52” N, 13◦22’08” E, 491 m a.s.l.); Central Institute 
for Meteorology and Geodynamics (ZAMG), Vienna, Austria). Severe 
floods are associated with heavy rains (often with thunderstorms), 
which mainly occur during the summer months.

The elevated terrain (481–1700 m a.s.l.) and the complex topog
raphy of the Lake Mondsee catchment determine variable climatic 
conditions and the natural vegetation distribution along the altitudinal 
gradient. The natural vegetation, fragmentarily preserved near the lake, 
represents the temperate deciduous forest biome (Prentice et al., 1996) 
and occupies lowlands and hills below 500 m a.s.l. Characteristic trees 
are beech (Fagus), yew (Taxus), linden (Tilia), elm (Ulmus), willow 
(Salix), maple (Acer) and ash (Fraxinus) as well as alder (Alnus) and birch 
(Betula), which are common along the shoreline and in the floodplain 
forests. Between 500 and 1000 m a.s.l., species-rich mixed forests (i.e. 
cool mixed forest biome sensu Prentice et al., 1996) dominated by beech 
and spruce (Picea) with an admixture of oak (Quercus), fir (Abies), Scots 

pine (Pinus sylvestris), maple, ash, linden, alder, hazel (Corylus) and 
hornbeam (Carpinus) are common. Coniferous forests of fir and spruce 
with an admixture of beech and a few other cold-tolerant temperate 
deciduous trees, representing the cool coniferous forest biome (Prentice 
et al., 1996), grow between 1000 and 1600/1700 m a.s.l. (Fuchs et al., 
2004, 2005). Above this altitude, taiga-like forests dominated by larch 
(Larix) and stone pine (Pinus cembra) are described in the Northern 
Calcareous Alps (Nationalpark, 2016).

3. Material and methods

3.1. MO-05 sediment and chronology

For the present study we analysed a 233-cm-long section of the 
continuous, ~15-m-long composite sediment core MO-05 (47◦48’41" N, 
13◦24’09" E; Fig. 1a). The core was compiled from a series of over
lapping ~2-m-long segments recovered in June 2005 using a 90-mm- 
diameter UWITEC piston corer (Lauterbach et al., 2011). The coring 
was performed at ~62 m water depth in the southern part of Lake 
Mondsee near the prehistoric pile dwelling sites Mooswinkel and 
Scharfling, which lie a few hundred metres to the north and south of the 
coring site, respectively (Fig. 1a).

The chronology of the Holocene part of MO-05 (Fig. 2) is based on 
microscopic varve counting and a varve-based sedimentation rate 
chronology (for more details see the electronic supplement to Lau
terbach et al., 2011). The uncertainty of the varve chronology is 
±1.25 % as deduced from independent varve counting of two different 
examiners (Swierczynski et al., 2012, 2013b). According to the pub
lished data, the investigated core section (526–759 cm composite depth) 
consists of varved lake marl with a few detrital layers and covers the 
interval between 6010 and 3460 cal BP (i.e. calendar years before pre
sent, where present is 1950 CE) with an absolute dating uncertainty of 
±43 and ±75 years at the top and bottom of the section, respectively 
(Fig. 2). The varve chronology in this section is supported by nine 
accelerator mass spectrometry (AMS) radiocarbon (14C) dates of 
short-lived terrestrial plant macrofossils (Table 1). All ages in the text 
and figures of this study are given in calendar years BP and the BCE/CE 
scale is added to the summary figures for better comparability with 
archaeological records and chronologies.

Fig. 2. Schematic lithology and varve counting-based age model for the part of the MO-05 composite sediment core investigated in this study (modified from the 
electronic supplement to Lauterbach et al., 2011). The orange shading indicates the uncertainty (±1.25 %) of the varve chronology (for details see Swierczynski et al., 
2012, 2013b). Black horizontal bars indicate calibrated AMS 14C dates (displayed as 95.4 % probability ranges) of terrestrial plant macrofossil samples (see Table 1
for further details).
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3.2. Palynological analysis and visualisation of results

Pollen analysis was performed on 117 sediment samples (1-cm-thick 
sediment slices, each incorporating 7–12 years) that were taken from 
MO-05 at a sampling interval of 2 cm, yielding an average temporal 
resolution of approximately 22 years for the entire record. In accordance 
with the sustainability mission statement of Freie Universität Berlin in 
research and teaching as well as the requirements of the European Union 
and the German Research Foundation (DFG), which stipulate the 
avoidance of hazardous chemicals (e.g. HF and the acetolysis mixture), 
we used the environmentally friendly and resource-saving extraction 
protocol described in Leipe et al. (2019). Chemical preparation of the 
samples included treatment of a known weight and volume of sediment 
with cold 10 % HCl to remove carbonates, hot 10 % KOH to remove 
humic acids and dense media separation using sodium polytungstate 
(SPT) at a density of 2.1 g cm− 3 to remove siliceous matter. After SPT 
treatment, the sample residues were washed twice with distilled water 
and mounted in glycerol.

In order to estimate pollen, NPP and microcharcoal concentrations 
(counts cm− 3) and annual accumulation rates (counts cm− 2 a− 1), one 
tablet of exotic Lycopodium marker spores (~14,285 spores per tablet) 
was added to each sample prior to chemical treatment following 
Stockmarr (1971). Palynomorphs were counted using an Olympus CX31 
light microscope at 400 × and 600 × magnification and taxonomically 
identified with the help of published atlases (Beug, 2004; Demske et al., 
2013; Moore and Webb, 1978; Reille, 1992, 1995, 1998; van Geel, 1978, 
2001; van Geel et al., 2013) and the institute’s reference collection. 
Microcharcoal particles (10–50, 50–100 and 100–200 µm in size) were 
counted as a fire proxy (Clark, 1988; Clark et al., 1989; Whitlock and 
Larsen, 2001). Counted sums vary from 602 to 872 terrestrial pollen 
grains (698 on average) per sample. Larger totals (>500 terrestrial 
pollen grains) have been recommended as better suited to reconstruct 
past vegetation composition without missing rare (<1 %) but informa
tive taxa (Bennett and Willis, 2001; Weng et al., 2006), e.g. indicators of 
human activities (Litt et al., 2009).

To visualise and discuss the palynological results, the relative 
abundances of all terrestrial pollen taxa were calculated based on the 
sum of arboreal pollen (AP) and non-arboreal pollen (NAP) counts taken 
as 100 %. The percentages for aquatic and spore-producing plant taxa 
were calculated based on the sum of terrestrial pollen plus the sum of the 
corresponding group. Other NPP taxa (e.g. algae and fungi) and charcoal 
particles are presented as concentration values. The resulting diagrams 
(Fig. 3a-c) were drawn using Tilia software (Grimm, 1993, 2004) and 
checked for zonation using the CONISS square root transformation of the 
pollen percentage data and a stratigraphically constrained cluster 
analysis using the incremental sum of squares approach (Grimm, 1987).

