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Abstract. Vegetation change during the Last Glacial period in Europe plays a crucial role in better under-
standing the ecosystem dynamics response to abrupt climate change. Yet, most quantitative reconstructions of
land-cover primarily focus on the Holocene and aim to disentangle the impact of anthropogenic and climatic
stress on the vegetation. Here, we present temporally continuous land-cover reconstructions from Europe for the
latter half of the Last Glacial period (60-20 ka BP) using the “Regional Estimates of Vegetation Abundance from
Large Sites” (REVEALS) model. The pollen-based REVEALS model uniquely factors in plant-specific parame-
ters, such as relative pollen productivity (RPP) and pollen fall speed to model pollen dispersal and thus provides
more accurate representation of past vegetation cover than simple relations of fossil pollen counts. We compiled
a total of 61 datasets from Europe and its bordering regions to model land-cover estimates across 60 time steps
in 1000 year increments (Kern, 2024b). By grouping the 38 analysed taxa into 5 land-cover types (LCTs), we
simplify the interpretation of our results, demonstrated in three selected periods during the Last Glacial: Green-
land Interstadial 14 (GI-14), Greenland Stadial 9 (GS-9), and the Last Glacial Maximum (LGM). These periods
provide insight into stadial-interstadial vegetation variability as well as extreme glacial conditions, which seem
to play a fundamental role in the demographic developments of Palaeolithic hunter-gatherers. Additionally, we
compare the REVEALS land-cover estimates to raw pollen data, provide REVEALS standard errors, and discuss
the reliability of our results as well as potential avenues to further improve the reliability of REVEALS estimates.
To facilitate the use and interpretation of our data for a wide scientific audience, we developed the browser-based
application PALVEG (https://oakern.shinyapps.io/PALVEG/, last access: 22 October 2025), which requires no
prior programming experience and dynamically generates maps based on user input.

mitigation agent is of particular importance in the context of

The quantification of terrestrial vegetation dynamics in re-
sponse to climatic change remains poorly understood as it
necessitates the conversion of fossil pollen data to tangible
reconstructions of the past vegetation cover (Dallmeyer et al.,
2023). Yet, terrestrial vegetation is one of the major compo-
nents of the Earth’s terrestrial biosphere and a major driver
in the global carbon cycle (Masson-Delmotte et al., 2021).
Through biogeochemical feedback processes, their role as a
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climate change (Anderegg et al., 2020; Harper et al., 2018;
Williamson, 2016). Making sense of the past and develop-
ing future adaptation and mitigation strategies greatly depend
on our understanding of the interaction between climate and
vegetation — an integral part of Earth system models (ESMs)
employed to generate climate projections (Fisher et al., 2018;
McDowell et al., 2020). ESMs often rely on dynamic global
vegetation models (DGVMs) that predict changes in land-
cover, productivity, biomass, and/or carbon storage as a func-
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tion of static bioclimatic variables that are provided by cli-
mate models (e.g., Shao et al., 2018; Lu et al., 2018; Hopcroft
et al., 2017). Evaluating and improving DGVMs requires ap-
propriate data.

An ongoing endeavour is the comparison of DGVM out-
puts with palacoproxy records of the past vegetation com-
position (Shao et al., 2018; Woillez et al., 2013). The pri-
mary goals are to evaluate the output DGVMs and, in a next
step, to inform DGVMs and thereby improve the accuracy
of their predictions. Pollen records from peat deposits, lake
sediments, marine sediments, and to a lesser extent from out-
crops and archaeological layers represent the most promis-
ing empirical data of past vegetation cover (Dallmeyer et
al., 2023). Pollen records provide direct evidence of the veg-
etational composition and are widespread across terrestrial
landscapes. However, the pollen-vegetation relationship is
non-linear and often biased by taxon-specific characteristics
that influence pollen productivity, dispersal, and deposition
(Andersen, 1970; Prentice, 1985). Moreover, boundary con-
ditions, such as COs-levels, atmospheric patterns, and soil
properties vary through time and may influence these taxon-
specific parameters (Ladeau and Clark, 2006; Wayne et al.,
2002) thus hindering a direct comparison with DGVM out-
puts.

Despite these proxy-specific drawbacks, quantitative vege-
tation reconstructions have a long history in the geosciences
(Chevalier et al., 2020). Over time, different methods have
emerged and improved upon, such as biomisation (e.g., Pren-
tice et al., 1996; Binney et al., 2017; Li et al., 2025), the
Pseudobiomisation Method (PBM; Fyfe et al., 2010; Wood-
bridge et al., 2014), modern analogue techniques (MATsS;
e.g., Zanon et al., 2018), and landscape reconstructions (RE-
VEALS; Sugita, 2007; Githumbi et al., 2022; Serge et al.,
2023; Schild et al., 2025). The different approaches have
been discussed, compared, and evaluated previously (Cheva-
lier et al., 2020). Here, we focus on the Regional Estimates
of Vegetation Abundance from Large Sites (REVEALS;
Sugita, 2007). Among the aforementioned techniques, RE-
VEALS uniquely factors in pollen productivity and dispersal
properties, yielding land-cover percentages for each individ-
ual taxon. Syntheses of regional to continental REVEALS-
specific parameters are continually expanded and improved
upon (e.g., Githumbi et al., 2022; Mazier et al., 2012; Schild
et al., 2025; Serge et al., 2023; Wieczorek and Herzschuh,
2020). In the recent years, REVEALS land-cover simulations
were generated on global (Schild et al., 2025) and continental
scales for Eurasia, China, and North America (e.g., Roberts
et al., 2018; Githumbi et al., 2022; Li et al., 2023). How-
ever, previous works have mainly focused on the response of
terrestrial ecosystems to anthropogenic stress (e.g., agricul-
ture and deforestation) during the Holocene (11700 yr BP to
present).

The Holocene is a period of relative climate stability and
low-amplitude climate fluctuations in comparison with the
preceding glacial period (Mayewski et al., 2004). In order

Earth Syst. Sci. Data, 17, 5997-6023, 2025

O. A. Kern et al.: Landscape reconstructions for Europe during the late Last Glacial (60—20 ka BP)

to focus on the impact of climatic stressors on the regional
vegetation, we direct our attention on the Last Glacial period
(ca. 115000-11700 yr BP), which features marked climatic
fluctuations (Fig. 1) with limited human impact on the en-
vironment (Brovkin et al., 2021; Fletcher et al., 2010). The
Last Glacial encompasses a wide range of climate states:
Following the relatively stable interglacial climates of early
Marine Isotope Stage 5 (MIS Se), phases of climate insta-
bility (remainder of MIS 5a—d and MIS 3) alternated with
relatively stable glacial climates (MIS 4 and MIS 2; Fig. 1).
Particularly the climate in the Northern Hemisphere during
MIS 3 is characterised by a marked climate instability that
manifested in several periods of abrupt warming that per-
meated the otherwise glacial climatic conditions (e.g., Ras-
mussen et al., 2014; Corrick et al., 2020). These periods were
termed Greenland Interstadials (GIs) after their discovery in
Greenland ice cores (Svensson et al., 2006), while periods
in-between GIs are termed Greenland Stadials (GSs), ac-
cordingly. While these events are relatively well-studied in
the marine realm, their impact on terrestrial palaeoenviron-
ments is still largely unknown (Fletcher et al., 2010; Moreno
et al., 2014), especially in Central Europe (Britzius et al.,
2024; Kern et al., 2022; Woillard, 1978), a fact that is com-
monly ascribed to the scarcity of available data. Although
the climatic boundary conditions today are different, the re-
sponse of terrestrial ecosystems to abrupt warming events is
of particular interest in the context of modern climate change
(Masson-Delmotte et al., 2021). The vegetation response to
GI-GS variability raises several questions regarding adapta-
tion, resilience, and extinction/repopulation rates (Alley et
al., 2003; O’Neill et al., 2017), the possibility of local/re-
gional plant refugia (Tzedakis et al., 2013; Willis et al., 2000;
Willis and van Andel, 2004), and also seems to have high
relevance for the large-scale demographic developments of
Palaeolithic hunter-gatherers (Maier et al., 2022).

