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Abstract

Besides technological innovations and new typological features, the transition into
the Bronze Age in northern Italy is marked by the adoption of distinctive settlement
strategies. Prominent differences with previous periods are represented not only by higher
numbers and density of settlements, but also by a widespread preference for wetland areas.
These phenomena are particularly evident in the Lake Garda region, where a rising number
of lacustrine pile-dwelling settlements is documented since the Bronze Age onset
(approximately 4150 years cal. BP). The pile-dwelling phenomenon lasted approximately for
one millennium, approximately until 3150 years cal. BP). At the end of the Late Bronze Age,
this settlement system collapsed, leaving the area largely depopulated. Widespread settlement
abandonment did not affect only the surroundings of Lake Garda. In the neighboring central
Po Plain, a dense network of riverine villages developed since approximately 3500 years cal.
BP. These moat-and-rampart villages, locally termed “terramare”, abruptly disappeared
together with the last pile dwellings. The reasons behind the rise and demise of these
extensive lacustrine and riverine settlement networks remain currently open for discussion.
Palacoecological studies conducted in the area focused mostly on developing qualitative land-
use narratives for the Bronze Age. As a result, multiple questions remain to be addressed
concerning the determination of local climate trajectories. Similarly, quantitative land-cover
approaches are left largely unexplored. Given these premises, this project aims at improving
the available knowledge concerning both the role of climate and land use dynamics in
northern Italy across the Bronze Age and neighboring periods, with a special focus on the
pile-dwelling phenomenon in the southern ILake Garda region. The results are presented in
the form of a cumulative dissertation composed of three published papers. The first of these
three contributions focuses on the sedimentary record of Bande di Cavriana, a drained
wetland in the Lake Garda area. Here, palynological and geochemical analysis provided new
evidences that the rise of the Bronze Age pile-dwelling phenomenon occurred under a
rapidly changing climate. The second paper focuses on the collapse of Bronze Age settlement
networks. Pollen-based temperature and precipitation models obtained from Northern
Italian sites depict increasingly arid conditions towards the end of the Bronze Age. This
reconstruction is in agreement with the current archaeological narrative, which attributes the
end of the central Po Plain settlement networks to a combination of landscape
overexploitation and to the emergence of unsuitable climatic conditions. The third
contribution serves primarily a methodological role within this project. It provided the
opportunity to test extensively a landscape reconstruction algorithm based on pollen data
and remote sensing. The application of this method to pollen sequences from Lake Garda
provided a very first quantitative reconstruction of land cover changes across the Copper
Age- Bronze Age transition, in connection with the establishment of the first pile-dwelling
settlements.
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Zusammenfassung

In Norditalien ist der Ubergang in die Bronzezeit neben technologischen
Innovationen und neuen typologischen Merkmalen durch die Einfithrung veranderter
Siedlungsstrategien gekennzeichnet. Auffillige Unterschiede zu friheren Perioden zeigen
sich nicht nur in einer erhéhten Anzahl und Dichte der Siedlungen, sondern auch durch eine
weit verbreitete Priferenz fur Feuchtgebiete. Besonders deutlich werden diese Phinomene
in der Region des Gardasees, wo seit Beginn der Bronzezeit (ca. 4150 Jahre cal. BP)
zunchmend Pfahlbausiedlungen an Seeufern dokumentiert sind. Das Pfahlbauphinomen
dauerte etwa ein Jahrtausend, bis 3150 Jahre cal. BP). Am Ende der spiten Bronzezeit brach
dieses Siedlungssystem zusammen, so dass das Gebiet weitgehend entvélkert blieb. Die weit
verbreitete Siedlungsaufgabe betraf nicht nur die Umgebung des Gardasees. In der
benachbarten zentralen Po-Ebene entstand seit etwa 3500 Jahren cal? BP ein dichtes Netz
von an Flussufern gelegenen Dorfern. Diese mit Wassergraben und Wall eingefassten
Doérfer, bekannt als "Terramare", verschwanden abrupt zusammen mit den letzten
Pfahlbauten der nérdlcih angrenzenden Region. Die Griinde fir das Aufkommen und den
Zusammenbruch dieser ausgedehnten Siedlungsnetze an See- und Flussufern stehen derzeit
noch zur Diskussion. Paliotkologische Studien, die in diesem Gebiet durchgefiihrt wurden,
konzentrierten sich vor allem auf die Entwicklung qualitativer Landnutzungsnarrative fiir die
Bronzezeit. Welchen Einfluf3 lokale Klimaphinomene hatten, mussnoch geklirt werden.
Ebenso bleiben quantitative Landnutzungsansitze weitgehend unerforscht. Die hier
vorgestellten Forschungen zielen darauf ab, das verfiigbare Wissen zur Rolle der Klima- und
Landnutzungsdynamik in Norditalien tiber die Bronzezeit und benachbarte Perioden hinweg
zu verbessern, wobei ein besonderer Schwerpunkt auf das Pfahlbauphinomen in der
sudlichen Gardasee-Region gelegt wird. Die Ergebnisse werden in Form einer kumulativen
Dissertation prisentiert, die wesentlich auf drei bereits veréffentlichten Artikeln basiert. Der
erste dieser drei Beitrige konzentriert sich auf die Auswertung und Interpretation von
Sedimentsequenzen von Bande di Cavriana, einem entwisserten Feuchtgebiet in der
Gardaseeregion. Hier liefern palynologische und geochemische Analysen neue Belege dafiir,
dass der Aufstieg des bronzezeitlichen Pfahlbauphinomens unter einem sich schnell
verindernden Klima erfolgte. Der zweite Artikel konzentriert sich auf den Zusammenbruch
der  bronzezeitlichen  Siedlungsnetzwerke.  Pollenbasierte ~ Temperatur-  und
Niederschlagsmodelle von norditalienischen Standorten zeigen zunehmend trockene
Bedingungen gegen Ende der Bronzezeit an. Diese Rekonstruktion steht im Einklang mit
der aktuellen archiologischen Bewertung, die das Ende der zentralen Siedlungsnetzwerke
der Po-Ebene auf eine Kombination von Ubernutzung der Landschaftund einen Wechsel
zu ungunstigen Klimabedingungen zurtickfithrt. Der dritte Beitrag dient in erster Linie der
Methodenentwicklung. Hier wird einn Algorithmus zur Landschaftsrekonstruktion auf der
Grundlage von Pollendaten und Fernerkundung ausgiebig getested. Die Anwendung dieser
Methode auf Pollensequenzen aus der Gardasee-Region liefert eine erste quantitative
Rekonstruktion der Landnutzungsinderungen am Ubergang Kupferzeit-Bronzezeit im
Zusammenhang mit der Errichtung der ersten Pfahlbausiedlungen.

vii



viii

Fig.
Number

1.1

1.2

1.3

1.4

1.5

2.1

2.2

23

2.4

List of Figures

Part I

Location of Lake Garda within northern Italy and main Bronze Age settlement
networks (pile-dwellings and terramare) between Lake Garda and the Apennine
foothills (de Marinis, 2010). Map source: Italian National Geoportal
(http:/ /www.pcn.minambiente.it/).

Chronological contextualization of the Bronze Age pile-dwelling and Terramare
phenomena. EBA: Early Bronze Age, MBA: Middle Bronze Age, RBA: Recent
Bronze Age, FBA: Final Bronze Age. The chronological subdivision follows de
Marinis (1999) and de Marinis (2010)

Neolithic (circles) and Bronze Age (squares) sites in the southern Lake Garda
area. Modified from de Marinis (2000), with additional data from Poggiani Keller,
2014 and Poggiani Keller et al., 2005. The contours of the topographic features
are based on Venzo (1965). Legend: 1) Late Pleistocene moraines (Cremaschi,
1987; Ravazzi et al., 2014). 2) Mid-Pleistocene moraines (Venzo, 1965). 3) Alpine
foothills.

Distribution of Recent Bronze Age (a) and Final Bronze Age (b) sites between
the Lake Garda and Po River. Modified from de Marinis (2010).

Spatial (a) and chronological (b) windows covered by each research paper
produced within this PhD project

Part I1

Position of Bande di Cavriana and other sites mentioned in the text. Overview
of northern and central Italy (a) and location of the study site within the Garda
Lake glacial moraines (b). The contours of the topographic features in (b) are
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Topography of the Bande di Cavriana basin. Legend: 1) Approximate location
of the archaeological excavation trenches, from Piccoli (1986b, 1986a, 1982). 2)
Extent of the coring transect and 3) coring locations (Fig. 2.3). 4) Drainage ditch
(“fossa Cana”). The topographic relief is based on a 20 m resolution DTM

obtained from the regional geoportal www.geoportale.regione.lombardia.it
Simplified lithology of all CAV corings and inferred stratigraphy of the basin

Results of the geochemical and isotope analysis conducted on core CAV 4

Page

21

23

25

31



2.5

2.6

2.7

2.8

3.1

3.2

3.3

3.4

Core CAV4. Selected upland pollen types (percentage values) with added 5x
exaggeration factor and CONISS-based zonation. BA = Bronze Age; CA =
Copper Age; Neol. = Neolithic. The transitions between Neolithic, Copper Age
and Bronze Age follow de de Marinis and Pedrotti (1997) and de Marinis (1999)

Age-depth model for core CAV 4. Dating numbers refer to their position in
Table 2.1. Datings 1-3-8 in Table 2.1 are considered affected by modern
contaminations and are not included in the model or in this figure. Graph created
with Oxcal v4.3 (see section “Chronological assessment™). Image editing (addition
of lithology, dating identifiers, improved legibility) carried out with Inkscape 0.91
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Palacoenvironmental proxies for core CAV4 plotted according to sample ages.
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scores curve and other proxies

Selected pollen curves and erosion indicators from core CAV4 around the
Copper Age-Bronze Age transition. Rb:Sr and Rb:Zr have been LOESS
smoothed (red curves) for ease of interpretation (smooth factor = 0.15)
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population data (Software: ArcGIS10.3)
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model.
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Arboreal pollen vs. forest cover for selected EMPD samples (“high-reliability”
samples: location error < 100 m and age < —50 BP). Samples collected from
open or species-poor environments are not included (e.g., tundra, sparsely
vegetated mountain areas). The dashed lines delineate the boundaries used to
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“Quality Filtering”). Diamond symbol: the only high-reliability sample exceeding
both values, located in the Northern Urals (sample name: “Lapteva_a83,”
longitude 59.08828333, latitude: 59.52495). Despite being labeled as “forest
undefined,” the sample is located in a treeless area above the local timberline
(confirmed by both forest cover and vegetation height data sets). Still, the
Globcover 2009 data set identifies its location as “Open (15-40%) needleleaved
deciduous or evergreen forest (>5 m).” Nearby pixels are defined as sparsely
vegetated. This contradictory information might imply a chronological mismatch
between forest cover and pollen data, or inaccurate sample description and
Globcover classification (possibly due to ecotonal transitions in the area). In
either case, this sample does not invalidate the boundary conditions set by this
quality filter. The dotted box includes samples collected in different locations
within the same small lake (EMPD names: Kolaczek_f1-32), but with identical
geographical coordinates (hence the identical forest-cover values). This situation
highlights the need for both accurate sample geolocation and sample-specific
pollen source area estimates.

Study area divided into 8 regions to provide regional summaries of forest-cover
changes. Names used in the text: 1. Boreal region; 2. British Isles; 3. Eastern
European plain; 4. Central Europe; 5. Alpine region; 6. Atlantic region; 7.
Dinaro-Carpathian region; 8. Mediterranean region. Region borders are loosely
based on the European biogeographic areas proposed by Rivas-Martinez et al.
(2004).

Box-and-whisker plot showing the residuals of the two-fold cross validation
exercise (999 iterations) grouped into discrete forest-cover classes. Residuals are
expressed as reconstructed minus observed forest-cover values. Q1 = first
quartile; Q3 = third quartile; IQR = interquartile range.

Location of five target sites and reconstructed forest-cover values based on MAT
(calibrated and uncalibrated) and REVEALS estimates. The shaded area
represents the standard error of each reconstruction. Calibrated values are
obtained via the bias correction procedure detailed in Section “Bias Correction”.

MAT-REVEALS comparison. (a) REVEALS vs. uncalibrated MAT values. (b)
Reveals vs. calibrated MAT values. Overall statistical correlation values referred
to Figure 4.4. Study time-window subdivision: Early Holocene: 11700-8100 BP.
Mid-Holocene: 8100—4100 BP. Late Holocene: 4100-0 BP.

(a,b) Percentage of fossil samples with no close analogs in the training data set
calculated for each time slice.

115

119

122

124

125

126

Xi



Xii

47

4.8

4.9

4.10

4.11

4.12

5.1
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calibration of the modeled values.

Box-and-whisker plot showing the residuals of the two-fold cross validation
exercise (Figure 4.3) after the application of the calibration curve.

(a) Map of the study area with present day forest cover from Hansen et al., 2013;
(b) Present-day forest cover reconstructed via MAT (LOO cross validation,
calibrated) and 3D interpolation; (c) Interpolated present day arboreal pollen
(AP) percentages from the EMPD and 3D interpolation. Datk gray areas atre
excluded from the analysis due to low site density.

Time series for the whole study area and the eight regions (time vs. percentages
of reconstructed forest cover and percentage of arboreal pollen). Areas covered
by water or ice are not included in the calculation of average forest-cover/AP
values and their relative standard deviation. The deviation from the mean does
not represent the error of the reconstruction but is simply a measure of inter-
regional variability. The horizontal lines provide a comparison with present-day
values for each region, i.e., modern forest cover from Hansen et al. (2013)
(Figure 4.9a), interpolated LOO-based modern forest cover (Figure 4.9b) and
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MAT-based forest cover values (calibrated) for the end of the Younger Dryas
and the Holocene in the Alpine region grouped in discrete elevation classes.
forest-cover data from Hansen et al. (2013) and LOO-based from the same
region (derived from Figure 4.9) are added as a modern reference. Gray colored
pixels and pixels above 2800 m are masked due to lack of local pollen archives.
Holocene macrofossil-based treeline and timberline curves from the central
Swiss Alps are juxtaposed for comparison (digitized from Tinner and Theurillat,

2003).

MAT-based forest-cover values (calibrated) for selected time slices during the
past 12000 years (a—I). Gray crosses represent pollen sites locations. Light gray
areas over northern Europe and Scotland represent Early Holocene ice cover.

Dark gray areas are excluded from the analysis due to low site density.
Part V

Climate curve from Bande di Cavriana produced from the combination of
multiple proxies. The arrows and corresponding vertical shaded areas highlight
sharp trend changes. Modified from Zanon et al, (2019). The ages of the
Rotmoos and Piora oscillations are taken from Martinetto et al. (2018) and
Segnana et al. (2019).
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Forest cover in the southern Lake Garda region reconstructed via Modern
Analogue Technique.

Appendix I
Position of additional coring sites within the southern Lake Garda area.

Coring location at the site of Grezze, within the municipality of Desenzano del
Garda. Photo source: GoogleEarth.

Grezze pollen diagram. Simplified lithology and percentage values of selected

taxa.
Approximate outline of Polecra Pond. Photo source: GoogleEarth.

Coring location at the site of Ca’ Nove, right South of the municipality of

Cavaion Veronese. Photo source: GoogleEarth.

Ca’ Nove pollen diagram. Simplified lithology, percentages of selected taxa,
pollen sum and concentration values.

Coring location at Lake Frassino. Photo source: GoogleEarth.

Lake Frassino sequence. Simplified lithology, percentages of selected taxa, and
position of dated material.

Appendix II

Sampling resolution for different proxies along core CAV4.

Appendix ITI

Distribution of fossil pollen sequences used in the present paper.

Distribution of surface samples in the European Modern Pollen Database (all

dots). Red dots: extent of the database after quality filtering (see section “Quality
filtering” in the manuscript).
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Exemplification of weight distribution using a 2d Gaussian function with a range
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Holocene interpolated tree cover maps. Light grey area over northern Europe
represent Early Holocene ice cover. Dark grey areas are excluded from the
analysis due to low site density. Grey crosses represent the location of pollen site

used for the interpolation.

Holocene interpolated arboreal pollen maps. Light grey area over northern
Europe represent Early Holocene ice cover. Dark grey areas are excluded from
the analysis due to low site density. Grey crosses represent the location of pollen
site used for the interpolation.

Standard Error estimates for the forest cover reconstruction. Light grey area over
northern Europe represent Early Holocene ice cover. Dark grey areas are
excluded from the analysis due to low site density. Grey crosses represent the
location of pollen site used for the interpolation.

Map displaying sites with modern tree cover higher than 80%. Blue diamonds:
sites with residual values higher than -40. Red circles: sites with residual values
lower than -40.

Location of the closest modern analogues (yellow diamonds, single closest
analogue for each fossil sample) for the five sites involved in the MAT-
REVEALS comparison (fig. 4.4) within the 12000 — 10000 BP period. The extent
of the tundra biome (Olson et al., 2001) is highlighted in red.

Minimum squared chord distances for each region across the whole fossil data
set. The horizontal dashed red line marks the 0.3 value used as a threshold in the
present study following Huntley (1990). The Mediterranean region emerges as
having the highest occutrence of no-analogue samples, likely connected to the
low representation of extensive Mediterranean forests in the training data set.
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PARTI

SETTING THE FRAME: THE BRONZE AGE PILE-
DWELLING PHENOMENON IN NORTHERN ITALY

The core of this research project is centered on the investigation of human-
environment interactions within a relatively well-constrained time-window and study
region: the Bronze Age in the southern Lake Garda area (Northern Italy; Figs. 1.1-
1.2). The reason behind this choice lies in the highly peculiar archaeological record of

this period compared to the situations that immediately preceded and followed it.

Figure 1.1. Location of Lake Garda within northern Italy and main Bronge Age settlement networks
(pile-dwellings and Terramare) between Lake Garda and the Apennine foothills (de Marinis, 2010).
Map source: Italian National Gegportal (http:/ | www.pen.minambiente.it).

The transition between Copper and Bronze Age in the Lake Garda area
-conventionally set at 4150 years cal. BP (2200 years BC; de Marinis, 1999; Leonardi
et al., 2015)- is accompanied by a marked shift in settlement patterns, building
techniques and density of archaeological finds. With limited exceptions, the local
Neolithic and Copper Age records are characterized by rather rare archaeological
traces (predominantly sparse flint tools and pottery sherds; de Marinis, 2000). In

contrast, about 50 dwelling sites have been documented for the Bronze Age (de



Marinis, 2010; Fig. 1.3). This increase in site density is apparently accompanied by a
preference for damp locations. More than 30 wetland settlement sites are recorded in
the area, either along the shores of Lake Garda itself, or within the many smaller water
bodies scattered in its vicinities (de Marinis, 2010; Poggiani Keller et al., 2005). Most
notably, new villages were established in the form of pile dwellings. The adoption of
pile-dwelling building techniques was a common feature during the Neolithic across
different circum-alpine regions (e.g. Menotti, 2015). Yet, in northern Italy this
phenomenon is limited to few sites before its widespread rise during the Bronze Age
(Baioni et al., 2014).

Ka cal. BP
I 1 1 1 1 I 1 1 1 1 | | | | | | | | 1 1 |
Bronze Age
Copper | : : : l Iron
Age : EBA : MBA ;RBA: FBA ! Age

Pile Dwellings
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Figure 1.2. Chronological contextualization of the Bronze Age pile-dwelling and Terramare
phenomena. EBA: Early Bronge Age, MBA: Middle Bronze Age, RBA: Recent Bronzge Age,
FBA: Final Bronze Age. The chronological subdzvision follows de Marinis (1999) and de Marinis
(20170).

Small lakes and wetlands are particularly abundant in the study area due to its
geomorphological configuration. The southern shores of Lake Garda are surrounded
by a series of concentric moraine belts produced by multiple episodes of advance and
retreat of the Garda glacier during the Pleistocene (Ravazzi et al., 2014). Following
the glacier’s retreat, inter-moraine depressions were occupied by water bodies, thus
forming a tightly clustered lacustrine network that apparently proved attractive to
Bronze Age settlers. Many of these lakes and wetlands survived across the Holocene,
in multiple cases being drained only in recent times for agricultural purposes or peat
exploitation. The combination of stable waterlogged conditions and gradual sediment
accumulation over the past millennia allowed for an excellent preservation of wooden
settlement structures and other organic remains located within these basins, with

Bronze Age pile-dwellings being a foremost example.
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Figure 1.3. Neolithic (circles) and Bronze Age (squares) sites in the southern
Lake Garda area. Modified from de Marinis (2000), with additional data from
Poggiani Keller, 2014 and Poggiani Keller et al., 2005. The contours of the
topographic features are based on Venzo (1965). Legend: 1) Late Pleistocene
moraines (Cremaschi, 1987; Ravazzi et al., 2014). 2) Mid-Pleistocene moraines
(Venzo, 1965). 3) Alpine foothills.



The quality and amount of archaeological information stored in these wetland
deposits allows to reconstruct prehistoric craftsmanship and subsistence strategies
with a level of detail not achievable on dryland sites. In recognition of this rather
exceptional trove of information, a selection of Lake Garda pile-dwelling settlements
were included in the UNESCO World Heritage serial site “Prehistoric Pile Dwellings
around the Alps” (World Heritage Committee, 2011), together with multiple wetland
sites dated between the Neolithic and the Iron Age from different circum-alpine

countties.

Importantly, pile-dwellings did not constitute the only distinctive settlement system
active during the Bronze Age in northern Italy. From approximately 3500 years cal.
BP (1550 years BC), during the Middle Bronze Age, a different network of villages
rose in the central Po Plain, south of Lake Garda (Fig. 1.1). These new settlements,
termed Terramare (singular: Terramara), were surrounded by earthen ramparts and
moats directly connected to nearby rivers (Cardarelli, 2010). Numerous
palacoenvironmental studies have been conducted on the development and
environmental impact of Terramare sites (e.g. Dal Corso et al., 2016; Mercuri et al.,
2015, 2006; Ravazzi et al., 2004) and now constitute organic components of local
archaeological narratives (e.g. Cardarelli, 2010; Cremaschi, 2009; Cremaschi et al.,
2016, 2006; Dalla Longa et al., 2019). Given the geographical proximity of pile-
dwelling and Terramare areas, as well as their cultural connections, information
emerging from the latter is occasionally used within this dissertation to better

contextualize changes observed in the former.

The emergence of the Bronze Age pile-dwellings, while not necessarily abrupt (Baioni
et al.,, 2015), represents a marked shift from any preceding cultural pattern. The
peculiarity of this phenomenon is furtherly accentuated by its sudden demise, which
occurred approximately 1000 years after the onset of the Bronze Age. After
approximately 3150/3100 years cal. BP (1200/1150 years BC), the settlement system
in the Lake Garda area largely came to an end, leaving a visible discontinuity in the
archaeological record (Fig. 1.4). The Final Bronze Age (Fig. 1.2) is represented only
by stray finds (de Marinis, 2010). This widespread settlement collapse was not limited
to the Lake Garda region. The Terramare network was affected too. A cultural break
is visible in the plain north of the Po River, where new settlement patterns emerged
(Fig. 1.4). More dramatic was the situation in the southern Po Plain, which remained
largely depopulated until the Iron Age (Cardarelli, 2010; de Marinis, 2010).
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Figure 1.4. Distribution of Recent Bronzge Age (a) and Final Bronge
Age (b) sites between the Lake Garda and Po River. Modified from de
Marinis (2010).

