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Abstract

Context Syntheses of vegetation responses over
the last century are rare for the Alps, and limited in
chronological and taxonomical resolution. We pro-
pose that pollen records from glaciers can be used to
fill this gap.

Objectives Our aim is to evaluate the reliability of
glacier pollen records as historical archives of biodi-
versity to obtain plant diversity data and landscape
changes. In detail, we aim at reconstructing taxa
and vegetation trends in central sector of the Italian
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Alps over the last century integrating pollen-inferred
vegetation trends with drifts in spatially explicit
land-cover.

Methods Our study area is the Lombardy region
(Italy). We performed pollen analyses of Adamello
glacier cores, and reconstructed trends of single taxa
and main vegetation types since the 1950s. Pollen-
inferred vegetation trends were calculated using pol-
len indicators obtained from a database of vegeta-
tion-plot observations. The reliability of these trends
is evaluated by comparison with spatially explicit
tendencies reconstructed with a time-series of land-
cover maps.

Results Pollen records well represent the natural
vegetation types as the temperate and the riverine for-
ests, and the anthropic vegetation as crops and alien
species. From the 1980s a thermophilisation took
place, and warm-demanding native and alien species
expanded. The contraction of cultivated land since the
1970s, and the decline of the riverine forest appear
driven by socio-economic factors.

Conclusions We conclude that pollen-inferred veg-
etation trends from glaciers can be used to obtain
large scale biodiversity information. This is relevant
also for areas where biodiversity data are scarce but
needed for landscape management planning.

Keywords Alps - Glacier - Land-use
intensification - Pollen - Vegetation-plots database

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10980-023-01661-7&domain=pdf
https://doi.org/10.1007/s10980-023-01661-7
https://doi.org/10.1007/s10980-023-01661-7

2780

Landsc Ecol (2023) 38:2779-2793

Introduction

Climate change is one of the most pressing issues
on the global environmental agenda together with
the underlying processes of adaptation and mitiga-
tion (IPCC 2021). The knowledge gained from reli-
able observations over wide spatiotemporal scales is
crucial to develop mitigation measures, and to better
interpret past records with similar climatic patterns
(Fordham et al. 2020). Historical observations are
therefore a unique possibility to gain an understand-
ing on the speed and entity of vegetation responses
to abrupt environmental variations (Steinbauer et al.
2018).

The European Alps are an interesting region to
investigate ecosystem responses to climate, because
temperature here is rising at twice the global rate,
and the effects of the warming are reinforced by the
accelerated rates of land-use change registered over
the past decades (Schneeberger et al. 2007; IPCC
2014). In the Alps, minor perturbations in global
processes can cascade down to originate major
changes (Helbing 2013). In addition, the steep altitu-
dinal gradient causes climate and vegetation to vary
quickly over short horizontal distances (Scherrer and
Korner 2011). This complex situation offers a stimu-
lating background, and justifies the high interest of
the research community for the Alps. Nevertheless,
despite a vast literature, only rare synoptic attempts
on vegetation responses over the last century for the
Alps as a whole, or larger parts, can be found. These
studies are based on land-cover maps (Falcucci et al.
2007; Garbarino et al. 2020), and while they are
highly valuable, they are limited in their spatial and
chronological resolution, as well as in their tempo-
ral coverage because of the scarcity of suitable past
observations - e.g. aerial photographs or satellite
images. Historical vegetation changes can also be
traced by the resurvey of historical biodiversity data
(e.g., Steinbauer 2018), but the temporal resolution is
low due to the high labor cost for field surveys (Kap-
fer et al. 2017). As a result, large-scale syntheses with
a detailed chronological and taxonomical resolution
are still lacking for the Alps (Grabherr 2000).

In this framework, we present an approach based
on ice core pollen records obtained from a temperate
glacier. Glaciers are valuable pollen archives to infer
past vegetation at annual or seasonal resolution; in
fact, they present snow accumulation rates up to 1 m
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water equivalent per year (Pavlola et al. 2015; Gabri-
elli et al. 2016; Festi et al. 2021). To date, palynologi-
cal studies on temperate alpine glaciers are rare, often
restricted to superficial layers, or focus on providing
a detailed timescale of the ice core (Vareschi 1934;
Bortenschlager 1970; Festi et al. 2015, 2017, 2021).
These studies are essential as they show that alpine
ice cores contain abundant pollen, and pollen assem-
blages are coherent with the regional vegetation (Festi
et al. 2015, 2017). Considering the high number of
glaciers in the Alps (Paul et al. 2020), we argue that
ice deposits could partially fill the gap of a large-scale
synthesis providing precisely datable archives for the
historical reconstruction of vegetation changes.