The pollen record generated in this study is discussed in relation to 
the published data of the recent pollen spectrum, representing the sur
face sediments of Lake Mondsee accumulated between ca. 1990 and 
2005, and the fossil spectra from MO-05, representing the Early–Middle 
Holocene transition (Schubert et al., 2023). The idea behind this com
parison is to illustrate the characteristic features of the analysed interval.

The application of pollen as land use indicators has a long and suc
cessful tradition in Europe (see, for example, Mercuri et al., 2019 for a 
detailed review and references). The indicative anthropogenic pollen 
indicator (API) taxa can be used individually (Conedera et al., 2004) 
or/and grouped into sums useful for land cover and land use re
constructions (Mercuri et al., 2019). To discuss the human impact on 
local vegetation around Lake Mondsee ca. 3500–1500 cal BP, Schubert 
et al. (2020) used pollen of Juglans (as an introduced crop tree), the total 
percentage of NAP (as an indicator of landscape openness) and the 
percentage sum of Artemisia, Cannabaceae, Chenopodiaceae, Plantago, 
Cerealia type, Rumex and Urtica, which are commonly considered her
baceous API taxa in Holocene pollen diagrams from Central Europe (e.g. 
Behre, 1981, 2007; Litt et al., 2009; Rey et al., 2017) and the Mediter
ranean region (e.g. Mercuri et al., 2019). We follow this approach in the Ta
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Fig. 3. Summary diagrams showing the results of the palynological analysis of the interval 6010–3460 cal BP, including (a) tree and shrub taxa (arboreal pollen, %); 
(b) herbaceous taxa (non-arboreal pollen, %); (c) pollen of aquatic plants (%), fern and moss spores (%), algae and fungi spores and microcharcoal particles 
(concentrations).
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current study.
When inferring human impact from palynological records in Europe, 

pollen-based evidences are often considered in combination with char
coal concentrations and accumulation rates as indicators of fire activity 
(e.g. Dwileski et al., 2025; Lestienne et al., 2020; Tinner et al., 1998; 
Whitlock and Larsen, 2001) and coprophilous fungal spores (e.g. Gill, 
2014; van Geel, 2001) as an indicator of grazing animals (e.g. Dwileski 
et al., 2025; Gauthier and Jouffroy-Bapicot, 2021; Rey et al., 2017; 
Rösch and Lechterbeck, 2016).

Following van Geel (2001), we interpreted endomycorrhizal Glomus 
chlamydospores associated with roots of various terrestrial plants as an 
indicator of soil erosion, which may result from enhanced surface runoff 
and human activities. Kretzschmaria deusta, another fungus and plant 
pathogen, has been suggested as a good indicator for mixed beech 
and/or mixed oak forests as well as for flood events/soil erosion (van 
Geel et al., 2013). Schubert et al. (2023) reported a sensitive reaction of 
K. deusta in the Lake Mondsee sediments to the cooling event around 
8200 cal BP, suggesting it as a potential proxy for reconstructing Ho
locene environmental variability.

3.3. Biomisation approach

To interpret the results of the pollen analysis and discuss the effects 
of natural factors on changes in composition and contents of represen
tative taxa in the Early Holocene record from the MO-05 composite 
sediment core, Schubert et al. (2023) applied the bioclimatic limits of 
plant functional types (PFTs) and the assignment of plant/pollen taxa to 
PFTs to biomes (Table 2) as used in the global vegetation model based on 
plant physiology and dominance, soil properties and climate (Prentice 
et al., 1992) and in the reconstructions of vegetation in Europe from 
modern and Holocene pollen data (e.g. Krikunova et al., 2024; Prentice 
et al., 1996; Tarasov et al., 1998). For reasons of compatibility, we have 
chosen the same approach in this study. The calculation of PFT and 
biome scores for all analysed pollen samples was based on an equation 
and principle first published by Prentice et al. (1996). Although the 
dominant biome reconstruction approach does not allow the recon
struction of transitional vegetation types (Prentice et al., 1996), this 
important information can be obtained by analysing the affinity scores 
of the representative PFTs/biomes in the study region (Schubert et al., 
2023; Tarasov et al., 2022).

4. Results

4.1. Palynological analysis

Microscopic analysis of the 117 sediment samples (see Supplemen
tary Table 1 for original data set) revealed 96 identified palynomorphs, 
including 32 AP taxa (i.e. trees, shrubs and vines), 47 terrestrial NAP 
taxa, 5 aquatic plant taxa, 6 terrestrial cryptogam taxa (i.e. ferns and 
mosses) and 6 taxa representing green algae, fungi and other NPPs 
(Fig. 3a-c). For terrestrial pollen, only 17 taxa, of which 13 represent 

trees and tall shrubs, are above 1 %, while the others are below this 
value. The CONISS analysis applied to the pollen record (Fig. 3a) iden
tifies two main clusters (i.e. MO-05-Ng-a and MO-05-Mg-b), below and 
above 607 cm depth. This level is dated to ca. 4200 cal BP and separates 
the Middle (Northgrippian stage) and Late Holocene (Meghalayan stage) 
in the MO-05 composite sediment core. These two zones show similar
ities in pollen composition, but some well-defined differences in the 
percentages of pollen taxa, which can be summarised as follows 
(Fig. 4a).

In the MO-05-Ng-a zone (759–607 cm; ca. 6010–4200 cal BP), the 
most abundant taxa (maximum and average values) are Fagus (41.5 and 
22.1 %), Alnus (30.9 and 17.9 %), Corylus (21.9 and 13.3 %), Betula 
(11.9 and 2.5 %), Abies (21.7 and 10.0 %) and Picea (19.5 and 8.5 %). 
Subdominant taxa are P. sylvestris (7.4 and 3.9 %), Quercus (7.3 and 
4.0 %), Ulmus (6.5 and 1.5 %), Tilia (3.7 and 1.4 %) and Salix (2.6 and 
0.5 %). The NAP values do not exceed 6.5 % (average 3.3 %).

The MO-05-Mg-b zone (607–526 cm; ca. 4200–3460 cal BP) shows a 
marked increase in the pollen contribution of Fagus (44.7 and 32.1 %) 
and Alnus (38.2 and 20.4 %), accompanied by a decrease in Corylus 
(14.8 and 9.8 %), Abies (15.4 and 9.4 %), Picea (8.7 and 5.6 %), P. syl
vestris (7.0 and 3.3 %), Quercus (6.5 and 3.0 %), Ulmus (2.2 and 1.0 %), 
Tilia (1.8 and 0.5 %) and Salix (1.5 and 0.3 %). The pollen contribution 
of Betula reaches a maximum (19.0 %) in this zone, although the average 
value is slightly lower (5.0 %). Juglans pollen appears for the first time in 
this zone (543–540 cm; ca. 3610–3585 cal BP). The NAP values are 
distinctly higher (12.4 and 4.5 %). The first appearance of Centaurea 
(597–596 cm; ca. 4100–4090 cal BP), Urtica (569–568 cm; ca. 
3850–3840 cal BP) and Triticum type pollen (555–554 cm; ca. 
3720–3710 cal BP) and more frequent occurrences of the other API taxa, 
including Plantago, Rumex and Cerealia type, characterise this zone.