Tackling socio-environmental triggers: ongoing hypothesis

and data availability

The reasons behind the rise of the pile-dwelling phenomenon and its
subsequent decline remain open to debate. The preference for wetland contexts has
been interpreted as a necessity to protect people and livestock from external threats,
such as forest fires or -given the presence of perimetral palisades- other human
communities (de Marinis, 2000). A climatic component was considered too,
suggesting that widespread lake level declines might have exposed areas with soft and
fertile sediments. Compared to forested areas, these peri-lacustrine belts would have

been easier to cultivate, making them preferred locations to establish new settlements
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(de Marinis, 2000). Climate is currently considered an important driver in the
determination of local-to-regional settlement dynamics. As an example, the vertical
wooden posts supporting the Lavagnone pile dwelling show signs of structural failure
(all beams display a ~45° bend in one direction) approximately between 3850 and
3750 years cal. BP (1900-1800 years BC). The same situation was recognized at the
pile-dwelling sites of Bande di Cavriana, Barche di Solferino and Lucone di
Polpenazze (de Marinis, 2000; Piccoli, 1986). This common feature was interpreted
as the possible result of a regional dry event, which would have caused a significant
drop in lake levels and a subsequent destabilization of the lake sediments in which the
toundations of the pile-dwellings were infixed (de Marinis, 2000). Climate is also
considered a determinant co-factor in the final collapse of north Italian Bronze Age
networks. In the Terramara settlement of Santa Rosa, located ca. 60 km south of Lake
Garda, a sequence of wells dug at increasing depths appears to suggest a significant
lowering of the water table towards the end of the Bronze Age (Cremaschi et al.,
2006). At the same time, the dense network of villages points to a growing
demographic pressure on the environments. Increasingly arid condition and over-
exploitation of natural resources might have then caused water and food shortages
(Cremaschi et al., 2010), fatally lowering the carrying capacity of local environments.
Importantly, any inclusion of climatic triggers in local archaeological narratives is
often only loosely supported by proper comparisons between cultural data and local
palacoclimatic information. As an example, de Marinis (2000) briefly compares
Bronze Age settlement patterns in the Lake Garda area with lake-level trends from
France and Switzerland (Magny, 1995). The same argument was mentioned more
recently in Rapi (2013). A more comprehensive comparison between archaeological
data and extra-local palacoclimatic proxies is presented by Cremaschi et al. (2010)
concerning the end of the Terramare network. Cremaschi et al. (2016) compare
central Po Plain archaeological dynamics with alpine glacier fluctuations (Lockwood,
2001), changes in solar activity (Blaauw et al., 2004) and lake-level reconstructions
from alpine and central Italian lakes (Magny et al., 2012). A common pattern across
the available literature is the lack of palacoclimatic time series located directly within
the study area. A notable exception is represented by the isotopic record of Lake
Frassino (southern Lake Garda area, Baroni et al.,, 2006), which nonetheless lacks
sufficient chronological resolution and dating accuracy across the Bronze Age. Any
comparison against extra-local proxies is indeed justified, since small study regions
can without any doubt be affected by continental- or global-scale climate change.

Nonetheless, it would be equally important to obtain palacoclimatic reconstructions



located closer to the area under investigation, in order to evaluate to which extent
local dynamics are comparable to wider-scale trends. Few more palacoclimatic
information from the southern Lake Garda and central Po Plain do exist, yet they
occur as rather constrained stratigraphic information. The most recent example
comes from the Terramara site of Fondo Paviani (ca. 60 km SE of Lake Garda), where
a short-lived arid phase occurring towards the end of the Bronze Age (ca. 3200 years
cal. BP; 1250 years BC) was identified through the presence of gypsum crystals in a
near-site sedimentary sequence (Dal Corso, 2018; Dalla Longa et al., 2019). Earlier
evidences for a dry phase in the second half of the Bronze Age come from the pile-
dwelling site of Lavagnone. Here, the presence of burrowing-bee nests dug in the
basin infilling has been connected to a desiccation trend occurring after ca. 3400-3300
years cal. BP (1450-1350 years BC; Perego et al., 2011).

Climate forcing and population resilience are not the only pressing research questions
when it comes to human-environment interactions in the pile-dwelling area. The
sudden increase in site density recorded during the Bronze Age, paired with the large
amount of wooden structures emerging from archaeological excavations, raises also
multiple questions concerning the environmental impact of the lake-dwelling
phenomenon. As an example, a major change in building techniques is recorded in
the Lavagnone sequence. Here, before approximately 3900 years cal. BP (1950 years
BC), pile-dwelling structures were built upon long poles deeply infixed into the lake
floor. Afterwards, this solution was replaced by shorter poles stabilized through
horizontal basal plates (de Marinis et al., 2005), possibly suggesting a diminished
availability of appropriately-sized trees. Besides archeological evidence, qualitative
information on landscape exploitation comes primarily from pollen diagrams. Within
the southern Lake Garda area, published data is available from the wetland sites of
Lucone (Badino et al., 2011; Valsecchi et al., 2006), Lavagnone (Arpenti et al., 2007;
de Marinis et al., 2005; Perego, 2015) and Castellaro Lagusello (Dal Corso, 2018).
These diagrams show a marked decline in arboreal species in connection with the
establishment of Bronze Age settlements, generally interpreted as widespread logging
for building materials. The contemporaneous rise of anthropogenic species (e.g.
cereals, disturbance-resistant herbaceous taxa) is linked to an expansion of croplands
and pastures. These patterns are consistent across multiple sites, and are radically
different from Neolithic and Copper Age vegetation dynamics, ultimately suggesting
that Bronze Age societies did have an unprecedented impact on the landscape. Still,
these pollen diagrams offer only a markedly qualitative perspective on land cover and

land use changes. Transitioning from qualitative pollen information to quantitative



land cover data is a notoriously complex task requiring careful calibration procedures,
yet addressing this issue might help to understand how local communities were
managing forest resources and whether they contributed to their own demise through

landscape overexploitation.

Research rationale and structure of this PhD thesis

The available data depicts the Bronze Age as a period extremely rich in
environmental and cultural transformations. At the same time, it is also clear that
additional studies are needed to capture the complexity of these human-environment
interactions. A first point that needs to be addresses is the lack of local palacoclimatic
records. Obtaining this piece of information represents a necessary step in order to
understand if comparisons with extra-local proxies are appropriate, or if the southern
Lake Garda region -which now represents a peculiar sub-Mediterranean enclave
between the Alps and the Po Plain- displays more resilient or completely independent
patterns. The second key issue is represented by our still limited understanding of
Bronze Age land-use dynamics. Claiming that wetland settlements had an impact on
the environment represents a reasonable assumption. Furthermore, the available
palynological studies, while not numerous, depict very coherent environmental
transformations at the transition into the Bronze Age. The (at least apparent)
homogeneity of this situation suggests that ecological studies in this area should be
taken one step further, moving from qualitative approaches to quantitative
reconstructions. This task is admittedly complicated by different interfering factors,
such as the complete lack of true off-site records (i.e. pollen sequences reasonably not
affected by “non-natural” pollen deposition, like waste disposal from nearby pile-
dwellings). In addition, vegetation modeling has not been attempted before in any
capacity in the study area, rising the necessity to propetly test any land-cover modeling

procedure.

Given these premises, this PhD project aims at testing existing archaeological and
environmental narratives in the southern Lake Garda area by integrating published
information with new analysis. This objective is pursued a) through the production
of new vegetational data and climatic models, which are then evaluated against
existing proxies, and b) by testing the performance of landscape reconstruction
algorithms and their applicability to the study area. Vegetation assemblages and
environmental parameters are primarily reconstructed via pollen analysis of wetland

sediments and pollen-based quantitative modeling. Additional geochemical proxies
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are also used to achieve a deeper insight into local dynamics by looking at similar

drivers (e.g. temperature/ precipitation trends) under multiple points of view.
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Figure 1.5. Spatial (a) and chronological (b) windows covered by each research paper
produced within this PhD project.



The main conclusions of this project are collected in three peer-reviewed publications,

which variously contribute to address the different research issues identified so far:

1. Zanon M., Unkel I., Andersen N., Kirleis W., 2019. Palaeoenvironmental dynamics
at the southern Alpine foothills between the Neolithic and the Bronge Age onset. A multi-
proxy study from Bande di Cavriana (Mantna, 1taly). Quaternary Science Reviews,
221.

2. Capuzzo G., Zanon M., Dal Corso M., Kirleis W., Barcel6 J.A., 2018. Highly
diverse Bronze Age population dynamics in Central-Southern Europe and their response to
regional climatic patterns. PLOS ONE, 13.

3. Zanon M., Davis B.A.S., Marquer L., Brewer S., Kaplan ].O., 2018. Exropean
Forest Cover During the Past 12,000 Years: A Palynological Reconstruction Based on

Modern Analogs and Remote Sensing. Frontiers in Plant Science, 9.

As it is evident from the papers’ titles, they variously exceed the spatial and
chronological limits of the study area. Figure 1.5 provides a concise overview of the
extent covered by each research article. The first paper (Zanon et al., 2019) is the only
one that remains well within the northern Italian borders. Its primary focus consists
in addressing the climatic and land cover context in the millennia that precede the
Bronze Age onset. This time span is not propetly addressed by previous publications
dealing with the southern Lake Garda area, and represents a necessary piece of
information to contextualize the rise of the pile-dwelling phenomenon.

The second article (Capuzzo et al., 2018) covers instead the end of the Bronze Age
and the transition into the Iron Age, thus addressing the collapse of the pile-dwelling
and Terramare networks. This paper makes an extensive use of modeling approaches.
Socio-environmental dynamics are explored through a comparison between
radiocarbon-based population curves and pollen-based climate reconstructions. The
Bande di Cavriana pollen sequence, discussed in Zanon et al. (2019), does not cover
the end of the Bronze Age, and therefore is not included in this paper. Climate
modeling in Capuzzo et al. (2018) is instead performed using previously published
pollen sequences from the central Po Plain and northwestern Italy. Within this paper,
the same modeling techniques are also applied to other European regions ranging
from the Swiss Plateau to the northeastern Iberian coast. Producing independent
demographic and climatic reconstructions across different regions allowed to
highlight how different trajectories occurred at the same time in neighboring areas.

More importantly, this approach extended the testing ground for the demographic
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and climate models, leading to a better understanding of their strengths and
weaknesses.

The third paper (Zanon et al., 2018) serves primarily a methodological purpose within
this PhD project. It addresses the need to extensively test a modeling algorithm prior
to proceeding with land-cover reconstructions in the study area. The widely-used
landscape reconstruction model REVEALS (Sugita, 2007) depends on local
vegetation parameters (i.e. pollen productivity estimates) to be tested propetly. This
information is currently not available for the southern alpine area and is notoriously
labor-intensive to obtain and validate (Brostrom et al., 2008). For this reason, the
modeling effort in Zanon et al. (2018) is based on a more readily applicable and
testable method which makes use of modern pollen analogues and remote sensing
data. With limited exceptions (Williams et al., 2011), this modern analogue technique
(MAT) lacks proper testing on European vegetation assemblages. Given the need to
explore its capabilities across a wide range of land cover types (e.g. pre-agriculture and
agricultural landscapes), it was directly tested at a continental scale and across the
whole Holocene. This wide spatial and chronological reach allowed also to test the
MAT-based reconstructions against other existing REVEALS-based models for
different European areas, thus ensuring a rather in-depth evaluation of the method.
Each research article is reported in full within this dissertation: Zanon et al. (2019) is
presented in Part IT; Capuzzo et al. (2018) in Part III and Zanon et al. (2018) in part
IV. The papers are not presented in order of publication. Zanon et al. (2019) is
introduced first, since it deals with the transition into the Bronze Age. It is then
tfollowed by Capuzzo et al. (2018), which addresses the end of the Bronze Age. Zanon
etal. (2018) is presented last, since its methodological focus is not specifically centered
on the southern Lake Garda area. The content of each paper is reported exactly as
published, with the exception of figure and table numbers, which have been adapted
to the structure of this dissertation, and minor typos. All articles are preceded by an
introductory section, which provides further information on the role of each paper

within this project.
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PART II

ENVIRONMENTAL CONDITIONS TOWARDS THE ONSET
OF THE BRONZE AGE PILE-DWELLING PHENOMENON

As mentioned in the introductory section, the Lake Garda region is particularly
rich in wetland deposits compared to surrounding areas, yet this potential for
palacoecological investigations has been so far only partially explored. The study of
sedimentary archives from Lucone (Badino et al., 2011; Valsecchi et al., 2000),
Lavagnone (Arpenti et al., 2007; de Marinis et al., 2005; Perego, 2015) and Castellaro
Lagusello (Dal Corso, 2018) offered precious insights into environmental conditions
in connection with the establishment of Bronze Age pile-dwellings. The primary
scope of these investigations consisted in reconstructing human impact on the
landscape though pollen and plant macroremain data. A limited effort has been so far
directed towards the reconstruction of co-occurring climate dynamics and their
potential influence on cultural patterns. The geographically closest palacoclimatic
record is represented by the stable isotope measurements from Lake Frassino (Baroni
et al., 2006), which nonetheless does not appear suitable to trace sub-centennial
temperature/precipitation fluctuations due to its relatively coarse resolution and age-
depth model. The lake-level records of Lake Ledro and Lake Accesa, in northern and
north-central Italy respectively, are often cited when discussing northern Italian
palaecoclimate (e.g. Cremaschi et al., 2016). Lake Ledro lies in the southern Alps,
approximately 50 km north of our study area and at an elevation of ca. 650 m a.s.L. Its
catchment area includes mountains ranging from 1500 to 2250 m (Joannin et al., 2014,
2013). Compared to Lake Ledro, the southern Lake Garda moraines (ca. 100-200 m
a.s.l.) have milder winters, warmer summers and lower precipitations (Brunetti et al.,
2012). Lake Accesa lies ca. 280 km south of Lake Garda, from which it is separated
by the Po Plain and the Apennine mountain range. Geographical distance and
different modern temperature/precipitations patterns do not automatically exclude
the use of Lake Ledro and Lake Accesa as reference palacoclimatological records for
the southern Lake Garda area. Yet, it would be appropriate to verify first to what

extent all these areas follow comparable climatic patterns.

The absence of palacoclimatic information from within the southern Lake Garda area
was addressed with the investigation of a new sedimentary record. The site chosen
for this task, the drained basin of Bande di Cavriana, lies close to the southern margin

of the Lake Garda moraine complex. Like many wetland sites in the area, Bande di
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Cavriana hosts the remains of a Bronze Age pile dwelling. This settlement was
established several decades after the onset of the Early Bronze Age (ca. 3955 * 10
years cal. BP; 2005 £ 10 years BC), while other settlements in the area were already
active. As an example, the oldest dendrochronological dating within the study area
comes from the Lavagnone pile dwelling, with 4027 = 10 years cal. BP (2077 £ 10
years BC; Baioni et al., 2015; de Marinis et al., 2005). As such, Bande di Cavriana
represents a valuable archive where natural sedimentation at the transition between
Copper Age and Bronze Age is not disturbed by on- or near-site anthropic activities.
This favorable situation allowed to extract climatic information right at the onset of

the pile-dwelling phenomenon.

The sedimentary sequence investigated at Bande di Cavriana covers approximately
three millennia, from ca. 7150 to 3800 years cal. BP (5200-1850 years BC), thus
covering a period spanning from the Neolithic to the Early Bronze Age. Afterwards,
the sedimentary infilling of the basin appears to be truncated, probably due to
desiccation, terrestrialization, or peat extraction. Climate information across this
interval was extracted by evaluating multiple proxy evidence, primarily stable isotope
from mollusks, X-Ray Fluorescence and Carbon-Nitrogen ratios. The results of these
investigations are presented in Zanon et al. (2019) and reported in their entirety below.
This study provides evidence that climate patterns in the southern Lake Garda region
show visible similarities with supra-regional dynamics across the Copper Age —
Bronze Age transition. Further considerations on the supra-regional significance of

the Bande di Cavriana record are presented in Part V.

As a further note, it should be pointed out that Bande di Cavriana was not the only
site investigated within this project. Intensive fieldwork and further pollen analysis
were conducted at other locations too within the southern ILake Garda area.
Additional information on these sites, including the reasons why they were eventually

not included in any publication, is reported in Appendix L.
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ABSTRACT

The onset of the Bronze Age (approximately 4150 years cal. BP) in the
southern Lake Garda region (N-Italy) is marked by an increase in the number of
settlements and by the widespread adoption of pile-dwelling building techniques. The
prominence of this phenomenon polarized the attention of local palacoenvironmental
investigations. As a result, pre-Bronze Age landscape and climate dynamics have been
investigated to a lesser degree. In an attempt to address this disparity, our contribution
focuses on the period between ~7100 and ~3800 years cal. BP, i.e. approximately
between Early Neolithic and Early Bronze Age. The location of our analysis is the
former lake of Bande di Cavriana (Mantua). Multi-proxy investigations highlight few
major climatic shifts prior to the Bronze Age onset. A first transition into more
warm/dry conditions is recorded between ~6300 and 6100 years cal. BP. Similar
conditions occur again after ~4600 years cal. BP, peaking at ~4300 years cal. BP.
Speculatively, taking into account dating uncertainties, this second shift might
represent the local expression of the ‘4.2Ka’ event. A marked transition into a
colder/more humid situation occurs then after ~4300 years cal. BP and persists into
the Bronze Age. Major vegetational changes begin during the Neolithic with the
steady rise of Carpinus betulus pollen (from ~5700 years cal. BP). A more rapid
expansion of this taxon after ~5100 years cal. BP might reflect shifts in forest
exploitation strategies during the Copper Age (e.g. coppicing) or changes in the
ruminant fauna (e.g. grazing vs. browsing habits), arguably due to human intervention.

Nonetheless, pollen grains of anthropogenic indicators appear with consistent
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frequency only since the Bronze Age. The establishment of the Bande di Cavriana
pile dwelling (~3950 years cal. BP) is marked by declining arboreal pollen values and
growing anthropogenic taxa. This behavior likely reflects a more intense landscape
exploitation (deforestation, expansion of arable fields and meadows), although an
influx of herbaceous pollen from near-site activities (e.g. cereal processing, garbage

dumping) should not be overlooked.

INTRODUCTION

The southern border of Lake Garda (N-Italy) is surrounded by a series of
concentric end-moraines (Fig. 2.1) deposited by multiple glacial advances during the
Pleistocene epoch (Ravazzi et al., 2014). Traces of human presence are attested in the
area since the Paleolithic (de Marinis, 2000), yet archaeological evidences are rather
sparse up until the onset of the Bronze Age (conventionally set at ~4150 years cal.
BP; de Marinis, 2000, 1999). The transition into the Bronze Age is marked by a
prominent increase in site density and by a widespread adoption of settlement
strategies based on pile dwellings. Over 30 wetland settlements are recorded in the
Lake Garda area, either in proximity of the lake shores or within the many smaller
water bodies scattered in between the moraine ridges (de Marinis, 2010; Poggiani
Keller et al.,, 2005). A selection of these sites has been recently included in the
UNESCO World Heritage serial site “Prehistoric Pile Dwellings around the Alps”
(World Heritage Committee, 2011). Determinant for the inclusion in the World
Heritage List is the excellent level of preservation of their waterlogged organic
remains, which allows for a detailed insight into Bronze Age craftsmanship and

subsistence strategies.

Given the archaeological prominence of the pile-dwelling phenomenon, most efforts
to characterize the Holocene landscape history in the study area focused primarily on
the environmental impact of these lakeside settlements. Published palynological and
carpological data are available from the wetland sites of Lucone (Badino et al., 2011;
Valsecchi et al., 2006), Lavagnone (Arpenti et al., 2007; de Marinis et al., 2005; Perego,
2015) and Castellaro Lagusello (Dal Corso, 2018; location of all sites presented in Fig.
2.1). Within these studies, limited space is devoted to the discussion of land cover
dynamics in the centuries and millennia that precede the Bronze Age onset. A more
detailed understanding of pre-Bronze Age environmental dynamics is certainly
valuable. It would allow not only to assess the local impact of early agricultural
societies, but also to unravel any climatic or land use trend that might have

contributed to the emergence of the pile-dwelling phenomenon itself. For this reason,
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here we focus on the vegetational and climatic history of the southern Lake Garda
region between ~7100 and ~3800 years cal. BP, thus covering a time-window
spanning approximately from the Early Neolithic to the Early Bronze Age. We
conducted our investigations on sediment cores from the former lake of Bande di
Cavriana (Figs. 2.1 and 2.2), now a drained wetland. Our study makes use of
geochemical data from sediment samples, stable isotopes from freshwater mollusks
and pollen analysis. All these palacoenvironmental proxies contributed to define
potential changes in land cover and climate before the onset of the Bronze Age, and

to describe the environmental context during the local spread of piled-welling

settlements.
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Figure 2.1. Position of Bande di Cavriana and other sites mentioned in the text. Overview of northern
and central Italy (a) and location of the study site within the Garda Lake glacial moraines (b). The
contours of the topographic features in (b) are based on Venzgo (1965). Legend: 1) Late Pleistocene

moraines (Cremaschz, 1987; Ravazzi et al., 2014). 2) Mid-Pleistocene moraines (V'enzo, 1965). 3)
Alpine foothills.
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STUDY SITE: BANDE DI CAVRIANA

Object of the present work is a former wetland located within two moraine
ridges in the southern Lake Garda area (Figs. 2.1-2.2). The site itself does not have its
own toponym; in literature it is commonly named after the nearby location of Bande,
within the municipality of Cavriana (e.g. Piccoli, 1974). The basin was occupied by a
marsh or a seasonally inundated meadow until the excavation of a drainage channel
(named “Fossa Can(n)a”, allegedly dug during the Middle Ages) allowed the economic
exploitation of the area. Bande di Cavriana is primarily known for its Bronze Age
remains. Sparse Neolithic artefacts are documented within the municipality of
Cavriana (e.g. Biagi and Piccoli, 1979), but not from this basin. The presence of a
Bronze Age pile dwelling was first described in the late 19t century, while the first
research work began after 1950 (World Heritage Nomination, 2009). The most recent
excavations have been carried out between 1967 and 1983 under the supervision of
Museo Archeologico dell’Alto Mantovano (Piccoli, 1986a). The Early Bronze Age
settlement layers were supported by vertical oak poles deeply driven into the basin
infilling (Piccoli, 1986a, 1986b, 1982, 1974). A major change in building techniques
occurred within the Middle Bronze Age (approximately after 3550 years cal. BP).
During this period, portions of the damp littoral zone were reclaimed by dumping
layers of sand, plant remains and waste materials (Piccoli, 1986a, 1974). These dump
layers were held in place by wooden support elements, sometimes in the shape of
box-like structures (Piccoli, 1986a). The settlement was probably active during the
Recent Bronze Age too (approximately before 3100 years cal. BP), as suggested by
typological analysis of few ceramic finds (Piccoli, 1986a). Absolute datings for the
settlement are available only for the Early Bronze Age, where dendrochronological
analysis revealed felling dates between ~3955 £ 10 and ~3909 £ 10 years cal. BP
(Martinelli, 2007). The presence of open waters, at least during parts of the Early
Bronze Age, is attested by the presence of few logboats, although only one of these
was recovered during a proper archaeological investigation (Piccoli, 1980). Due to the
remarkable condition of its waterlogged organic remains, the Bronze Age site of
Bande di Cavriana was among the locations included in 2011 in the serial UNESCO
World Heritage site “Prehistoric Pile Dwellings around the Alps”. Our investigations
are concentrated in the area south of the drainage channel (Fig. 2.2). According to
local knowledge, any attempt to cultivate this portion of the basin with modern
machinery failed due to ground instability, ultimately suggesting that deep plowing
did not affect the stratigraphy.
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Figure 2.2. Topography of the Bande di Cavriana basin. Legend: 1) Approximate location of the
archaeological excavation trenches, from Piccoli (1986b, 1986a, 1982). 2) Extent of the coring transect
and 3) coring locations (Fig. 2.3). 4) Drainage ditch (“fossa Cana”). The topographic relief is based on
a 20 m resolution DTN obtained from the regional geoportal www.geoportale.regione.lombardia.it.

MATERIALS AND METHODS
Corings and stratigraphy

The stratigraphy of the Bande di Cavriana basin was probed through a series
of corings collected along a N-S transect (Figs. 2.2-2.3). The surface topography of
the transect was logged using a Topcon GPT-3000N total station. All cores were
collected through a Usinger piston corer (Mingram et al., 2007). A maximum depth
of 3.5 m was reached with core CAV4, which was selected as reference sequence for
turther analysis. Its sedimentary record can be simplified down to five main
stratigraphic units (SU) in order to facilitate any comparison with other cores (Fig.
2.3):
SU 1. 350-170 cm: Compact mud with distinct elastic texture and sulfur smell. Pale
pink/light brown color with unevenly distributed, slightly darker bands of variable
thickness. Visible faunal remains are rare and appear to be limited to cfr. Unzo sp.
shells. Scattered Najas marina seeds are present too. A thick band of dark brown,
organic-rich mud (detritus gyttja) is located between 242 and 237 cm. The sediment
type comprising SU 1 is locally known as “polmone” (Italian for “lung”), due to its
texture arguably resembling lung tissue (cf. Piccoli, 1974).
SU 2. 170-118 cm: Carbonate mud. The variable concentration of fine organic

sediment results in an irregular banding pattern, ranging in color from light
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brown/pale pink to dark brown. The transition between this unit and the previous
one appears to be gradual and not easily traceable, as the two sedimentary units share
similar colors. Compared to SU 1, this unit is visibly richer in shell fragments and
acquires a gradually less rubbery texture with decreasing depth.