2 Methods

2.1 Pollen data — sources and preparation

A total of 61 pollen records with data for the 60-20 kyr
BP interval were compiled from study sites located in
Europe and bordering regions (Fig. 1). The majority of
those datasets were obtained from the NEOTOMA database
(Williams et al., 2018; Kern, 2025), the ACER pollen and
charcoal database (Sdnchez Goiii et al., 2017), and PAN-
GAEA (de Beaulieu, 2010; Britzius et al., 2024; Kern, 2021;
Koutsodendris et al., 2023a; Miebach et al., 2019a; Sadori et
al., 2018). Additional datasets were gathered directly from
the respective publications and by personal communication
with other researchers. A complete table listing all sites and
references can be found in Table Al.

Most datasets were either provided with a robust age-depth
model in the corresponding publication or database. Records
without a robust chronology were tentatively correlated with
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Figure 1. Top panel: map of Europe depicting the location of all pollen archives included in this study. The vertical and horizontal grey lines
subdivide the study area into four quadrants, which are referenced in the discussion. See Table A1 for a detailed legend and references. Last
Glacial Maximum ice-sheet extent redrawn after Ehlers et al. (2011). Bottom panel: Greenland oxygen isotopes (Rasmussen et al., 2014) for
the last ca. 125000 years. Red intervals are referred to in the results and discussion section (Sect. 3). Approximated presence of different
human species (Staubwasser et al., 2018) is indicated by the coloured bars. Marine Isotope Stages (MIS) after (Lisiecki and Raymo, 2005).

well-established records based on the stratigraphic place-
ment of these records in a broader context. Datasets from
marine records were excluded due to their overrepresenta-
tion of Pinus pollen grains (Heusser and Balsam, 1977). For
the purpose of this study, raw pollen counts (compared to
e.g., pollen percentages) are required (see Sect. 2.3 for de-
tails). However, some datasets only provide pollen percent-
ages and the original data could not be obtained. To maximise
the amount of records included in the study, percentage data
from these sites were recalculated to a baseline counting sum
of 300, which is considered the minimum for statistically ro-
bust results and thus often used as a target during palynolog-
ical analysis (Weng et al., 2006).
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Data preparation included the removal of empty and du-
plicate entries and excluding samples outside of the desired
age interval to speed up the REVEALS calculation. Subse-
quently, all data were aggregated into 1000-year time bins
following Githumbi et al. (2022) and Trondman et al. (2016).
Since not all pollen records cover the entire target interval,
the availability of suitable datasets for each time bin varies
with time (see Fig. B1). Data aggregation reduced the input
dataset from 5231 to 1632 samples. Afterwards, the harmon-
isation of nomenclature and pollen morphological types for
all datasets was required (Birks et al., 2023). Taxa harmoni-
sation was performed in R using and adapting the taxon har-
monisation table supplied by Githumbi et al. (2022).

Earth Syst. Sci. Data, 17, 5997-6023, 2025
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2.2 REVEALS

The REVEALS model is based on the r-value model (Davis,
1963) and subsequent iterations (Andersen, 1970; Parsons
and Prentice, 1981) and its development is described in detail
in earlier studies (e.g., Sugita, 2007). In essence, REVEALS
reconstructs land-cover estimates for all taxa, factoring in
pollen counts, basin parameters, such as basin type (i.e.,
lake or bog) and basin radius (assuming a circular basin),
and plant physiological parameters (pollen productivity and
pollen fall speed). Early versions of REVEALS were limited
to large lakes (> 50 ha) based on the premise that sediments
from large lakes accurately represent regional vegetation as-
semblages (Sugita, 2007). Subsequent development stages of
REVEALS then successfully demonstrated that REVEALS
estimates from small lakes (< 50ha) and bogs (both small
and large) are comparable to those of a large lake in the same
region (Trondman et al., 2016). The substantially higher stan-
dard deviation for these data can be offset by including mul-
tiple small sites, which is consequently highly encouraged
(Trondman et al., 2016).

2.3 REVEALS input parameters

The REVEALS model estimates land-cover percentages us-
ing raw pollen counts from palaeoclimate archives, supplied
on either a depth or an age scale. In addition to pollen
data, the REVEALS model requires additional taxa-specific
parameters, such as the relative pollen productivity (RPP)
estimates and the respective standard deviation as well as
the fall speed of pollen (FSP). RPP and FSP values have
been previously compiled on continental to global scales
(Githumbi et al., 2022; Serge et al., 2023; Wieczorek and
Herzschuh, 2020). Moreover, REVEALS land-cover esti-
mates using variable RPP values have been previously vali-
dated and optimised through comparison with satellite-based
land-cover reconstructions (Hansen et al., 2013; Schild et al.,
2025). Here, we use combined RPP and FSP values from
Githumbi et al. (2022) and Serge et al. (2023) that are op-
timised for Europe, but briefly also discuss differences in
land-cover estimates by using others sets of RPP and FSP
(Table 1). For maximum comparability, we use the same taxa
across for all model runs and fill missing values as needed
from Githumbi et al. (2022) and Serge et al. (2023).

The REVEALS model has previously been used to esti-
mate anthropogenic land-cover change during the Holocene
and includes taxa of significance for this specific research
question, such as Cerealia (cereals) and Secale (rye), which
are indicators of agricultural practices. Since agriculture only
emerged during the early to mid-Holocene in Europe (Price,
2000; Zeder, 2011), we grouped these taxa together with
other Poaceae (grasses) in our analysis. Plantago lanceolata
(plantain), while also a common indicator for agricultural
practices, is grouped together with other taxa from the genus
Plantago, as pollen from this family naturally occur in pollen
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records from Europe throughout the Last Glacial period. The
respective RPP value is calculated as the mean of the avail-
able values for different Plantago species (Githumbi et al.,
2022).

Pollen data from different archives are typically heteroge-
neous in terms of nomenclature and the level at which taxa
are identified. Tree taxa are most commonly identified on the
genus (e.g., Picea) or species level (e.g., Picea abies). How-
ever, herbs and grasses are typically identified on the family
level (e.g., Ericaceae and Poaceae), owing to the sheer diver-
sity of these groups (the Poaceae family contains more than
10000 species in over 700 genera), rendering the exact iden-
tification using microscopic analysis almost impossible. To
include as many data as possible, it was necessary to har-
monise the pollen data. Given the limited number of datasets
to begin with, we resorted to simplifying all datasets to the
most common denominator (family level) rather than exclud-
ing datasets to overcome the heterogeneity in pollen data.
For some taxa, RPP values for boreal/temperate and Mediter-
ranean specimens exist (Githumbi et al., 2022). Since we fo-
cus on the Last Glacial, i.e., a period when mostly cold and
dry climates prevailed in Europe, we chose the boreal/tem-
perate values, as we expect Mediterranean taxa to play a sub-
ordinate role under glacial conditions compared to their bo-
real/temperate counterparts. As a result, our final RPP and
FSP table consists of entries for 38 taxa (Table 1).

Additional parameters used by REVEALS are basin ra-
dius (in m), basin type (i.e., lake or bog), and the geographi-
cal location of the archive (in latitudinal and longitudinal co-
ordinates). This information was either taken directly from
the respective publications, included in database metadata,
or roughly estimated using satellite imagery. During the Last
Glacial, peat bogs were much less common than during the
Holocene and many lakes transformed into bogs as the cli-
matic conditions became warmer and wetter (e.g., Fiiramoos,
Germany). Hence, we set the basin type to “lake” for all sites
with no information, unless the respective publications indi-
cated that a bog was present throughout most of the history
of the archive (e.g., Tenaghi Philippon, Greece).

REVEALS also requires two independent parameters:
wind speed and the maximum extent of the regional vege-
tation (Zmax)- Following a previous evaluation of REVEALS
estimates combined with empirical data, wind speed and
Zmax Were set to 3ms~! and 100 km, respectively (Trond-
man et al., 2015).

2.4 Implementation of REVEALS

The REVEALS model was implemented using the R pack-
age LRA (Abraham et al., 2014). The REVEALS function
within LRA distinguishes between data from lakes and bogs
and accounts for the taxon-specific FSP and RPP (includ-
ing standard deviation). LRA offers two different dispersal
models: a Gaussian plume model (used in this study; Sutton,
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Table 1. Fall speed (FSP), relative pollen productivity (RPP) including standard deviation (SD) and associated land-cover type (LCT) for
all taxa included in this study. We list three sets of RPP values: a synthesis of RPP values for Europe, modified from Githumbi et al. (2022)
and Serge et al. (2023); a global compilation (listed are values for Europe, or, if not available, the Northern Hemisphere; Wieczorek and
Herzschuh, 2020, dataset v2), and optimised RPP values using a satellite-based validation and optimization routine (Schild et al., 2025). All

values for RPP and SD (RPP) are relative to Poaceae (bold).