In the analysed section of MO-05, trees and shrubs make up about 
88–99 % of the total pollen (Fig. 3a). Fagus and Alnus are the most 
abundant taxa, followed by Corylus, Betula, Abies and Picea. The terres
trial pollen concentration varies considerably (i.e. ~33,100–195,850 
grains cm− 3) throughout the record and shows two minima at 756.5 and 
630.5 cm, i.e. around 5985 and 4490 cal BP, respectively (Fig. 3a).

Poaceae is by far the largest contributor to the NAP, with maximum 
values (up to 9.5 %) in the upper part of the record, above 575 cm or 
younger than 3900 cal BP (Fig. 3b). Other herbaceous taxa do not 
exceed 1 %, with the exception of Cyperaceae, Artemisia and Rumex. The 
NAP concentration curve shows a notable increase from < 5000 grains 
to 5000–13,200 grains cm− 3 above 575 cm depth.

The pollen assemblage of the analysed interval (6010–3460 cal BP) 
compared to the modern pollen assemblage from the lake sediment 
surface (Fig. 4b), formed under strong human influence, and to the 
earlier interval (9000–7000 cal BP), with no evidence of human activity 
at Lake Mondsee (Fig. 4c), shows substantial differences in the abun
dance and composition of the most common taxa, reflecting a different 
forest composition during the transition from the Middle to Late 
Holocene.

The pollen of aquatic plants is poorly represented. Worth mentioning 

Table 2 
Central European arboreal plant functional types (PFTs) with their characteristic taxa identified in the MO-05 pollen record (this study) assigned to the regional biomes 
(after Prentice et al., 1996; Schubert et al., 2023). Biome and PFT abbreviations are given in brackets.

Plant functional type (trees and shrubs) Taxa from the MO-5 record (this study) included Regional biome

Boreal evergreen conifer (bec) Abies, Picea, Pinus cembra (i.e. Haploxylon type) Taiga (TAIG), Cool conifer forest (COCO), Cool mixed forest (COMX)
Boreal summer green (bs) Alnus, Betula, Populus, Salix TAIG, COCO, COMX, Temperate deciduous forest (TEDE)
Eurythermic conifer (ec) Juniperus, Pinus sylvestris (i.e. Diploxylon type) TAIG, COCO, COMX, TEDE
Temperate summer green (ts) Acer, Fraxinus (excelsior type), Quercus (deciduous) COMX, TEDE
Cool-temperate summer green (ts1) Carpinus, Corylus, Fagus, Frangula, Tilia, Ulmus COCO, COMX, TEDE
Warm-temperate summer green (ts2) Fraxinus (ornus type), Rhamnus, Vitis TEDE
Cool-temperate broad-leaved evergreen (wte1) Hedera TEDE
Heath (h) Ericales TAIG, COCO, COMX, TEDE
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Fig. 4. Mean percentage values and composition of (a) the pollen assemblage from the 6010–3460 cal BP interval (this study) compared to the pollen data rep
resenting (b) the surface sediment sample from Lake Mondsee (Schubert et al., 2023) and (c) the ca. 9000–7000 cal BP interval (Schubert et al., 2023) from the 
MO-05 composite sediment core.

Fig. 5. Graphs summarising the results of the (a) plant functional types (PFTs) and (b) major vegetation types (biomes) score calculation (see Prentice et al., 1996 for 
details of the method and Table 2 for the taxa assigned to each PFT/biome) for the interval 6010–3460 cal BP.
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is the more frequent occurrence of Myriophyllum and Typha and the 
disappearance of Nuphar and Nymphaea in the upper part of the record 
above 609 cm, ca. 4220 cal BP (Fig. 3c). Spores of Sphagnum, Equisetum 
and Polypodiales represent terrestrial cryptogams. Some of the NPPs 
(Fig. 3c), such as Glomus and K. deusta fungi, reveal frequent short-term 

fluctuations, but no clear trends. In contrast, the green algae Botryo
coccus shows high concentrations in the lower and upper intervals and 
the lowest concentration values between 660 and 560 cm (ca. 
4850–3770 cal BP). Ascospores of coprophilous fungi (i.e. Cercophora, 
Sordaria and Sporormiella) show the highest concentrations in the middle 

Fig. 6. Summary chart showing selected results of this study along with published climate proxy records discussed in the text. (a) Changes in the accumulation rate 
(influx) of Kretzschmaria deusta ascospores in the MO-05 record (this study); (b) affinity score sums of warm-loving temperate deciduous (ts1 + ts) and cold-tolerant 
boreal (bs + bec) tree/shrub plant functional types (PFTs) in the MO-05 record (this study; the taxa assigned to each PFT are listed in Table 2); (c) NGRIP δ18O record 
as a proxy for annual temperature variability (Svensson et al., 2008); (d) mean summer and winter insolation at 47◦ N (Laskar et al., 2004); (e) GISP2 K+ con
centration record as a proxy for Siberian High intensity (Mayewski et al., 1997); (f) chironomid-based mean July air temperature record from Lake Schwarzsee ob 
Sölden, Austria (Ilyashuk et al., 2011); (g) pollen-derived mean winter temperature from Lake Holzmaar, Germany (Litt et al., 2009); (h) sea surface temperature 
reconstruction from marine sediment core MD99–2266, NE Atlantic off Island (Moossen et al., 2015); (i) treeline changes in the Kauner Valley, central eastern Alps 
(Nicolussi et al., 2005; Bernabei et al., 2018); (j) relative changes in the water level of Lake Ledro, northern Italy (Magny et al., 2013). The vertical dashed line 
indicates the Northgrippian–Meghalayan boundary at 4200 cal BP (Walker et al., 2019) and the vertical grey band indicates the statistically defined 200-year interval 
associated with the ‘4.2 ka event’ (McKay et al., 2024). Regional archaeological chronology after Kern et al. (2009). Abbreviations are given for Middle Bronze Age 
(MBA) and Early Bronze Age (EBA).
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part of the record (Fig. 3c). Microcharcoal particles occur throughout 
the record, but the larger fractions are more abundant and show higher 
concentration values below 607 cm depth, particularly between ca. 
4750 and 4200 cal BP (Fig. 3c).