Studies on ice cores from other region of the world
also show that pollen from the ice can provide use-
ful information about past vegetation (Andreev et al.
1997; Bourgois 2000; Liu et al. 2007; Eichler 2011;
Rese et al. 2013; Papina et al. 2013; Li et al. 2019).
In general, what emerges is that defining the spatial
dimension of the reconstructed vegetation is a chal-
lenging task, mainly because of the undefined exten-
sion of catchment area. We therefore present here an
approach that integrates new palynological observa-
tions from an Alpine ice core with spatially-explicit
regional archives of vegetation-plot data and land-
cover maps over time. By doing this, we add to the
high-resolution pollen record from the ice core, a
precise spatial dimension. We use geo-localized veg-
etation plots to obtain pollen indicators for vegetation
types that act as pollen sources in the catchment area.
In past studies, pollen types have been assigned to
main vegetation types using expert opinions aiming to
describe vegetation changes and dynamics over time
(Behre 1981; Lang 1994; Leuschner and Ellenberg
2017). Only recently, numerical, data-driven frame-
works have been tested to obtain an objective classi-
fication of pollen types and characterizing vegetation
communities or land-cover types providing a pseudo-
biomization technique (Fyfe et al. 2010, 2015; Wood-
bridge et al. 2014). These approaches highlight the
importance of considering robust pollen groups mir-
roring the heterogeneity of vegetation communities in
a study area, and defined by a list of indicator species
of plant communities (Chytry et al. 2002).

In summary, our study aims at reconstructing past
vegetation responses since 1950 by means of several
historical archives that integrate the spatial and tem-
poral dimension to biodiversity trends. It provides
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original insights on climate and human-driven veg-
etation dynamics on a broad spatial and ecological
scale, i.e. from the taxonomical level, to vegetation
types and spatially-explicit land-cover types, occurred
over the last century. In detail, we aim to (i) evaluate
vegetation changes that occurred in the last century
derived from pollen deposits of an alpine ice core,
and (ii) compare and integrate pollen-inferred vegeta-
tion trends with drifts in land-cover at different spa-
tial scales.

Methods
Study area
The study area is the geographical region that

includes the ice cores drilling sites and the main pol-
len sources, following the predominant wind direction

at the coring site. The ice cores were retrieved from
the Adamello glacier, in the central Italian Alpine
region (Lombardy, Italy). The Adamello massive
hosts the deepest and most extended glacier com-
plex of Italy, including 92 glaciers with a cumulative
area of 40.67 km? and a maximum depth of about
270 m (Smiraglia and Diolaiuti 2015; Picotti et al.
2017). The ice cores ADA15 and ADA16 analyzed
in our study were extracted from the locality Pian di
Neve, at 3200 m a.s.l. (Fig. 1) in February 2015 and
April 2016, respectively. ADA15 is 5.5 m long while
ADA16 reached a depth of 45.5 m. From a temporal
perspective, the ADA1S5 ice core spans four years of
accumulation (2014 to 2011), while ADA16 encom-
passes the years 1952 to 1993 (Festi et al. 2021). The
cores were extracted next to each other. Due to its low
altitude, the Adamello glacier is considered a tem-
perate glacier, and as a matter of fact, the glacier is
currently affected by conspicuous summer ablation.

Fig. 1 Overview maps
showing the study area,
Lombardy. a Lombardy’s
location in Italy, and
Europe; b subdivision of
Lombardy according to the i
three spatial scales adopted;
distribution of vegetation
plots used to obtain pollen
indicator types; major lakes S
in blue; location of the 0
coring site (star) and main 5

a)l v -

375 750

Legend

Vegetation plots
Coring site
<. [l Micro-scale

N B Meso-scale

1,500 Km

wind directions measured at
the coring site

b)

Mag ioré
3 I'a?ce
; Como

lake

Bl Vacro-scale

Wind velocity
MW 0o02ms
B 0233ms
B 3380ms
) 80-140ms I
Bl 140240ms
W 2¢0oms

100 Km

T T T T 1 T 1 1

@ Springer



2782

Landsc Ecol (2023) 38:2779-2793

Fortunately, pollen grains have been proven to be
resilient to percolation in alpine glaciers, ensuring
a good preservation of the annual signal (Festi et al.
2021).

Following the main wind direction at the coring
site, and data availability, the region Lombardy was
identified as the main source of pollen on the gla-
cier (Fig. 1b). We hence assume that the ice-core
records mainly reflect the vegetation dynamics occur-
ring in this region. Lombardy covers approximately
24,000 km?, 41% of which is occupied by mountain
relief, 12% by hills, and 47% by the Po river plain.
The climate of the region is sub-continental-tem-
perate, with a variety of micro- to meso-climates
depending on the interplay between the orographic
setting and the presence of great lakes. The high alti-
tudes present a glacial climate, while an alpine cli-
mate characterizes the mountain areas, and a fresh
temperate climate is found in the hills. The influence
of lakes on the local climate is particularly marked
around the great prealpine lakes (e.g. Lake Gada,
Lake Como). This variety of climates and topogra-
phy is reflected by a vegetation zonation defined by
six vegetation types (Verde et al. 2010): (i) remnants
of temperate oak forests are found in the Po plain,
where species such as common oak (Quercus robur
L.), common hornbeam (Carpinus betulus 1L.) and
common ash (Fraxinus excelsior L.) occur; (ii) the
Mediterranean evergreen forest characterized by ever-
green oak (Quercus ilex L.), laurel (Laurus nobilis
L.), mock privet (Phyllirea latifolia L.) grows around
the large lakes (e.g. Lake Garda and others); (iii) a
warm temperate forest dominated by deciduous oaks
(Q. pubescens Willd., Q. petraea (Matt.) Liebl.) and
pine (Pinus sylvestris L.) occurs at the pre-Alpine and
Alpine foothills; (iv) the cool temperate broadleaved
forest with beech (Fagus sylvatica L.) and fir (Abies
alba Mill.) is recorded from the montane altitudes,
and it is replaced in the subalpine zone by (v) the cool
temperate coniferous forest with spruce (Picea abies
(Mill) H. Karst.) and larch (Larix decidua Mill). The
higher altitudes are characterized by (vi) an alpine
vegetation where herb species dominate the landscape
(e.g., Poa alpina, Carex spp., Nardus stricta). In addi-
tion to this remarkable mosaic of climates and veg-
etation, the Lombardy represents the highest anthro-
pogenic pressure in Italy, with a population density
of 423 inhabitants per km?, and a highly developed
industrial and agricultural sector (ISTAT, 2019).
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Pollen analysis