SU 3. 118-79 cm: Carbonate lake marl, comparable in composition to SU 2 but with
a distinct light yellow-grey color. Darker bands are visible between 87 and 80 cm at
the interface with the following unit. In CAV4, the transition between SU 2 and SU
3 appears sharp and jagged, rising suspicion that it might be the result of a hiatus in
the sedimentation. The absence of pronounced discontinuities in pollen percentages
and the relative linearity of the age-depth model (sections “Pollen record” and
“Chronological assessment”) do not appear to support the presence of a (sustained)
sedimentary hiatus. Such sharp transition was not observed in other cores.

SU 4. 79-62 cm: Dark brown detritus gyttja. Visible presence of small charcoal
fragments (length up to 1 cm). Layer of black compressed detritus gyttja between 74
and 70 cm. Bioturbations are visible across this SU and partly along the upper limit
of the previous one. Particular care was taken in removing bioturbated portions
before sampling. Considerations concerning the presence of possible contaminants
are reported in section “Chronological assessment”.

SU 5. 62-0 cm: Topsoil composed of sand, gravel and pebbles (max diameters up to
3-4 c¢m) in a clayish matrix.

The remaining cores were limited to a maximum depth of 1-2m in order to focus on
the sedimentary transitions between SU 2, 3 and 4. The stratigraphic units SU 2-5
described for CAV4 were also found in cores CAV 13b, CAVS8, CAV12 and CAV9
(Fig. 2.3). In cores CAV15 and CAV11, SU 3 is lacking. In core CAV15, SU 2 is
followed by a lacustrine marl layer richer in fine brown organic matter; this layer
merges into a band of detritus gyttja, which in turn merges again into carbonate mud.
In core CAV11, SU 2 is directly followed by SU 4.

Cores CAV10, CAV11, CAV15, and the first meter of CAV12 were extremely
compressed as a result of the coring operations, losing up to ca. 50% of their total
length. Notably, core sections composed by lake matl (e.g. core CAV12 between 1
and 2m depth) were not affected by compression, suggesting that this issue occurs
only in organic-rich layers (i.e. detritus gyttja and topsoil). Following this observation,
in Fig. 2.3 we propose a restored version of cores CAV10, CAV11 CAV12 and
CAV15 after correcting for the compression of SU 4 and SU 5 within each core,
assuming that this phenomenon occurred evenly along these units. The southernmost

core, CAV14 was collected approximately 25 m south of CAV13b. An additional
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sedimentary unit, here termed SU 0, was found only in this core. SU 0 is composed
of compact pink/light orange clay and is then followed by light grey lake marl
comparable to SU 3, and by topsoil (SU 5).
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Figure 2.3. Simplified lithology of all CAV corings and inferred stratigraphy of the basin.

Sample selection

Exploratory pollen samples on core CAV 4 allowed to identify the Copper
Age/Bronze Age boundary around the transition between SU 3 and SU 4 (see section
“Chronological assessment” for considerations on the relevant biostratigraphic
markers). For this reason, geochemical and further palynological investigations were
primarily concentrated between a depth of ca. 150 and 50 cm along this core. The
position of all samples extracted for each analysis is show in Supplementary Fig. S2.1

(Appendix IT).
Geochemical analysis

Loss on ignition. Core CAV4 was sampled every 1 cm between 146 and 53

cm for loss on ignition (LOI) analysis. Sediment samples measuring 1 cm? were first
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desiccated at 105 °C for 12 h, and then heated at 550 °C for 3 h and at 950 °C for 2
h. Each sample was individually weighted before and after each heating step.

X-ray fluorescence (XRF). Continuous XRF scanning was performed on
core CAV4 at a 1 cm resolution using an Aavatech XRF core scanner equipped with
a Rhodium X-ray source. In the present paper, we focus on a limited number of
elements: calcium (Ca), titanium (T1), rubidium (Rb), strontium (St), zirconium (Zr).
The abundance of Ca and Ti was obtained with a tube voltage of 10 kV and an
exposure time of 20 s. A voltage of 30 kV and 30 s exposure time was used for Rb,
St, Zr. The XRF scanning data is provided as element intensities in total counts per
second (tcps). Element counts depend not only on element concentration, but also
on matrix effects and the scanner setup (Tjallingii et al., 2007). We present single
clements either normalized against tcps, or preferably as log-ratios, that can be
interpreted as changes in relative concentration of an element pair, in order to avoid

statistical analysis of data sensitive to the closed sum effect and asymmetric element

ratios (Weltje and Tjallingii, 2008).

Carbon/nitrogen ratio. Total organic carbon (TOC) and total nitrogen (TN)
were measured on 31 dried and homogenized samples using a Euro EA Elemental

Analyzer. To assess the amount of terrestrial versus aquatic organic matter, C:N

(TOC:TN) ratios were calculated (Meyers, 2003).

Stable isotopes. After sampling for palynological and geochemical analysis,
core CAV4 was subdivided into 2-3 cm thick slices and sieved to extract animal and
plant macro-remains. Being the most abundant and well-preserved freshwater
gastropod along the core, 35 samples of Valvata piscinalis (Girod et al., 1980; Welter-
Schultes, 2012) were selected for 880 and §13C analysis. Between 2 and 10 complete
individuals were selected for each sample, depending on the availability of well
preserved shells (see Supplementary Fig. S2.1, Appendix II). Prior to isotopic analysis,
the shell remains were cleaned with demineralized water in an ultrasonic bath to
remove sediment traces. The samples were then left to dry at room temperature and
eventually crushed in an agate mortar. Two bulk samples composed of powdered

individuals collected at different depths were also analyzed by X-ray diffraction

(XRD).

26



Pollen analysis

A total of 26 samples (1-4 cm?3) were analyzed from core CAV4 between a
depth of 144 and 62 cm. Sampling occurred every 4 cm between 144 and 84 cm and
mostly every 2 cm between 84 and 62 cm. Samples were treated with HCI 10% and
KOH 5% in order to remove carbonates and humic acids. Filters with a mesh of 200
and 6 um were used to remove particles outside pollen size range. Pollen grains were
stained via acetolysis (cf. Erdtman, 1960) and preserved in glycerin. Taxa
identification was carried out using dichotomic keys (Beug, 2004; Clarke and Jones,
1977; Moore et al., 1991) and by comparison with the reference collection of the
Institute of Pre- and Protohistory of Christian-Albrechts University in Kiel. The
counting process was aided by the software Countpol 3.3, developed by 1. Feeser (Kiel
University, Germany). A minimum of 1000 pollen grains of terrestrial taxa were
counted for each sample. Pollen concentrations are not part of the present
contribution. Nonetheless, Lycopodiun tablets were added to the samples prior to the
chemical treatment (Stockmarr, 1971) in order to allow their inclusion in future
studies. The pollen diagram was drawn using Tilia v1.7.16. The calculation of pollen
and NPPs percentages is based on the sum of trees, shrubs and upland herbs.
Diagram zonation was performed using the built-in cluster analysis function available
in Tilia v1.7.16 (CONISS; Grimm, 1987). Edwards & Cavalli Sforza's chord distance
was selected as a coefficient of dissimilarity, using only terrestrial taxa whose presence

reaches at least 1% of the pollen sum at any point in the diagram.

Temperature modeling

Semi-quantitative annual temperature estimates for the studied sequence were
inferred from pollen data via modern analogue technique (MAT; Mauti et al., 2015;
Overpeck et al., 1985). Squared Chord Distance was chosen as dissimilarity index
(Gavin et al., 2003). The European Modern Pollen database (Davis et al., 2013b,
2013a) was used as a calibration data set, coupled with climatic parameters extracted
from the Worldclim 1.4 data set (Hijmans et al., 2005). The reconstructions are based
on the weighted average of the closest 9 analogs. The methodology used follows
Capuzzo et al., (2018). H-block cross-validation (h = 300 km) was applied to the
training set in order to evaluate the influence of spatial autocorrelation on the model
(Telford and Birks, 2009). All calculations were performed using R v3.5.0 (R Core
Team, 2015) with packages rioja v0.9-21 (Juggins, 2019) and fields v.9.7 (Nychka et
al., 2019). The MAT was applied only to samples below 79 cm (SU 2-3). The pollen
content of zone SU 4 is likely affected by the nearby establishment of the pile dwelling
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during the Bronze Age (see section “Transition into the Bronze Age”). A not easily
quantifiable part of the pollen load within this SU likely results from human activities
taking place few meters away from the coring location (e.g. cereal pollen dispersal
through threshing, winnowing and sieving; e.g. Bower, 1992) and is therefore not

representative of “natural” pollen dispersal and deposition dynamics.

Radiocarbon dating and age-depth modeling

Plant fragments for radiometric dating were recovered from cores CAV4,
CAV11, CAV12 and CAV15 (Fig. 2.3, Table 2.1). No suitable material was found in
the remaining cores. Samples were dated at the laboratories of Kiel (code KIA) and
Poznan (code Poz). The age-depth model for core CAV4 was build using the software
Oxcal v4.3 (Bronk Ramsey, 2009) with the IntCal13 calibration dataset (Reimer et al.,
2013). A single P-sequence with k = 2 was used for the whole core, with boundary
commands set at the transitions between each SU to separate different sedimentary

environments.

RESULTS AND INTERPRETATION
Sediment geochemistry

The distinction of different stratigraphic units within core CAV 4 presented in
section “Corings and stratigraphy” was primarily based on a visual and tactile analysis
of the sediment. The geochemical characterization of the core via LOI and XRF
largely supports this initial subdivision.

LOIL. In the interval 146-118 cm, falling within SU 2, organic matter (OM)
content does not show a regular trend but fluctuates from a minimum of ~14% to a
maximum of ~43%. The most prominent OM peaks correspond to well visible layers
of darker sediment or concentrations of aquatic plant remains. The following zone,
comprised between 117 and 80 cm and corresponding to SU 3, is characterized by a
remarkable stability of all three LOI curves. The OM content is in the range ~17.5 £
2%. The carbonatic fraction is stable at ~35 £ 1.5% and the unburnt residue lies at
~48 £ 2%. Samples in SU 4 (79-61 cm) show a variety of trends. Carbonates content
drops abruptly, remaining then fairly stable at around ~6.5 £ 1.5%. The residue
displays a more gradual negative trend that corresponds to a sharper increase in OM
content. From 77 to 71 cm, OM is the main component of the sediment. It reaches
its highest values in the whole core (~73-74%) at a depth of 71-73 cm, corresponding
to a layer of black, compressed detritus gyttja. After this point, the content of OM
drops sharply, matched by the opposite behavior of the residue.
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Table 2.1. Complete list of radiocarbon-dated material from CAV cores. The numbers in the leftmost
colummn refer to dating numbers in Fig. 2.3. Samples marked with the symbol "' were excluded from age-

depth modeling (see section “Chronological assessment”).
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The negative trend of OM continues in the most superficial zone, SU 5 (60-53 cm),
eventually reaching the lowest value in the whole core (~8%) at 54 cm. The unburnt
residue values rise in the top half of SU 4, then stabilizing around ~75 * 2% in SU

5. The carbonatic component displays here a weak positive trend.

XRF. The relationships between elemental trends are expressed using

Pearson's correlation coefficient and presented as a correlation matrix (Table 2.2).
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These comparisons reveal the presence of two main and opposite patterns,
exemplified in Fig. 2.4 by the curves of Calcium (Ca/tcps) and Titanium (Ti/tcps).
The behavior of Calcium closely retraces the LOI-derived carbonate curve, displaying
a relative stability through SU 2 and SU 3, followed by a sharp drop at the transition
between SU 3 and SU 4. These trends are broadly shared by Strontium, as suggested
by a (weak) positive correlation between the two curves (r = 0.33, p < 0.05, Table
2.2). Titanium is a rather immobile element with low participation in biological
activities, and therefore often used as a detrital input indicator. The Ti curve presents
a solid neutral trend along SU 2 and SU3, rising then sharply at the transition into SU
4. This visible increase at the transition into SU 4 defines the negative correlation with
Ca (r =-0.9, p < 0.001). The behavior of Ti is shared by other elements connected
with detrital input (Rb and Zr; correlation with Ti: r = 0.94, 0.95 respectively; p <
0,001. Correlation of these elements with Ca: -0.8, -0.83 respectively; p < 0.001). The
correlation between Ca and Sr is explainable by their chemical affinity. Sr can
substitute Ca in the deposition of carbonates, specifically playing an important role in

the formation of aragonite crystals (Sunagawa et al., 2007).

Table 2.2 Correlation matrix (Pearson's correlation
coefficient) for CAV'4 elemental data (XRE analysis). P-

values for each elemental pair are reported in brackets.

Ca Sr Rb Ti
0.33
Sr
(<0.05)
-0.8 0.17
Rb
(<0.001) (0.1)
-0.9 0.01 0.94
Ti
(<0.001) (0.9) (<0.001)
5 -0.83 0.14 0.99 0.95
r
(<0.001) 0.2 (<0.001) | (<0.001)

Changes in Ca:Sr have been previously used to infer variations in biogenic carbonates
vs. detrital carbonate deposition (Hodell et al., 2008) relying on the assumptions that
biogenic carbonates precipitate mostly in the form of aragonite (Brown et al., 1992).
Yet, in core CAV 4 the substantial drop in Ca presence appears to be primarily driven
by a sudden change in lithology (transition from Carbonates to detritus gyttja, SU 3
to SU 4). The Ca:Sr curve distinctively retraces the Ca trajectory, suggesting that it
might be heavily affected by the same lithological change.
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Figure 2.4. Results of the geochemical and isotope analysis conducted on core

CAl 4.
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The value of this elemental ratio as an indicator of biogenic vs. detrital carbonates in
this context remains therefore dubious. The Rb:Zr and Rb:Sr curves show
comparable behaviors: a rather neutral trend between ca. 146 and 85 cm, a sharp
increase between ca. 85 and 75 cm and a return to a neutral or mildly positive trend
after ca. 75 cm. Rb tends to substitutes K in mineral lattices and is primarily linked to
easily-weathered phyllosilicates. Zr is a common component of coarse, more
weathering-resilient silt and sand. An increase in Rb:Zr has been therefore linked to
a higher influx of fine-grained mineral particles (clay/fine silt; Berntsson et al., 2015).
Beside biogenic carbonates, Sr is also found in weathering-resistant magmatic and
metamorphic rocks (e.g. plagioclase). In CAV4, Rb:Sr and Rb:Zr show a strong
correlation, with r = 0.95 (p < 0.001), ultimately supporting the notion that both

curves might be tracking the same signal.

Carbon-nitrogen ratio. The elemental ratio between Carbon and Nitrogen
isotopes has been used as an indicator to trace sources of organic matter in lake
sediments (e.g. Kaushal and Binford, 1999; Thevenon et al., 2012). In these contexts,
organic carbon is regarded as deriving primarily from terrestrial sources, as cellulose
and lignin are Nitrogen-poor, while an enrichment in Nitrogen would point towards
a stronger algal contribution (Talbot, 2001). For reference, nonvascular lacustrine
vegetation yields C:N ratios between 4 and 10, while the value for humus lies in the
10-20 range and terrestrial vascular plant reach values well above 20 (Hékanson and
Jansson, 1983; Meyers and Ishiwatari, 1993). Yet macrophytic vegetation is enriched
in Carbon and can display C:N ratios >10 (Cloern et al., 2002; Hunter, 1976; Wang et
al., 2015). Fluctuations of C:N ratios in sediment samples might then depend on a
series of factors, including erosion rates within the watershed (contribution of
mobilized terrestrial biomass) and lake level changes (varying distance of near-shore
aquatic vegetation from the coring point). Both mechanisms are potentially important
in small basins such as Bande di Cavriana. Concerning the CAV4 record, C:N values
below ~125 c¢m are characterized by large fluctuations between consecutive samples,
with values moving between ~13 and 24. More stable trends are visible between ~125
and ~90 cm. Notably, C:N values rise steadily from ~17.5 to ~26 between 121 and
112 cm, declining then down to ~22 between 112 and 97 cm. Wide fluctuations occur
once again between ~91 and ~77 cm. The highest (~27) and lowest (~8) values occur
in this section and belong to adjacent samples (85 and 83 cm respectively). A generally
positive trend characterizes the samples above 77 cm, with values going from ~10 to
~22.
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Stable oxygen and carbon isotopes. Stable isotope data are continuous
across SU 2 and 3. In SU 4, only level 77 cm contained well preserved 1. piscinalis
shells. Intact specimens were also recovered and analyzed from level 55.5 cm in SU
5. The results from SU 4 and 5 are included in Fig. 2.4 for completeness but will not
be commented further. The XRD analysis of bulk samples resulted in pure aragonite,
suggesting that no recrystallization process interfered with the original isotopic signal.
The 880 curve exhibits a major positive shift between 131 and 127 cm, transitioning
seamlessly from ~-5.1%o to ~ -2.2%0 within the space of three consecutive samples.
After 127 cm, it appears to be dominated by a predominantly negative trend until 105
cm (~-0.3%o), interrupted by a positive spike at 113 cm (~-2.3%o). The 613C curve
appears to display a more erratic behavior. The overall correlation between 6180 and
313C is quite low (r = 0.2, p > 0.05). Yet a section characterized by a closer agreement
is visible between the bottom of the sequence and ~107 cm (r = 0.53, p < 0.05),
where both curves share prominent episodes of enrichment and depletion.
Particularly notable for 8'3C too is the 131-127 cm interval already noted above, where
values shifts from ~-6.3%o0 to ~ -1.7%o0. On the overall, 56180 values in SU 2, 3 and 4
lie between ~ -6.8%oand ~-2.2%o0 (mean: ~-4.1 £ 1), while 613C is between ~ -6.3%o
and ~-1%o (mean: ~-3.9 = 1.4). Stable Isotope values for the southern Lake Garda
area have been previously investigated by Baroni et al. (2006) using 1. piscinalis shells
too. The authors determined also that local meteoric precipitation is the main source
of water for Lake Frassino and Lake Castellaro (~9 km NE and ~4 km E of Bande
di Cavriana respectively, Fig. 2.1). We assume this statement to hold true for Bande
di Cavriana as well, since the site lies in the same geological context and appears to be
lacking inlets or outlets beside its artificial drainage channel. The 380 and 6!3C values
recorded along core CAV4 are in line with the Holocene data from Lake Frassino
(Baroni et al., 2006). We avoid any precise comparison between the two sequences
given the potential uncertainties in the Lake Frassino age-depth model (i.e. dating

primarily based on bulk sediment samples).

Pollen record

The results of the palynological analysis conducted on core CAV4 are shown
in Fig. 2.5. Pollen data are introduced before the chronological assessment of the
sequence, since a description of the pollen flora is necessary to contextualize the

construction of the CAV4 age-depth model.
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The five Pollen Assemblage Zones (PAZ) identified through cluster analysis are
defined as follows:

PAZ CV-1 (144-118 cm) is dominated by Corylus, deciduous Quercus and Alnus
Zlutinosa-type, whose pollen grains represent between ~75 and ~85% of the pollen
sum. Peak values of ~50% are recorded for Corylus at the bottom of the zone,
followed by a steady decline resulting in a 20% loss. The negative trend of Corylus is
matched by an increase in deciduous Quercus, while the remaining taxa appear to be
uninfluenced by these dynamics. Herbaceous taxa constitute only ~2-4% of the
pollen sum. Primary anthropogenic indicators (e.g. Cerealia, Orlaya grandiflora) are
absent or limited to isolated pollen grains.

PAZ CV-2 (118-90 cm) shows a composition initially comparable to the previous
PAZ. Deciduous Quercus is the most abundant taxon, with values ranging from 30%
to 40%. Corylus (range: ~18-24%) is few percentage points above A/nus glutinosa-type
(range: 13-20%). The presence of herbaceous taxa peaks at ~6%, while the sum of all
anthropogenic indicators does not reach 0.5% of the pollen sum. The steady positive
trend of Carpinus betulus, raising from ~3% to ~18%, is the main event differentiating
this zone from CV-1. The expansion of this taxon sees a contemporary decrease in
the abundance of Aluus glutinosa-type, Poaceae and, subsequently, deciduous Quercus
and Corylus.

PAZ CV-3a (90-83 cm) is characterized by the highest abundance of arboreal species
registered in the pollen diagram. Both Aluus glutinosa-type and Carpinus betulus reach
their peak values in this zone (~35% and 23% respectively), bringing the total arboreal
pollen to a maximum of ~82%. With the addition of shrub pollen (range: ~15-18%.
Primarily Corylus), non-herbaceous taxa reach a maximum of ~97%.

PAZ CV-3b (83-79 cm) shares the same composition of CV-3a in terms of broad
distribution of main taxa and total arboreal pollen abundance. The distinction of CV-
3b as a separate zone is justified by the beginning of a continuous curve for different
non-arboreal taxa (e.g. Chenopodiaceae, Anthemis-type, Cichorioideae, Centanrea nigra-
type, Cerealia, Orlaya grandiflora) formerly absent from the pollen record or present
only as scattered finds.

PAZ CV-4a (79-73 cm) differentiates itself from all previous zones because of a sharp
positive trend of several non-arboreal taxa. As an example, the presence of Aster-type
rises from an average value of ~0.5% in PAZs CV-3a + CV-3b to ~4.5% in CV-4a.
Cichorioideae rise from <0.5% to ~1%. Dipsacaceae go from <0.5% to ~4%.
Poaceae rise from ~2% to ~11%. Centanrea nigra-type goes from <0.1% to ~1.5%.

Cerealia-type goes from <0.5% to ~2%. Orlaya grandiflora rises from <0.1% to ~2%.
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Ranunculus acris-type goes from <0.5% to ~3%. Pollen belonging to upland
herbaceous taxa increases from ~5% to ~35%. A visible rise is registered also for
Hedera (from ~0.5% to ~2.5%) and 1/7#s (from~0.5% to ~2%). The expansion of
these taxa occurs mostly at the expenses of deciduous Quercus (from ca. 20% to ca.
9%) and Carpinus betulus (from ~18% to ~11%).

PAZ CV-4b (73-62 cm) maintains a strong herbaceous presence, but is marked by a
partial recovery of deciduous Quercus (~7% increase) and by peak values of Pinus
sylvestris/ mugo (maximum value: ~7%). Noticeable is the presence of few [uglans pollen

grains.

Chronological assessment

The sediment samples collected from Bande di Cavriana proved to be
invariably poor of terrestrial material suitable for radiocarbon dating. For this reason,
our interpretation of the chronology of the basin relies on multiple dates collected
from different cores. Visual aids to identify the position of each dating are presented
in Figs. 2.3 and 2.6. The bottom of the studied sequence (~146.5 cm, deepest XRF
sample) is dated to approx. 7150 years cal. BP, falling therefore within the Early
Neolithic period (Starnini et al., 2018). Due to visible stratigraphic similarities between
cores CAV4 and CAV12 (Fig. 2.3), we opted to incorporate dating Poz-76077
(CAV12) into the age-depth model of core CAV4. The thickness of SU 3, equivalent
between the two cores, was used as a main reference point to correlate the two levels.
The depth of dating Poz-76077 along CAV12 (90-95 cm) would then correspond to
ca. 96-101 cm along CAV4 (the discrepancy between the two depths depends
predominantly on the topsoil, which is thicker in CAV 4). Poz-76077 inserts itself
seamlessly in the modeled trajectory between KIA 51883 and KIA 50432 (Fig. 2.6),
suggesting that at the very least its inclusion is not detrimental for the overall model
quality. The visible lithological change that constitutes the transition from SU 3 to SU
4, accompanied by an equally important shift in palynological composition, provides
an additional reference point to date core CAV4. Comparable transitions from
lacustrine carbonates to fine detritus gyttja, associated with a sharp increase in
anthropogenic pollen, have been identified in the nearby basins of Lavagnone,
Lucone and Castellaro Lagusello (Arpenti et al., 2007; Badino et al., 2011; Dal Corso,
2018; de Marinis et al., 2005; Perego et al., 2011. See location in Fig. 2.1). These
lithological and palynological evidences are unambiguously associated with the
establishment of a Bronze Age pile dwelling in the immediate vicinity of the coring

locations.
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Consistently with these interpretations, we infer that the boundary between SU 3 and
SU 4, corresponding to the limit between PAZ CV-3b and CV-4a, represents the
establishment of the Bande di Cavriana pile dwelling. The correspondence between
these sedimentary and palynological events and the establishment of the settlement is
supported by additional radiocarbon and dendrochronological datings available for
this site. Dating Poz-75792, collected along core CAV11 at the top of SU 3, returned
a median date of ~4050 years cal. BP, while the lower boundary of SU 4 in core CAV
15 produced a median date of ~3980 years cal. BP (Poz-75791). These age ranges are
consistent with the earliest available dendrochonological age for Bande di Cavriana,
which returned a felling date of 3955 * 10 years cal. BP (Martinelli, 2007). This
dendrochronological date is included in the CAV 4 age-depth model at the base of
SU 4. The dating of SU 4 was initially attempted via two oak charcoal fragments
extracted from core CAV4 (KIA 50277 and KIA 50276). Both samples resulted in
median ages (4330 and 4240 years cal. BP respectively) considerably older than both
the establishment of the pile dwelling (3955 £ 10 years cal. BP; Martinelli, 2007) and
the estimated local onset of the Bronze Age (ca. 4150 years cal. BP; de Marinis, 1999),

initially suggesting a pronounced old-wood effect.