4.2. Biome reconstruction

The application of the biome reconstruction method to the MO-05 
pollen record shows the highest score for the cool mixed forest 
(COMX) biome during the analysed interval, followed by the cool 
conifer (COCO) and temperate deciduous forest (TEDE) biomes 
(Fig. 5b). Among the PFTs, the cool-temperate summer green (ts1) has 
the highest score, followed by the boreal summer green (bs), boreal 
evergreen conifer (bec) and temperate summer green (ts) PFTs (Fig. 5a).

5. Discussion

5.1. Middle to Late Holocene vegetation and climate dynamics at Lake 
Mondsee

The new MO-05 pollen record provides detailed insights into the 
vegetation history of the Lake Mondsee catchment between 6010 and 
3460 cal BP, covering the transition from the Middle to the Late Holo
cene. The quantitative biome reconstruction (Fig. 5b) shows the domi
nance of the COMX biome in the catchment throughout the study 
interval, with the COCO and TEDE biomes being co-dominant. The 
general decrease in affinity scores of the dominant COMX biome ca. 
4200–3460 cal BP (Fig. 5b) is consistent with the decreasing AP values 
in the MO-05-Mg-b pollen zone (Fig. 3a), which likely reflects an overall 
trend towards a more open landscape. The AP diagram (Fig. 3a) dem
onstrates the regular occurrence of indicators of the TEDE biome (e.g. 
Acer, Fraxinus, Quercus, Fraxinus, Hedera, etc.), suggesting that the forest 
composition of the narrow low-altitude zone around the lake was 
already similar to the natural forest patches growing there today. The 
relatively narrow space occupied by the TEDE biome compared to the 
COMX biome (Fuchs et al., 2004, 2005), which also contains more taxa 
and is a larger pollen producer (Prentice et al., 1996), explains the lower 
scores of the former in the pollen spectra from Lake Mondsee (Schubert 
et al., 2023).

The pollen composition and mean percentages in the surface sedi
ments of Lake Mondsee (Schubert et al., 2023) compared to the fossil 
pollen assemblage of MO-05 between 6010 and 3460 cal BP (Fig. 5b) 
reveal some differences in the proportions (average values) of the 
contributing taxa. For example, higher proportions of Picea (28.7 vs 
8.0 %), P. sylvestris (19.9 vs 3.8 %) and NAP (17.8 vs 3.9 %) and lower 
proportions of Abies (2.1 vs 10.5 %), Alnus (8.7 vs 19.5 %), Betula (3.7 vs 
6.2 %), Fagus (8.4 vs 25.5 %) and Corylus (2.8 vs 12.3 %) are observed in 
the surface sediments. These differences may reflect natural changes in 
the vegetation cover during the Late Holocene, as well as the impact of 
human activities in the lake catchment (Beiwl and Mühlemann, 2008), 
including landscape opening (and retreat of natural forest vegetation), 
construction activities and planting for economic (e.g. Picea, Pinus) and 
recreational/gardening purposes (e.g. Carpinus, Castanea, Juglans, 
Betula, various herbaceous taxa). However, natural factors such as 
climate, soil development and competition between tree species must be 
considered when discussing changes in vegetation (Litt et al., 2009).

The sensitive response of European pollen records to decadal/ 
centennial-scale temperature and moisture variability in the North 
Atlantic region (Svensson et al., 2008; Fig. 6c), primarily controlled by 
solar insolation forcing (Laskar et al., 2004; Fig. 6d), the intensity of the 
Siberian High (Mayewski et al., 1997, 2004; Fig. 6e) and North Atlantic 
sea surface temperature (Demény et al., 2021; Moossen et al., 2015) and 
circulation (Ayache et al., 2018; Olsen et al., 2012) has been discussed in 
a large number of previous studies focusing on Holocene vegetation 
dynamics and their control mechanisms (e.g. Davis et al., 2003; Dwileski 
et al., 2025; Feurdean et al., 2008; Herzschuh et al., 2023; Krikunova 

et al., 2024; Litt et al., 2009; Rey et al., 2020). Gradual changes in 
summer and winter insolation are considered the primary driver of 
Holocene hydroclimate changes in Europe (Demény et al., 2021). During 
the study period, insolation at the latitude of Lake Mondsee shows a 
decrease in summer and an increase in winter (Fig. 6d), resulting in 
milder winters and cooler summers. Milder winter conditions are also 
indicated by a notable decrease in the intensity of the Siberian High after 
ca. 5000 cal BP (Fig. 6e). The MO-05 pollen record obtained in this study 
(e.g. Figs. 3–5) and published proxy-based temperature reconstructions 
(e.g. Litt et al., 2009; Fig. 6g; Moossen et al., 2015; Fig. 6h) support this 
scenario, but the century-scale climate variability is superimposed and 
may partially obscure general trends, as in the chironomid-based 
reconstruction of mean July air temperatures from the high mountain 
Lake Schwarzsee ob Sölden (Fig. 1c) in the Austrian Alps (e.g. Ilyashuk 
et al., 2011; Fig. 6f). However, mean July temperatures estimated at 
1000 m a.s.l. using six chironomid records from the Swiss Alps and 
eastern France (Heiri et al., 2015) and treeline changes in the Kauner 
Valley (Fig. 1c) in the central Eastern Alps (Bernabei et al., 2018; Nic
olussi et al., 2005; Fig. 6i) clearly show a decrease in summer temper
atures and a lowering of the treeline, respectively.

The changes in the MO-05 pollen record suggest that both winter and 
summer temperatures and changes in atmospheric precipitation should 
be involved to explain long- and short-term changes in taxa composition 
and relative abundance. We are not aware of any quantitative rainfall 
reconstruction from the study area. However, indirect evidence such as a 
notable increase in the water level of Lake Ledro in northern Italy 
(Fig. 1c) and several other lakes north of 40◦ N (Magny et al., 2013; 
Fig. 6j) suggests a more humid environment after ca. 4400 cal BP, 
possibly as a result of reduced summer evaporation and an increased 
contribution of winter precipitation to the regional hydrological budget 
(Perșoiu, et al., 2017). The increase in the influx of the parasitic fungus 
K. deusta (Fig. 6a) in MO-05 also indicates increased soil erosion (van 
Geel et al., 2013), likely related to increased surface runoff during the 
Late Holocene.