Ice cores ADA16 and ADA15 were sampled at high
resolution and using continuous sampling (without
any gaps) in a —21 °C clean room at the Euro Cold
Lab facility (University Milano Bicocca). ADA16
led to a set of 536 continuous samples (5 to 10 cm
thick) and ADA1S5 to 55 continuous samples (10 cm
thick). Pollen and microfossils were extracted accord-
ing to Festi et al. (2017, 2019) and the complete con-
tent per sample was identified and quantified. Pollen
and spores identification was performed according to
standard identification keys (Faegri and Iversen 1989;
Moore et al. 1991; Beug 2004;) and the pollen atlas
by Reille (1992). To obtain a yearly time resolution
in both of the cores, the 536 samples of ADA16 were
merged into 31 macro-samples based on the ice-core
timescales (Festi et al. 2021) and setting 400 terres-
trial pollen grains as a minimum count per macro-
sample. ADA15 samples have been merged into
three macro-samples according to the peaks in pollen
concentration reflecting a year of accumulation; Pol-
len counts of Pinus, Betula, Alnus, Larix, Castanea,
and Tilia were corrected following correction factors
(Lang 1994) in order to adjust for under- and over-
representation of these pollen types in the record. The
pollen diagram has been drawn with C2 Data Analy-
sis vs. 1.4.2.

Trends in pollen-inferred vegetation types (PVT)

To allow the integration and comparison of pollen
data with spatially explicit data, we grouped pollen
types into pollen-inferred vegetation types (hereaf-
ter PVT). These categories correspond to the main
land-cover types detectable by remote sensing. Pol-
len types recorded in the Adamello ice cores were
grouped according to the current vegetation of the
source area described by a regional dataset of field
observations. The general workflow is graphically
summarized in Fig. 2. The dataset described the
close-to-nature vegetation types, while vegetation of
anthropogenic origin and heavily disturbed sites (e.g.,
urban agglomerations, mining sites, gardens, agri-
cultural crops) were not represented (Agrillo et al.
2017). In detail, the dataset was composed by 1014
vegetation plots recording co-occurrence patterns
for 965 species standardized according to a national
checklist (Conti et al. 2005), and their relative cover
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Fig. 2 Graphical summary of the workflow adopted to calculate pollen-inferred vegetation trends (PVT) by selecting pollen-indica-
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(Fig. 1b). Each pollen type found in the analysed ice
cores was assigned to species occurring in the vege-
tation-plot dataset (Supplementary Material S1), thus
providing a matrix that described the current vegeta-
tion in terms of pollen types. Accordingly, we found
91 pollen types out of 125 types with corresponding
species occurring in the vegetation-plot dataset. The
remaining 34 pollen types were checked for inclu-
sion in anthropogenic vegetation types by expert
opinions. Seven of them were categorized as indica-
tors of anthropogenic vegetation (Table 1). On the
other hand, 243 species were deleted from the dataset
because they were not included in any of the pollen

types observed in the ice core. The obtained matrix
was clustered using a Modified TWINSPAN cluster-
ing (Rolecek et al. 2009), which is a hierarchical divi-
sive clustering technique that identifies species com-
munities based on the main ordination axis provided
by a Detrended Correspondence Analysis. This tech-
nique converts species into several pseudo-species
based on cut levels of the cover values, which have
been set at 5% and 25% for our analyses to emphasize
the role of rare species in the species composition of
clusters. The obtained matrix was then transformed
to a distance matrix using the average Sgrensen dis-
similarity describing pairwise distances between

@ Springer
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Table 1 List of pollen indicators used to obtain pollen-
inferred trends for vegetation types and the description of the
corresponding land-cover types, calculated respectively with
warm and cool temperate forest as separated (a) as well as

combined types (b), and the selection based on fidelity values
calculated from a clustered vegetation-plots database and dis-
persal mode

Vegetation Types Indicator Pollen Types

Land-cover Types

a) With warm and cool temperate forest separated
Alpine vegetation

Salix, Rumex acetosa T., Achillea T., Saxifraga oppositifolia

Grassland occurring above 2,000 m a.s.l.