Table 2.3. Limits of CAV4 pollen zones.

PAZ Depth (cm) | Age (years cal. BP)
CV-4b 73-62 ~3900-3800
CV-4a 79-73 ~3960-3900
CV-3b 83-79 ~4130-3960
CV-3a 90-83 ~4450-4130
CV-2 118-90 ~5700-4450
CV-1 144-118 ~7000-5700

With the specific intention to verify these results, additional datings were performed
on leftover terrestrial material from core CAV4 (Poz-75790, Poz-75788 and Poz-
09225). Sample Poz-75790 was entirely composed of Caryophyllaceae seeds. Sample
Poz-69225 was predominantly composed of Caryophyllaceae seeds plus a single seed
tragment (<1 mg) of cf. Solanum nigrum. Caryophyllaceae seeds accounted for over
half the weight of sample Poz-75788 too, with the remaining portion constituted by
a single Setaria pumila seed and by an unidentifiable charred spikelet fragment. Both
samples Poz-75790 and Poz-69225 resulted to be of modern origin. The age of Poz-
75788 can be likely attributed to a mixture of modern Caryophyllaceae seeds and older
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material. Consequently, we regard these Caryophyllaceae seed as modern
contaminants. The vectors that led to their presence in core CAV4 remains to be

ascertained, although a link to the bioturbation observed in the core cannot be

excluded.
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Figure 2.6. Age-depth model for core CAV" 4. Dating numbers refer to their position in
Table 2.1. Datings 1-3-8 in Table 2.1 are considered affected by modern contaminations and
are not included in the model or in this figure. Graph created with Oxcal v4.3 (see section
“Chronological assessment”). Image editing (addition of lithology, dating identifiers, improved
legibility) carried out with Inkscape 0.91 (inkscape.org).

Still, it should be noted that the composition of any pollen sample along the core
remains consistent with pre-iron age plant assemblages. A possible exception is
constituted by few Juglans pollen grains identified in SU 4, since the introduction of

this taxon in the Po Plain can be ascribed to the Iron Age (Ravazzi et al., 2013).
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Nonetheless, sparse Juglans grains have also been documented within the Bronze Age
levels of Castellaro Lagusello (Dal Corso, 2018), and linked to long-distance transport.
Easily identifiable taxa that expanded in the area after the Iron Age (such as Castanea
or Secale; Ravazzi et al., 2013), or in more recent times (such as Amwbrosia ot Zea mayys)
were not detected during pollen analysis. While their absence does not constitute a
definitive proof, it appears to reinforce the attribution of SU 4/PAZ CV-4 to a period
ranging from the Early Bronze Age to the Iron Age. The similarities between CAV4
and multiple independent records (e.g. comparisons discussed in section
“Discussion”) support this conclusion. Furthermore, following the emergence of
potentially inaccurate datings (Meadows et al., 2015), the Leibniz laboratory in Kiel
offered to test a second time charcoal samples from SU 4/PAZ CV-4. The results of
the new datings (KIA 51881, KIA 51882, and KIA 51883) are in line with the pollen-
inferred chronology for this core section (Table 2.1; Fig. 2.6). Following the age-depth
model presented in Fig. 2.6, the chronological limits of the CAV4 pollen zones are
reported in Table 2.3.

Temperature reconstructions

The temperature curve is provided with the intention to synthesize multiple
pollen curves into a single palacoenvironmental indicator, thus easing comparisons
with other proxies. After applying h-block cross-validation, the model retained a
satisfactory predictive power (12 = 0.62 and RMSEP = 3.4 °C, with a standard
deviation of the training set = 5.5 °C). The resulting Tan curve (Fig. 2.7) shows a
dominant positive slope between the bottom of the sequence and 116 cm, followed

then by a negative trend.

DISCUSSION
Notable climatic events

The palacoenvironmental analysis available for core CAV4 provide multiple
perspectives on the mechanisms that influenced sediment deposition at Bande di
Cavriana. The combined interpretation of multiple proxies reveals different
combinations of seemingly contrasting patterns, likely emerging from the ambiguity
of some signal sources (e.g. reactions to cold and/or wet shifts). A few selected
scenarios are described below and highlighted in Fig. 2.7. Between approx. 6300 and
6100 years cal. BP (Fig. 2.7, @) all proxies appear to display a convincing level of
agreement towards a warmer/dtier episode, possibly preceded by a cold/wet

downturn. This interpretation is inferred from the XRF-based Rb:Sr and Rb:Zr ratios
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as indicators for erosion (decreasing values = less precipitations), and a matching 5180
and 8"3C enrichment which suggests a transition towards warmer conditions that
enhanced lake productivity. A more than 5 point increase in C:N goes in the same
direction, pointing towards lower lake levels and an expansion of peri-littoral
terrestrial vegetation towards the coring location. In contrast, the situation between
~5700 and 5430 years cal. BP (Fig. 2.7, ‘b’) reveals an apparent contradiction between
the Rb:Sr and Rb:Zr data, which point towards higher erosion, and the peak in & 180
values, which would suggest a warmer/drier climate. Maintaining that Rb:Zr and
Rb:St represent changes in erosion/precipitation, it is possible that the sharp 8180
enrichment visible here is specifically a product of higher temperatures rather than a
decrease in precipitation. An increase in 8180 associated with co-varying 613C might
in fact results from a higher proportion of summer precipitation, which is richer in
3180 relative to winter values, and would point to a longer summer period
(Drummond et al.,, 1995). Consistently, the generally positive trend of 312C values
denotes conditions favorable for lake productivity. A peak in the pollen based
temperature curve appears to support this general interpretation. Within this time
window, C:N reaches one of the highest values in the whole sequence, suggesting that
the overall lake level was negatively affected by a prevailing evaporation
(terrestrialization of lake shores) and/or that the growing erosion led to a higher input
in terrestrial matter. It should also be noted that human pressure too can act as an
independent driver behind changes in Rb:Zr and Rb:Sr. Yet, given the near absence
of anthropogenic indicators, a large-scale human impact on erosion rates appears
currently unlikely (see section “Land cover changes” for further considerations). The
warmer and wetter ~5700-5430 years cal. BP interval is then followed by a
diametrically opposite situation (~5430-5100 years cal. BP; Fig. 2.7, ‘¢’). A decrease in
precipitation, inferred from the Rb:Sr and Rb:Zr trends, is matched by the most
prominent 880 drop in the whole sequence, which loses almost 4%o in the span of
tew samples. Colder conditions are also supported by declining pollen-based
temperature values. In this context, a negative C:N trend could be a product of
diminishing erosion over time, reflecting a lower input of terrestrial matter rather than
a higher lake productivity. Around 5100-5200 years cal. BP, the joint behavior of 5180
and 613C curves ends. As noted for the ~5700 and 5430 years cal. BP interval, co-
variance between 6180 and 8'3C values might result from changes in the length of the

summer period or proportion of summer precipitations (Drummond et al., 1995).
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Figure 2.7. Palacoenvironmental proxies for core CAV'4 plotted according to sample ages.
Tnn s expressed as deviation from the mean value of the sequence. Rb:Sr and Rb:Zr have been
LOESS smoothed for ease of interpretation (smooth factor = 0.15). The shaded area
enveloping the -score curve delimits the 95% confidence interval of the regression. Black arroiws,
red circles and red squares are meant to highlight possible similarities between major trend

changes in the combined 3-scores curve and other proxies.
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Their distinctively opposite behavior within the 5100-4700 years cal. BP section of
the core (Fig. 2.7, ‘d) could then suggest a marked change in seasonal
temperature/precipitation patterns. These few examples are meant to illustrate how a
single proxy curve might respond to different drivers of change through time. Such a
detailed interpretation is undoubtedly desirable, and represents an attempt to capture
the complexity inherent to ecological systems. Yet, since any combination of trends
could be attributed to a seemingly reasonable narrative, the risk of over-interpretation
increases proportionally to the number of “climatic events” identified in a given
sequence. In an attempt to mitigate this risk, we opted to focus on broader climate
trends shared among different proxies. All (unsmoothed) curves from CAV4
presented in Fig. 2.7 were converted to z-scores in such way that growing values
correspond to warmer/drier/less erosive conditions. Conversely, decreasing z-scores
correspond to colder/wetter/more erosive ones. The z-scores of all proxies wete then
combined and LOESS smoothed (smooth factor = 0.2). This approach is meant to
highlight any situation where stable isotopes, XRF and pollen-based curves generally
agree towards one of two possible simple trajectories: warm/dry vs. cold/wet. The
resulting curve is then compared against independent reconstructions from sites
between the southern Alpine area and central Italy. Data from Lake Ledro, Lake
Accesa (Magny et al., 2013) and the stacked southern-Alpine flood record (Wirth et
al., 2013) are presented in Fig. 2.7. The southern-Alpine synthesis includes the Lake
Ledro data too, yet the flood curve from Ledro is also presented separately due to its
relative geographical proximity to Bande di Cavriana (Fig. 2.1). The combined CAV4
z-scores curve presents a few notable features. The first one is represented by a
dynamic change in trajectories between ~6500 and 6000 years cal. BP. Here, the initial
cold/wet trend is interrupted by a marked shift in the opposite direction (~6300-6100
years cal. BP). As noted above (example 'a'; Fig. 2.7), this change results from all
proxies transitioning towards a warm and dry trajectory. A similar and approximately
contemporaneous shift into drier conditions is arguably visible at Lake Accesa, where
the lowermost limits of the reconstructed lake levels drops by more than 1m after
~6400 years cal. BP (Fig. 2.7, red circle). A comparably clear drop is not visible in the
Ledro lake level curve (Fig. 2.7), yet the Ledro flood record shows an intriguingly
similar shift into more arid conditions ~500 years later (Fig. 2.7, red circle). A major
trend change occurs at the same time within the S-Alpine flood record too. Any
correspondence between these transitions is currently just presented as a noteworthy
similarity. Even ignoring local hydrological differences, assuming that all these events

are depicting the same warm/arid shift would still imply a fundamental disagreement
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between age-depth models. In this regard, it is certainly true that the dating of SU 2
would benefit from additional chronological constraints. The same time interval al
Lake Accesa appears to be dated more reliably, although its age-depth model is partly
built upon radiocarbon datings from bulk sediment. A second notable feature of the
z-scores curve is represented by a sequence of events similar to the ~6500-6000 years
cal. BP situation. A mild negative trend dominates the curve after ~5500 years cal.
BP, dropping more sharply after ~4800 years cal. BP. This decidedly cold/wet drop
is then interrupted between 4600 and 4300 years cal. BP by a temporary shift to more
warm/arid conditions. After ~4300 years cal. BP, the rapid cold/wet trajectory
resumes, lasting until the end of the sequence. This pattern, arguably resulting mostly
from the strong gradients in the XRF proxies, can be partly retraced in the other
reconstructions too. The warm/dry shift is recorded in the Ledro flood record and
possibly in the more noisy S-Alpine flood synthesis. It is absent from the lake level
curves of Ledro and Accesa, yet all these reconstructions invariably agree towards a
sharp cold/wet downturn after 4400-4300 years cal. BP. These pronounced cold/wet
trends have been linked to a more southerly position of the of the circum-North
Atlantic circulation system. In this context, the negative NAO (North Atlantic
Oscillation) would have caused strong winds and moisture to enter the Mediterranean
Sea, leading to an increase in precipitation frequency in Northern/Central Italy
(Magny et al., 2013; Wirth et al., 2013).

Of particular interest is the 4600-4300 years cal. BP warm/arid shift. Very tentatively,
and taking into account dating uncertainties, this event might be ascribed to a local
expression of the rather elusive ‘4.2ka’ arid event (Bini et al., 2019). Beside the flood
record of Ledro, a comparable drier period is documented in the isotopic record of
Corchia cave (4500-4100 years cal. BP. Location shown in Fig. 2.1) likely in
connection with a short-lived more positive NAO (Isola et al., 2019).

Land cover changes

Pre-Bronze Age woodland dynamics: the expansion of Carpinus
betulus. Together with the extinction of Abies (Wick and Méhl, 2000), the expansion
of Carpinus betulus is probably the most notable vegetational event to occur along the
southern Alpine foothills during the late mid-Holocene (Ravazzi and Pini, 2013). At
Bande di Cavriana, the rise of this taxon (C. betulus sensu Beug, 2004) begins between
pollen zones CV-1 and CV-2, approximately from 5700 years cal. BP (Fig. 2.5). The
same long-tailed rise is visible at Lucone, Lavagnone and Castellaro Lagusello,

although a precise comparison is hindered by chronological uncertainties. C. betulus
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expanded in northern Italy from the Venetian Plain (Magri et al., 2015), arguably
following a slow migration from its glacial refugia in the Balkans (Grivet and Petit,
2003). Expanding into dense-canopy forests should in theory not constitute an
obstacle for this species, which tolerates full sunlight as well as strongly shaded
environments (San-Miguel-Ayanz et al., 2016). Its superior height would probably put
it in an advantaged position against Corylus, which could explain the apparent
competition between these two taxa in the CAV4 diagram. The suppression of Corylus
populations has been noted also in connection with Fagus expansion (Gardner and
Willis, 1999). While the latter is not abundant in the study area, this observation is in
line with the CAV4 data, supporting the sensitivity of Corylus toward a growing
presence of taller species with shade-tolerant saplings. The damaging capabilities of
C. betulus have been recently observed in Bialowieza forest (Poland), where the 20t
century invasion of this species is connected with lower light levels on the forest
ground and with a decline in biodiversity (Kwiatkowska and Wyszomirski, 1988). Yet
the expansion of C. betulus during the Holocene was evidently slower when compared
to other tree species. This delay might stem from multiple factors. C. betulus seeds are
primarily wind disseminated, with a reported dispersal distance <150 m (Coart et al.,
2005). Conversely, seeds of Quercus and Corylus are dispersed by animals, thus
improving both germination chances (Kollmann and Schill, 1996) and potential
dispersal range. In the case of C. betulus, aggravating factors might also include a long
stratification time (up to 1 year; Savill, 2013), relatively low seed viability (~45%
germination rates; Savill, 2013), and reported difficulties to germinate in oak-leaf litter
(Kwiatkowska et al., 1997). For comparison, outdoor tests showed that >80% of
Corylus nuts sown in autumn germinated during the following spring (Pipinis et al.,
2018). Being a strong resprouter, C. betulus can withstand severe coppicing and
pollarding (San-Miguel-Ayanz et al., 2016), and might be favored by fire activity
against less reactive taxa (Kaltenrieder et al., 2010). These regenerative capabilities
arguably promoted its expansion in connection with anthropogenic disturbance
(Kister, 1997). A marked increase in C. betulus percentages occurs in the Lake Garda
area after ~5350 years cal. BP, during the Copper Age (Ravazzi and Pini, 2013). At
Bande di Cavriana, this phenomenon is visible after ~5100 years cal. BP (Fig. 2.5).
Ravazzi and Pini (2013) suggest a connection between rising C. betulus percentages
and the introduction of metal axes. Copper axes are documented in the regional
archaeological record from approximately the second half of the 6th millennium BP
(e.g. Artioli et al., 2017). An earlier availability of polished stone axes is attested too.

Within the southern Lake Garda area, typological comparisons place the earliest stone

44



axe finds between early/middle (Lo Vetro, 2014) and middle/late Neolithic (de
Marinis, 2000), ie. roughly between mid-8th and 6th millennium BP. The
performances of comparable stone tools have been tested experimentally, supporting
their effectiveness in felling trees (Lunardi, 2008). If the increase of C. betulus is linked
to human activities, it might then be less dependent on the available technology and
more on the adoption of new woodland exploitation strategies. Neolithic settlements
were certainly active in the area before the transition into the Bronze Age (e.g. most
notably the settlement of Tosina, ~7.5 km East of Bande di Cavriana, Poggiani Keller,
2014). Yet, the archaeological evidences during this period remain generally diluted
both in space and in time. On-site pollen analysis reveal typical high levels of
herbaceous and anthropogenic taxa (Zanon, 2014), but far from major settlements
almost no palynological traces of human activities are visible (e.g. pollen zones CV-1,
CV-2, CV-3a within this study; Zanon, 2010). These differences may be at least in
part caused by inadequate sampling resolutions, but they nonetheless appear to
exclude widespread and long lasting anthropic disturbance on the landscape. Whether
the region-wide expansion of C. betulus is to be attributed to scattered
Neolithic/Copper age human groups ot not, it remains to be ascertained. As noted
in section “Notable climatic events”, SU 2 encompasses a series of potentially diverse
temperature/precipitation patterns. If C. betulus dynamics are linked to these vatiable
climatic trends, it is unclear which mechanisms consistently promoted this taxon
against other thermophilous/mesophilous taxa. An additional explanation for the
Copper Age rise of C. betulus is suggested by the recent ‘Carpinus invasion’ recorded
at Bialowieza (Kwiatkowska et al., 1997). In this context, a reduction in the population
of browsers (red deer), and the reintroduction of grazers (European bison) possibly
led to a lower control in the density of C. betulus saplings. A similar situation might be
applicable to the Cavriana region. The Neolithic and following periods are associated
with a growing importance of herding activities (i.e. grazing fauna) and a lower
reliance on hunting (Bona, 2014). This pattern might speculatively depend on a
preference for a more stable meat supply, but could also suggest a decreasing game
density in human populated areas. The rise in C. betulus could then depend on a
gradually lower presence of wild browsers over a long time period, accompanied by
the rising importance of domestic grazers. This situation could have been furtherly
tilted in C. betulus' favor by the relatively lower nutritional value of its leaves compared
to those of other local species (Hejcmanova et al., 2014). In addition, a higher grazing
pressure might have also promoted the germination of C. befulus seeds by reducing

herb and litter cover (Kwiatkowska et al., 1997).
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Figure 2.8. Selected pollen curves and erosion indicators from core CAV'4 around the Copper Age-
Bronze Age transition. Rb:Sr and Rb:Zr have been L.OESS smoothed (red curves) for ease of
interpretation (smooth factor = 0.15).

Transition into the Bronze Age. The transition between Copper and
Bronze age is a fluid phenomenon, whose limit is conventionally set at 4150 years cal.
BP (Baioni et al, 2015; de Marinis, 1999). Beside the development of bronze
metallurgy, this phenomenon is prominently marked by a shift in settlement strategies.
Neolithic and Copper Age evidences in the Garda Lake area are mostly dominated by
scattered finds (de Marinis, 2000; particularly notable is the funerary complex of
Manerba del Garda, e.g. Barfield et al., 2010), possibly ascribed to relatively short-
lived dwelling phases. In contrast with this pattern, nearly 50 Bronze Age settlements
have been described in the area, with the majority of them (as is the case for Bande
di Cavriana) located along water bodies (de Marinis, 2010). As mentioned in section
“Chronological assessment”, the colonization of lakes and wetlands is associated with
a distinct impact on stratigraphic and pollen profiles. The increase in anthropogenic
indicators and herbaceous taxa likely reflects landscape exploitation in the vicinities
of the settlement (e.g. areas dedicated to crops and pastures). The decline in arboreal
pollen is commonly interpreted as the result of widespread deforestation events (e.g.
Badino et al., 2011). Forest resources were clearly employed in the construction of
pile dwellings (e.g. more than 200 wooden posts were documented at Lavagnone

within a 90m? excavation, de Marinis, 2000), yet it is currently not clear if logging for
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timber and fuel exceeded forest regeneration rates. The use of alternatives to wood,
such as dung employed as a fuel source (e.g. Miller, 1984), has currently been excluded
given the available data (Perego, 2015). Notably, the beginning of an uninterrupted
Cerealia-type curve in core CAV4 begins approximately after 4100 years cal. BP (Fig.
2.8), which is compatible with the conventional date for the Bronze Age onset in the
area. Between this date and the establishment of the Bande di Cavriana pile dwelling,
anthropogenic species are continuously present even though with low values, possibly
hinting at a stable human presence outside of the study site. For reference, severe
anthropic disturbance begins ~4200 years cal. BP in the Lavagnone sequence (lower
limit of pollen zone LVG21, Perego, 2015), and ~4100 years cal. BP at Castellaro
Lagusello (lower limit of zone CL11.5, Dal Corso, 2018). A shift towards higher
erosion (rising Rb:Sr and Rb:Zr values) occurs after ~4300 years cal. BP, before the
beginning of the Bronze Age (Fig. 2.8). In the “Notable climatic events” section, we
interpreted this shift as a transition into cooler/wetter conditions. Human
exploitation of the landscape can affect erosion rates too, and should be regarded as
a potential driver behind Rb:Sr and Rb:Zr trends. In this specific context, the sparse
archaeological record and lack of anthropogenic indicators before the Bronze Age, as
well as comparable wet shifts seen in independent proxies (Fig. 2.7), appear to support
a climate-oriented interpretation. Ultimately, the reasons that led Bronze Age dwellers
to prefer lakeside locations remain inscrutable. Yet, the CAV4 sequence supports the
hypothesis that the widespread adoption of pile-dwelling settlement strategies in the
Garda Lake area occurred under a changing climate. Perego (2015) reports on the
presence of dung pellets in dwelling layers from Lucone and Lavagnone, pointing out
how their presence could enrich the pollen load of the surrounding sediment with
both arboreal and non-arboreal pollen. Similarly, at least part of the Cerealia-type
pollen could derive from on-site processing activities. A high amount of pollen
remains in fact trapped in the glumes and may be dispersed during, for example,
threshing and winnowing (Bower, 1992). Pollen data collected near dwelling layers
should then be interpreted with due caution, since a potentially significant part of
their pollen load could be independent from ‘natural’ atmospheric deposition. In this
regard, we limit our discussion of the Bronze Age CAV 4 section to few notes on
Orlaya grandiflora. This xerophytic taxon thrives on dry meadows and before the
Bronze Age was likely relegated to marginal niches. Consequently, its rising
percentages possibly suggest increasing topsoil depletion and the subsequent
expansion of well-drained areas with exposed coarse glacial deposits (Perego et al.,

2011). In the pollen record of Bande di Cavriana, the initial establishment of a
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continuous Orlaya curve with values generally <1% is followed by a noticeable rise
towards higher percentages. The same pattern is visible at the sites of Lavagnone and
Castellaro Lagusello. This marked percentage increase occurs ~4000 years cal. BP at
Castellaro Lagusello (within pollen zone CL11.5, Dal Corso, 2018), ~3900 years cal.
BP at Bande di Cavriana (Fig. 2.8) and ~3800 years cal. BP at Lavagnone (lower limit
of pollen zone LVG23, Perego, 2015). Orlaya is present at Lucone with lower
percentages compared to the other sites, and expands only after ~3700 years cal. BP
(pollen zone LD24, Furlanetto, 2013). Taken at face value, these dates appear to
describe a South-East to North-West vector. New data and improved age-depth
models might help to evaluate the solidity of this pattern which, given the zoochorous
dispersal of this species (Perego et al., 2011), could prove useful to test for itinerant

pastoral activities.