The CONISS analysis places the boundary between the Middle and 
Late Holocene clusters in the MO-05 pollen record at ca. 4200 cal BP, 
which is consistent with the chronological position of the North
grippian–Meghalayan boundary (Walker et al., 2019). In the 
pollen-based biome reconstruction (Fig. 5b), this boundary separates the 
Middle Holocene zone with generally higher scores of the dominant 
COMX biome (~28 on average) from the Late Holocene zone with lower 
COMX scores (~26 on average). This change is parallel to the decreasing 
trend observed in the ts PFT scores (Fig. 5a). The difference between the 
Middle and Late Holocene pollen assemblages is well illustrated by 
comparing the mean percentage values of the major pollen taxa 
(Fig. 4a). Among the other proxies from MO-05, the change in the influx 
of K. deusta (Fig. 6a, van Geel et al., 2013) reflects the Middle–Late 
Holocene transition rather well. The biomisation results (Fig. 5) show 
two oscillations in the dominant PFT and biome scores, including two (i. 
e. positive and negative) oscillations in the sum of boreal (bs+bec) and 
temperate deciduous (ts1+ts) PFT scores between 4200 and 4000 cal BP 
(Fig. 6b). These oscillations, centred at ca. 4150 and 4050 cal BP, are 
indicative of warmer/drier and cooler/wetter climate oscillations, 
respectively, and coincide with higher and lower δ18O values (i.e. 
warmer and colder conditions) in the NGRIP ice core record from 
Greenland (Svensson et al., 2008; Fig. 6c). However, none of the two 
oscillations is particularly prominent in terms of amplitude and duration 
compared to other century-scale oscillations observed in the Lake 
Mondsee biome and PFT scores (Fig. 6b) and the NGRIP δ18O record 
(Fig. 6c). Although our record does not show a striking event (i.e. a 
pronounced century-scale increase/decrease in values) between 4200 
and 4000 cal BP, it does show a transition centred on 4200 cal BP, which 
can still be considered a robust chronostratigraphic marker for the 
Middle–Late Holocene boundary in the study region. This picture is 
consistent with a complex pattern of climate variability reported by Bini 
et al. (2019) and McKay et al. (2024), who also found numerous climate 
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oscillations between 4500 and 3500 cal BP and highlighted the spatial 
heterogeneity (i.e. regionally/altitudinally weaker, stronger or no 
response) of different proxies.

Similar to the Lake Mondsee pollen record, other records from the 
northwestern Alps show notable changes in pollen assemblage compo
sition at the Northgrippian–Meghalayan boundary/transition. In the 
pollen diagram from Lake Grosssee (Fig. 1c) in the eastern Swiss Alps 

(Dwileski et al., 2025), a decrease in the pollen percentages of lowland 
trees begins around 4200 cal BP. Another record of mountain vegetation 
from Lake Lauenensee in the Bernese Alps (Rey et al., 2013; Fig. 1c) 
supports the time around 4200 cal BP as a representative boundary, 
marking the onset of the Late Holocene landscape opening and a distinct 
change in the AP composition (i.e. a decrease in Quercus and an increase 
in Alnus viridis proportions). In the record from Lake Moossee (Fig. 1c) in 

Fig. 7. Summary chart showing selected records used to discuss human activities and human-environment interactions at Lake Mondsee during the 6010–3460 cal 
BP interval. (a) Mondsee Lake dwelling sites and occupation periods, modelled maximum duration (after Swierczynski et al., 2013a; Jakobitsch et al., 2023); (b) 
changes in the non-arboreal pollen (NAP) accumulation rate in the MO-05 record (this study); (c) pollen percentages of the selected anthropogenic pollen indicator 
(API) taxa Plantago and Rumex in the MO-05 record (this study); (d) pollen percentages of the selected API taxa Hordeum type, Triticum type, Cerealia type and Juglans 
in the MO-05 record (this study); (e) changes in the accumulation rate of coprophilous fungal spores in the MO-05 record (this study); (f) changes in the accumulation 
rate of charcoal particles representing 50–100 and 100–200 µm fractions in the MO-05 record (this study); (g) flood occurrence (red line: Kernel regression with 30 
years bandwidth) and numbered major flood episodes at Lake Mondsee (after Swierczynski et al., 2013a, 2013b). Bioclimatic zones after Walker et al. (2019). 
Regional archaeological chronology after Kern et al. (2009). Abbreviations are given for Middle Bronze Age (MBA) and Early Bronze Age (EBA).
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western Switzerland (Rey et al., 2020), a marked decline in the pro
portion of Fagus occurred after 4000 cal BP. Further north, 
high-resolution pollen records from the lakes Holzmaar and Meerfelder 
Maar in western Germany (Litt et al., 2009) show a marked change in 
the composition of the temperate deciduous forest, indicated by a shift 
from Corylus to Fagus dominance in the pollen assemblage at ca. 
4200 cal BP. However, all these changes in vegetation likely reflect a 
gradual insolation-driven climate change superimposed by 
low-amplitude climate fluctuations. Although there is obvious 
site-to-site variability in forest composition, reflecting the effects of local 
climate, elevation and soil properties, all records show an increasing 
contribution of herbaceous pollen (including an increasing number of 
API taxa) after 4000 cal BP, indicating increased human impact in 
different parts of the Alps (e.g. Andrič et al., 2020; Dwileski et al., 2025; 
Perego et al., 2025; Rey et al., 2020).

5.2. Traces of human activities in the MO-05 sediments and the 
surrounding area

In the MO-05 sediments, the total NAP percentages (Fig. 3b) and 
accumulation rates (Fig. 7b) are relatively low (i.e. 1.2–6.5 % and <500 
grains cm− 2 a− 1) before 3900 cal BP, indicating a well-forested land
scape around the lake. Between 6000 and 3500 cal BP, the contribution 
of herbaceous pollen to the terrestrial pollen sum was even lower (i.e. 
4.9 vs 6.6 %) than between 9000 and 7000 a BP, an interval with a 
warmer and drier regional climate (Schubert et al., 2023). Several minor 
peaks in the NAP percentage curve are recorded between 5900 and 
5500 cal BP as well as at about 4970 and 4130 cal BP, but a notable 
increase occurs only after 3900 cal BP.

Using 14C dates of wooden remains from the three pile dwelling sites 
at Lake Mondsee (Fig. 1a) in a Bayesian modelling approach, Swierc
zynski et al. (2013a) suggested that the occupation period was divided 
into two phases: the first (ca. 5800–5250 cal BP) at the sites Scharfling 
and See and the second (ca. 5400–4700 cal BP) at the site Mooswinkel 
(Swierczynski et al., 2013a; Fig. 7a). However, results of recent 
archaeological excavations at Mooswinkel (a 70 × 40 m settlement 
nowadays submerged under water) together with twelve new AMS 14C 
dates on terrestrial plant material, provide evidence that the site was 
already occupied between ca. 5720 and 5320 cal BP (Jakobitsch et al., 
2023 and references therein). Taken together, the previous and new 
results suggest that all three pile dwelling sites were active during the 
first occupation phase, while the occupation of Mooswinkel may have 
lasted until ca. 4700 cal BP. Although there is so far no information on 
later occupational phases at Lake Mondsee, pile dwellings still existed 
during the Early and Middle Bronze Age at neighbouring Lake Attersee 
and at some other lakes in the European Alps (Ruttkay et al., 2004).