T., Caryophyllaceae, Brassicaceae, Artemisia, Sedum,
Trifolium T., Saxifraga granulata T., Senecio T.

Boreal forest
dium annotinum, Polypodium

Cool temperate forest

Picea, Larix, Abies, Pinus cembra, Alnus viridis, Lycopo-

Corylus avellana, Fraxinus excelsior, Tilia, Carpinus betu-

Low and high density coniferous forest

Low and high density broadleaved forest

lus, Castanea sativa, Ulmus, Fagus sylvatica

Warm temperate forest
ilex, Juniperus, Taxus baccata

Riverine forest
b) With temperate forest

Alpine vegetation

Alnus, Urtica, Filipendula, Cannabaceae

Salix, Rumex acetosa T, Achillea T., Saxifraga oppositifolia

Fraxinus ornus, Ostrya T., Pinus, Quercus robur T., Quercus Low and high density broadleaved forest

Riverine and wetland vegetation

Grassland occurring above 2000 m a.s.l.

T., Caryophyllaceae, Brassicaceae, Artemisia, Sedum,
Trifolium T., Saxifraga granulata T., Polygonum bistorta T,
Senecio T., Ranunculaceae, Primulaceae

Boreal forest

Picea, Larix, Abies, Pinus cembra, Alnus viridis, Betula,

Low and high density coniferous forest

Fagus sylvatica, Juniperus, Monolete/Trilete spores, Poly-

podium, Lycopodium annotinum

Temperate forest

Fraxinus ornus, Ostrya T., Quercus robur T., Corylus avel-

Low and high density broadleaved forest

lana, Hedera helix, Acer, Pinus, Castanea sativa, Tilia,
Carpinus betulus, Fraxinus excelsior, Ulmus, Quercus ilex,

Thalictrum
Riverine forest

Cultivated crops
Olea europea

Anthropogenic vegetation Ambrosia, Carya, Cedrus, Eucalyptus, Nothofagus/Fuscos-
pora, Platanus orientalis, Sequoia/Cryptomeria

Alnus, Urtica, Filipendula, Cannabaceae

Cerealia, Secale, Zea mays, Fagopyrum, Cannabis sativa,

Riverine and wetland vegetation

Cultivated areas (arable lands, vineyards,
rice fields, olive groves, etc.)

Urban area (urban parks, gardens and
highly disturbed areas)

observations based on the pseudo-species presence/
absence. Five clusters of plots were obtained with
similar and interpretable composition in terms of
pollen types, i.e. vegetation types. The clusters were
interpreted by calculating the “phi” fidelity index of
both pollen types and original species to groups (Sup-
plementary material S2 and S3; Chytry et al. 2002)
using Juice software (Tichy 2002). The fidelity index
measures the concentration of species occurrence in
a cluster with respect to the other clusters. Accord-
ingly, we named the vegetation types as follows: (i)
alpine vegetation, (ii) boreal forest, (iii) cool-temper-
ate forest, (iv) warm-temperate forest, and (v) river-
ine forest. Then, we selected as pollen indicators for
the vegetation types, those types with a fidelity value
higher than 20 for the target group and lower than 20
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for the rest of the groups. Indicator pollen types were
then assigned to a dispersal mode (i.e., anemophil-
ous, entomophilous or ambophilous; Supplementary
Material S4) in order to exclude types having little
chances to reach the coring site from distant vegeta-
tion zones (e.g., Ligustrum pollen type with entomo-
philous dispersal mode and occurring in the warm-
temperate forest of the foothill). Therefore, pollen
indicator types with entomophilous dispersal mode
were selected only if occurring in a vegetation type
close to the coring site, i.e. the alpine vegetation.
We thus obtained a list of classified pollen types into
respective vegetation types, which summarized the
different plant communities possibly acting as pollen
sources for the analysed ice core (Table 1a). Eventu-
ally, PVT were obtained by summing pollen abun-
dances of indicator types for each vegetation type.
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Trends in spatially explicit land-cover types (SLT)