CONCLUSIONS

In the present paper we provide a synthesis of multiple environmental proxies from
the site of Bande di Cavriana. Our investigations span the interval between Early
Neolithic and Eatly Bronze Age, approximately between ~7100 and 3800 years cal.
BP. The combined analysis of stable isotopes, XRF and pollen data revealed the
presence of at least three major shifts in temperature/precipitation before the
transition into the Bronze Age. The first one occurs approximately between 6300 and
6100 years cal. BP and marks a long lasting transition into warmer/more arid
conditions. The second shift begins at ~4600 years cal. BP and peaks at ~4300 years
cal. BP. It represents a new short-lived return to warm/arid conditions after a gradual
recovery from the 6300-6100 years cal. BP transition. Arguably, this episode could
represent the local expression of the ‘4.2ka’ event. Future investigations might help
to ascertain if these events represent actual supra-regional patterns or if they reflect
more localized hydrological changes. The third major shift occurs after ~4300 years
cal. BP, when the Bande di Cavriana record shows a marked trajectory towards
colder/wetter conditions. This trend is more consistently recorded in multiple
independent proxies, and suggests that the transition into the Bronze Age
(approximately ~4150 years cal. BP) occurred under a fast changing climate. Caution
must nonetheless be applied when interpreting palacoclimatic indicators, as tracking
human activity before the establishment of the Bronze Age pile-dwellings remains
complicated. Neolithic and Copper Age finds in the study region are present but
relatively diluted, and convincing palynological indicators of widespread, sustained

human disturbance are largely absent before the Bronze Age. Still, our interpretation
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concerning the Copper Age expansion of Carpinus betulus (after ~5100 years cal. BP
at Bande di Cavriana) involves a possible growing importance of herding activities, as
well as new forest exploitation strategies. This connection remains to be tested. If
proven true, it would also prompt a contextual re-interpretation of different
geochemical proxies, since they might variously respond to landscape exploitation as
well as to shifting climate patterns. Currently, given the available evidences, we suggest

a dominant climatic control over local wetland dynamics before the Bronze Age.
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PART II1

POPULATION COLLAPSE AND CLIMATE DYNAMICS AT
THE END OF THE BRONZE AGE

The primary research questions concerning the end of Bronze Age networks
is not so different from the issues just discussed about their initial emergence: did
climate variability play any role in influencing settlement dynamics? The situation
described in Part II applies to Part III as well: given that current archaeological
narratives are primarily based on extra-regional climate proxies, our current
understanding of climate dynamics in the northern Italian lowlands and across the
southern alpine margin would greatly benefit from the inclusion of more localized
climatic reconstructions.
The Bande di Cavriana record, presented in Part II, provides new evidence
concerning unstable climatic conditions at the onset of the Bronze Age. These results
share multiple similarities with independent palacoenvironmental records from
northern and central Italy, confirming that the network of small lakes and wetlands
in the southern Lake Garda area was responding in a measurable way to supra-
regional climatic patterns. Yet this sequence does not extend past the FEarly Bronze
Age and, consequently, does not allow to verify if this local sensitivity persisted
through the Bronze Age collapse. For this reason, a different approach was adopted
in order to investigate human-environment dynamics across the Bronze Age-Iron Age
transition (between ca. 3100 and 2800 years cal. BP; 1150-850 years BC).

Instead of relying on newly produced data, temperature and precipitation patterns
were reconstructed using previously published palynological records from northern
Italy. Raw pollen data was converted into climate parameters using an analogue-based
modeling algorithm already tested across Europe (Mauti et al., 2015), which allowed
to bypass the still-standing lack of geochemistry-based climate proxies. Most notably,
a cooperation with G. Capuzzo (University of Barcelona, Spain, and Université Libre
de Bruxelles, Belgium) allowed to extend the scope of this exercise by coupling the
pollen-based climate curves with population models derived from radiocarbon
datings. The pollen sites involved in the climate reconstructions were specifically
selected due to their proximity to the sites included in the demographic
reconstruction. This requirement allowed to maintain the close connection between
archaeological data and environmental proxies that is regarded as a primary

characteristic of this doctoral project.

59



The results of this multifaceted modeling exercise are published in Capuzzo et al.
(2018), which is reported in its entirety below. The same demographic and climatic
models applied to northern Italy are also extended to different European regions
within the same paper, highlighting not only a wide variety of demographic patterns
within neighboring areas, but also equally diverse combinations of temperature and

precipitation trends.
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ABSTRACT

The reconstruction of past demographic patterns is a fundamental step
towards a better understanding of human-environment relations, especially in terms
of quantifiable anthropic impact and population susceptibility to environmental
changes. The recently developed Summed Calibrated Probability Distributions
(SCPD) approach, based on large collections of archaeological radiocarbon dates,
provides a new tool to obtain continuous prehistoric population curves suitable for
comparison with palacoenvironmental time series. Despite a wide application in
Mesolithic and Neolithic contexts worldwide, the use of the SCPD method remains
rare for post-Neolithic societies. Our aim is to address this visible gap and apply the
SCPD approach to South European archeological contexts between the Bronze Age
and the transition into the Iron Age (1800-800 cal. BC), then evaluating these results
against local archeological narratives and palacoecological data. We first test the
SCPD method at a supra regional scale, ranging from the Ebro to the Danube rivers,
and subsequently in five selected regions within this area. We then compare the
regional population curves to climate data reconstructed from local palynological
records. Our results highlicht the contrast between a stable supra regional
demographic trend and more dynamic regional patterns. We do not observe any
convincing long-term correlations between population and climate, but localized
episodes of demographic stagnation or decline are present in conjunction with

climatic shifts or extremes. Nevertheless, climate change as a triggering factor should

61



be considered with caution, especially in peripheral areas where the archaeological
data is faint, or where local evidence points to contemporaneous, ongoing landscape

overexploitation.

INTRODUCTION

The reconstruction of past population size and density has always been a major
challenge for archaeological research. Early attempts were based on the analysis of
settlement sizes and funerary contexts, leading to the hypothesis that there was a
significant population increase over a large part of Europe during the Late Bronze
Age (Eatle and Kristiansen, 2010; Kristiansen, 2015, 2000). One well-known case
study cites the rise in the number of barrows and an increase in burial wealth at around
1200 BC in Northern Europe, and a visible increase in the number of necropolises in
Poland from 1500-1400 BC (Kristiansen, 2000; Stepniak, 19806). Archaeologists also
observed a peak in the number of lakeside settlements in Switzerland during the same
period (Primas, 1990). The hypothesis that there was a population increase during the
Late Bronze Age (Kristiansen, 2000) was strengthened further by geostatistical
analysis of site densities in the landscape (Zimmermann, 2012; Zimmermann et al.,
2009). Yet, the European Bronze Age was also characterized by episodes of crisis,
leading to the end of some settlement systems and to phases of widespread
depopulation (Kneisel et al., 2012). A major example in our study area is the end of
the lake-dwelling settlement system in the Circum-Alpine region. The pile-dwelling
phenomenon expanded to its maximum during the first phases of the Bronze Age,
covering a wide area ranging from Hastern France to Slovenia (Harding and Fokkens,
2013; Menotti, 2004). An abrupt abandonment phase is then recorded north of the
Alps in partial connection with high lake level stands (1400-1150 BC). Conversely, the
settlement network south of the Alps was relatively stable through most of the Bronze
Age, eventually peaking in population density with the development of the Terramare
culture in the neighboring Po Plain (Bernabo Brea et al., 1997; Cardarelli, 2010). The
southern Alpine pile-dwelling/Terramare culture collapsed around 1150 BC,
probably due to a combination of factors including unsustainable landscape
exploitation and climatic change (Cremaschi et al., 2016, 2006; Dal Corso, 2018). In
recent years, the creation of large databases of radiocarbon dates has enabled the use
of SCPDs to infer relative population dynamics. The number of datable archeological
contexts can be a direct function of human pressure on the landscape (e.g. Hinz et
al.,, 2012). Consequently, frequency fluctuations in a series of SCPDs can be

interpreted as a reflection of past population trends. Archaeologists have given

62



particular attention to the Neolithic period (Collard et al., 2010; Crombé and
Robinson, 2014; Hinz et al., 2012; Isern et al., 2014; Kolaf et al., 2016; Shennan, 2013,
2009; Shennan et al., 2013; Shennan and Edinborough, 2007) using SCPDs to track
population dynamics in connection with the spread of agricultural practices.
However, this methodology has been rarely applied to the so-called ‘metal ages’.
Notable examples for the European Bronze Age appear to be limited to the works of
Armit et al. (2014, 2013), focusing on the reconstruction of Irish population trends in
connection with the Subboreal-Subatlantic transition, and Balsera et al. (2015) on the
demography of prehistoric Iberia from 7000 to 2000 BC.

In the present paper, we use the SCPD method to track human activity from the Ebro
to the Danube Rivers, including the Northeastern Iberian Peninsula, Central and

Southern France, Northern Italy, Switzerland, Austria, and Southern Germany (Fig.
3.1).
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Figure 3.1. Overview of the study area. The black dots show the spatial distribution of the archaeological
sites included in the EUBAR database and used to derive population data (Software: AreGIS10.3).

We focus our reconstructions on 1800-800 BC, broadly covering most of the Bronze
Age and the transition into the Iron Age. This larger area is subsequently divided into
five regions (the Swiss Plateau, the Po Plain, the Massif Central, the Southern French
coast, and the Northeastern Iberian Peninsula, Fig. 3.2) in order to track more specific
trends and inter-regional dynamics. The regional demographic trends are then

compared with semi-quantitative climatic curves reconstructed from local pollen
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archives. We use the Modern Analogue Technique (MAT; Davis et al., 2003; Mauri et
al., 2015) to reconstruct summer temperature and precipitation from different pollen
archives selected in the five regions and their immediate vicinities. The temperature
and precipitation reconstructions for each group of sites within a region are then
combined into two respective LOESS-smoothed curves. The resulting highly
localized synthesis offered by these two climatic parameters allows for a
geographically consistent comparison with the demographic data. The continuous,
semi-quantitative, and localized nature of these reconstructions offer an independent
testing ground for established regional palacoenvironmental narratives based on

combinations of discrete, qualitative, and extra-regional data.

MATERIALS AND METHODS
Demographic reconstructions

Several techniques have been used to estimate the probable size of a human
population based on archaeological data, such as the study of settlement size, house
dimensions, and site catchment areas, as well as the measurement of the rates of
exploitation, consumption, and discard of raw materials and artifacts (Chamberlain,
2009). Similarly, the analysis of funerary contexts and human skeletons has been used
to estimate past population size through the inference of age-specific mortality from
assemblages of human skeletal remains (Katzenberg and Saunders, 2011). A recent
tool developed in this field focuses on the use of summed calibrated probability
distributions (SCPD) of radiocarbon dates from archaeological sites in order to track
trends in human presence. The originality of calibrating 1#C data to infer population
structure (and use the pooled mean of the “dates as data” to do so) comes from K.
Edinborough's 2005 PhD thesis (Edinborough, 2009, 2005). The SCPD method is
based on the reasonable assumption that as the number of people increases, so does
the strength of their archaeological signal. Consequently, changes in the relative
temporal frequency of radiocarbon dated depositional events are interpreted as
reflections of demographic trends.
In the present paper, we adopt the SCPD method to infer past demographic
fluctuations during the Bronze Age and towards the transition into the Iron Age. We
produced the general South European demographic reconstruction by combining
1233 calibrated radiocarbon dates selected from the EUBAR database (Capuzzo et
al., 2014), openly accessible online at http://www.telearchaeology.org/EUBAR and
at https://figshare.com/s/be0d5df7df1fff96f7bb. Subsequently, we composed

separate SCPD curves for each one of the selected regions using subsections of the
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EUBAR dataset. All related analyses have been carried out through the software
OxCal 4.3 (Bronk Ramsey, 2009) using the IntCall3 calibration curve (Reimer et al.,

2013).
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Figure 3.2. Regions investigated in the present study: (a) Swiss Platean; (b) Po Plain; (c) Massif

Central; (d) Southern French coast and North-eastern Iberian Peninsula. The latter two regions are

also jointly referred to as Northwestern Mediterranean’ in the present paper. White dots: sites included
in the regional SCPDs, selected from the EUBAR dataset. Black dots: sites used for climatic
reconstructions (coordinates reported in Table 1). (1) Bibersee; (2) Durchenbergried; (3) Feuenried;
(4) Hornstaad/ Bodensee; (5) Lac de Clair-vanx; (6) Lac du Mont d'Orge; (7) Lac d’Annecy; (8)
Lobsigensee; (9) Montilier; (10) Rotsee; (11) Castellaro Lagusello; (12) For-cello; (13) Lago Piccolo
di Avigliana; (14) La Taphanel; (15) Lac du Mont de Belier; (16) Lastioulles; (17) Peyrelevade;
(18) Tour-biere de Chabannes; (19) Banyoles; (20) Embouchac; (21) Etang d'Onveillan; (22) Pla
de I"Estany; (23) Salada Pequeria.

The SCPD approach has been the target of several criticisms (e.g. Contreras and
Meadows, 2014; Surovell et al., 2009; Surovell and Brantingham, 2007; Williams,
2012). Interpretative and methodological difficulties in the SCPDs can be divided in

three groups: those referring to the systematic bias in the available data, mainly due

to different ranges of preservation and to sampling strategies (Armit et al., 2013;

Torfing, 2015), those linked to the artificial results generated by the graphical methods

of presenting the data (Bronk Ramsey, 2017) and those related to the effect of the
calibration process (Crema et al., 2017; Weninger et al., 2015; Williams, 2012).

Nonetheless, its wide adoption and testing within several archaeological contexts

support its ability to infer past human dynamics (Armit et al., 2014, 2013; Balsera et
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al., 2015; Borrell et al., 2015; Crema et al., 2016; Edinborough et al., 2017; Hinz et al,,
2012; Johnson and Brook, 2011; Peros et al., 2010; Shennan et al., 2013; Tallavaara et
al., 2010; Timpson et al., 2014; Torfing, 2015). In this framework, the EUROEVOL
project led by Stephen Shennan at UCL (http://www.ucl.ac.uk/euroevol) deserves to
be mentioned for its relevant outcomes (Shennan, 2013; Shennan et al., 2013).
Summing a group of estimates that have different probabilities produces a unique
probability density function for a hypothetically defined period, which is the sum of
the individual confidence intervals of the radiocarbon dates. Observed positive trends
in the SCPD may be interpreted as a sign of increasing population, while decreasing
SCPD values would point to demographic declines. Consequently, the steepness of
the slope may indicate the speed of increase or decrease.

In the present paper, we combined radiocarbon dates from the same depositional
event in order to prevent the non-independence of dated events (Barcel6 et al., 2014;
Bogdanovic et al.,, 2014). In so doing, we have followed a pre-analytic “binning”
procedure, instead of the more usual post-analysis “binning” described in recent
contributions (Chaput and Gajewski, 2016; Crema et al., 2017; Downey et al., 2014,
French, 2016; Hinz et al., 2012; Palmisano et al., 2017; Shennan et al., 2013; Timpson
et al.,, 2014). We also adopted a range of pre-screening criteria in order to ensure the
reliability of our analysis. First, only radiocarbon measurements with a standard
deviation of less than 95 years have been taken into account, allowing a reduction in
global uncertainty while at the same time maintaining a reasonable sample size.
Adopting a stricter cutoff for standard deviations (e.g. 40/50 years) would result in a
loss of information, excluding reliable although less precise dates. In this regard, it is
worth quoting Shennan (2013, p.305), who maintains that “(the) key point is that even
though a single date may have a broad calibrated range, the accumulation of the
probability distributions of a large number of dates produces a high degree of
chronological resolution making it possible to trace population fluctuations in
considerable detail”.

Second, we attempted to guarantee an equal representation between sites with only a
tew radiocarbon dates and multi-dated archaeological contexts. Dates from the same
archaeological context and corresponding to the same depositional event (for instance
two bones from the same individual in a grave) were tested following Ward and
Wilson (1978). When the test was positive, the uncalibrated dates were combined
using the tool R_Combine of the program OxCal 4.3, then their pooled mean was
calibrated (Bronk Ramsey, 2009).
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In this way, when summing the radiocarbon estimates resulting from both combined
contexts and mono-dated layers, the precision and the accuracy of the SCPDs
remarkably improve and the representation of archaeological contexts is not altered.
To understand the magnitude of the prescreening criteria adopted in the paper it is
meaningful to observe that, on a sample of 1785 radiocarbon dates which compose
the EUBAR database, only 852 dates from settlements were retained to construct the
SCPD adopted to infer demographic changes at a macro scale. When analyzing the
geographical regions separately, we are limited to datasets of less than 500 dates.
Although this may be a problem when analyzing very long temporal ranges (more
than 5000 years) (Williams, 2012), it is less problematic in shorter temporal ranges -as
the 1000 years here studied- and when data density per year and per square kilometer
are above critical thresholds. See the discussion section for additional considerations
on data density.

On a macroscale, radiocarbon dates from cemeteries and from settlements have been
analyzed separately. However, due to the small amount of data at a regional scale, the
dates from both contexts have been considered jointly. In order to evaluate whether
taphonomic bias may affect the general trend of the temporal series, we followed the
approach of Surovell et al. (2009) and tested our data against a null hypothesis based
on the equation

nr = 5.726442 X 100(¢ + 2176.4) 13925309

where 7has been defined for the interval 1800-800 BC. In Fig. 3.3, the original SCPD
data for the period 1800-800 BC (in black) are plotted against a curve derived from
the null-hypothesis equation 7 (in red), built upon the assumption that post-
depositional bias explains the higher amount of recent *C samples in terms of higher
occurrences of better preserved contexts. The widely different trends of the two
curves suggest that our data are not significantly affected by taphonomic bias.

Since the effects of the calibration curve on radiocarbon estimates can alter the shape
of the SCPD, we produced a simulated SCPD composed of uniformly distributed
radiocarbon dates, under the assumption that the amount of dated archaeological
contexts was the same for each year. The shape of the distribution does not change
whether the amount of data per year is one or more than one. This was done in order
to test a null hypothesis of no relationship between the observed SCPD and the
effects of particular sections of the calibration curve, such as plateaus and calendar
age steps  (Kerr and McCormick, 2014; Weninger et al., 2015; Williams, 2012). A
prominent peak in the simulated SCPD is visible at ca. 800 BC (Fig. 3.4),
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corresponding to a steep calendar-age step between 860 and 700 BC in the calibration
curve. A second peak, of considerably lesser magnitude, is visible at ca. 1420 BC,
matching the calendar-age step in the interval 1500-1380 BC. Beside the area around
800 BC, the simulated SCPD curve maintains a reasonably neutral trend, suggesting

an overall limited influence of the calibration curve on our study time window.
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Figure 3.4. Simulated SCPD (dark grey, same number of dates at each
temporal bin) compared with the IntCall3 calibration curve.

Climatic reconstructions

In order to provide a simple environmental contextualization for the
population trends within each region, we coupled the SCPD-based population data
with local pollen-based climatic curves. The semi-quantitative reconstructions were
performed using the Modern Analogue Technique (MAT) (Guiot, 1990; Overpeck et
al., 1985), focusing on two climatic variables: total summer (June, July, and August)
precipitations and average summer temperature. The MAT relies on the assumption
that pollen samples composed of a similar mixture of taxa are the byproduct of
comparable vegetation assemblages. Therefore, given a modern pollen sample, the
environmental conditions for its parent plant assemblage can be transferred to any
fossil sample sharing a similar palynological composition (Guiot, 2011). The modern
pollen samples used to build the calibration data set are derived from the European
Modern Pollen Database (EMPD) (Davis et al., 2013).
We performed a basic quality filtering using the available EMPD metadata. Samples

with known geolocation errors larger than 5 km were removed from the calibration

69



data set. Following Mauri et al. (2015), inaccurately georeferenced samples were also
identified by comparing their elevation as recorded in the EMPD with elevation data
for the same latitude and longitude extracted from a high-resolution Digital Elevation
Model (DEM). We excluded all samples where the difference between EMPD and
DEM data was higher than 250m (Mauri et al., 2015). Samples collected in riverine or
estuarine contexts were removed too due to the presence of waterborne pollen
potentially transported over long distances. Furthermore, we applied a minimum
threshold of 400 pollen grains belonging to terrestrial species in order to select
samples with rather stable taxa percentages (Birks and Birks, 1980, p. 165). It was not
possible to apply the same threshold to fossil data due to the limited number of sites
available in some regions. Each modern pollen sample was then coupled with local
present-day climatic parameters from the WorldClim dataset (Hijmans et al., 2005)
using nearest-pixel extraction on the 30 arc-seconds resolution maps. The main
source for the fossil archives used in the present paper is the European Pollen
Database (EPD; http://europeanpollendatabase.net), which was locally integrated
with additional sites. In the present study, we use the EPD version released on May
12, 2016. We constrained the selection of suitable fossil sites within each region by
placing a 100 km-wide search window (130 km in the Po plain and Mediterranean
areas due to limited data availability) around the location of each EUBAR site, then
retaining only the EPD archives falling within its boundaries. No vertical constraint
was applied on the Mediterranean region and the Po Plain due to the limited
availability of fossil archives. We improved the coverage of these regions by including
four additional sites: Banyoles (Revelles et al., 2015, 2014) and Pla de I'Estany
(Burjachs, 1994) in the Mediterranean area, and Castellaro Lagusello (Dal Corso,
2018) and Forcello (Ravazzi et al.,, 2013) on the Po Plain. We applied an upper
elevation boundary of 1000 meters in the Massif Central area in order to exclude
pollen archives that were located too far from the average elevation of the local
EUBAR sites. The high availability of EPD sites in the Swiss plateau region allowed
for a stricter constraint; here we selected only archives with the same vertical range of
the local EUBAR sites (mean elevation * 1o). The complete list of the pollen archives
used within each region is provided in Table 3.1. Semi-quantitative reconstructions
were produced for each individual region with the exception of the Southern French
coast and the Northeastern Iberian Peninsula. Here, the low number of suitable pollen
records prompted us to produce a single set of climate curves - generically termed

"Northwestern Mediterranean'- using records from both regions.
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Table 3.1. Name and location of the pollen archives used for climatic reconstructions. Coordinates are

expressed in decimal degrees (WGS84 reference system).