This paper, synthesis after Githumbi

Wieczorek and Herzschuh  Schild et al.

et al. (2022) and Serge et al. (2023) (2020) dataset v2 (2025)
Taxa FSP RPP (SD) FSP RPP (SD) Optimised Land-cover type (LCT)
RPP
Abies alba 0.120 6.875+£1.442 0.120 Conifers
Juniperus communis  0.016 2.070 £ 0.040 0.016 7.940 £ 1.280
Picea abies 0.056 5.437+£0.097 0.056 1.650£0.150 6.490
Pinus 0.031 6.058 £0.237 0.036 10.860 £ 0.800 43.440
Alnus 0.021 13.562 +£0.293 0.021 8.490 +0.220 2.124 Cold deciduous trees
Betula 0.024 5.106 £0.303 0.024 4.940 £0.440 19.759
Salix 0.022 1.182+£0.077 0.028 0.390 £0.060
Acer 0.056 0.800£0.230 0.056 0.230£0.040 Temperate deciduous trees
Buxus sempervirens  0.032 1.890 4+ 0.068 0.032
Carpinus betulus 0.042 4.520£0.425 0.042 3.090+0.284
Corylus avellana 0.025 1.710 £ 0.100 0.025 0.831
Fagus sylvatica 0.057 5.863+£0.176 0.056 2.350+0.107 0.759
Fraxinus excelsior 0.022 1.044 +0.048 0.022 2.970 +£0.250
Populus 0.025 2.660+ 1.250 0.025 3.420+ 1.600
Quercus deciduous 0.035 4.537+0.086 0.035 2.920+0.100 11.601
Tilia 0.032 1.210£0.116 0.032 0.930£0.090
Ulmus 0.032 1.270 + 0.050 0.026 2.240+0.462
Carpinus orientalis ~ 0.042 0.240+£0.070 0.042 3.090+0.284 Mediterranean trees
Castanea sativa 0.010 3.258 +0.059 0.014 5.870 +£0.245
Phillyrea 0.015 0.512+£0.076 0.015
Pistacia 0.030 0.755+£0.201 0.030
Quercus evergreen 0.015 11.043 £0.261 0.015
Sambucus nigra 0.013 1.300+0.116 0.013
Apiaceae 0.042 0.260+£0.010 0.042 2.130+0.410 Open Land
Artemisia 0.025 3.937+0.146 0.014 4.330£1.590
Asteraceae 0.051 0.360+0.137 0.032 0.220£0.020 0.055
Chenopodiaceae 0.019 4.2804+0.270 0.019 4.280+£0.270
Cyperaceae 0.035 0.962 £ 0.050 0.035 0.560 £0.020 0.188
Ericaceae 0.051 0.070 £ 0.040 0.030 0.440£0.020 0.109
Fabaceae 0.021 0.400+£0.070 0.021 0.400£0.070
Filipendula 0.006 3.000 +0.285 0.006 0.530£0.050
Plantago 0.029 1.447+0.170 0.028 2.490+0.110
Poaceae 0.035 1.000 £ 0.000 0.035 1.000 £ 0.000
Potentilla 0.018 1.190£0.133 0.018 0.530£0.050
Ranunculaceae 0.014 1.960 % 0.360 0.014 0.990£0.120
Rubiaceae 0.019 3.950+0.314 0.019 1.560 £ 0.120
Rumex acetosa 0.018 3.020+0.278 0.018 0.580£0.030
Urtica 0.007 10.520+0.310 0.007 10.520£0.310

1953) and a Lagrangian stochastic model (Theuerkauf et al.,
2016).

Previous studies have mostly implemented a grid-based
approach to combine records across 1° x 1° grid cells in Eu-
rope for a combined mean cover estimate and standard er-
ror for all taxa. Owing to the scarcity of datasets available
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in Europe during the pre-Holocene, such an approach is not
feasible, as the typical distance between two pollen archives
exceeds 1° in either direction. Hence, we chose not to apply
this technique to our dataset and provide site-specific esti-
mates, rather than regional (grid-cell wide) estimates. To pro-
vide maximum clarity, we specify which sites are considered
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“small” (i.e., < 50ha) and advocate for a careful interpreta-
tion of REVEALS estimates from these sites.

The REVEALS output generates land-cover estimates (in-
cluding standard errors) for all taxa from all samples pro-
vided. For the purpose of this study, we provide REVEALS
estimates from all sites in 1000-year increments, with a
+500-year data aggregation window to account for age-
depth model uncertainties. As a result, some sites may not
be present during all time slices, depending on their tempo-
ral resolution and/or potential gaps in the respective datasets
(see Figs. 3-5).

2.5 Land cover types

In the biomisation approach (e.g., Prentice et al., 1996; Bin-
ney et al., 2017; Bigelow et al., 2003) each taxon is assigned
a plant functional type (PFTs), based on their ecological and
climatic preferences. Subsequently, groups of PFTs form dif-
ferent biomes, such as desert, steppe, various types of tun-
dra and forests. To simplify interpretation, PFTs can also be
grouped into “Super-PFTs” (Binney et al., 2017) as an al-
ternative to biomes. The REVEALS model only includes a
limited number of taxa due to the limited availability of re-
liable RPP estimates. Therefore, we adapted a simplified ap-
proach introduced by Githumbi et al. (2022) and group taxa
into five land-cover types (LCTs): Open land (which includes
all types of grasses and herbaceous taxa), conifers, cold de-
ciduous trees, temperate deciduous trees, and Mediterranean
trees. Additionally, we provide estimates for total trees, cal-
culated as 100 % — Open land. See Table C1 for a detailed
list of all taxa included in each LCT. The choice of LCTs
is based on the vegetational composition during the glacial
conditions of the Late Pleistocene and aims to simplify and
illustrate broader changes in the vegetation rather than high-
light a single taxon.

2.6 Mapping

The results of the REVEALS land-cover reconstructions are
presented as maps in time slices of 1000-year steps for all
taxa and all LCTs. Figures 3-5 illustrate exemplary maps
during full glacial (LGM, 23kaBP), interstadial (GI-14,
52kaBP), and stadial (GS-9, 39kaBP) conditions for the
open land LCT. We selected these time slices for their sig-
nificance in palaeoclimate research. All maps share com-
mon features to facilitate their interpretation: Land-cover
percentages (REVEALS-based) and pollen percentages are
displayed on a gradual colour scale with varying limits to ac-
commodate the vastly different percentages between LCTs
and taxa; the differences between REVEALS estimates and
pollen counts are also given in percentages on a diverging
colour scale (strong colours denote a strong difference, faded
colours denote a small difference, white signals that both val-
ues are roughly equal); only sites with data for a given time
interval (selected time & 500 years) are displayed; icon size
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denotes whether a site is classified as small (< 50 ha) or large
(> 50ha). Sites marked in red denote unreliable data (see
Sect. 4.1 for more details).

2.7 R-based application PALVEG

To facilitate the access to our REVEALS land-cover recon-
structions of Europe during the Late Pleistocene, we pro-
vide an easy-to-use interactive map-generating application:
PALVEQG, available at https://oakern.shinyapps.io/PALVEG/
(last access: 22 October 2025). PALVEG is a browser-
based application using the shiny R package (Chang et al.,
2023) and thus does not require any prior coding experi-
ence. PALVEG offers easy access to all REVEALS land-
cover reconstructions included in this study in the form of
dynamically generated maps based on the inputs chosen.
PALVEG will be continuously updated with new REVEALS
land-cover estimates as more pollen datasets and REVEALS
parameters (e.g., RPP and FSP for additional taxa) become
available.

PALVEG allows users to define a time slice between 75
and 15 ka BP, in intervals of 1000 years, and chose a taxon or
LCT they are interested in. PALVEG will then visualise the
associated REVEALS land-cover percentages of all available
datasets for the defined time on a map of Europe (10°E-
60° W; 30-70° N). PALVEG can also display the pollen data
as raw count-based percentages for the same interval. To
highlight the differences between both methods, users also
have the option to display the deviation of the REVEALS
model from raw pollen counts: Blue (positive) values in-
dicate that the REVEALS model attributes a higher land-
cover estimate than the count-based estimate. Accordingly,
red (negative) values suggest that the REVEALS model as-
sumes a lower land-cover percentage compared to the pollen
data. Lastly, PALVEG offers to display both REVEALS land-
cover estimates and pollen data aggregated into 1000-year
time bins (default) as well as data based on the sample clos-
est to the chosen time slice (within £500 years).