The palynological data from MO-05 suggest that human impact on 
the forests around the lake was rather weak during the entire pile 
dwelling period between ca. 5800 and 4700 cal BP, remained weak until 
the end of the Late Neolithic/Copper Age, and only increased after ca. 
4000 cal BP with the onset of the Early Bronze Age (EBA) in the region 
(Kern et al., 2009). This is broadly in agreement with other well-dated 
pollen records from the Alps (Fig. 1c), showing comparable trends 
with some spatio-temporal differences. For example, NAP percentages in 
the Lake Grosssee record (1619 m a.s.l.) from the lower subalpine belt of 
the Glarus Alps in Switzerland (Dwileski et al., 2025) remain low (about 
5–7 %) before 5000 cal BP and show a very weak increase thereafter, 
with the first small peak (17 %) around 3500 cal BP, followed by a 
decline to < 10 %. The nearby record from Lake Moossee (Rey et al., 
2020; Fig. 1c) located at 512 m a.s.l. also demonstrates very low NAP 
percentages (<10 %) prior to ca. 4000 cal BP, with three minor peaks at 
ca. 5700, 5400 and 4950 cal BP, and more notable peaks at ca. 3950 and 
3500 cal BP. During this interval, ca. 3610–3585 cal BP, Juglans pollen 
appears for the first time in the MO-05 record. To our knowledge, this is 
the earliest securely dated find of walnut pollen in the records from the 
Swiss and Austrian Alps. Studies in the European Alps (e.g. Andrič et al., 

2020; Conedera et al., 2004; Schubert et al., 2023) have shown that 
Juglans started to appear regularly in pollen records since ca. 2100 cal 
BP, reflecting the spread of Roman settlements. However, the first 
walnut trees may have been introduced into the study area much earlier.

The appearance of Plantago, Rumex (Fig. 7c) and Cerealia type pollen 
(Fig. 7d) in the MO-05 sediments at ca. 6000–5900 cal BP predates the 
construction phase of the pile dwellings and suggests a possible human 
presence/appearance at Lake Mondsee already at that time. However, 
pollen transport from more distant areas and the spread of ’synanthropic 
plants’ resulting from the trampling and browsing of wild animals 
cannot be ruled out entirely. Pollen indicators of agricultural activity (i. 
e. Hordeum and Cerealia types) are rare and discontinuous throughout 
the entire pile dwelling interval (Fig. 7d), disappearing from the record 
between 4700 and 4500 cal BP. Although both pollen taxa reappear in 
small quantities after this time, a notable (though still moderate) in
crease is only recorded after ca. 3850 cal BP, together with the increase 
in other NAP taxa and the first appearance of Urtica. Nettles are strongly 
associated with human activities and typically indicate elevated levels of 
phosphate and nitrogen in the soil (e.g. Behre, 1981). The appearance of 
a single Triticum type pollen (Fig. 3b) is dated to ca. 3700 cal BP. 
Although this evidence points to the presence of plant cultivation in the 
study area, it suggests that agriculture was not an important activity at 
Lake Mondsee during the Late Neolithic/Copper Age.

The pollen record from Litzelsee (Fig. 1c), a small lake at 413 m a.s.l. 
in the Lake Constance region, provides very detailed information (i.e. 
temporal resolution ~15 years and ~1000 counted grains per sample) 
on the prehistoric land use at the northern margin of the western Alps 
(Rösch and Lechterbeck, 2016). This record shows that although indi
vidual Cerealia type pollen grains have been present since ca. 7000 cal 
BP, indicating the beginning of Neolithic agriculture, a permanent 
opening of the forest caused by extensive ploughing and animal 
browsing did not begin until the Bronze Age. In contrast, land use during 
the Neolithic was significantly different, i.e. no permanent open land 
was created, but shifting slash-and-burn agriculture was used, as indi
cated by the numerous finds of microcharcoal in the Neolithic-dated 
palynological samples and the expansion of secondary forest taxa such 
as Corylus (Rösch and Lechterbeck, 2016). The MO-05 record also shows 
higher accumulation rates for the larger charcoal fraction before 
4200 cal BP (Fig. 7f), with several peaks corresponding to peaks in the 
Corylus percentage curve (Fig. 3), indicating more frequent use of fire 
during the Late Neolithic/Copper Age at Lake Mondsee. However, the 
generally low absolute values and rare occurrence of Cerealia type 
pollen indicate a rather low level of human activity, including 
slash-and-burn agriculture, compared to the Lake Constance region.

Another high-resolution pollen record from Lake Burgäschisee 
(Fig. 1c), a lowland lake located southwest of Lake Constance at 465 m 
a.s.l. in a landscape characterised by intensive agriculture, indicates the 
onset of agricultural activities ca. 6500 cal BP, while single archaeo
logical finds and local pile dwellings are dated to the period after 
6250 cal BP and ca. 5950 cal BP, respectively (Rey et al., 2017), i.e. 
earlier than at Lake Mondsee.

To date, the most detailed records of agricultural activity in the re
gion come from the Late Neolithic/Copper Age settlements of Lenzing- 
Burgstall and Ansfelden-Burgwiese (Jakobitsch et al., 2022). The exca
vations at Lenzing-Burgstall (Fig. 1b), situated on a small plateau above 
the River Ager, 25 km northeast of the MO-05 coring site, revealed 
settlement activities at ca. 5550 cal BP (Mondsee Group) and ca. 
4850 cal BP (possibly Cham Group). Ansfelden-Burgwiese (Fig. 1c) is 
situated on a small cape above the confluence of the rivers Traun and 
Krems, about 80 km northeast of the MO-05 coring site. Although situ
ated closer to the Donau River valley, the site has direct connection to 
the Attersee-Mondsee lake system via the rivers Ager and Traun. Set
tlement activities at Ansfelden-Burgwiese are documented from ca. 
6500 cal BP until the Middle Ages (Jakobitsch et al., 2022). Abundant 
charred plant remains (i.e. >25,000 in total) revealed well-developed 
agricultural practices and a rich spectrum of cultivated crops north of 

A. Schubert et al.                                                                                                                                                                                                                               Quaternary Environments and Humans 3 (2025) 100076 

11 



the Salzkammergut lake district, including barley, einkorn and emmer 
wheat, lentils and large quantities of hazelnuts at Lenzing-Burgstall, 
complemented by free-threshing wheat, Triticum cf. timopheevii and 
Triticum spelta at Ansfelden-Burgwiese. This rich assemblage of culti
vated and wild plant remains has been dated to the first half of the 6th 
millennium BP (Jakobitsch et al., 2022), i.e. to the time of the pile 
dwellings at Lake Mondsee, where the pollen indicators from the MO-05 
record suggest much weaker and possibly discontinuous agricultural 
activities near the coring site.