Num. in
Region Site name Latitude | Longitude | Elevation
Fig. 3.2
Bibersee 47.20694 8.466667 429 1
Durchenbergtied 47.78333 8.983333 432 2
Feuenried 47.75 8.916667 407 3
Hornstaad/Bodensee 47.7 9.016667 385 4
Lac de Claitvaux 46.565 5.749167 525 5
Swiss Plateau
Lac du Mont d'Orge 46.234 7.338167 640 6
Lac &’Annecy 45.85667 6.172222 447 7
Lobsigensee 47.03056 7.298056 514 8
Montilier 46.935 7.123611 438 9
Rotsee 47.07583 8.325833 428 10
Castellaro Lagusello 45.36926 10.63631 106 11
Po Plain Forcello 45.1114 10.83918 13 12
Lago Piccolo di Avigliana 45.233 7.388333 356 13
La Taphanel 45.27444 2.679167 975 14
Lac du Mont de Belier 45.33778 2.643056 860 15
Massif Central — Lastioulles 45.38611 2.636111 854 16
Peyrelevade 45.708333 2.383333 780 17
Tourbiere de Chabannes 45.64917 2.310556 800 18
Banyoles 42.128975 2.752846 173 19
Embouchac 43.56639 3.916667 1 20
Mediterranean  Etang d'Ouveillan 43.26667 3.00 6 21
Pla de I'Estany 42.188697 2.531139 520 22
Salada Pequefia 41.03333 -0.21667 357 23
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The age-depth models for every site were obtained from Giesecke et al. (2013) or
were produced using the same methodology via Clam 2.2 (Blaauw, 2010). Both
modern and fossil pollen counts were converted to percentages based on the sum of
terrestrial taxa, then aggregated into plant functional types (PFTs) (Peyron et al.,
1998). We preferred the use of PFTs over the selection of indicator taxa, as PFTs
reduce the need for taxa-specific modern analogues and can lessen the influence of
anthropic disturbance on pollen assemblages (Davis et al., 2003; Mauri et al., 2015;
Zanon et al., 2018). Squared Chord Distance was preferred over other dissimilarity
metrics due to its better performance in discriminating between vegetation types
(Gavin et al., 2003). Climate reconstructions are based on the weighted average of the
closest nine analogues. The number of relevant analogues was selected via leave-one-
out cross-validation. The resistance of the model to spatial autocorrelation was tested
via /-block cross-validation, where all samples within 4 kilometers of a test sample are
omitted from analogue selection (Telford and Birks, 2009). We opted for a value of 4
= 100 km for both climatic variables, since it should reasonably ensure that pollen
source areas between the test sample and its potential analogues do not overlap (as
inferable from, e.g., Matthias and Giesecke, 2014; Zhang et al., 2016), while at the
same time preventing an excessive depopulation of the analogue pool. Both summer
precipitations and temperature retained a satisfactory predictive power for 4 = 100
km, with 12 accounting for at least 50% of the variance and RMSEP lower than the
standard deviations of the training sets (Table 3.2). Temperature and precipitations
are expressed as deviations from the mean of all reconstructions across the 1800-800
BC time-window within each region. The reconstructed values for each fossil site
were averaged using overlapping windows with a span of 100 years and an increment
of 50 years. A synthesis for each climatic parameter was then produced by fitting a
LOESS curve to the combined values of every site in each region (smoothing span =
0.06). The age-depth models were used as a base to assess sample quality. Within each
site, time windows located more than 1000 years away from the closest radiocarbon-
dated point were excluded from the model. Furthermore, the average dating errors
were employed as inverse weights in fitting the LOESS curve. Al MAT-related
analyses were performed using R (R Core Team, 2015) with packages rioja 0.9-9
(Juggins, 2019) and fields 8.4-1 (Nychka et al., 2019). In addition to standard cross-
validation techniques, we evaluated the reliability of these climatic reconstructions
through a comparison with local, independent palacoenvironmental proxies (see

“Results” section).
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Table 3.2. Performance summary for the h-block cross validation exercise. For each variable, we report
the coefficient of determination (i), the root of the mean squared error of the prediction (RMSEP) and

the standard deviation of the observed climate variables.

h-block cross-validation (h=100 km) Training data set
12 RMSEP lo
Summer precipitation 0.60 72.6 114.7
Summer temperatures 0.50 3.27 4.6

RESULTS

At first glance, the general South European demographic reconstruction (Fig.
3.5a) appears to be characterized by mild positive trends between ca. 1800 and 800
BC, interrupted by an apparent stagnation between ca. 1450 and 1050 BC. In the
period under investigation, a transition from the inhumation to the cremation rite
occurs across several European regions (Barcel6 et al., 2014; Capuzzo and Barcelo,
2015a, 2015b, 2014; De Mulder et al., 2008; Harding and Fokkens, 2013; Lépez-
Cachero, 2011; Ruiz Zapatero, 2014a, 2014b). To test the influence of this
macroscopic shift in cultural practices on our reconstruction, we produce a second
SCPD (Fig. 3.5b) excluding dates from funerary contexts (Fig 3.5c). The resulting
demographic curve is similar to Fig. 3.5a -pointing to a limited influence of dates from
cemeteries- and displays a more linear positive slope across the whole study window.
To evaluate further the effects of the calibration on the SCPD with dates from
settlements, the empirical curve (Fig. 3.5b) and the simulated SCPD (Fig. 3.4) have
been standardized in order to be compared (Fig. 3.6). The original data coincides
mostly with the null-hypothesis of uniform distribution. The peak in the time-span
1639-1619 BC clearly matches a slope in the curve, and cannot be explained in terms
of a sudden demographic change. In addition, the interval 1520-1430 BC coincides
with two peaks of the calibration curve at approximately 1500 BC and 1430 BC.
However, the changes in the calibration curve at 930 BC and 850 BC do not seem to
leave any trace in the series. To minimize the effects of the greater or lesser slope of
the IntCal13 calibration curve (Fig. 3.4) on the empirical data, we applied a Locally
Weighted Scatterplot Smoothing (LOWESS) (Cleveland, 1979; Cleveland and Devlin,
1988) function that reduces spurious peaks and valleys (Fig. 3.7). A 95% confidence
interval has been generated starting from a simulated dataset equivalent in quantity to
the number of unique events of the SCPD from settlements, and repeating the

interpolation model 500 times. The confidence interval gathers most of these
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repetitions, each of them being a “possible demographic history”, given certain
known sources of error and including the uncertainty in the relative population
estimates over time (Downey et al,, 2014). In order to mathematically test the
hypothesis of population growth within our study time window, we have adopted a
statistical approach in which the empirically verified variation is compared to the
values that would reflect the null hypothesis, i.e. the absence of population growth.
In fact, only if the observed variation proves to be significantly different from the null
hypothesis we can accept the existence of a certain pattern of change. In other words,
we can stress the existence of a statistically significant demographic growth (or
decrease) if the probability at a given point of the curve exceeds the value expected if
the null hypothesis were correct. As a consequence, we have curve-fitted the values
predicted by the interpolated LOWESS function obtained from SCPD data from
settlements, since it minimizes the effects of the calibration process; the null
hypothesis to be tested is the neutral growth of the population, expressed in terms of
a standard logistic model (Banks, 2013; Panik, 2014) (Fig. 3.8).

v _

Py (a)

w

C o

O <

©

>

= (b)

2

3 °

o

o (c)
o -

1 8I00 1 GIOO 1 4|00 1 2I00 1000 800
Years BC
Figure 3.5. SCPDs of pre-screened radiocarbon dates from the
EUBAR database, juxtaposed curves: (a) 1233 dates from the filtered
dataset; (b) 852 14C dates from settlements; (c) 283 "C dates from
Sfunerary contexts (IntCall3 calibration curve).

To make the interpretation of the results easier, the linear trend in the transformed
empirical series has been extracted and the linear model has been used as a baseline
to detect peaks and valleys in the series (Fig. 3.9). The probability peak around 1450

BC still persists in the transformed series and it is clearly higher than it would be
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expected if the null hypothesis were true, indicating one or more episodes of
population growth in the time span 1550-1450 BC. The population decrease after
around 1470 corresponds to a period of variations in solar activity as attested by the
calendar age step in the intervals 1500-1380 BC, as mentioned above. Therefore, it is
possible to suppose that there is a link between the two phenomena. More significant
seems to be the possible population increase around 1250-1200 BC and the decrease
in the probability of dating settlements between 1200 and 1050 BC. The possible
population recovery after that time-span allows merely to reach the level of neutral
growth, which would be surpassed only after 900 BC. For a better understanding of
these phenomena we need to analyze the demographic behavior of the five study
regions (Swiss Plateau, the Po Plain, the Massif Central, the Southern French coast,
and the Northeastern Iberian Peninsula), which is characterized by various and

pronounced episodes of population growth or decline.

Swiss Plateau

The Swiss Plateau SCPD (208 radiocarbon measurements collected from 81
archaeological sites) shows two phases characterized by a general positive trend,
extending from the beginning of our study time window to around ca. 1500-1450 BC
and from 1100 BC to its end, respectively (Fig. 3.10a). The interposed demographic
decline (around 1450-1100 BC) shows a positive correlation with the abandonment
of lakeside dwellings in the region (Jennings, 2014; Magny, 2015; Menotti, 2004,
2001). Dwelling abandonment phases in the area appear to correspond with lake-level
changes, which in turn have been linked to unfavorable climatic fluctuations (Magny,
2015). The lake-level model presented by Magny (2004) describes a high lake-level
(HLL) phase lasting from ca. 1400 to 1150 BC (Fig. 3.10d), possibly linked to the
establishment of prevalently wetter and cooler conditions (Magny, 2015). Magny's
HLL phases are identified by combining the chronological record of HLL events
from multiple sedimentary archives. In the resulting histogram, non-zero Z-scores
contribute to define regionally prominent HLLL. phases (Magny, 2013). An extended
negative trend in the SCPD curve appears to support a connection between
population decline and the 1440-1150 BC HLL phase. This matching behavior finds
only a partial parallel in the pollen-based climatic curves (Fig. 3.10b and 3.10c). At a
mere trend level, the summer temperature curve does indeed reach its lowest values

between ca. 1400 and 950 BC.
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Figure 3.6. Probability density distributions of the SCPD with dates from settlements
(black) and the simulated SCPD (red) after having been standardized (Software:

PAST 3.18).
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Figure 3.7. LOWESS function applied to SCPD data from settlements, the 95%
confidence interval is marked by the blue lines (Software: PAST 3.18).
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Furthermore, Magny (2015) points out that the sedimentary record of Lake Clairvaux
(Jura, France) suggests a climatic downturn in the region as early as 1650-1600 BC,
i.e. when temperatures begin to decline in our model. On the other hand, the
precipitation curve is characterized by a see-saw pattern that describes an overall
neutral trend and displays rather limited similarities with HLLL. Z-scores. Still, it should
be noted that the magnitude of the fluctuations in both pollen-based curves remains
rather modest, possibly implying a limited sensitivity of the local plant communities

to any climatic factor affecting lake levels.

Po Plain

The SCPD for the Po Plain is based on 134 radiocarbon dates from 46
archaeological sites (Fig. 3.11a). The resulting demographic curve is characterized by
a distinct tripartite behavior, displaying notable similarities to both the local
archaeological narrative and the climatic reconstructions. The first portion of the
curve shows a population increase that eventually peaks at ca. 1500-1450, and is then
tfollowed by a severe decline lasting until ca. 1100 BC. The remaining portion of the
curve shows low values, reflecting both a sparse human presence and extended
demographic stagnation.
During the local transition from the Middle Bronze Age I to the Middle Bronze Age
11, ca. 1500 BC according to de Marinis (1999), wetland settlements in the Garda Lake
region tended to move to higher grounds and dwellings in the alluvial plain were
surrounded by earthen ramparts and ditches, suggesting a general increase in humidity
(de Marinis, 2000). Consistently with this interpretation, the precipitation curve (Fig.
3.11b) peaks at 1400 BC, pointing to a higher precipitation phase that is also
supported by water level reconstructions for Lake Ledro and Lake Accesa (Fig. 3.11d).
Both these lakes, located in the Southern Alps and in Central Italy respectively, show
a remarkably similar trend with peaks in water depth around ca. 1500-1400 BC (Magny
etal., 2013). The visible decline in population after ca. 1400 BC appears then to match
a following gradual transition to drier conditions (Fig. 3.11b and 3.11c), in agreement
with the gradual drying up of wetland areas and decline of groundwater levels inferred

from independent palacoecological and archaeological data (Cremaschi et al., 2000;
Dal Corso, 2018; Perego et al., 2011; Valsecchi et al., 2000).
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Figure 3.10. (a) SCPD of 208 " C dates originating from sites located on the Swiss
Platean; (b) LOESS model of reconstructed summer precipitations; (c) LOESS model
of reconstructed summer temperatures; (d) High lake level 3-scores digitized from Magny
(2013). The shaded areas in (b) and (c) outline the 95 %o confidence interval of each
LOESS model.
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Figure 3.11. (a) SCPD of 134 "C dates originating from sites located in the Po
Plain; (b) LOESS model of reconstructed summer precipitations; (c) LOESS model
of reconstructed summer temperatures; (d) Water level fluctuation for Lake Ledro and
Lake Accesa, digitized from Magny et al. (2013). The shaded areas in (b) and (c)
outline the 95 % confidence interval of each LOESS model.



Massif Central

The SCPD for the Massif Central region is based on 57 dates from 33
archaeological sites (Fig. 3.12a). A visual comparison highlights few similarities
between the demography and climate, although a cautious interpretation remains
necessary due to the limited number of radiocarbon dates composing the SCPD
curve. The sharp population increase observed between 1800-1700 BC coincides with
a transition to warmer/drier conditions (Fig. 3.12b and 3.12c), and the subsequent
general decline (ca. 1700-1400 BC) appears to occur in correspondence with a wet
and cold shift. The following climatic fluctuations -most notably a shift towards drier
and warmer conditions after ca. 1500 BC- are not met with equally visible
demographic changes. On the contrary, the SCPD curve remains rather stable across
the most of the study window, pointing to an overall prevailing and long-lasting
neutral demographic trend. The notable 1700-1500 BC climatic deterioration finds a
first parallel in the high detrital input phase recorded in nearby Lake Aydat between
ca. 1650 and 1350 BC (Lavrieux et al., 2013) (Fig. 3.12d), arguably linking
wetter/cooler conditions to long-term soil erosion. A predominant climatic trigger
for this sediment discharge was suggested especially after ca. 1550 BC (Miras et al,,
2015), but local anthropic land use appears to be rather limited throughout the whole
Bronze Age (e.g., rate occutrences of cropland/pastoral pollen indicators and
coprophilous fungi). The Lake Aydat record is interrupted between ca. 1230 BC and
180 AD due to sediment mixing, thus not covering the minor shift to wetter and
cooler conditions visible from 1150-1000 BC in the pollen-based curves. Cubizolle et
al. (2012) offer an additional insight on local landscape development through an
SCPD-based record of peat formation events for the Eastern Massif Central (Fig.
3.12¢). Cubizolle et al. (2012) suggest that anthropic land use was a driving mechanism
behind peat initiation, partly basing their hypothesis on climatic reconstructions
external to the study area (i.e. Barber et al., 2004; Magny, 2004). A visual comparison
between peat formation and demographic trends reveals limited similarities, which
nonetheless should not be exceedingly stressed due to the limited number of
radiocarbon dates involved. Still, it is worth noting that a visible gap in the peat
formation curve (ca. 1400-1200 BC) occurs together with a transition into warmer
and drier conditions, and comes to an end after a minor cold and humid shift. These
similarities between peat formation events and climate behavior might depend on
known wetland expansion trends occurring under cool and moist conditions

(Weckstrom et al., 2010), which would ultimately support the wvalidity of our
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reconstructions and possibly point to a prevailing climatic control on local wetland

dynamics during the Bronze Age.
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Figure 3.12. (a) SCPD of 57 "C dates originating from sites located in the Massif
Centraly (b) LOES'S model of reconstructed summer precipitations; (¢) LOESS model
of reconstructed summer temperatures; (d) Duration of high detrital phase in Lake
Aydat (Lavrienx et al., 2013); (¢) SCDP-based peat initiation events digitized from
Cubizolle et al. (2012). The shaded areas in (b) and (c) outline the 95 %o confidence
interval of each LOESS model.
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NW-Mediterranean

The SCPD of the two remaining regions, the Southern French coast and the
Northeastern Iberian Peninsula, are discussed together due to their similarities (Fig.
3.13a and 3.13b). As mentioned in section 2.2, a single set of Northwestern
Mediterranean temperature and precipitation curves is produced using pollen archives
from both areas (Fig. 3.13c and 3.13d). The population curve for Southern France
(Fig. 3.13b) is based on 72 dates from 19 archaeological sites located in a buffer zone
of 40 km from the Mediterranean coastline. The SCPD curve begins with a negative
trend, reaching its lowest point at around 1450 BC. The subsequent population
recovery follows an exponential trajectory until ca. 1200 BC, and is then followed by
an extended period of stagnation/decline. The Northeastern Iberian dataset is
composed of 158 radiocarbon dates from 74 archaeological sites (Fig. 3.13a). The
SCPD curve shows visible similarities with the neighboring Southern French coast,
but with a lag of ca. 100-200 years. The lowermost values occur between 1400 and
1300 BC, following a rather stable/mildly declining phase. The curve acquires a
positive trend until ca. 1000 BC. The remaining portion is then characterized by stable
conditions that turn into rapid growth towards the very end of our temporal window.
The temperature and precipitation curves display a specular behavior pointing toward
an ongoing transition into warmer and drier conditions. A comparable situation, with
overall declining annual precipitations and rising annual temperatures between the
Middle and Late Bronze Age, was found at the coastal site of Montou (Southern
France) based on variations in olive wood anatomy (Terral and Mengtal, 1999) (Fig.
3.13e). These general trends fit well with the gradual aridification process of the
Western Mediterranean region, leading from a wetter-than-present mid-Holocene to

the current Mediterranean climate (Jalut et al., 2000; Roberts et al., 2011).

DISCUSSION

In the present paper we offer an SCPD-based reconstruction of population
dynamics across Central-Southern Europe and within different smaller regions in
order to check for any similarity/difference between neighboring areas and evaluate
them against existing narratives. As a further exercise, we compare these SCPD-based
curves with local, semi-quantitative climatic reconstructions. This comparison aims at
identifying the presence or absence of macroscopic matching or specular patterns, in
order to evaluate the presence of potential phases of climatic control on human

activities.
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We interpret our findings taking into account the available local archaeological and
palacoenvironmental evidence. Nonetheless, we recognize that any schematic
comparison can hardly unravel the complex mechanisms behind human population
dynamics. Taking into account the potential uncertainties affecting the
reconstructions (both demographic and climatic; e.g. combinations of dating accuracy
and limited data availability) we opted to avoid a statistically supported (cross-
)correlation analysis of our results. We considered a visual comparison between
curves appropriate for the available data and the scope of the paper.

Regarding the possible issues on sample size for regional analyses, it is essential to
highlight that the one-millennium temporal window considered in the present study
is much shorter than the ones commonly adopted in the available literature. The
approximate data density (dates/year) for the regional analyses ranges between 0,06
dates/year (Massif Central) and 0,21 dates/year (Swiss Plateau). The geographic
tramework of the paper spans from the ca. 15000 km? of the “Swiss Plateau” region
to the ca. 670000 km? of the whole area. In terms of spatial density, the lowest value
is reached by the Massif Central region with 0,001 dates/km? whilst the highest value
is recorded in the Swiss Plateau 0,14 dates/Km?2. These values are comparable with
those of already published research involving the SCPD method (e.g. literature review
in Contreras and Meadows, 2018). Despite a relatively high regional data density per
year, it remains important to take into account the limited absolute number of
radiocarbon dates available after screening and combination. Instead of the very
general recommendations for big datasets (Williams, 2012), we have opted for
thresholds based on the temporal range -in this case, 1000 years- and the minimum
date for approximating the underlying Poisson distribution with a Gaussian
distribution. According to that criterion, the general demographic trend for each
region is within such limits. On a macroscale, the European demographic curves
(Figs. 3.8 and 3.9) display episodes of distinct population growth (between ca. 1550-
1450 BC and after ca. 1050 BC) interrupted by a rather steady negative trend (ca.
1450-1050 BC). This behavior reflects a combination of different and more dynamic
regional trajectories.

On the Swiss Plateau, positive SCPD trends (1800-1450 BC; 1050-800 BC) appear to
fit well with population recovery periods following phases of settlement discontinuity
(2400-2100 BC; 1500-1100 BC; Menotti, 2015a). The reasons behind the population
decline from 1500-1100 BC are still debated. The wide spectrum of cultivated crops
might have proven to have been an efficient protection against harvest failures, a

hypothesis that is supported by the not-increasing role of hunting activities during
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unfavorable climatic conditions (Stopp, 2015). Socioeconomic factors might have
played a visible role only at a later stage, between the Late Bronze Age and the Early
Iron Age, when a significant reduction in the quantity of swords in archaeological
contexts could suggest a declining importance of Swiss trade nodes within inter-
regional exchange routes (Jennings, 2013; Menotti, 2015b). A combination of cooler
conditions and rising lake levels is currently regarded as an important contributing
factor behind human displacement events (Menotti, 2015b). Our reconstructions
point to only a minor shift towards cooler and wetter conditions, yet they suggest that
climate deterioration might have occurred in the area since the end of the 17t century
BC. Conversely, population decline occurred only two centuries later according to the
archaeological record. This late reaction might point to a high degree of resilience
among the local communities to adverse climate events, yet the effective magnitude
of this unfavorable climatic trend remains to be more precisely quantified. Only a
further harshening of (potentially already) unfavorable conditions might have then
resulted in settlement relocation and population decline (namely, the ca. 1500-1100
BC lake-dwelling hiatus), but not in widespread regional abandonment. Even during
the coldest phase within our study time window, the area was never completely
depopulated, as suggested by the relative abundance of radiocarbon dated
archaeological contexts.

The SCPD curve on the Po Plain exhibits changes that are more dramatic. The period
between ca. 1650 and 1350 BC marks the maximum development of Bronze Age
settlements between the Alps and the Apennines (Bernabo Brea et al., 1997; Bietti
Sestieri, 2010; Cardarelli, 2010) corresponding to the population peak observed in the
SCPD curve. These overall favorable conditions for population growth are possibly
linked to a transition from slash-and-burn forms of agriculture to more productive
irrigated croplands (Cremaschi, 2009), even though the direction of causality does not
appear to be solvable with the available data. The stable negative SCPD trend after
ca. 1400 BC is somewhat in contrast with the traditional interpretation of
archaeological data, which points to a sudden abandonment phase only after 1200 BC
(de Marinis, 2010). A possible explanation behind this disparity lies in the
reorganization of the settlement system in the Terramare area (Eastern Po Plain) after
ca. 1450 BC, characterized by population agglomeration in larger settlements -and
abandonment of smaller ones- rather than by the establishment of new villages
(Cardarelli, 2010). Nonetheless, in agreement with the traditional interpretation, our
model shows an extended period of depopulation after ca. 1150 BC in connection

with the establishment of warmer and then more arid conditions. Significantly, the
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end of the Terramare culture around 1150 BC might have been triggered by a water
crisis, as suggested by the lowering of the local water table over time (Cremaschi et
al., 20006). This shift towards arid conditions arguably affected an environment already
deteriorated by landscape over-exploitation and extensive deforestation (Cremaschi,
2010; Cremaschi et al., 2016, 2006; Dal Corso, 2018; Mercuri et al., 2015). The
resulting widespread societal collapse affected the entire Southern Po Plain, which
became largely void of settlements until the beginning of the Iron Age (Bernabo Brea
etal., 1997; Cupito et al., 2012; de Marinis, 2010; Mercuri et al., 2012, 2000).

The Massif Central area is the least represented in terms of number of sites. Assuming
an adequate coverage and representativeness of the radiocarbon dataset, the low
number of data points does suggest a rather diluted human presence within our time
window. This situation might primarily reflect difficulties in establishing a durable and
extensive occupation in an area characterized by a mountainous landscape (Carozza
and Galop, 2008). Consistently, cropland indicators in pollen diagrams are limited to
sparse pollen grains, possibly pointing to subsistence strategies more focused on
livestock (Miras et al., 2004; Surmely et al., 2009). During the second and the
beginning of the first millennium BC, interregional cultural contacts are attested by
the presence of specific pottery typologies, such as vessels with handles ad ascia
attributed to Italic influences transmitted through the Languedoc and Provence
(Carozza et al., 2006; Guilaine, 1990). The main trade route in Bronze Age Southern
France followed the course of the Rhone River, between the western Alps and the
Massif Central, placing the latter in a peripheral but increasingly dynamic situation
between the Mediterranean coast and Central France. Despite the patchiness of the
radiocarbon record, the fluctuations in the SCPD curve may indeed reflect major
regional cultural dynamics. The first peak in human activities (around ca. 1700 BC)
occurs during the Early Bronze Age, when the dynamism of the local agro-pastoral
communities is testified by regional and interregional cultural contacts, as well as by
signs of emerging social stratification (Carozza et al., 2006; Faure, 2012). A change
occurs with the transition into the Middle Bronze Age (after ca. 1600 BC), when the
archaeological record points to a general abandonment of lowland sites and the use
of low and middle mountainous belts (Carozza and Galop, 2008; Faure, 2012). In this
context, the contemporaneous transition to colder and wetter conditions, coupled
with the sedimentary discharge visible in Lake Aydat, might point to population
displacement as a response to increased hydrogeological instability. Nevertheless,
both the SCPD curve and the persistence of long-distance contacts in the

archaeological record suggest a reorganization of the settlement system towards
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increased mobility rather than a complete abandonment of the area (Faure, 2012). A
radical landscape transformation is recorded in the region only since the transition
into the Iron Age (ca. after 800 BC), with an increasing presence of funeral mounds,
the establishment of gppida (hilltop sites), and the first large-scale deforestation events
(Faure, 2012).

The NW Mediterranean presents a situation clearly distinct from the other regions.
The visibly similar trends between the French coast and the NE Iberian Peninsula
reflect the commonalities shared by these two regions. Trans-Pyrenean and maritime
fluxes of people spread innovations from Southern France to the northeastern Iberian
Peninsula, in particular from the Middle Bronze Age onwards. Evidence for these
cultural connections can be found in the adoption of specific pottery typologies, such
as vessels with handles with vertical expansion (asas de apéndice de boton), fluted pottery
(cerdmica acanalada), and the arrival of cremation burials (Capuzzo and Barceld, 2015a,
2015b, 2014; Lopez-Cachero, 2011, 2008; Lopez-Cachero et al., 2014; Ruiz Zapatero,
2014b, 20142). The NE Iberian area probably played a modest role during the
Early/Late Bronze Age when compared with more structured cultural centers located
in the southeastern and central parts of the peninsula (Lull et al., 2013a). This
peripheral situation appears to be visible in the stagnating SCPD values from ca. 1800-
1450 BC, partly overlapping with the widespread abandonment phase that follows the
southeastern Argaric collapse (ca. 1550 BC; Lull et al., 2013b). Internal forces or a
subsistence crisis are mentioned as leading causes for this sudden cultural shift
(Carrion et al., 2007; Lull et al.,, 2013a). Still, potential connections between these
events and the ca. 1400-1300 BC SCPD minimum in NE Iberia remain unclear. The
demographic growth registered after this phase matches rather precisely the local
emergence of the cremation ritual, possibly suggesting population fluxes from
continental Europe (Lull et al, 2013a; Ruiz Zapatero, 2014b, 2014a). The
simultaneous transition towards a more arid climate does not appear to hinder
population growth. Similarly, positive demographic trends in Southern Iberia in co-
occurrence with increasingly arid conditions have already been described between ca.
3550 and 2550 BC (Lillios et al., 2016). Notably, drought resistant barley is the
dominant cereal during the entire Bronze Age in Mediterranean Spain (Stika and
Heiss, 2013). Of particular interest is the demographic increase registered along the
French coast between 1350 and 1200 BC. This phase of demographic growth appears
to predate the major cultural phenomenon in the area, i.e. the expansion of the
Mailhacien culture around 900 BC (Giraud et al., 2003; Janin, 2009, 2000), which in

turn occurs during a period of relative stability in the SCPD curve. In this regard, the
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apparent mismatch between the SCPD and the archeological data might depend - at
least partially - on cultural differences between the western and the eastern French
coast (Gasco, 2011, 2000; Janin, 2000; Mordant, 2013; Vital, 2001, 1999; Vital et al.,
2012). A more appropriate intra-regional discussion is currently prevented by the
limited number of available radiocarbon dates, which led us to group the French
Riviera, Provence and Languedoc-Roussillon under a single SCPD despite their

heterogeneous archeological dynamics.