We acknowledge the need for intercomparability between
different REVEALS land-cover estimate maps, which ne-
cessitates a uniform colour scale (i.e., ranging from 0 %-—
100 %). Yet, land-cover percentages for many taxa are well
below e.g., 10 % across Europe and individual differences are
masked by a uniform scale. For maximum clarity, PALVEG
therefore offers two modes to display REVEALS land-cover
estimates: A fixed scale (0 %—100 %) and a dynamic scale
that changes depending on the maximum land-cover percent-
ages for a given taxon or LCT. This allows for maximum
comparability between individual outputs, while also offer-
ing a more detailed and readable display option.

3 Results and discussion

In the following, we discuss the spatio-temporal evolution
of land-cover occupied by trees in Europe during the Last
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Glacial using the RPP synthesis described in Sect. 2.3 (Ta-
ble 1). For simplicity, we refer to total tree populations,
which are predominantly characterised by conifers, while
other LCTs play a minor role. In general, we observe a sharp,
Europe-wide decrease in land-cover of trees starting with the
end of MIS 5 (ca. 70ka BP; Fig. 2a). During the subsequent
MIS 4 (70-60ka BP), a minimum in tree cover is observed
in all regions with the exception of NE Europe, where the
land-cover of total trees remains at a moderate level between
30 %-40 %, indicating an open woodland vegetation. During
early MIS 3 (ca. 60-50ka BP), tree populations recover, par-
ticularly in NW and SE Europe, in response to the climatic
amelioration during prolonged Greenland Interstadials (e.g.,
GI-16, GI-14, and GI-12). In contrast, tree populations de-
cline in NE Europe or are unaffected (SE Europe) in response
to the climatic change. The opposite pattern emerges during
the later part of MIS 3 (ca. 40-30 ka BP), when a recovery of
tree populations can be observed in NE Europe accompanied
by a synchronous, but transient, increase of tree populations
in SW Europe. MIS 2 (28-15 ka BP) is generally defined by
a subdued variability compared to MIS 3. Land-cover per-
centages of tree populations in NW and SE Europe are close
to their respective minimum for the region, whereas NE and
SW Europe signal slightly elevated levels of tree cover.

Overall, the regional vegetation across Europe is charac-
terised by a division into two major regimes: in NW and
SE Europe, the vegetation pattern follows that of other proxy
data such as NGRIP §180 (Fig. 1; Rasmussen et al., 2014):
Periods of warmer and more humid conditions coincide with
elevated levels of land-cover occupied by trees and vice
versa. This pattern is related to large-scale shifts in atmo-
spheric circulation patterns and thus moisture availability
(Florineth and Schliichter, 2000; Ludwig et al., 2016). Simi-
lar observations in speleothems and loess records have been
ascribed to shifts in the North Atlantic Oscillation and as-
sociated storm tracks responsible for moisture distribution
(Luetscher et al., 2015) and dust transport (Schaffernicht et
al., 2020) across Europe.

For NE Europe, the opposite pattern emerges. It appears
that during the coldest and driest intervals (MIS 4 and MIS 2)
of the Last Glacial, tree populations remain at a moderate
level and instead decline during the warmer and more hu-
mid period of MIS 3. However, we ascribe this pattern to
data scarcity rather than climatic variability. Particularly in
NE Europe, very few datasets are available (Fig. 2b) and
they span a large latitudinal range (from 46 to 67° N). Dur-
ing mid-MIS 3, only limited data are available and thus the
mean forest cover is strongly influenced by records from the
high latitudes (e.g., Lake Yamozero, site 2, Fig. 1) or in close
vicinity to ice sheets (e.g., Nesseltalgraben, site 21, Fig. 1),
which tend to signal a very open landscape. During subse-
quent intervals (i.e., late MIS 3), more records from, e.g., the
Carpathian Mountains, are included and thus shift the mean
towards higher forest covers. Note that despite the overall site
availability in NW Europe being similar or even lower com-
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pared to NE Europe (Fig. 2b), these sites span a much smaller
geographical area and climatic range. As a consequence, the
presence or absence of individual sites has a reduced impact
on the regional means.

In the following, we focus on three critical intervals of the
Last Glacial, using the LCT “open land” as proxy for veg-
etation openness: Stadial-interstadial variability, represented
by GS-9 (39 kaBP) and GI-14 (52kaBP), respectively, and
the Last Glacial Maximum (LGM, 23 kaBP). To facilitate
the comparison, we treat these climatic events as singular
time slices centred around their respective mid-points (given
in parentheses). Then, we compare the output of the RE-
VEALS model with pollen percentages and highlight some
of the major differences in the perception of palacoenviron-
ments. Lastly, we discuss the reliability of REVEALS esti-
mates in the context of the REVEALS model design and its
fundamental ideas.

3.1 Stadial-interstadial variability

For the comparison of interstadial to stadial land cover, we
chose the longest interstadial (GI-14) and stadial (GS-9) to
fully capture the differences in land-cover composition. Both
climatic events are well-documented in numerous records
and chronologically well-constrained. Also, shifts between
stadial and interstadial conditions and their associated eco-
logical gradients may have had considerable impact on the
large-scale distribution of regional populations of hunter-
gatherers during the Upper Palaeolithic (Maier et al., 2024).

In contrast to the interstadial conditions of GI-14, average
open land percentages increased to 80 % during Greenland
Stadial 9 (GS-9, 39kaBP) and are highest along the north-
ern fringes of the Alpine glaciers (Fig. 4). This increase is
primarily due to a rise of Poaceae to 32 %, while Cyper-
aceae (15 %) and Asteraceae (16 %) remained on similar lev-
els as compared to GI-14. Interestingly, Poaceae percent-
ages not only increased during GS-9, but the geographical
distribution of Poaceae spread to most regions of Europe.
Notable exceptions are in the Iberian Peninsula, the Alpine
Foreland, and the Carpathian Mountains, where a strong lo-
cal signal of Cyperaceae indicated the presence of wetlands.
Asteraceae and Apiaceae are primarily found in the Central
Mediterranean and South-West Asia, locally reaching more
than > 40 % of combined land cover.

Overall, tree populations in Europe collapsed during GS-9.
While the western Balkans and Eifel region show a declining
presence of tress, locally constrained areas in the Carpathian
Mountains (87 % trees) and the Baltics (up to 49 % trees) ap-
pear to have served as refugia for Picea abies, Betula, and
Pinus during glacial periods (Fig. 4). However, caution is ad-
vised for the Carpathian data (Fig. 4d). Small, isolated com-
munities of temperate deciduous trees are present in North-
ern Africa (13 %), the South-West Asia (13 %) and the East-
ern Mediterranean (6 %) and comprise the remainder of land
covered by trees during GS-9.
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Figure 2. (a) Evolution of the mean REVEALS land-cover percentages for all LCTs through time (75-15kaBP). The data have been
categorised in four quadrants split by latitude (> 46 and < 46° N, ca. North and South of the Alps, respectively) and longitude (> 10.5 and
< 10.5°E, roughly separating the Western Mediterranean from the Central and Eastern Mediterranean). (b) Site availability by quadrant for

each time step.

Across all sites, the REVEALS-derived mean land-cover
estimate of “open land” during Greenland Interstadial 14
(GI-14, 52kaBP) was 74 % (Fig. 3). The primary con-
stituents of open land vegetation during GI-14 show dis-
tinct geographical patterns: Poaceae (26 %) and Cyperaceae
(17 %) are the dominant taxa in Central Europe and the
western Mediterranean, whereas Asteraceae (15 %) is found
in South-West Asia and the Mediterranean coastal regions.
Among other taxa, isolated populations of Apiaceae and
Chenopodiaceae are present in South-West Asia and Ranun-
culaceae reach > 10 % in Central European wetlands envi-
ronments. Other herbs only play subordinate roles.