Trends in the area occupied by spatially-explicit land-
cover types (hereafter SLT) were obtained for the
Lombardy region from the project DUSAF (Geopor-
tale di Lombardia). A chronosequence of land-cover
types based on maps was built using five time-win-
dows, i.e. 1954, 1999, 2007, 2012, and 2015. For a
consistent comparison between SLT and PVT, com-
patible land-cover types were selected after several
improvements of type definitions. In detail, a vali-
dation of the selection was obtained by comparing
elevations of the spatially-explicit land-cover types
and clustered vegetation plots. Accordingly, maps for
the Alpine vegetation were reduced to areas above
2000 m a.s.l. since they covered a broader eleva-
tion range than the clustered vegetation plots. Land-
cover maps for the boreal and temperate forests were
obtained merging the maps for low and high-density
coniferous and broad-leaved forest, respectively.
Moreover, the broad-leaved forest occurring in the
land-cover maps corresponded both, in the definition
and in the occupied elevation range of the combina-
tion of warm and cool temperate forests defined by
clustering the vegetation-plot dataset. Thus, to ensure
a robust comparison, we merged the two vegetation
types into the temperate forest type and recalculated
the list of pollen indicator types for all the types
(Table 1b, Supplementary Material 5). The two origi-
nal maps of the riverine forest and wetland vegeta-
tion were merged to fit the altitudinal range displayed
by plots belonging to the riverine forest. The eleva-
tional comparison for adjusted land-cover types and
vegetation plots is shown in Supplementary Material
6. Classes for urban areas and cultivated crops were
compared respectively with pollen types of cultivated
and alien plants occurring within the list of previ-
ously excluded pollen types, i.e. those not occurring
in the vegetation-plot dataset (Table 1b). The land-
cover type characterized by pollen from alien species
is assumed to be comparable to the urban areas since
such species occur mainly in relation to highly dis-
turbed areas or as ornamental species in gardens. To
better understand the geographical scale to which the
ice core works as past vegetation archive, we divided
the spatially-explicit products in three scales, i.e. (i)
the micro-scale, which represents the overlapping
area between the Lombardy region and a circular area
centred at the coring site with a radius of 50 km; (ii)

the meso-scale, as the overlapping area between Lom-
bardy region and a circular area centred at the coring
site with a radius of 100 km; (iii) the macro-scale,
which represents the whole Lombardy region, i.e. a
maximum radius of about 190 km. The area occu-
pied by each land-cover type in each time-window
was calculated in square kilometres. For each of the
four-time intervals delimited (1954-99, 1999-2007,
2007-12, and 2012-15), we calculated the growth
rate as the relative difference between the latest and
the earliest maps of the obtained SLT. Furthermore,
we calculated the mean velocity of change of SLT
dividing the growth rate by the number of years cov-
ered by each time interval. This approach enabled a
comparison of SLT changes across the different spa-
tial scales analysed. All the analyses were conducted
using ArcGIS (v. 10.7.1, Redlands, CA, USA) and the
R statistical programming language (v. 3.6.0, http://
www.R-project.org).

Results
Pollen analyses

The proportion of trees, shrubs and herbs varies with
time showing an increase in arboreal pollen from 20
to 60% indicating an expansion of woodland cover
from 1952 to 2014 (Fig. 3). While Picea (spruce) pre-
sents a high inter-annual variability, a clear increase
in Castanea sativa (sweet chestnut), Ostrya-type
pollen (hop-hornbeam), and Fraxinus ornus (manna
ash) is evident. The onset of Quercus ilex (evergreen
oak) pollen type occurrence is in the 1980s. On the
contrary, a decline in Alnus glutinosa-type (alder)
and Fraxinus excelsior (common ash) starts with the
1970s.

Shrubs are particularly abundant in the 1950s,
mainly due to the high occurrence of Alnus viridis
(green alder), which then experiences a continuous
decline. On the contrary, Corylus avellana (hazel)
starts increasing with the beginning of the 1970s. Pol-
len of herbs shows a general drop, also reflected in
the most important taxa i.e. Poaceae (true grasses),
Artemisia-type (mugwort), Asteraceae (aster family),
Brassicaceae (crucifers), Chenopodiaceae (chenop-
ods), Ranunculacaeae (buttercup family), Plantago
types (plantains) and Saxifraga types (saxifrages).
Among herbs, the neophyte Ambrosia (rugweed)

@ Springer
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displays a clear increase starting from the end of the
1980s.

Pollen-inferred and spatially-explicit trends

PVTs and SLTs for the period 1950s to 2015 clearly
emerge (Figs. 3 and 4). Growth rates and velocity
calculated for each time-window of the SLTs are
shown in Supplementary Material 7 and Fig. 4. The
Alpine vegetation PVT is composed of herbs and
hence reflects mainly the alpine mats. This veg-
etation shows a decrease from 1963 to 2014, with
a pronounced reduction from 1988 to 2014. In con-
trast, the Alpine vegetation shows a rapid increase
in the SLT of the occupied area between 1999 and
2007 with an increase of about 14% at every spa-
tial scale. The high year-to-year variability due to
Picea variations makes it difficult to extrapolate a
clear trend for boreal forest PVT over the complete
time period (Fig. 3). The corresponding SLT shows
an expansion of 12% between 1954 and 1999. The
PVT for the cool temperate forest shows a moder-
ate positive trend driven by Corylus and Castanea.
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Quite prominent is the expansion of the warm tem-
perate forest PVT, reflecting the increase of Ostrya
and the onset of Quercus ilex since the end of the
1980s. The temperate forest SLT shows a 31%
increase, which mainly takes place between 1951
and 1999. The riverine forest PVT shows a clear
negative trend with an abrupt decrease in the mid
of the 1970s ascribed to an Alnus glutinosa decline.
The corresponding SLT presents an area increase at
the micro- and meso-scales of respectively 16 and
45%, while at macro scale during the last seven dec-
ades the occupied area experiences a 10% decrease.
The cultivated crops PVT, mainly reflecting cereal
pollen, declines from the 1940s to the year 2014.
This decline is sustained by the SLT trends, and it is
especially evident at meso-scale between 1954 and
1999, when the cultivated crops SLT loses 81% of
its area. The anthropic vegetation PVT undoubtedly
increases since the late 1980s, along with the mas-
sive increase in urban areas at all the geographical
scales represented by the relative SLT between 1954
and 1999. This SLT presents conspicuous growing
rates up to 387%.
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Discussion