CONCLUSIONS

In the present paper, we use a dataset of archaeological radiocarbon dates to
reconstruct demographic trends in Central-Southern Europe between 1800 and 800
BC. On a macroscale, a positive demographic trend is visible until ca. 1450 BC, and
is then followed by a phase of population decline lasting until ca. 1050 BC. Until ca.
1050 BC, the macroscale population dynamics appear to be mostly determined by
circum-alpine trends. At the beginning of the 16th century BC there was an expansion
of the Terramare settlements, in which the entire populated area in the Po Plain tripled
in size (Vanzetti, 2013). Similarly, in the French Jura Mountains it is attested a period
of population growth around 1500 BC (Pétrequin et al., 2005). Significantly, northern
Italy, eastern France, the ore-rich Alpine area were economically the most dynamic
regions after 1600 BC in Europe, with clear evidence of a socio-economic growth
(Risch and Meller, 2015). The population decrease after ca. 1470 BC coincides then
with the crisis of the lake-dwelling settlement system in the Circum-Alpine region
(Billamboz, 2013; Menotti, 2015a, 2004, 2001). Similarly, the demographic
contraction between 1200 and 1050 BC takes place in a time-span defined by the
collapse of the pile-dwelling/Terramate culture around 1150 BC (Cremaschi et al.,
2016, 2006; Dal Corso, 2018). A renewed episode of macroscale demographic growth
is visible after ca. 1050 BC, likely reflecting both the population peaks recorded along
the NW Mediterranean coast and the population recovery trend visible in the Swiss
Plateau. Notably, the prominent NW Mediterranean positive trends occur in
connection with the local adoption of the cremation ritual, and might imply a
demographic influx from central Europe. A potential relation between population
trends and climate was visually evaluated by comparing the SCPD curves with semi-
quantitative summer temperatures and precipitation curves reconstructed from pollen
sequences specific for each region. Climate appears to play a non-dismissible role on
the Po Plain, where widespread settlement abandonment occurs in connection with

increasingly  arid  conditions.  While independent archaeological — and
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palacoenvironmental proxies support this connection, it remains unfeasible to
ascertain whether climate represents the main forcing factor leading to the collapse
of local Bronze Age societies, or if its effects were exacerbated by additional and
cumulating factors, such as an inferred landscape overexploitation. Communities on
the Swiss Plateau appear to show a higher degree of resilience to climatic fluctuations,
with settlement collapse occurring only during the coolest interval in the temperature
curve, after centuries of increasingly cooler conditions. A population drop in the
Massif Central occurs in connection with a particularly pronounced cold and wet
phase (ca. 1700-1500 BC). Apart from this event, the local communities appear to be
largely unaffected by other climatic shifts. The predominant stagnation emerging
from the Massif Central SCPD curve seems to reflect a long-term stability rather
uncommon among our reconstructions, presumably connected to low demographic

density and high mobility deriving from a livestock-based subsistence.
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PART IV

LLAND COVER MODELING: FROM QUALITATIVE POLLEN
DATA TO QUANTITATIVE FOREST COVER PERCENTAGES

The pollen record of Bande di Cavriana, presented in Part II, shows how the
establishment of a pile-dwelling settlement was accompanied by radical changes in
pollen proportions and floristic composition. Similar changes were consistently
detected within every single pollen sequence in the LLake Garda area, to the point that
a combination of arboreal pollen decline and rise of specific anthropogenic taxa (e.g.
Orlaya grandiflora) can be considered a reliable biostratigraphic marker for the local
transition into the Bronze Age (Zanon et al., 2019). While pollen data depicts a rather
dramatic change in vegetational assemblages, the non-linear relation between pollen
percentages and actual plant spatial coverage hinders a precise understating of actual
variations in land cover (e.g. Gaillard et al, 2010). A common landscape
reconstruction algorithm, REVEALS, attempts to correct this complex relationship
by modeling the dispersal and deposition of different pollen taxa, taking into account
their different pollen productivity and dispersal capabilities (Sugita, 2007a). Yet, the
pollen productivity of a given taxon is not constant across space (and time). It might
in fact vary depending of multiple factors, including vegetation openness and climate
patterns (Brostrom et al., 2008; Feeser and Doérfler, 2014). For this reason, optimal
pollen productivity estimates (PPEs) are region-specific, and currently they have not
been investigated across northern Italy. A new methodology that allows to extract
PPEs directly from pollen diagrams is currently being tested (Theuerkauf and
Couwenberg, 2018), yet it requires precise age-depth models that are not available in

the study area.

Given the impossibility to apply REVEALS in a satisfactory manner, a different
modeling approach, based on modern pollen analogues, was pursued. The core of
this analogue-based method is identical to the modeling technique (i.e. MAT) used in
both Zanon et al. (2019) and Capuzzo et al. (2018) to extract climatic information
from pollen data. The main difference lies in the composition of the training data set,
where modern climate parameters are replaced with land cover information (i.e. in

this context, percentages of forest cover).

The capabilities of the MAT concerning climate reconstructions have been widely

tested in previous publications (e.g. Davis et al., 2003; Marsicek et al., 2018; Mauri et
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al., 2015), while its application to land-cover data was limited to specific vegetation
assemblages and time slices across the Northern Hemisphere (Tarasov et al., 2007;
Williams et al., 2011). Furthermore, the recent availability of greatly improved
calibration datasets (Davis et al., 2013; Hansen et al., 2013) raised the need to re-

evaluate entirely the performance of this method across a variety of landscapes.

These are the premises behind the production of the third research paper presented
in this dissertation (Zanon et al., 2018), which is reported in its entirety below. As
evident from its title (“European Forest Cover During the Past 12,000 Years: A
Palynological Reconstruction Based on Modern Analogs and Remote Sensing”), the
primary focus of this paper is the application of analogue-based reconstructions to
vegetation assemblages occurring across all of Europe since the end of the
Pleistocene. This wide spatial and chronological coverage reflects the intentional
decision to extend the scope and reach of this modeling exercise in order to increase
its relevance for the scientific community. In addition, expanding the study area to a
continental scale allowed also to validate the new MAT results against the available
REVEALS-based reconstructions, highlighting similarities and differences between
the two methodologies and providing a much more solid performance test for the

analogue-based model.

Due to its methodological scope and extensive coverage, the content of Zanon et al.
(2018) does not specifically address the environmental impact of the pile-dwelling
phenomenon. Nonetheless, the methodology developed in this paper was still applied
separately to pollen sequences from the Lake Garda area. Data from Bande di
Cavriana, Castellaro Lagusello, Lavagnone and Lucone were converted into
quantitative forest cover values following Zanon et al. (2018) and presented in poster
format at the 52nd meeting of the Italian Institute of Prehistory and Protohistory in
2017. This contribution, titled “Land cover changes across the Copper Age — Bronze
Age transition in the Garda Lake region”, was authored by M. Zanon, F. Badino, M.
Dal Corso, G. Furlanetto and C. Ravazzi. These results are presented and discussed

in Part V of this dissertation.

106



European Forest Cover During the Past 12,000 Years: A
Palynological Reconstruction Based on Modern Analogs and

Remote Sensing

i

Marco Zanon™’, Basil A. S. Davis‘, Laurent Marquer™*', Simon Brewer® and Jed O. Kaplan™

a. Institute of Pre- and Protohistoric Archaeology, Christian-Albrechts-Universitat zu Kiel,
Kiel, Germany

b. Graduate School “Human Development in Landscapes”, Christian-Albrechts Universitit
zu Kiel, Kiel, Germany

c. Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland

d. Department of Physical Geography and Ecosystem Science, Lund University, Lund,
Sweden

e. GEODE, UMR-CNRS 5602, Université de Toulouse-Jean Jaures, Toulouse, France

f. Research Group for Terrestrial Palacoclimates, Max Planck Institute for Chemistry, Mainz,
Germany

g. Department of Geography, University of Utah, Salt Lake City, UT, United States

h. ARVE Research SARL, Pully, Switzerland

1. Department of Archaeology, Max Planck Institute for the Science of Human History, Jena,

Germany

Original research article published in Frontiers in Plant Science, 9, 2018.
https://doi.org/10.3389/fpls.2018.00253

ABSTRACT

Characterization of land cover change in the past is fundamental to understand
the evolution and present state of the Earth system, the amount of carbon and
nutrient stocks in terrestrial ecosystems, and the role played by land-atmosphere
interactions in influencing climate. The estimation of land cover changes using
palynology is a mature field, as thousands of sites in Europe have been investigated
over the last century. Nonetheless, a quantitative land cover reconstruction at a
continental scale has been largely missing. Here, we present a series of maps detailing
the evolution of European forest cover during last 12000 years. Our reconstructions
are based on the Modern Analog Technique (MAT): a calibration dataset is built by
coupling modern pollen samples with the corresponding satellite-based forest-cover
data. Fossil reconstructions are then performed by assigning to every fossil sample

the average forest cover of its closest modern analogs. The occurrence of fossil pollen
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assemblages with no counterparts in modern vegetation represents a known limit of
analog-based methods. To lessen the influence of no-analog situations, pollen taxa
were converted into plant functional types prior to running the MAT algorithm. We
then interpolate site-specific reconstructions for each timeslice using a four-
dimensional gridding procedure to create continuous gridded maps at a continental
scale. The performance of the MAT is compared against methodologically
independent forest-cover reconstructions produced using the REVEALS method.
MAT and REVEALS estimates are most of the time in good agreement at a trend
level, yet MAT regularly underestimates the occurrence of densely forested situations,
requiring the application of a bias correction procedure. The calibrated MAT-based
maps draw a coherent picture of the establishment of forests in Europe in the Early
Holocene with the greatest forest-cover fractions reconstructed between ~8500 and
6000 calibrated years BP. This forest maximum is followed by a general decline in all
parts of the continent, likely as a result of anthropogenic deforestation. The
continuous spatial and temporal nature of our reconstruction, its continental
coverage, and gridded format make it suitable for climate, hydrological, and

biogeochemical modeling, among other uses.

INTRODUCTION

Determining the spatial structure of land cover and its variation through time
is essential in order to understand the interplay between biosphere, atmosphere, and
human societies. Knowledge of past vegetation dynamics is of great interest to a range
of disciplines dealing with landscape, climate, human development, and their
reciprocal interactions. For example, information concerning past forest cover
influences the archeological narrative (e.g., Kreuz, 2007) and plays a tangible role in
defining modern management strategies (Bradshaw et al., 2015; Mitchell, 2005; Vera,
2000); vegetation cover data are a central component of Earth system models dealing
with carbon storage and release (e.g., Kaplan et al., 2002) and for investigating the
feedbacks between land cover and climate (Gaillard et al., 2010); similarly, the
simulation of past human—plants interactions is needed for the understanding of
human imprint on ecosystems from early history up to the present day (Kaplan et al.,
2009; Pongratz et al., 2008).
Recent landscape history makes use of different mapping technologies, ranging from
historical and cartographic sources (e.g., Hohensinner et al., 2013) to satellite imagery
(Bossard et al., 2000; DeFries et al., 2000; Hansen et al., 2013). Beyond the reach of

these mapping means, our ability to infer past land cover depends on the
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interpretation of paleoenvironmental proxies. Past landscape information has been
extracted from different archives, such as fossil pollen (e.g., Edwards et al., 2017),
plant macrofossils (e.g., tree line studies; Nicolussi et al., 2005), mollusks (e.g., Preece
et al., 19806), beetles (e.g., Whitehouse and Smith, 2004), biochemical tracers (e.g.,
McDuffee et al., 2004) and ancient DNA (Birks and Birks, 2016). Among the diverse
sources available, each offering a different point of view on similar questions, the
analysis of pollen grains remains unsurpassed in terms of spatial and temporal
coverage. The simplest approach in palynology consists of using arboreal versus non-
arboreal pollen percentages to estimate forest cover, and in using indicator species
(e.g., Behre, 1981) to infer changes in land use. The growing availability of pollen
archives at a continental scale has then made it possible to track species
expansion/extinction based on isolines and threshold values (e.g., Brewer et al., 2010,
2002; Finsinger et al., 2006; Huntley and Birks, 1983; Ravazzi, 2002). These
approaches can be qualified as purely qualitative, as the non-linear relationship
between plant abundances and pollen percentages is acknowledged but not corrected
for (Gaillard et al., 2008).

Semi-quantitative models have been developed by grouping individual taxa into plant
functional types (PFTs) and biomes (Peyron et al., 1998; Prentice et al., 1996), thus
providing a consistent methodology to distinguish major vegetation types. The
biomisation approach is able to recognize boundaries between plant communities
(Williams et al., 2000), although difficulties have emerged at ecotones such as the
forest-steppe boundary due to a bias in the method toward arboreal taxa. This bias
arose from the original objective of the method to replicate potential natural
vegetation (Peyron et al., 1998; Tarasov et al., 1998), and therefore to minimize the
role of non-arboreal taxa symptomatic of anthropogenically deforested landscapes. A
further problem has been the categorical nature of the biome assignment, leading to
difficulties in recognizing gradual ecotonal transitions and producing spatially
continuous reconstructions. Often the results have been mapped as point estimates
(e.g., Prentice et al., 2000). Continuous spatial fields have been attempted using
different techniques, such as in Peng et al. (1995), Collins et al. (2012), and Fyfe et al.
(2015). While biomes are distinguished into forest and non-forest types, Collins et al.
(2012) also used forest and non-forest PFTs derived from the same biomisation
formulae as a more continuous measure of forest cover.

A first attempt to achieve a real quantification was pioneered by Prentice and Parsons
(1983), Prentice (1985), and Sugita (1994, 1993), gradually evolving into the
Landscape Reconstruction Algorithm (LRA). The LRA models — these are
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REVEALS for regional plant abundance and LOVE for local plant abundance
(Sugita, 2007a, 2007b) — make use of a comprehensive set of parameters (region-
specific pollen productivity estimates, fall speed of pollen, basin size) and assumptions
(e.g., wind speed and direction, atmospheric conditions) to simulate pollen
dispersal/deposition mechanisms and decrease biases deriving from the non-linear
relationships between plant abundances and pollen data.

Pollen-based vegetation reconstructions produced with the LRA are currently
available for most of Europe outside of the Mediterranean (e.g., Cui et al., 2014, 2013;
Fyfe et al., 2013; Marquer et al., 2017, 2014; Mazier et al., 2015; Nielsen et al., 2012;
Nielsen and Odgaard, 2010; Overballe-Petersen et al., 2013; Sugita et al., 2010;
Trondman et al.,, 2015). A wider application of the method to the Mediterranean
depends on the collection of reliable pollen productivity estimates for the region,
which are not currently available. A different quantitative approach, not requiring
pollen productivity estimates demanded by the LRA method, was developed and
applied in North America by Williams (2002) and Williams and Jackson (2003). This
approach uses instead the Modern Analog Technique (MAT), based on the basic
assumption that pollen samples sharing a similar composition are the by-product of
comparable vegetation assemblages. Therefore, given two pollen samples — a modern
and a fossil one — composed by a similar mixture of taxa, the environmental
parameters of the first (e.g., forest cover, climate variables) can be directly transferred
to the latter. The relationship between pollen assemblages and forest cover in the
Williams method is established using a calibration dataset of modern pollen samples
where the forest cover around the pollen site is estimated using satellite remote
sensing from the Advanced Very High-Resolution Radiometer (AVHRR). Past forest
cover is then reconstructed by assigning to each fossil sample the average forest cover
of its closest modern analogs from amongst the modern samples in the calibration
dataset. This approach was applied to Northern Eurasia (Kleinen et al., 2011; Tarasov
et al., 2007) and to the whole forest-tundra ecotone of the Northern Hemisphere
(Williams et al., 2011). Its application in Europe has been so far limited to point
reconstructions for a few selected time windows (Williams et al., 2011).

In the present study, we test the capabilities of the MAT for continuous forest-cover
reconstructions at a continental scale and from the Pleistocene/Holocene transition
to the present day. We follow the methods used by Tarasov et al. (2007) and Williams
et al. (2011) but with improved modern calibration and fossil datasets and spatially
continuous mapping. The size of modern and fossil pollen data sets have been

increased by 80 and 50%, respectively, compared to the European data used by
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Williams et al. (2011), while the quality of the metadata and chronological controls for
the fossil data have also been greatly improved (Davis et al., 2013; Fyfe et al., 2009;
Giesecke et al., 2013). The AVHRR-based forest-cover data (1 km resolution) used
in all previous MAT applications has been upgraded with a 30-m resolution dataset
(Hansen et al., 2013) based on LANDSAT.

Our results are presented here as both maps for the whole of Europe at 1000-year
intervals, and as regional area-average time-series. The full set of 49 maps, each one
covering an ~250-year interval, is available as Supplementary Material. Each map
displays interpolated forest-cover data with continental coverage at a resolution of
tive arc-minutes. The predictive ability of our model was assessed though standard
statistical indicators based on analysis of the modern training set [r? and Root Mean
Square Error of Prediction (RMSEP) from cross-validation exercises|. In addition,
down core evaluation was also undertaken through a comparison between the MAT
and the REVEALS-based forest-cover reconstructions for specific sites, thus testing
the performance of our method against methodologically independent forest-cover

reconstructions.

MATERIALS AND METHODS
Fossil and modern pollen data

The fossil pollen dataset used in our analysis is the same as presented in Mauri
et al. (2015) and based largely on the European Pollen Database (EPD) with some
additional data coming from the PANGAEA data archive (www.pangaea.de) and
Collins et al. (2012) (Supplementary Fig. S3.1, Appendix III). All age-depth models
for all sites used calibrated #C chronologies, with those for EPD sites based on the
latest available chronologies from Giesecke et al. (2013).
The European Modern Pollen Database (EMPD; Davis et al., 2013) was selected as
the source for modern palynological data (Supplementary Fig. S3.2, Appendix III).
The EMPD includes nearly 5000 samples covering Eurasia and the circum-
Mediterranean, which were filtered based on quality-control criteria (see section
“Quality Filtering”).
Pollen spectra in both the modern and fossil datasets were converted into PFT's
tollowing the approach developed by Prentice et al., (1996) and refined by Peyron et
al.,, (1998). Pollen taxa are grouped into PFT's following combinations of plant habit
(e.g., woody, herbaceous), phenology (e.g., evergreen, deciduous), leaf form (e.g,,
broad-leaved, needle-leaved), and climatic range (Prentice, 1985). Differential pollen

productivity and dispersal are not accounted for during PFT assignment. The main
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steps within the taxa-to-PFT's algorithm are presented in Supplementary Tables S3.1—
S3.3, Appendix III. The full procedure is described in Peyron et al., (1998). The
capabilities of PFT's in pollen-based climatic and ecological reconstructions have been
tested in European contexts through the Holocene (Collins et al., 2012; Davis et al.,
2015; Mauri et al., 2015), and were found preferable to taxa approaches in MAT-based

climate reconstructions (Davis et al., 2003).

Remote sensing data

Modern forest-cover values were extracted from the Global Forest Change
dataset (Hansen et al., 2013), which includes estimates of forest-cover fraction for the
year 2000. The forest-cover dataset produced by Hansen et al. (2013) was preferred
over the AVHRR-based maps from DeFries et al. (2000) used in previous studies
(Tarasov et al., 2007; Williams et al., 2011). While DeFries et al. (2000) offer a wider
range of maps covering different vegetation categories, the dataset from Hansen et al.
(2013) offers a much higher resolution and a wider range of values. DeFries et al.
(2000) provide separate quantitative data on broadleaf, deciduous, evergreen, needle
leaf, and total forest cover at a resolution of 1-km. Pixel values are continuous in the
range 10—80% of forest cover (woody fraction), with specific codes to mark non-
vegetated areas and areas with forest cover lower than 10%. In contrast, Hansen et
al. (2013) offer a resolution of 1 arcsecond, equivalent to around 30-m at the equator,
and a full range of pixel values from 0 to 100% canopy closure.
The average forest-cover values for the modern pollen data set were extracted by
placing a search window around the location of each sample. We applied a general
search radius of 50 km to approach a more consistent comparison between MAT and
REVEALS estimates, because the REVEALS method suggests that its
reconstructions are representative of a 50-km radius around the sites in question (see
section “Comparison between MAT and REVEALS Estimates of Past forest cover”).
A circular search window was preferred over a square one (used, e.g., in Williams et
al., 2011), thus assuming a pollen source area with equal contributions from vegetation
from all directions. The forest-cover value of every grid cell falling within the search
radius was then distance-weighted using a two-dimensional Gaussian function
centered on the pollen sample and subsequently averaged. A Gaussian curve was
preferred primarily due to ease of implementation. Future model versions might
include more “fat-tailed” distributions (e.g., Dawson et al., 2016). Given the
predominance of moss polsters and soil samples in the EMPD, a value of ¢ = 500 m

was used in order to assign a prevalent weight to the circular region immediately closer
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to the sample site (Supplementary Fig. S3.3, Appendix III). A smaller ¢ value (100 m)
was applied only to samples collected in densely forested areas (forest cover > 40%
and EMPD sampling context described as “dense forest” or “forest undefined”). In
these cases, the 100 m value was preferred over the 500 m one only when it yielded
higher forest-cover values, suggesting the presence of denser forests right at the
sampling location. A higher distance—weight parameter (6 = 10 km) was applied to
samples collected from lakes in order to simulate a wider pollen source area. This o-
value is drawn from the optimal search window half-widths tested in previous studies
(Tarasov et al., 2007; Williams et al., 2011; Williams and Jackson, 2003). Similarly to
the procedure applied to moss and soil samples, a smaller 6-value (500 m) was applied
to small water bodies (surface < 20 ha) surrounded by forested landscapes in order
to emphasize the contribution of perilacustrine arboreal vegetation (Matthias and
Giesecke, 2014). Since pixels occupied by water bodies were not included in the
averaging procedure, weight is automatically added to the outer regions of the search
window as both lake size and the number of pixels containing water around the core
site increase. Bog sites therefore have the maximum weighting close to the core site.
With lakes, the weight given to more distant pixels naturally increases as lake size
increases and more pixels containing just water are excluded.

It should be stressed that pollen dispersal mechanisms vary largely from site to site
depending on multiple factors (e.g., vegetation density, wind speed, pollen grains size
and density, topography). Computational constraints, the wide diversity of the EMPD
samples and, above all, the current availability of metadata prevent the calculation of
sample-specific search windows and weight factors within this study. The application
of narrow distance-weighting parameters (100 m and 500 m) was prompted by
empirical and simulation studies on pollen deposition dynamics (e.g. Lavigne et al.,
1996; Tinsley and Smith, 1974; Wright, 1952). Local foliage — as an example — might
disrupt pollen dispersal, either by acting as a simple physical obstacle (Prentice, 1985)
or via electrostatic capture (Bowker and Crenshaw, 2007), causing large amounts of
pollen to reach the ground within few meters of the source. Sugita (1994) and Calcote
(1995) estimate that between 20 and 60% of the pollen load in forest hollows comes
from within a radius of < 100 m. Genetic analysis on plant communities appear to
reach similar conclusions despite radically different methodological approaches.
DNA paternity tests on Pinus sylvestris populations show that as much as ~50% of the
pollen reaching female cones may come from individuals located within a 10 m radius,
and that more than 90% of the pollen-carried genetic material may come from within

a radius of ~200 m (Robledo-Arnuncio and Gil, 2005). When small Qwercus sp. stands

113



are considered (ca. =6 ha, equivalent — for comparative purposes — to a circular region
with r = ~140 m), between ~30 and >80% of successful pollinations were ascribed
to pollen coming from within the stand (Gerber et al., 2014; Moracho et al., 2016;
Streiff et al., 1999). Surface pollen samples might therefore primarily record a signal
from local/extra-local pollen soutces (e.g., few dozens to several hundred meters,
sensu Jacobson and Bradshaw, 1981). In the context of our study, a o-value = 500 m
is meant to stress the importance of nearby pollen sources, while a 100-m value points
to a dominant contribution from local dense arboreal cover. Arguably, the LRA could
be used to estimate the pollen contribution from vegetation at any given distance
trom a sample. This effort would at the very least require pollen productivity estimates
for all taxa and regions involved in the present study, which are currently not available.
As a consequence, the use of only three o values (100 m, 500 m, and 10 km) represents

a necessary simplification.