Although an open steppe-tundra vegetation dominated the
European landscapes during GI-14, two distinct forested ar-
eas can be identified: The western Balkans and to a lesser
extent the Eifel and eastern Baltic regions (Fig. 3a), where
conifers constitute the majority of the vegetation. However,
caution is advised regarding the reliability of some of these
data (Fig. 3d). In contrast, the Italian Peninsula shows a
mixed temperate woodland, consisting of deciduous Quer-
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cus, Fagus sylvatica, Acer, and Abies alba at the time. North
of the Alps, forests composed of boreal tree taxa such as Pi-
nus and Betula constitute a substantial portion of trees while
other tree taxa are virtually absent.

Stadial-interstadial variability is primarily characterised
by an increase in open-land percentages during stadials and
a decrease in open-land percentages during interstadials, but
probably also by a more pronounced differentiation of the
onset of the vegetation period in the southern parts of Europe
during stadials (Maier et al., 2024). Such increases in open-
land percentages have led to a southward displacement of the
tree line in western Central Europe, while limited tree popu-
lation in eastern Central Europe persist. During interstadials,
decreases in open-land percentages are accompanied with a
northward expansion of the tree line. These observations are
in line with the interpretation of proxy records across Eu-
rope (Fletcher et al., 2010; Landais et al., 2022, Tzedakis et
al., 2013). However, the scarcity of available pollen records
for GI-9 from Northern and North-eastern Europe substan-
tially hinders our ability to further inquire. Additional pollen
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Figure 3. Results for the LCT “Open land” during GI-14 (52 ka BP). (a) REVEALS land-cover percentages. (b) Combined open land pollen
percentages (see Table 1). (¢) Difference between REVEALS land-cover percentages and the combined pollen data. Colours indicate a higher
(blue) or lower (red) land-cover representation compared to pollen data. (d) Same as (a), but data considered unreliable are highlighted in

red (see Sect. 4.1 for details).

records are required to investigate the spatio-temporal frame-
work of tree-line recession in a north-easterly direction dur-
ing interstadials in more detail.

The arrival and spread of Palaeolithic hunter-gatherers be-
tween 43 to 40 ka BP in Europe (Shao et al., 2024) occurred
during a phase of pronounced interstadials (ca. GI-12 to GI-
9) and therefore relatively mild and humid climate conditions
(Rasmussen et al., 2014). This climate state is also reflected
in increased tree cover percentages, particularly in Eastern
Europe (i.e., the Balkans and along the Danube), where cli-
matically suitable east-west corridors may have temporar-
ily opened up for human dispersal across Europe (Shao et
al. 2024). Here, light woodland or a mosaic of open and
forested vegetation was prevalent particularly in SE Europe
(Fig. 2a). Such ecotones provide ideal conditions for a high
faunal biodiversity and are thus attractive habitats for hunter-
gatherers. During stadials, the tree line shifted southwards
and the landscape in the higher latitudes opened up. At the
same time, phenological gradients related to the greening
of the landscape in spring became more pronounced in the
southern parts of Europe. The gradual cooling of interstadi-
als likely led to a shift in largescale phenological patterns,
presumably affecting the spatial distribution of populations
and providing incentives to move, for instance, into the more
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southern areas of the Iberian Peninsula (Maier et al., 2024),
or foster retreat to local niches (Timmermann, 2020). Com-
bined with decreasing temperatures and moisture availabil-
ity, much of Central and Eastern Europe might have become
unfavourable for hunter-gatherers during pronounced stadi-
als, such as Heinrich Event 4, and populations may have de-
creased (Shao et al. 2024). There are hints that Neanderthals
had smaller mobility ranges than anatomically modern hu-
mans and occupied more fragmented habitats (Timmermann,
2020). Together, this may have fostered sensitivity to climate
change during MIS 3 and its implications for ecosystems
(Yaworsky et al., 2024), contributing in the long run to their
disappearance.

3.2 Last glacial maximum

REVEALS land-cover estimates for the LGM are charac-
terised by uniformly high percentages of open land vegeta-
tion (88 %) across most of Europe. The decrease in forested
area by 40% from GS-9 (or 48 % from GI-14) demon-
strates the substantial impact of the increasingly cool and
dry climates on the European vegetation going from MIS 3
to MIS 2. Similar to the previous intervals, the main con-
stituents are Poaceae (31 %), Cyperaceae (18 %), and Aster-
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Figure 4. Results for the LCT “Open land” during GS-9 (39 ka BP). (a) REVEALS land-cover percentages. (b) Combined open land pollen
percentages (see Table 1). (¢) Difference between REVEALS land-cover percentages and the combined pollen data. Colours indicate a higher
(blue) or lower (red) land-cover representation compared to pollen data. (d) Same as (a), but data considered unreliable are highlighted in

red (see Sect. 4.1 for details).

aceae (23 %), although their geographic distribution varies
substantially. Poaceae is mainly found in southern Central
Europe and the Western Mediterranean region, while Cyper-
aceae is primarily found at higher latitudes (> 46°N) and
Asteraceae at lower latitudes (< 46°N). Similar to previ-
ously discussed intervals, Apiaceae is most prominent in
South-West Asia (> 30 %). Substantial amounts of Artemisia
(up to 37 %) and Chenopodiaceae (up to 10 %) are scattered
across Europe.

Although tree populations are close to their minimum
extent during the LGM (Fig. 5a), two locally constrained
glacial refugia exist, where trees constitute more than 30 %
land cover: In the Carpathian Mountains, Picea abies and
Pinus demarcate an open coniferous woodland vegetation.
Similarly, strands of boreal forests composed of Picea
abies, Pinus, and Betula prevail in the Balkans. This pres-
ence of substantial tree populations highlights the existence
of glacial tree refugia with suitable microclimates during
the LGM.

Among other sites, the total tree-cover during the LGM is
very low and reaches a maximum of 25 %. Nonetheless, ge-
ographical patterns are discernible from the REVEALS es-
timates. Small populations of Pinus are present in a punctu-
ated, SW-NE belt spanning from Iberia to Russia, while be-
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ing absent in the Central and Western Mediterranean as well
as North-western Europe. Cold deciduous trees and temper-
ate deciduous trees are scattered across Europe but only oc-
cur locally in low percentages (typically < 10 %). Noticeable
amounts of Mediterranean tree taxa during the LGM are only
attested in Greece (Carpinus orientalis; 1.5 %).

3.3 Comparison of REVEALS estimates and pollen data

The direct comparison between REVEALS land-cover esti-
mates and raw pollen percentages highlights the differences
between both approaches (Figs. 3c, 4c, and 5c). Expectedly,
an overrepresentation of trees in pollen records (and con-
sequently much lower REVEALS land-cover estimates) can
be observed (Fig. 6). Accordingly, grasses and herbs are un-
derrepresented in pollen data and achieve much higher RE-
VEALS land-cover estimates. However, on a taxon level,
this overarching pattern may not always apply and individual
taxon-specific land-cover percentages ultimately depend on
the overall vegetational composition. REVEALS estimates
may be lower or higher for certain taxa than the respective
pollen percentages (e.g., for Poaceae and Cyperaceae). In
most cases, this is associated with the taxon-specific RPP
values in relation to the overall RPP values of all other taxa
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Figure 5. Results for the LCT “Open land” during the LGM (23 ka BP). (a) REVEALS land-cover percentages. (b) Combined open land
pollen percentages (see Table 1). (c) Difference between REVEALS land-cover percentages and the combined pollen data. Colours indicate a
higher (blue) or lower (red) land-cover representation compared to pollen data. (d) Same as (a), but data considered unreliable are highlighted

in red (see Sect. 4.1 for details).

present at the site (Table 1). Notable outlier to this pattern
is Abies alba, which despite relatively high RPP values is
considered underrepresented by the REVEALS model, ow-
ing to the high fall speed (FSP) of Abies alba pollen grains
and therefore its limited spatial dispersal capabilities.

As a result of the disparity between REVEALS data and
fossil pollen data, the presence of forests and (open) wood-
lands may be exaggerated when interpreting fossil pollen
data. However, the extent of e.g., the over-representation of
tree taxa is highly variable through time and land-cover esti-
mates require careful analysis in order to fully utilise their
potential. Overall, these observations are in line with the
general conception among palynologists and palaeobotanists
that fossil pollen data do not reflect the palaeovegetation
one-to-one, which ultimately led to the inception of models
such as REVEALS (Andersen, 1970; Prentice, 1985; Sugita,
2007).