The Adamello ice-core pollen record is an exceptional
case of seven decades-long vegetation time series
with a yearly time resolution (with a gap between
1994 and 2009) and covering a large spatial scale.
Our integrated study, combining pollen- and spa-
tially-inferred estimates of landscape changes, reveals
a gradual but profound transformation for the central
Alps that likely took place as consequence of land-
use changes and global warming. Over the last seven
decades, we report clear trends in taxa, vegetation and
land-cover types occurrences and abundances, mostly
on a yearly timescale. In the pollen records, a gen-
eral decline of the riverine forest and related taxa is
recorded, along with a drastic contraction of the area
devoted to crop production, and an enlargement of the
urban areas. Moreover, a thermophilisation of tem-
perate forests took place, with an expansion of warm-
demanding species observed in both the native (e.g.
Quercus ilex) and alien species pools (e.g. Ambrosia
artemisifolia). From a temporal perspective, veg-
etation changes that started during the 1970s can be
explained mainly by land-use and socio-economic
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circle- meso-scale, square- micro-scale; values indicate SLTs
growth rates (details in Supplementary Material 7). In PVT
graphs: dashed lines indicate PVT smoothed values

changes, whereas changes that occurred during the
1980s may be amplified by the interplay of land-use
and climate change.

The comparison with regional land-cover maps
revealed a good similarity between pollen-inferred
and spatially-explicit vegetation trends. Generally,
the coherency of results suggests a robust and reliable
reconstruction of vegetation patterns. Our approach
showed consistent results particularly for vegetation
types characterized by wind dispersed pollen operat-
ing on the meso- (100 km) and macro-scale (200 km),
indicating that the glacier pollen record is primarily
representative of these, or possibly even larger spatial
scales. The pollen record appears to be less represent-
ative of the high-altitude grassland vegetation trends,
despite being the closest to the deposition site. This
is likely because high-altitude plant species are char-
acterized by isolated distribution on mountain peaks,
limitations in the length of the flowering season, and
low pollen production and dispersion (Erschbamer
et al. 2008 and 2016). This limits a straight-forward
interpretation of the pollen-inferred alpine vegeta-
tion in the immediate surrounding of the glacier. On
the other hand, the low concentration of alpine pollen
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types could reflect the decline of high alpine-nival
ecotone (Pauli et al. 2003; Raffl et al. 2006; Matteodo
et al. 2013; Lamprecht et al. 2018; Steinbauer et al.
2020). In the same geographical area of the present
study, Alessi et al. (2021) used a three decades-long
time-series of LANDSAT images (~30 m of resolu-
tion) and suggested a cover increase of subalpine
grasslands to the detriment of the high alpine-nival
ecotone. Thus, the increase of alpine grassland cover
observed in the present study using land-cover maps
might correspond to a surface trade-off among grass-
land types as observed using historical satellite obser-
vations (Alessi et al. 2021). In this context, remotely
sensed approaches can improve detectability of veg-
etation changes over time within a temporal limitation
of the last four decades. In general, the combination
of the different historical archives of vegetation-plot
data provides a detailed description of the landscape
transformations, occurred at the regional scale in an
era of global change. The consistency of results for
landscape and vegetation changes benefited from
both, the fine temporal resolution provided by the ice
core stratigraphy and the well-defined spatial resolu-
tion and dimension offered by the land-cover time
series.

Consequences of land abandonment and global
warming

The main vegetation response emerging from our
analyses is the expansion of tree and shrub species
during the 1960s and 1970s related to a post-World
War II land-abandonment phase (Tasser et al. 2007,
Romano et al. 2017). In line with respective stud-
ies, the temperate forest shows a more pronounced
expansion with respect to other forest types (Tasser
et al. 2007). The boreal forest shows a clear expan-
sion according to the spatially-explicit land cover,
while it is more difficult to detect a clear trend accord-
ing to the pollen-inferred vegetation types due to the
high variability of the values deriving from Picea’s
(spruce) fluctuations (Fig. 3). Periodically high values
in spruce represent masting events, i.e. the intermit-
tent and large-scale synchronized production of large
pollen amounts by one species, which are known to
occur in Picea (Kelly 1994; Lamontagne and Bouting
2007; Geburek et al. 2012). With this respect, since
glaciers provide annual pollen records, they are there-
fore suitable archives to investigate questions related
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not only to climate, but also to trees masting and their
environmental drivers. New insights in this topic are
needed to predict tree reproductive strategies and
their responses to a changing environment (Ascoli
et al. 2017).