Based on the macrofossil assemblage (i.e. presence of Plantago, 
Rumex, Juniperus and other plants resistant to trampling and promoted 
by grazing), Jakobitsch et al. (2022) suggested that cereal fields were 
used for grazing by cattle and sheep/goats after harvest. A similar 
interpretation was proposed for the Late Neolithic/Copper Age pile 
dwelling sites in Switzerland and southwestern Germany (Jacomet et al., 
2004, 2016). In the MO-05 record (Fig. 3), Plantago and Rumex pollen 
appear discontinuously and in very small amounts (Fig. 7c). A slight 
increase to > 0.6 % is recorded ca. 4970 cal BP (i.e. during the later 
occupational phase at Mooswinkel) and during the EBA ca. 
3850–3650 cal BP. Together with coprophilous fungal spores (Fig. 7e), 
this may indicate the presence of grazing animals. However, the absence 
of dung inhabiting fungi at ca. 5570–5370 and 3970–3770 cal BP raises 
questions about the continuity and extent of pastoral activity. A cumu
lative single influx peak (1450 spores cm− 2 a− 1) of Cercophora, Sordaria 
and Sporomiella (Fig. 3c), commonly used as dung indicators, is detected 
at 4490 cal BP. It is, however, worth mentioning that much lower influx 
values recorded in the sediment of Lake Bastani in the Corsican moun
tains have been used to discuss Late Neolithic pastoralism (Lestienne 
et al., 2020). Moreover, a palynological study from Lake Grosssee in the 
eastern Swiss Alps also interpreted a rather low influx of 100–345 
coprophilous fungal spores cm− 2 a− 1 as indicative for pastural activity 
around the lake (Dwileski et al., 2025).

The pollen record from the Siegmoos peat bog (1100 m a.s.l.) near 
Lake Hallstätter See in the Austrian Alps (Fig. 1b) provides insight into 
the impact of prehistoric salt exploitation on the local vegetation and 
environment over the last 5700 years (Festi et al., 2021). Their study 
shows that salt extraction began in the 6th millennium BP, with phases 
of maximum impact on vegetation documented around 3300 cal BP and 
after ca. 500 cal BP. Similar to the MO-05 record (Fig. 3b), the NAP taxa 
in the Siegmoos record show generally low values before 3500 cal BP. A 
slight increase is observed ca. 5050–4550 cal BP, when pasture indicator 
pollen taxa and coprophilous fungal spores were sporadically recorded, 
and ca. 3850–3550 cal BP, when a greater diversity of human impact 
indicators (e.g. Plantago, Rumex, Urtica and Apiaceae) and the first 
cereal pollen appeared (Festi et al., 2021). Both intervals correspond 
well with the intervals of increased human impact in the MO-05 record 
(e.g. Fig. 7c). This may indicate a regional trend and/or a direct 
connection between the communities around Mondsee-Attersee and 
Hallstätter See, which are only a day’s walk apart. For the Bronze Age at 
least, the economic contacts between the agricultural communities 
living by the large pre-alpine lakes and the salt miners of Hallstatt are 
very likely as indicated by the archaeological and archaeobotanical 
evidence (Barth and Grabner, 2003; Kowarik et al., 2015).

Reviewing the history of husbandry in Austria from the Neolithic to 
the Roman Period, Schmölcke et al. (2018) concluded that cattle and 
sheep (both known in the region before ca. 6000 cal BP) were the most 
important domesticated animals, but also noted that the role of sheep in 
human subsistence shifted between periods of greater and lesser 
importance, strongly determined by environmental factors (e.g. humid 
and cold climate and densely forested landscape). Zooarchaeological 
research at Lake Mondsee (Pucher and Engl, 1997) confirmed sheep 
bones in the cultural layers assigned to the interval ca. 5750–5150 cal 
BP (Schmölcke et al., 2018), although more precise dating and the size of 
the herd at any given time remain unclear. Jakobitsch et al. (2023)
investigated the livestock keeping at the Mooswinkel pile dwellings 
through the analysis of botanical remains in animal dung and concluded 

that cattle, goats and/or sheep were evidently kept inside the settlement 
during the study interval ca. 5720–5320 cal BP. In the same cultural 
layers, cultivated plants are represented by threshing remains of Hor
deum vulgare and three species of Triticum, as well as seeds of Linum 
usitatissimum and Papaver somniferum. The botanical assemblage also 
consists of a long list of wild ruderal and forest taxa.

Accumulation rates of coprophilous fungal spores in the MO-05 re
cord decrease again during the EBA (Fig. 7e) in contrast to the highest 
values of NAP (Fig. 7b) and other pollen indicators of human activity 
(Fig. 7c, d). This can be interpreted as a simultaneous decline in grazing 
near the MO-05 coring site (i.e. at the local scale) and increasing human 
impact more distant in the lake catchment and at a larger regional scale 
(e.g. Dwileski et al., 2025; Kothieringer et al., 2015; Rey et al., 2013). 
Some support for such interpretation provides the charcoal record from 
MO-05, which shows an increase in the small (i.e. regional), but a 
decrease in the larger (i.e. local) fraction concentrations (Fig. 3c) and 
influx (Fig. 7f) during the EBA. There is a good hope that forthcoming 
results of archaeological excavations and archaeobotanical analysis of 
material from the pile dwelling sites at the lakes Mondsee and Attersee 
will provide more directly dated information for checking different 
hypotheses about the subsistence strategies of prehistoric populations in 
the Salzkammergut region.

In summary, the results from the MO-05 sediments indicate a rather 
weak and possibly discontinuous human impact on the environment 
during the analysed interval. Palynological indicators show a weak in
crease in deforestation and agricultural activities in the wider area 
during the EBA, while a decrease in the influx of coprophilous fungal 
spores and the larger charcoal fraction probably indicates a weaker 
human impact in the vicinity of the coring site. Our results further 
support Swierczynski et al. (2013a, 2013b), who examined the MO-05 
sediments for possible human impacts on detrital matter flux, but 
didn’t find a clear increase during the time interval in focus, suggesting 
an insignificant impact of human land use activity on the mobilization of 
detrital catchment material (Fig. 7g). Consequently, the flood record 
derived from the MO-05 sediments represents the local and 
regional-scale hydrological situation, weather and climatic variability 
and is not anthropogenically biased (Swierczynski et al., 2013a, 2013b). 
An attempt to correlate the sediment-based flood record with the 
observed change in the construction technique of the pile dwellings 
suggested that the construction of the possibly younger Mooswinkel site 
on piles above the water might indicate an adaptation to increased flood 
risk and/or a general rise in lake level, which contrasts the earlier 
dwellings at Scharfling and See sites that were built directly on the 
wetlands (Swierczynski et al., 2013a). The piles at Mooswinkel, found at 
a depth of two to three metres, reaching down to about seven metres 
(Jakobitsch et al., 2023), support the notable rise of the lake level, which 
could have caused the abandonment of the dwelling sites at Scharfling 
and See. The modelled beginnings of the occupation period at Scharfling 
and See (ca. 5800 cal BP) coincides with flood episode 15 (Swierczynski 
et al., 2013a, 2013b), while the end of the occupation at all three sites is 
not associated with any of the major flood episodes (Fig. 7g). This could 
suggest that socio-economic factors, together with climate and hydrol
ogy, probably influenced the life and activities of the relatively small 
local population. The abandonment of the pile dwellings at Lake Mon
dsee could also be linked to the movement of the people to neighbouring 
Lake Attersee, which has a notably higher number of pile dwelling sites 
(Jakobitsch et al., 2023) or to the lowlands further north, which are 
more suitable for agriculture (Jakobitsch et al., 2022). It is important to 
note the uncertainties in the modelled settlement periods, which in re
ality could be shorter than suggested by the OxCal-based (Bronk Ram
sey, 2009) Phase model introduced by Swierczynski et al. (2013a). Some 
support for shorter occupation periods of the Lake Mondsee pile 
dwellings is provided by the charcoal and pollen data (Fig. 7) obtained 
in our study. However, this hypothesis cannot be tested without thor
ough archaeological work, supported by a rigorous 14C dating 
programme.
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6. Conclusions