3.4 The impact of RPP on REVEALS land-cover
estimates

In Sect. 2.3 we have discussed the existence of various
compilations and syntheses of RPP and FSP values. While
our study used a synthesis of RPP data from Githumbi et
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al. (2022) and Serge et al. (2023), we want to briefly ad-
dress the differences in REVEALS land-cover estimates us-
ing other sets of RPP values (Table 1). All available datasets
are established using high-quality estimates of pollen pro-
ductivity compiled from research of the last decades and all
RPP datasets focus on slightly different aspects in terms of
regional (e.g., Mediterranean) to global scale, environmental
variability, and methodology. Hence, there is no best dataset
for all purposes.

In general, all RPP datasets yield a vegetation composition
that indicates an overrepresentation of trees in fossil pollen
data and consequently much higher land-cover estimates for
“open land” (Fig. 6). However, there are several distinct dif-
ferences between the RPP datasets. First and foremost, the
results for the synthesis used in this study and the compila-
tion by Wieczorek and Herzschuh (2020) are strikingly sim-
ilar, with the latter dataset generating slightly higher land-
cover estimates for the different tree LCTs. In contrast, land-
cover estimates using the optimised RPP (Schild et al., 2025)
result in very low percentages of tree LCTs. In detail, this
primarily affects “conifers”, influenced by the vastly higher
RPP of Pinus and to a lesser extent Picea abies, which both
affect land-cover estimates negatively. Other tree LCTs are
in good agreement with those of other RPP datasets. Differ-
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Figure 6. Comparison of REVEALS land-cover percentages for three critical time intervals, using different datasets of relative pollen
productivity (RPP) as discussed in Sect. 2.3 (Table 1). The data are compared to the fossil pollen percentages.

ences among herbaceous taxa vary across RPP datasets, but
are less significant on regional scales.

4 Data reliability

The reliability of REVEALS land-cover estimates is derived
from the standard errors (SEs) that are provided alongside
each REVEALS model run (Serge et al., 2023; Trondman et
al., 2015). The relative size of SEs is considered a measure
of the quality of the REVEALS output. REVEALS land-
cover SEs mainly rely on the quantity and quality of the
available pollen datasets. This includes both the number of
available datasets as well as their individual counting sums
for each sample and the classification into large (> 50 ha)
and small (< 50ha) lakes and bogs (Githumbi et al., 2022;
Sugita, 2007). Additionally, the standard deviation of the RE-
VEALS parameter RPP is factored into the estimation of the
REVEALS SEs.

A key aspect of previous land-cover reconstructions using
the REVEALS model for the Holocene period is to present
the results in 1° x 1° grid cells, which aggregate data from all
sites within a grid cell, based on the type and size of a basin
(e.g., Githumbi et al., 2022; Serge et al., 2023; Trondman
et al., 2016). The idea is that the quality of REVEALS esti-
mates for a grid cell increases with the number of large lakes
present within each grid cell (Sugita, 2007). Later studies
have demonstrated that pollen data from small sites (< 50 ha)
will also improve REVEALS estimates, although to a lesser
extent (Fyfe et al., 2013; Trondman et al., 2016). Hence, the
quality of vegetation estimates has been related to the num-
ber and basin size of the archives where pollen records orig-
inate from. For the Last Glacial period, this approach is not
feasible due to the low geographical cover of suitable (i.e.,
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chronologically well-constrained) pollen archives in Europe
(Fig. 1). Based on the current data compilation, only three
1° x 1° grid cells contain more than one pollen archive from
the Last Glacial period. Therefore, we provide point-based
land-cover estimates that represent the local to regional veg-
etation within a maximum radius of 100 km around the site
(as defined in the REVEALS parameter Z,x).

4.1 Estimation of uncertainty

To evaluate whether REVEALS estimates are reliable, we
follow the protocol of Githumbi et al. (2022): If the standard
deviation of the REVEALS estimate is equal to or larger than
the REVEALS estimate itself, then the data is considered
unreliable. This excludes entries with zero counts (and thus
a REVEALS land-cover of 0 %), which are considered reli-
able by definition. In total, 39 % of all non-zero REVEALS
land-cover estimates are considered unreliable (Table D1).
However, a substantial amount of unreliable data is related
to taxa that only appear in very low counts (e.g., Urtica, Ru-
biaceae, Potentilla, and Filipendula), which are expected to
have a high standard error (Sugita, 2007) and/or have high
RPP standard deviations (e.g., Abies alba and Populus for
which no data is considered reliable). In contrast, taxa that
are commonly found in glacial climates such as Poaceae
(2 %), Cyperaceae (8 %) or Pinus (2 %) are on average con-
sidered highly reliable. Establishing LCTs further increases
the reliability compared to the individual reliability of most
their constituents, e.g., only 2 % of open land and 14 % of
total trees datapoints considered unreliable.

Due to the fact that many taxa are absent in a lot of the
samples, the perceived reliability of REVEALS land-cover
estimates is much higher. For example, only 8 % of all Ur-
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tica samples are considered unreliable if all samples are con-
sidered. However, 95 % of datapoints are classified as unre-
liable if zero-count samples are excluded. Hence, we advise
caution regarding the use and interpretation of data from rel-
atively uncommon taxa. Instead, LCTs represent a broader
spectrum of the vegetation and their data are more reliable
and thus less prone to misinterpretation.

4.2 Data aggregation

Previous studies have suggested to aggregate samples from
intervals with a high temporal density in order to increase
the size of pollen counts and thus minimise REVEALS SEs
(Githumbi et al., 2022; Trondman et al., 2016). In this study,
samples £ 500 years around the studied time interval were
aggregated into a single sample, which was then used to esti-
mate REVEALS land-cover percentages. As a result, the in-
put dataset shrunk from 5231 to 1632 samples, correspond-
ing to an average aggregation ratio of 3.21 to 1 across all
samples. However, due to the unevenly temporally spaced
nature of palynological datasets, the number of aggregated
samples per bin may vary substantially. The number of sites
that contain data for each time step are given in Fig. B2.

Overall, data aggregation decreased the number of unreli-
able REVEALS land-cover estimates from 48 % (raw pollen
counts) to 40 % (aggregated pollen counts). The percentage
of unreliable data was reduced drastically for almost all taxa
and LCTSs. The biggest improvements occur for taxa with
low to very low counting sums per sample, such as Carpinus
orientalis (39 % more reliable), Buxus sempervirens (20 %
more reliable), Acer (18 % more reliable). Exceptions are
Poaceae (0.3 % less reliable) and Abies alba (no improve-
ment). Among LCTs, the reliability of estimates for cold de-
ciduous trees, temperate deciduous trees, and Mediterranean
trees increases (9 %, 8 %, and 11 %, respectively), whereas
the reliability of estimates for conifers decreases slightly
(0.3 %). In conclusion, data aggregation has substantially im-
proved to REVEALS land-cover estimates among less com-
mon taxa and LCTs, whereas estimates for the dominant taxa
and LCTs remain virtually unchanged.

The percentages of unreliable REVEALS land-cover es-
timates for both aggregated and raw data can be found in
Table D1. Based on our findings, we suggest to use the RE-
VEALS land-cover estimates from aggregated data due to the
predominantly higher data reliability observed. Nonetheless,
to provide maximum clarity, we provide REVEALS land-
cover estimates for both the aggregated and raw datasets and
also include both datasets in the PALVEG application.

5 Code availability

The REVEALS function is part of the R package
LRA (Abraham et al., 2014), available at https://github.
com/petrkunes/LRA (last access: 29 April 2024). The
full code used in this study is available on Zenodo
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(https://doi.org/10.5281/zenodo.12625221, Kern, 2024b). It
includes data preparation, taxon harmonization, and data
analysis.

The application PALVEG is hosted at https:
/loakern.shinyapps.io/PALVEG/ (last access: 22 Oc-
tober 2025) and the R code is available on Zenodo
(https://doi.org/10.5281/zenodo.12624842, Kern, 2024a).

6 Data availability

REVEALS land-cover estimates and REVEALS standard er-
rors generated in this study are available in the PANGAEA
database (https://doi.org/10.1594/PANGAEA.973049, Kern
et al., 2025). The metadata for pollen datasets are available
on Zenodo (https://doi.org/10.5281/zenodo.16812766, Kern,
2025).