Our results show that the expansion of the tem-
perate forest is observed consistently throughout the
study period in both PVT and SLT, displaying a gain
in area of 26 to 36% across the three spatial scales.
This uniformity indicates that our pollen record
from the glacier is adequate to reconstruct quantita-
tive changes of this vegetation type. The palynologi-
cal signal contained in the ice, mirrors the exten-
sion of the temperate forest area starting at the end
of the 1970s at the expense of the boreal and river-
ine forest. A part of this process is probably due to
an enhanced pollen production due to temperature
increase (Bogawski et al. 2014). This is exemplified
in the pollen record by the appearance of the Quercus
ilex pollen grains in the ice record, starting from the
1980s. Quercus ilex was certainly part of the vegeta-
tion in the study area at least in the meso- and macro-
scale areas before the 1980s (Marchesoni 1958; Lona
et al. 1965), however the pollen production might
have been too low to enable a constant arrival on the
glacier. Considering that modern pollen monitoring
studies link higher pollen production to increasing
temperature (Bogawski et al. 2014) it seems plausi-
ble that the sudden and persistent occurrence of the
evergreen oak in the ice record is due to an increased
pollen production of this taxon due to climate warm-
ing (Gobiet et al. 2014; IPCC et al. 2014). Further-
more, the climatic driver might also overlap with the
abandonment of land management practices leading
to a densification of the forest stands. As a matter of
fact, on a species level the two expansion phases of
the temperate forest are related to two distinct events:
first, an increase in the cool temperate forest related
to higher Corylus avellana pollen occurred at the
end of the 1970s, and secondly, an expansion of the
warm temperate forest mainly driven by an increase
in Ostrya taking place in the years 1990-2014.

In contrast to the general trend of expansion of for-
est and scrubland, a decline in Alnus viridis is par-
tially recorded by our ice core pollen record starting
from the year 1988, and it is most likely of semi-
natural origin. Studies indicate that since the 1990s
a disease that causes a progressive necrosis and dis-
section of the tree has been spreading in the Alps,
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where green alder populations have been undergo-
ing a severe decline. The primary cause has not yet
been identified, but Pisetta el al. (2012) show con-
vincing evidence that the occurrence of the disease
is closely linked to a reduction in the duration of the
winter snow cover. In fact, green alder requires spe-
cific climate conditions, with optimal winter tempera-
tures between — 10 °C and —1 °C, and constant and
abundant winter snow cover. In this case, the cause of
the decline is therefore linked to the increase in tem-
perature caused by the anthropogenic climate warm-
ing. Since the green alder requires a moist soil dur-
ing the growing season (Mauri and Cadullo, 2016), a
decrease in snow cover can have negative effects.

Consequences of river management

The trend of forest expansion is coupled with the riv-
erine forest decline, triggered by the heavy manage-
ment of rivers that lead to severe alternation of river
morphology and riparian ecosystems by lowering
the water table and draining the soil (Robbins 2007,
Comiti 2012; Belletti et al. 2020). Both PVT and
SLT of riverine and wetland vegetation show a spa-
tial reduction from 1944 to 2012 with a final recovery
from 2012 to 2015, which for the SLTs is stronger at
finer geographical scales. The consistency of the two
trends is an indication of the reliability of the pollen
reconstruction obtained from the ice core. In detail,
pollen data point to the fact that the reduction mainly
reflects the decline of Alnus glutinosa and A. incana
(included in the Alnus glutinosa-pollen type), start-
ing with the beginning of the 1970s. This decrease is
most likely caused by human intervention in connec-
tion with a substantial stabilization of steep channels
carried out in the Alps from the 1950s and peaking
in the 1970s (Benini 1990). This left rivers literally
“broken” by artificial barriers, and even today our
study region presents one of the highest river frag-
mentation values in Europe, with more than one bar-
rier per kilometer (Belletti et al. 2020).

In the 1950s and 1960s the Alps also became an
essential source of electric power, and the construc-
tion of hydropower dams peaked. In this phase,
around the Adamello glacier several artificial lakes
were built by flooding vast areas, and causing a loss
of land for the subalpine vegetation. To date, there
are at least 550 hydropower stations spread on the
Alpine territory (http://webgis.alpconv.org/). This

phenomenon left a clear sign in the pollen record rep-
resented in the sharp decrease of Alnus viridis in the
1960s. This shrub thrives on rather impervious and
moisty slopes especially on silicate rocks, as those of
the Adamello massif (Callegari and Brack 2002), in
the subalpine and lower alpine belt forming extended
stands, which are a prominent feature of the land-
scape. Above 1300-1500 m a.s.l., green alder is the
main shrub growing on mountain riversides that are
not often flooded (Ellenberg 1988). Due to the heavy
modifications of riverbed and adjacent areas, already
the ‘90s less than 10% of the river in the Alps could
be considered natural (CIPRA, 1992). Our data there-
fore suggest that exploitation of the water resources
for energy production and heavy river management
left a major scar in the vegetation record causing the
decline of the riverine forest and wetland ecosystems.