The combination of the robust varve counting-based chronology of 
the MO-05 composite sediment core and the high-resolution pollen re
cord allowed us to investigate the impact of the ‘4.2 ka event’ on the 
natural vegetation around Lake Mondsee. Our record shows no evidence 
of climate cooling or any other notable event-like changes at 4200 cal BP 
and therefore does not support a global significance of the ‘4.2 ka event’. 
On the other hand, the pollen record and the CONISS analysis pinpoint 
more gradual regional vegetation changes that occurred at the North
grippian–Meghalayan boundary around 4200 cal BP, marking the 
beginning of a new climatic regime in the study region in the Late Ho
locene. This shift was a response to hydroclimatic changes driven by 
insolation-induced long-term summer cooling and winter warming. We 
suggest that the regional climate became more humid at this time, 
mainly controlled by higher winter (rain and snow) precipitation and 
reduced evaporation during summer. The MO-05 palynological and 
sediment records indicate that the climate/vegetation transition, which 
began at 4200 cal BP, lasted for about two centuries. This is consistent 
with published pollen records from Central Europe, which show a major 
change in vegetation and forest composition around this time.

The current MO-05 palynological record also contributes to the 
better understanding of human activities and their relationships with 
climate and the environment. Disturbance on the natural forests around 
the lake was weak throughout the Late Neolithic/Copper Age. Agricul
tural activities of early farmers settling at the archaeological sites of 
Mooswinkel, Scharfling and See were probably mainly based on small- 
scale animal husbandry and less on crop cultivation. The animal hus
bandry and local fire proxy records, supported by the robust chronology, 
corroborate the beginning of human settlement activity at the lake 
around 5800 cal BP, as suggested by 14C data from cultural layers. While 
it remains unclear from the archaeological records whether small-size 
pile dwelling occupation in the south-eastern part of the lake was 
continuous between 5800 and 4700 cal BP, the new MO-05 records 
show evidence for absence or only very weak human activities between 
5500 and 5400 cal BP. Although the archaeological records do not 
provide evidence of pile dwelling sites after 4700 cal BP, our data sug
gest that animal husbandry was continued by local farmers settling 
around Lake Mondsee until 4200 cal BP. The related settlements, which 
were perhaps located at higher elevations than the known, waterlogged 
sites, were possibly destroyed by erosional processes. The palynological 
records from the period 4200–4000 cal BP (i.e. the end of the Late 
Neolithic/Copper Age) indicate a phase of weak human influence/low 
populations in the study region by low levels of deforestation, animal 
husbandry and fire activity, which may have been a response to the 
climatic changes around the Middle–Late Holocene transition. The 
subsequent increase in deforestation and agricultural activities during 
the EBA did not affect the south-eastern shores of Lake Mondsee, but 
took place mainly in more distant areas, perhaps around Lake Attersee 
or in the lowlands to the north.

CRediT authorship contribution statement

Anna Schubert: Writing – original draft, Visualization, Methodol
ogy, Investigation, Formal analysis, Data curation, Conceptualization. 
Tarasov Pavel: Writing – review & editing, Visualization, Validation, 
Supervision, Resources, Project administration, Methodology, Investi
gation, Funding acquisition, Conceptualization. Achim Brauer: Writing 
– review & editing, Validation, Resources, Investigation, Funding 
acquisition. Franziska Kobe: Writing – review & editing, Validation, 
Software, Methodology. Christian Leipe: Writing – review & editing, 
Visualization. Stefan Lauterbach: Writing – review & editing, Visuali
zation, Validation, Methodology, Investigation, Formal analysis, Data 
curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

Lake coring was carried out within the European Science Foundation 
EuroCLIMATE project DecLakes (04-ECLIM-FP29). AB acknowledges 
funding by the DFG (Deutsche Forschungsgemeinschaft) through project 
BR 2208/2–2. This work is part of the PhD project of A. Schubert, 
contributing to the project “Individual life histories in long-term culture 
change: Holocene hunter-gatherers in Northern Eurasia”, financed by 
the Social Sciences and Humanities Research Council of Canada (SSHRC 
Partnership Grant No. 895–2018–1004), and the ‘Bridging Eurasia’ 
Research Initiative, supported by the DFG (TA 540/4–1 and TA 540/ 
10–1), the FU Berlin and the German Archaeological Institute (DAI). AS 
thanks Maike Glos (FU Berlin) for support in laboratory work, and Dr. 
Susanne Jahns (Brandenburgisches Landesamt für Denkmalpflege und 
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Czuppon, G., Surányi, G., 2021. Holocene hydrological changes in Europe and the 
role of the North Atlantic ocean circulation from a speleothem perspective. Quat. Int. 
571, 1–10. https://doi.org/10.1016/j.quaint.2020.10.061.

Demske, D., Tarasov, P.E., Nakagawa, T., Suigetsu Project Members, 2013. Atlas of 
pollen, spores and further non-pollen palynomorphs recorded in the glacial- 
interglacial late Quaternary sediments of Lake Suigetsu, central Japan. Quat. Int. 
290-291, 164–238. https://doi.org/10.1016/j.quaint.2012.02.002.
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Rösch, M., Lechterbeck, J., 2016. Seven millennia of human impact as reflected in a high 
resolution pollen profile from the profundal sediments of Litzelsee, Lake Constance 
region, Germany. Veg. Hist. Archaeobot. 25, 339–358. https://doi.org/10.1007/ 
s00334-015-0552-9.

Ruttkay, E., Cichocki, O., Pernicka, E., Pucher, E., 2004. Prehistoric lacustrine villages on 
the Austrian lakes – past and recent research developments. Living on the lake in 
prehistoric Europe: 150 years of lake-dwelling research. London. Routledge, 
pp. 50–68.

Schmidt, R., 1981. Grundzüge der spät- und postglazialen Vegetations- und 
Klimageschichte des Salzkammergutes (Österreich) aufgrund palynologischer 
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