7 Conclusions

Over the recent years, the REVEALS model has been suc-
cessfully implemented in numerous research projects, such
as LandClim (e.g., Githumbi et al., 2022) and PAGES Land-
Cover6k (e.g., Harrison et al., 2020), as well as studies (e.g.,
Roberts et al., 2018; Kaplan et al., 2017). The results have
been utilised in a wide array of research disciplines includ-
ing but not limited to anthropogenic land-cover change, to
evaluate archaeology-based reconstruction of land-use in the
past (Morrison et al., 2021), to estimate the impact of mining
activities (Schauer et al., 2019), or in the context of biodiver-
sity and regional to local scale vegetation dynamics (Marquer
etal., 2017).

For the first time, the REVEALS model has been ap-
plied to pollen records from Europe during the latest inter-
val of the Last Glacial period, generating continuous (1000-
year intervals) land-cover estimates for 38 taxa and 5 LCTs.
The Last Glacial is of particular importance for our under-
standing of abrupt climate change (i.e., GI/GS variability)
and the response of ecosystems (e.g., Fletcher et al., 2010;
Landais et al., 2022; Rasmussen et al., 2014). Yet, to this
day, vegetation dynamics in Europe during the Last Glacial
are far from understood and current hypotheses include rapid
re-migration of tree taxa in response to climate ameliora-
tion, local refugia providing suitable microclimates that shel-
tered from the harsh environmental conditions, and complex
spatio-temporal combinations of the aforementioned mecha-
nisms (Gavin et al., 2014; HoSek et al., 2024; Tzedakis et al.,
2013). Moreover, the Last Glacial saw the disappearance of
Neanderthals and the dispersal of Homo sapiens into Europe
followed by pronounced demographic fluctuations (Hublin,
2015; Mellars, 2004; Schmidt et al., 2021). It has long been
hypothesised to what extent climatic fluctuations have im-
pacted these patterns of population dynamics on both tempo-
ral and spatial scales (Maier et al., 2022, 2024; Staubwasser
et al., 2018; Timmermann and Friedrich, 2016). Here, cor-
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ridors for the dispersal of Palaeolithic hunter-gatherers into
different parts of Europe may have episodically opened up in
relation to the opening of the landscape and shifts in eco-
logical gradients. Furthermore, tree populations have per-
sisted in local refugia in Central and Eastern Europe, where
favourable environmental conditions could have provided
shelter during subsequent stadial climatic downturns. More
sophisticated vegetation reconstructions might shine light on
open research questions regarding food and prey availabil-
ity, hunting and subsistence strategies, and demographic de-
velopments (Baker et al., 2024; Ordonez and Riede, 2022;
Schmidt and Zimmermann, 2019; Seersholm et al., 2020;
Vidal-Cordasco et al., 2023).

With the PALVEG application, we aim to facilitate the
access to palaeovegetation reconstructions to a wide scien-
tific audience. PALVEG dynamically generates maps of RE-
VEALS land-cover estimate or pollen data for all sites, taxa,
LCTs, and time intervals between 75 and 15 ka BP. PALVEG
is browser-based, intuitive, and requires no a priori experi-
ence in coding or palaecobotany.

8 Outlook

Further improving the REVEALS model highly depends on
the availability and quality of plant physiological parameters
(RPP and FSP). Researching pollen productivity and disper-
sal is tedious and relies on numerous field studies and al-
though steady progress has been made over the last couple
of years, more RPP and FSP data are required. This is of
particular significance for taxa that are presumed to shape
the European landscape during glacial times (e.g., differen-
tiating between tree and shrub growth forms for taxa such
as Betula and Pinus; Birks, 1968) or those that are well-
known for their proportionately high or low pollen productiv-
ity (e.g., Salix and Larix; Niemeyer et al., 2015) and are thus
misrepresented in pollen records. Hence, the most promis-
ing avenue to further improve land-cover estimates is to pro-
vide these parameters for more taxa, ideally on the species
or genus level, to fully utilise the information that available
pollen datasets provide. Specifically for the Late Pleistocene
in Europe, more pollen data at a sufficiently high tempo-
ral resolution are required to further refine the geographical
cover of available data and the inferred palaeoecological re-
constructions. Ideally, these new data originate from large
lakes (> 50 ha) and fill geographical gaps in areas of Europe
where the present distance between available archives is par-
ticularly large, e.g., Central and Eastern Europe (Fig. 1). A
different approach to improve REVEALS-based palaeovege-
tation models lies optimisation of RPP using remote-sensing
techniques, which has already shown promising results and
is expect to further improve in the future.

In the face of anthropogenic climate change, generating
high-quality palaeovegetation data remains imperative for
improving coupled vegetation-climate models. Only then can
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ESMs provide more accurate predictions of vegetation and
ecosystem dynamics in the near future.
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Appendix A: Pollen archives used in this study

Table A1. List of all pollen archives, REVEALS land-cover reconstructions and their respective references. “Site ID* refers to the labels in

Fig. 1.

Site ID  Site Database Related Dataset DOI (* link to dataset if no
publication DOI exists)
1 Timan Ridge NEOTOMA Paus et al. https://doi.org/
(2003) 10.21233/873e-rh21
2 Lake Yamozero NEOTOMA Henriksen et al.  https://doi.org/
(2008) 10.21233/chx3-pr21
3 Lake Nero NEOTOMA Aleshinskaya https://doi.org/
and Gunova 10.21233/6h5h-bn08
(1976)
4 Plesheevo Lake =~ NEOTOMA Wohlfarth et al.  https://doi.org/
(2006) 10.21233/5pbb-z224
5 Medininkai - Seiriene et al. Dataset unpubl.
(2014)
6 Glendalough NEOTOMA Mitchell and https://doi.org/
Valley Maldonado- 10.21233/eq84-ts85
Ruiz
(2018)
7 Reenadinna NEOTOMA Mitchell (1990)  https://doi.org/
Wood 10.21233/yxsc-gf06
8 Terneuzen NEOTOMA Verbruggen et https://doi.org/
al. (2015) 10.21233/54nt-fw13
9 Moershoofd NEOTOMA Zagwijn (1974)  https://doi.org/
10.21233/pcOm-b568
10 Labsky Dul NEOTOMA Engel et al. https://doi.org/
(2010) 10.21233/sxhe-sa20
11 ELSA PANGAEA Britzius et al. https://doi.org/
(2024) 10.1594/PANGAEA.968747
12 Brentenlohe NEOTOMA Knipping https://doi.org/
(1997) 10.21233/1v7j-4770
13 Jablunka PALYCZ Jankovska * https://botany.natur.cuni.cz/palycz/
(2008) data/metadata.php?siteid=29&eid=35
(last access: 22 October 2025)
14 Safarka PALYCZ Jankovska * https://botany.natur.cuni.cz/palycz/
(2008) data/metadata.php?siteid=81&eid=97
(last access: 22 October 2025)
15 Saint Ursin NEOTOMA Barbier and https://doi.org/
Visset (2000) 10.21233/6n1p-fs66
16 Le Fourneau NEOTOMA Barbier and https://doi.org/
Visset (2000) 10.21233/vxzv-9k94
17 Nagy-Mohos- NEOTOMA Magyari et al. https://doi.org/
to (2014) 10.21233/tvwr-kn64
18 Jammertal NEOTOMA Miiller (2000) https://doi.org/