Consequences of urbanization

PVT and SLT for cultivated crops display a common
negative trend clearly indicating the contraction of the
areas dedicated to cereal agriculture and olive planta-
tion. This trend is a reflection of post-World War 11
transformation process of rural land into urbanized
areas (here intended as build-up land and land used
for ancillary settlement functions such as gardens,
sport facilities, roads). The result is a steep and wide-
spread enlargement of urbanized spaces on all spatial
scales, i.e. from a minimum increase of 250% as in
the macroscale to a maximum of 390% in the micro-
scale. This conversion from cropland to urban ground
happened at the impressive rate of 33 ha/day in the Po
plain, where the lack of consistent planning generated
a sort of endless suburb region with a great loss of
fertile land and ecosystem in the lowlands, also lead-
ing to habitat fragmentation (Romano et al. 2017).
This uncontrolled urbanization progression followed
the massive demographic increase in Lombardy (40%
between 1950 and 2000) driven by the fact that the
Po plain quickly became a center for industry and
business.

In the pollen diagram the loss of fertile land and
decrease in primary production is clearly visible
especially in the Zea mays and other cereals pollen,
as well as in the Olea europea decline of percentage
values starting with the 1990s. Our data are consist-
ent with historical sources that report a loss in agri-
cultural land use starting from the 1950 (Agnoletti
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and Santoro 2012). Pollen of Cannabis sativa, which
was present only as a single finding around 1958,
reflected the cultivation of this species in the study
area. A further indication of widespread urbanization
is the increased occurrence of alien species. The pres-
ence of aliens is mainly related to urban areas, as in
gardens, and can hence be considered indicative of
urbanization rate that emerges from maps. While pol-
len of trees like Platanus orientalis, Carya, Eucalyp-
tus are occasional, the positive trend of the anthropic
vegetation PVT starting from the 1980s mainly
reflects the spread of Ambrosia (rugweed). Ambro-
sia artemisifolia is an annual plant native to the prai-
ries of North America that has become a great con-
cern in Italy and Europe due to its invasiveness and
high allergenic pollen (D’Amato et al. 2007; Gentili
et al. 2017). The first reported specimen in Italy was
described in 1902 in the north-west region of Pied-
mont (Vignolo-Lutati 1934), and first occurrences of
invasion were recorded in Piedmont and Lombardy.
To date, these regions present the highest airborne
concentration of ragweed pollen (Makra et al. 2011).
Ambrosia grows particularly in anthropic habitats and
it is widely distributed in disturbed areas like waste-
lands, roadsides, as it tolerates different soil and cli-
mate conditions (Smith at al 2013). Being an annual
plant, the quantity of pollen it produces and that can
be deposited on the glacier, is directly proportional
to the number of individuals. Therefore, the increase
in pollen percentage of Ambrosia artemisifolia in the
ice record since the 1950s clearly indicates that this
species was already quite widespread in Lombardy
at that time, supporting previous studies (Celesti-
Grapow et al. 2009). Most importantly, our palyno-
logical data indicate a faster spreading since the end
of the 1980s that could be connected to the increased
availability of disturbed areas due to rapid urbaniza-
tion (200 to 300% of increase according to the spa-
tially explicit land cover analyses), but also to more
favorable climatic conditions brought about by the
climate warming (Cunze et al. 2005).

Conclusion
Our study shows that ice cores from temperate gla-
ciers are suitable archives to reconstruct vegeta-

tion changes over the last century with a yearly time
resolution and reasonable taxonomical precision. In
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comparison to the spatially explicit reconstruction,
the pollen record is particularly reliable for the tem-
perate and the riverine forest, cultivated crops and
anthropic vegetation. In general, the main variations
recorded are linked to urbanization, land abandon-
ment, river management, and are possibly amplified
by the ongoing climate warming. While pollen analy-
ses do not reach the taxonomical accuracy of vegeta-
tion surveys, they have the advantage that they are not
limited by the availability of historical data, and by
their time resolution. Similarly, vegetation trends can
be deduced using remote sensed data, however, these
instruments are limited in temporal coverage and res-
olution, and enable to recognize only main vegetation
types. Merging different methods clearly allowed a
better understanding of the vegetation and landscape
changes in the Adamello region.

Our study shows that reconstructing vegetation
trends over the last century on the base of pollen
records from glacier ice is a valid option to obtain
vegetational information on a large scale in areas for
which aereophotos and historical biodiversity data
are scarce or limited in time and space, preventing
a comprehensive overview. In this perspective, our
approach is applicable in other glaciated mountain
regions, for which biodiversity data are scarce, e.g.
Central Asia (Nowak et al. 2020; Kandel et al. 2016),
and the Andes in South America (Comer et al. 2022;
Payne et al. 2017). The advantage of using a glacier
archive is that if the climatic record is still preserved
in the ice, causal relationship between biodiverstiy
and climate can be assessed for these remote areas.
Clearly, the presence of a glacier unaffected by heavy
percolation remains a prerequisite, and therefore
action must be taken before the integrity of these pre-
cious archives is compromised.
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