10.21233/5pjf-4p55
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Table A1. Continued.
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Site ID  Site Database Related Dataset DOI (* link to dataset if no
publication DOI exists)
19 Fiiramoos PANGAEA Kern et al. https://doi.org/
(2022) 10.1594/PANGAEA.934305
20 La Grande Pile = PANGAEA de Beaulieu https://doi.org/
and Reille 10.1594/PANGAEA.739275
(1992b)
21 Nesseltalgraben — Mayr et al. (2019) Dataset unpubl.
22 Lobsigensee NEOTOMA Ammann https://doi.org/
(1989) 10.21233/1v47-g171
23 Amsoldingersee NEOTOMA Lotter and https://doi.org/
Boucherle 10.21233/34k1-e825
(1984)
24 Feher Lake NEOTOMA Magyari et al. https://doi.org/
(2014) 10.21233/7mtx-1z80
25 Les Echets ACER de Beaulieu https://doi.org/
and Reille 10.5194/essd-9-679-2017
(1984)
26 Azzano ACER Pini et al. https://doi.org/
Decimo (2009) 10.5194/essd-9-679-2017
27 Lago della NEOTOMA Kaltenrieder et https://doi.org/
Costa al. (2010) 10.21233/yn07-cc03
28 Lac du Bouchet ACER de Beaulieu https://doi.org/
and Reille 10.5194/essd-9-679-2017
(1992a)
29 Brameloup NEOTOMA de Beaulieu et https://doi.org/
al. (1985) 10.21233/8gnn-8h69
30 Lac de Siguret NEOTOMA de Beaulieu https://doi.org/
(2010) 10.21233/c1jz-a477
31 Correo NEOTOMA Nakagawa https://doi.org/
(1998) 10.21233/bshh-cv40
32 Laghi NEOTOMA Ortu et al. https://doi.org/
dell’Orgials (2006) 10.21233/1mc2-sy03
33 Verdeospesoa NEOTOMA Pérez-Diaz and  https://doi.org/
mire Lépez-Séez 10.21233/5qd8-mb03
(2017)
34 Lago de Ajo NEOTOMA Allen et al. https://doi.org/
(1996) 10.21233/n3673f
35 El Portalet - Gonzélez- Dataset unpubl.
Sampériz et al.
(2006)
36 Straldzha mire NEOTOMA Tonkov et al. https://doi.org/
(2014) 10.21233/mjwh-t327
37 Lagaccione ACER Magri (1999) https://doi.org/10.5194/essd-9-679-2017
38 Lake Banyoles =~ ACER Peérez-Obiol https://doi.org/
and Julia 10.5194/essd-9-679-2017
(1994)
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Table A1. Continued.

Site ID  Site Database Related Dataset DOI (* link to dataset if no
publication DOI exists)
39 Straciacappa ACER Giardini (2007)  https://doi.org/10.5194/essd-9-679-2017
40 Kupena NEOTOMA Tonkov et al. https://doi.org/
(2014) 10.21233/vj9n-bt57
41 Valle di ACER Alessio et al. https://doi.org/
Castiglione (1986) 10.5194/essd-9-679-2017
42 Abric Romani ACER Burjachs and https://doi.org/
Julia (1994) 10.5194/essd-9-679-2017
43 Tenaghi PANGAEA Koutsodendris https://doi.org/
Philippon et al. (2023b) 10.1594/PANGAEA.943593
44 Lake Ohrid PANGAEA Sadori et al. https://doi.org/
(2016) 10.1594/PANGAEA.892362
45 Lago Grandedi ACER Brauer et al. https://doi.org/
Monticchio (2007) 10.5194/essd-9-679-2017
46 Villarquemado  — Gonzélez- https://doi.org/
Sampériz et al. 10.1016/j.quascirev.2020.106425
(2020)
47 Lake Iznik NEOTOMA Miebach et al. https://doi.org/
(2016) 10.21233/kn4a-fd55
48 Ioannina NEOTOMA Tzedakis et al. https://doi.org/
(2004) 10.21233/s0gx-zp65
49 Megali Limni ACER Margari et al. https://doi.org/
(2009) 10.5194/essd-9-679-2017
50 Navarres ACER Carrién and https://doi.org/
Van Geel 10.5194/essd-9-679-2017
(1999)
51 Xinias ACER Bottema (1979)  https://doi.org/
10.5194/essd-9-679-2017
52 Lake Van NEOTOMA Pickarski and https://doi.org/
Litt (2017) 10.21233/jp7k-s142
53 Kopais NEOTOMA Turner and https://doi.org/
Greig (1975) 10.21233/rvp5-5g91
54 Lake Urmia NEOTOMA Djamali et al. https://doi.org/
(2008) 10.21233/fgc5-5d92
55 Sogiit Golu NEOTOMA van Zeist et al. https://doi.org/
(1975) 10.21233/epfd-del3
56 Padul - Camuera et al. Dataset unpubl.
(2019)
57 Dar Fatma NEOTOMA Stambouli- https://doi.org/
Essassi et al. 10.21233/sc9n-2r53
(2007)
58 Bajondillo NEOTOMA Cortés-Sanchez  https://doi.org/
et al. (2008) 10.21233/ysrz-ve64
59 Ghab NEOTOMA Bottema (1987)  https://doi.org/

10.21233/tr7q-6p03

https://doi.org/10.5194/essd-17-5997-2025

6013

Earth Syst. Sci. Data, 17, 5997-6023, 2025


https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.21233/vj9n-bt57
https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.1594/PANGAEA.943593
https://doi.org/10.1594/PANGAEA.892362
https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.1016/j.quascirev.2020.106425
https://doi.org/10.21233/kn4a-fd55
https://doi.org/10.21233/s0gx-zp65
https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.5194/essd-9-679-2017
https://doi.org/10.21233/jp7k-s142
https://doi.org/10.21233/rvp5-5g91
https://doi.org/10.21233/fgc5-5d92
https://doi.org/10.21233/epfd-de13
https://doi.org/10.21233/sc9n-2r53
https://doi.org/10.21233/ysrz-ve64
https://doi.org/10.21233/tr7q-6p03

6014 O. A. Kern et al.: Landscape reconstructions for Europe during the late Last Glacial (60-20 ka BP)

Table A1. Continued.

Site ID  Site Database Related Dataset DOI (* link to dataset if no
publication DOI exists)

60 Lake Zeribar NEOTOMA van Zeist and https://doi.org/
Bottema (1977)  10.21233/b54b-nw94

61 Dead Sea PANGAEA Miebach et al. https://doi.org/
(2019b) 10.1594/PANGAEA.900564

Appendix B: Site availability per time window
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Figure B1. Available sites with pollen data for each 1000 year time window. The selection of sites was based on the availability of data

between 60 and 20 ka BP (dashed lines).
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Appendix C: Taxon classification and land-cover
types (LCTs)

Table C1. Classification of plant taxa, genera, and families into land-cover types (LCTs), adapted from Githumbi et al. (2022) for the Last
Glacial period.

Land-cover types (LCTs) Included plant taxa, genera, and families

Conifers Abies alba, Juniperus communis, Picea abies, Pinus

Cold deciduous trees Alnus, Betula, Salix

Temperate deciduous trees  Acer, Buxus sempervirens, Carpinus betulus, Corylus avellana, Fagus sylvatica, Fraxinus excelsior,
Populus, Quercus deciduous (e.g., Quercus cerris, Quercus robur, Quercus petraea, Quercus
pubescens), Tilia, Ulmus

Mediterranean trees Carpinus orientalis, Castanea sativa, Phillyrea, Pistacia, Quercus evergreen (e.g., Quercus coccifera,
Quercus ilex), Sambucus nigra

Total Trees Conifers + Cold deciduous trees + Temperate deciduous trees + Mediterranean trees

Open land Apiaceae, Artemisia, Asteraceae, Chenopodiaceae, Cyperaceae, Ericaceae, Fabaceae, Filipendula,
Plantago, Poaceae, Potentilla, Ranunculaceae, Rubiaceae, Rumex acetosa, Urtica

Appendix D: Data reliability per taxon/LCT before
and after data aggregation

Table D1. Comparison of the percentage of unreliable data for all taxa and LCTs before and after data aggregation into 1000 year time bins.

Taxon/LCT % %  Taxon/LCT % %
unreliable  unreliable unreliable  unreliable
data data data data

(aggregated) (aggregated)
Conifers 19 19  Mediterranean trees 44 55
Abies alba 100 100  Carpinus orientalis 21 60
Juniperus communis 14 23 Castanea 63 69
Picea abies 21 22 Phillyrea 59 67
Pinus 3 4 Pistacia 39 41
Cold deciduous trees 17 26 Quercus evergreen 54 60
Alnus 48 62 Sambucus nigra 61 72
Betula 17 21 Open land 2 2
Salix 24 37  Apiaceae 12 21
Temperate deciduous trees 19 27 Artemisia 5 7
Acer 53 71  Asteraceae 6 11
Buxus sempervirens 66 86  Chenopodiaceae 21 33
Carpinus betulus 47 56  Cyperaceae 8 11
Corylus avellana 26 44 Ericaceae 47 55
Fagus sylvatica 35 39  Fabaceae 46 52
Fraxinus excelsior 47 62  Filipendula 69 82
Populus 100 100  Plantago 34 51
Quercus deciduous 16 22 Poaceae 2 2
Tilia 49 62  Potentilla 67 79
Ulmus 40 49  Ranunculaceae 65 77
Rubiaceae 71 90
Rumex acetosa 69 83
Urtica 95 99
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