Definition of forest cover

Study-specific definitions of forest cover should be kept in mind when
interpreting and comparing the results from different quantitative approaches.
REVEALS-based estimates of forest cover correspond to the overall regional tree
abundance expressed in relative percentage cover. Age and size of trees are not
assumed to be critical factors influencing the results, although they can have an
influence on pollen productivity estimates and pollen dispersal and deposition (Baker
etal., 2016; Jackson, 1994; Matthias et al., 2012). Analog-based approaches draw their
definition of forest from their respective land cover data sets. Hansen et al. (2013) use
a definition comparable to DeFries et al. (2000), describing forest-cover values per
pixel as canopy closure percentages for all vegetation taller than 5 m. Significantly,
DeFries et al. (2000) point out that a satellite-based mapping approach might identify
shrubs as herbaceous vegetation if they are low to the ground, and as woody
vegetation if they are taller. In an attempt to address this potential issue, we combined
global vegetation height data (Simard et al., 2011) with the CORINE data set (Buttner
et al., 2014) in order to detect areas occupied by forests but with a dominant tree
height lower than 5 m. Modern samples with a median tree height = 0 m within the
area covered by lo of the distance—weight function (i.e., the area surrounding the
samples that contributes the most to tree cover quantification) were excluded from
the analog pool. This filter was applied only to areas covered by the CORINE data
set and only to lacustrine samples. The rationale behind the latter discrimination lies

in our decision to prioritize the exclusion of easily discernible low-quality samples
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while at the same time limiting the occurrence of false positives. In this specific case,
the relatively coarse resolution of the tree-height data set (1 km), prompted us to apply
a tree-height filter only to samples with 6 = 10 km.

1
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0 20 40 60 80 100

Arboreal Pollen%

Figure 4.1. Arboreal pollen vs. forest cover for selected ENMPD samples (“high-reliability”
samples: location error < 100 m and age < —50 BP). Samples collected from open or species-
poor environments are not included (eg., tundra, sparsely vegetated mountain areas). The
dashed lines delineate the boundaries used to detect low quality samples (AP > 80% and forest
cover < 25%, see section “Quality Filtering”). Diamond symbol: the only high-reliability
sample exceeding both values, located in the Northern Urals (sample name: “Lapteva_a83,”
longitude 59.08828333, latitude: 59.52495). Despite being labeled as “forest undefined,”
the sample is located in a treeless area above the local timberline (confirmed by both forest cover
and vegetation height data sets). Still, the Globcover 2009 data set identifies its location as
“Open (15-40%) needleleaved deciduons or evergreen forest (>5 m).” Nearby pixels are
defined as sparsely vegetated. This contradictory information might imply a chronological
mismatch between forest cover and pollen data, or inaccurate sample description and Globeover
classification (possibly due to ecotonal transitions in the area). In either case, this sample does
not invalidate the boundary conditions set by this quality filter. The dotted box includes samples
collected in different locations within the same small lake (EMPD names: Kolaczek_f1-32),
but with identical geographical coordinates (hence the identical forest-cover values). This
sitnation highlights the need for both accurate sample geolocation and sample-specific pollen

source area estimates.
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Quality filtering

The available EMPD metadata were used extensively in conjunction with
additional land cover data sets in order to identify pairing inaccuracies between pollen
samples and the related vegetation data (e.g., due to location or chronology errors, see
section “Sources of Uncertainty”’) through multiple lines of evidence. After duplicate
removal, samples with estimated geolocation errors higher than 100 m were excluded
from further elaborations. An additional reliability check was performed by
comparing the elevation of each sample as recorded in the EMPD with the elevation
for the same latitude and longitude extracted from a high-resolution Digital Elevation
Model. Control elevation values were obtained from Mapzen’s Elevation Service
(mapzen.com), accessed through the R package “elevatr” (Hollister and Shah, 2017).
Any difference greater than 200 m resulted in the exclusion of the sample. Samples
from riverine or estuarine contexts were excluded too due to the likely presence of
pollen floated over long distances. Samples were also filtered to remove those with
low pollen counts, retaining only samples with a total sum of terrestrial taxa greater
than 100 pollen grains. The Globcover 2009 data set (Arino et al., 2008) was used in
addition to the already-mentioned tree height and forest-cover data sets. Samples
collected in open landscapes (e.g., sampling context identified as “treeless vegetation,”
“pasture”) but falling in forested Globcover classes and having simultaneously more
than 15% forest cover (Globcover lower limit for open forests) and median tree
height > 0 were excluded from the analog pool. Similarly, samples collected in

2 <<

forested environments (e.g., “open forest,” “closed forest”) but falling within open
Globcover classes and having at the same time forest cover < 15% and median tree
height = 0 were excluded from the training set too. The high-reliability samples
(estimated geolocation error < 100 m and estimated age < -50 BP; Fig. 4.1) in the
filtered EMPD were then used to find potential inaccuracies in surface samples with
insufficient metadata. Any sample with arboreal pollen > 80% associated to forest-
cover values < 25% was considered as potentially carrying low-quality information
and excluded from the model. Beside geolocation and chronological inaccuracies, this
filter addresses also samples collected under isolated trees, or in small thickets not
detectable by the forest-cover data set. These threshold values are drawn from Fig.
4.1 and find support in the available literature. As an example, in open or semi-open
contexts such as alpine meadows or arid shrublands, AP values are in the range of
40-50% (e.g., Court-Picon et al., 2006; Davies and Fall, 2001). Even above the tree
line, in contexts affected by long-distance pollen transport, rare is the case where AP

percentages reach values above 80% (e.g., Cafellas-Bolta et al., 2009). Nonetheless,
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given the common occurrence of long-distance airborne AP in species-poor
environments (e.g., Pardoe, 2014), samples collected in extensive treeless contexts
(e.g., tundra, alpine grasslands, deserts) are not included in Fig. 4.1 and are not affected
by this filter. A comparable filter was not applied to situations with low AP and high
forest cover values due to difficulties in identifying equally distinctive boundaries. See
the discussion for additional considerations on data selection.

The filtering process led to the removal of ~52% of the EMPD content, resulting in
2526 usable samples (Supplementary Fig. S3.2, Appendix III). Of these, 211 samples
were distance-weighted using a o-value = 100 m, 1894 samples using a o-value = 500

m, and 421 samples using a o-value = 10 km.

Past forest-cover reconstruction

Forest-cover reconstructions are based on the MAT (Guiot, 1990; Jackson and
Williams, 2004; Overpeck et al., 1985). The basic assumption behind the MAT is that
pollen samples sharing similar combinations of taxa originate from comparable plant
assemblages. The vegetation parameters of a modern pollen sample can therefore be
transferred to any fossil sample sharing a similar palynological composition. In order
to define how different two samples are, the floristic assemblages of both the fossil
and the training sample are reduced to a single coefficient of dissimilarity. Squared-
chord distance was selected as the dissimilarity index of choice because of its ability
to differentiate between vegetation types (Gavin et al., 2003; Overpeck et al., 1985).
Analog computations were performed using the R package ‘rioja’ (Juggins, 2019). The
optimal maximum number of analogs, k = 8, was determined via leave-one-out
(LOO) cross-validation. Reconstructed forest-cover percentages were then
recalculated as the weighted average of the forest-cover values of the best analogs
whose chord distance did not exceed a threshold T. The value of T is not
straightforward to define since it is data dependent (Davis et al., 2015). We opted for
avalue of T = 0.3, as it has proved sufficient to discriminate between major vegetation
assemblages in Europe (Huntley, 1990).
The fossil dataset was divided into 49 timeslices ranging from 12000 to O calibrated
years BP (years before AD 1950; hereafter BP). Each timeslice covers a 250-year
window with the exception of the most recent one, which is asymmetric as it cannot

project into the future, and therefore covers an interval of 185 years centered on 0
BP.
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Mapping procedure

The reconstructed forest covers from each pollen record (i.e., point estimates)
within each timeslice have been interpolated onto a uniform spatial and temporal grid
using a four-dimensional (longitude, latitude, elevation, and time) Thin Plate Spline
algorithm (TPS) fitted to a Digital Elevation Model (five arc-minutes resolution) using
the R package ‘fields’ (Furrer et al., 2013). A three-dimensional TPS (latitude,
longitude, elevation) was applied to the 0 BP timeslice in order to limit skewed results
due to its unbalanced sample distribution around the O BP mark. This follows the
same procedure used in mapping Holocene climate and vegetation used by Mauri et
al. (2015), Collins et al. (2012) and Davis et al. (2003).
The maps of forest cover also include changes in European coastlines and ice sheets
throughout the Holocene following Mauri et al. (2015). Small inland bodies of water
are ignored in the reconstructed maps. Areas with low site/sample density over
several time-windows have been excluded from our reconstruction, a process that
was also used to define the borders of the study region. The results for some marginal
areas (i.e., western North Africa and the eastern portion of the study area) are included
but are not addressed in the paper, which focuses on the data-rich area of Europe
north of the Mediterranean and west of 44°E.
To provide a comparison with traditional approaches based on the interpretation of
arboreal pollen (AP) percentages, we also applied the same interpolation procedure
to AP values (sum of woody taxa percentages, excluding dwarf shrubs and vines) for
every fossil timeslice. The complete series of 49 forest-cover maps and 49 AP maps
is included in the Supplementary Materials (Supplementary Fig. S3.4, §3.5, Appendix
III). All maps were produced using GMT 4.5.15 (Wessel et al., 2013).
Forest-cover error estimates were calculated for each timeslice by interpolating the
standard error of the analog-based reconstruction for every fossil sample. The
standard error itself was calculated as the standard deviation of the 7 best analogs
(after applying the chord threshold) divided by the square root of x. This first
interpolated error estimate was then added to the standard error generated by the
interpolation process itself (Furrer et al., 2013; Mauri et al., 2015). For computational
reasons, error estimates are provided in gridded form at a resolution of 1°
(Supplementary Fig. S3.6, Appendix III). Additional errors deriving from non-
quantifiable uncertainties within data sources (see section “Sources of Uncertainty”)
or from methodological limits (e.g., use of PFTs, lack of distinction between species-

specific pollen productivity/dispersal; see section “No-Analog Situations and the PFT
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Approach”) can’t be quantified with the available data or technical knowledge.
Therefore, these error sources are not accounted for in the calculation of error
estimates.

In order to provide regional summaries of forest cover and AP changes, the study
area was divided into eight regions (Fig. 4.2) and area-average estimates of forest cover
were calculated for each region based on the gridded maps. The region borders are
loosely based on the European biogeographic areas proposed by Rivas-Martinez et al.
(2004). The area-average estimates of forest cover and AP percentages were then

summarized in the form of time-series graphs covering the whole set of 49 time-slices.

Figure 4.2. Study area divided into 8 regions to provide regional summaries of forest-cover
changes. Names used in the text: 1. Boreal region; 2. British Isles; 3. Eastern European plain;
4. Central Europe; 5. Alpine region; 6. Atlantic region; 7. Dinaro-Carpathian region; 8.
Mediterranean region. Region borders are loosely based on the European biogeographic areas

proposed by Rivas-Martinez et al. (2004).
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Evaluation of the reconstruction method

Performance of the transfer function and interpolation using modern
data. The ability of MAT to reconstruct forest cover for the present time was first
assessed using a two-fold cross-validation exercise. The modern pollen dataset was
randomly split into two separate sets of equal size, subsequently using one as a training
dataset to reconstruct the forest cover of the other and vice-versa. The whole process
was repeated 999 times. The resulting 2, RMSEP, plus a simple reading of the
residuals, were used to assess the basic performance of the method. The RMSEP has
the same unit as the environmental variable, and is therefore expressed as percentages
of forest cover.
An h-block cross-validation test (Telford and Birks, 2009) was not performed. With
the h-block test, all samples within a distance h of a test sample are omitted from
analog selection. This test is generally applied to climate reconstructions, in order to
exclude or mitigate the effects of spatial autocorrelation in the training set. The
European land cover is much less uniform than the European climate, being instead
characterized by high fragmentation and spatial diversity even over short distances
(Kallimanis and Koutsias, 2013; Palmieri et al., 2011). Due to the high spatial
variability of pollen spectra/parent vegetation pairings, the h-block test might not

represent an optimal solution for land cover reconstructions.

Additionally, we tested the joint ability of MAT and interpolation algorithms to
reproduce the modern forest-cover patterns visible in Hansen et al. (2013). For this
purpose, modern forest-cover values were reconstructed under less restrictive
conditions via simple LOO cross validation. LOO-derived modern forest-cover
values were then interpolated using the procedure described in Section “Mapping

Procedure.” The same procedure was applied to AP percentages derived from the
EMPD.

Reconstruction of Holocene forest cover in the Alps. The Alpine region
provides an excellent context to test the performance of the 4-D interpolation due to
its high topographic variability, the abundance of fossil pollen archives, and the
numerous studies concerning local tree line and timbetline dynamics. Therefore, as
an additional test, we compared the MAT-based forest-cover values reconstructed at
different elevations in the Alpine region with the data from Hansen et al. (2013) for
the present and with independent macrofossil-based timberline/treeline

reconstructions for the Holocene. To achieve this result, we grouped all the pixels
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(grid cells) falling within the Alpine region (n. 5 in Fig. 4.2) into 200-vertical-meter
elevation bands, except for those below 400 m which were grouped into a single band.
This process was repeated for each of the 49 paleo-timeslices, as well as for the
present day using both the LOO-based reconstruction and the map from Hansen et
al. (2013).

As with the maps, areas with low site/sample density were excluded from the analysis.
A lack of pollen sites at the very highest altitudes meant that for this test the analysis
was limited to below 2800 m throughout the Holocene, with a slightly lower limit of
2400 m before 11000 BP and 2600 m from 10000 to 11000 BP when there were fewer
sites above those altitudes.

A basic definition of “forest” in alpine contexts includes a minimum canopy cover
above 40% (e.g., Burga and Perret, 2001) or 50-60% (Szerencsits, 2012). We adopt
an intermediate threshold, following the upper altitudinal boundary of forest cover
values >50% in our reconstruction. We interpret this minimum value as an indicator
of widespread forested environments across the whole region, and use it as a
simplistic threshold to track forest behavior in our reconstructions around the

timberline ecotone (maximum vertical extent of alpine forests).

Comparison between MAT and REVEALS estimates of past forest
cover. Forest-cover reconstructions based on MAT have been evaluated against
methodologically independent REVEALS reconstructions for selected fossil pollen
records (five large lakes, >50 ha surface) in central and northern Europe. The
REVEALS model (Sugita, 2007a) provides pollen-based estimates of regional plant
abundances for 25 taxa (trees, shrubs, and herbs) in percentage cover and associated
standard errors. Note that REVEALS estimates inferred from large lakes give the
most reliable reconstructions of regional plant abundance (Marquer et al., 2017,
Trondman et al., 2015).

We used five REVEALS target sites published in Marquer et al. (2014) for the
method-independent evaluation of the MAT-based forest-cover reconstructions.
These five pollen records were selected because the data was publicly available from
EPD, and because the sites are all located in central and northern Europe, where
pollen-productivity estimates are available to run REVEALS for the major pollen taxa
(Brostrom et al., 2008; Mazier et al., 2012). For further details about the pollen
records, see Marquer et al. (2014).

Several tests have been done to decrease the 500-year time intervals of the

reconstructions in Marquer et al. (2014) to the lowest reliable time intervals: 400-,
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300-, 200-, and 100-year time intervals were used for reconstructions and the results
show that 200-year time intervals provide a good compromise between the size and
number of the time intervals available and good REVEALS standard errors. The
REVEALS model was therefore run for 200-year time windows covering the last
11700 years: the number of time windows is dependent on the length of the record
at each target site. The protocol for running REVEALS follows Marquer et al. (2017,
2014) and Trondman et al. (2015). For this test, the time resolution of the MAT
estimates matches the REVEALS parameters.

The REVEALS estimates for the 25 taxa were grouped into open-land and forest
categories, and the associated standard errors were calculated again. The REVEALS
torest covers include covers of Abzes, Alnus, Betula, Carpinus, Corylus, Fagus, Fraxinus,
Juniperus, Picea, Pinus, Quercus, Salix, Tilia, and Ulmus, and represent the regional cover

within 50 km around each target site.
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Figure 4.3. Box-and-whisker plot showing the residuals of the two-fold cross
validation exercise (999 iterations) grouped into discrete forest-cover classes.
Residuals are excpressed as reconstructed minus observed forest-cover values.

Q1 = first quartile; O3 = third quartile; IOR = interquartile range.
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RESULTS
Model validation

Performance of the cross-validation exercise. The two-fold cross-
validation exercise shows that the MAT-based forest-cover model is able to account
for close to 50% of the variance (r2 = 0.49) and that the RMSEP (20.7%) is lower
than the standard deviation of the data set (29%). These values reflect the wide array
of uncertainties affecting the model (see sections “Sources of Uncertainty”, “No-
analog Situations and the PFT Approach”, “forest-cover Underestimation”), yet they
suggest that it can identify and reproduce a relationship between remote sensing data
and pollen percentages. An analysis of the residuals of the two-fold cross-validation
(Fig. 4.3) highlights negligible bias in the 0—70% forest-cover range, with the median
error lying well in the range of £10% points. A larger discrepancy between
observations and the reconstruction is especially visible at sites with very high forest
cover (>80%), where the median reconstructed values tend to be more than 25%
points lower than the observed forest cover. These differences might depend on a
combination of factors. For instance, high-forest-cover samples (>80%) are the least
represented in the calibration dataset, likely making them more prone to be affected
by poor analogs. The lowest residuals are concentrated in southern Europe
(Supplementary Fig. S3.7, Appendix I11) probably reflecting the limited representation
in the modern dataset of large units of Mediterranean forest. These issues are revisited

in the discussion section.

MAT-REVEALS comparison. The comparison between MAT and
REVEALS estimates (Fig. 4.4) shows generally similar trends (overall correlation
coefficient: r = 0.75; Fig. 4.5a). This level of agreement is notable, considering the
quite different approaches of the two methodologies toward landscape
reconstruction. Disagreements in absolute values constitute the main difference
between the two models. The MAT assigns lower forest covers to early pioneering
pine and birch woodlands (~12000—10000 BP); during this phase, most of the closest
modern analogs are chosen within the tundra biome or in proximity of the forest-
tundra ecotone (Supplementary Fig. S3.8, Appendix III). Differences between the
models might then depend on a combination of factors, including potential forest-
cover overestimation by REVEALS in Early Holocene contexts, and tree-height
detection limits for MAT estimates. Major differences in terms of absolute values
persist across all pairs after 10000 BP, with the full development of mixed deciduous

woodlands.
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Figure 4.4. Location of five target sites and reconstructed forest-cover values based on MAT (calibrated
and wuncalibrated) and REVEALS estimates. The shaded area represents the standard error of each
reconstruction. Calibrated values are obtained via the bias correction procedure detailed in Section “Bias

Correction”.

The REVEALS curves rise to values higher than 85-90% before acquiring an overall
stable neutral trend. After a comparable initial positive trend, the MAT curves
stabilize at around 60-70%. Differences of ~18-25 percentage points persist across
the whole Mid-Holocene (Supplementary Table S3.4, Appendix III). This consistent
behavior reinforces the results of the cross-validation exercise (Fig. 4.3), pointing to
a limited performance of the MAT in densely forested contexts. As noted in section
“Performance of the Cross-validation Exercises,” the reasons behind this behavior
might depend on a lack of suitable analogs in the training data set, in turn resulting

from the low residual forest cover across present-day Europe. Ditferent approaches
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toward forest-cover quantification might play a notable role too, i.e., sum of all forest-
forming taxa, regardless of their habitus (REVEALS) vs. tree-height detections limits
of the underlying forest cover map (MAT). Undetectable trees lower than 5 m might
then account for at least part of the difference between the MAT and REVEALS
curves.

Consistently, the only two no-analog situations (gaps in the MAT curves of
Krageholmssjon and Raigstavere) are recorded at around 8000 BP, testifying further
to limits in the training data set concerning the reconstruction of early Mid-Holocene
torests. The occurrence of no-analog situations in our reconstructions is addressed in
section “Quantification of No-analog Occurrences.”

The agreement between MAT and REVEALS curves improves in the Late Holocene,
when forest-cover decline brings the REVEALS values below 80%. The average
difference in absolute values between the two reconstructions is reduced to ~10-17
percentage points in the last 4000 years of the sequences (Supplementary Table S3.4,
Appendix III).

19 a 19
r=0.75
@

. = 0.8 4

g g

5 w© S

g > %
= 8 ® 8 05+
I B 5
= @ O a

33 5 8 0.4

€ o £

g = 2

] = 9

a < 2024

=
0 T T T T ] 0 T T T T 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
proportions of forest cover proportions of forest cover
REVEALS REVEALS
A Early Holocene & Late Holocene
O Mid-Holocene - - - Overall regression line

Figure 4.5. MAT-REVEALS comparison. (a) REVEALS vs. uncalibrated MAT values.
(b) Reveals vs. calibrated MAT values. Overall statistical correlation values referred to Figure 4.4.
Study time-window subdivision: Early Holocene: 11700—8100 BP. Mid-Holocene: 8100—4100
BP. Late Holocene: 4100—0 BP.

Quantification of no-analog occurrences. The MAT-REVEALS
comparison shows few gaps in the MAT-based curves (sites of Krageholmssjon and

Raigstavere, Fig. 4.4), highlighting the occurrence of missing analogs and prompting

125



us to explore the extent of this issue. For an appropriate comparison, we ran the MAT
algorithm for the whole fossil and modern data sets using selected pollen taxa (i.e.,
without any transformation into PFT scores) and PFT scores (as described in section
“Fossil and Modern Pollen Data”) separately. The full list of taxa used in this
simulation is presented in Supplementary Table S3.5, Appendix III. The occurrence
of no-analog samples for every timeslice is presented in Fig. 4.6. Consistently with the
parameters of our model, a no-analog situation is detected when the closest analog to
a fossil sample has a squared chord distance higher than 0.3 (Huntley, 1990).

The taxa-based approach results in large portions of the fossil data sets presenting

no-analog situations (Fig. 4.6a). The period between ~9000 and 6000 BP shows the
highest values, with over 30% of the samples in each timeslice having no close analogs
in the training set. The effect of the PFT approach is visible in Fig. 4.6b: the highest
no-analog percentages are still concentrated between ~9000 and 6000 BP, but with
values rarely exceeding 2%. A more detailed region-by-region subdivision is presented

in Supplementary Fig. S3.9, Appendix II1.
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Figure 4.6. (a,b) Percentage of fossil samples with no close analogs

in the training data set calculated for each time slice.
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Bias correction. The results of the two-fold cross-validation exercise highlight a mild
overestimation of forest cover at values < 30% and, above all, a growing bias for
values = 50%. This systematic underrepresentation of high forest-cover values is
clearly visible in the MAT-REVEALS downcore comparison, possibly suggesting a
comparable bias spread across all Holocene reconstructions. Considering the
seemingly systematic occurrence of this modeling error, we employ an empirical

distribution correction approach (Lafon et al., 2013) to rectify the forest-cover

reconstructions in our model.

modeled forest cover (MAT)

O T T T T

0 20 40 60 80 100
observed forest cover

Figure 4.7. Calibration curve used to corvect the modeled forest-cover
valnes. Gray squares: modeled vs. observed forest-cover values from the
two-fold ross-validation exercise. Blue squares: resampled first, second,
and third quartiles. Y ellow circles: modeled vs. fitted empirical quantiles.

Red line: regression curve used for calibration of the modeled values.

The results of the two-fold cross-validation exercise (999 iterations) were resampled
using randomly distributed 5%-wide windows (10 randomly placed windows for every
iteration) in order to address the predominance of low forest-cover samples in the
training set. The first, second, and third quartile were extracted within each window.
Robust empirical quantiles for modeled vs. observed forest cover were estimated via

Quantile Mapping (R package ‘qgmap,” Gudmundsson, 2016), based on every second

127



percentile between 1 and 100. A smooth spline regression curve was fitted to the
resulting quantile—quantile plot (Fig. 4.7) and used as a calibration curve for the
modeled forest-cover values. The resampling strategy and regression parameters were
tested via trial-and-error, opting for a solution that minimizes the bias for high forest-
cover classes. The application of the bias correction curve to the two-fold cross-
validation iterations is visible in Fig. 4.8, where it shows a largely corrected median
bias across all forest-cover classes. The correction of MAT values in the MAT-
REVEALS comparison (Fig. 4.4) shows how the calibration curve succeeds in closing
the gaps between the two models during the Mid-Holocene (Supplementary Table
S3.4, Appendix III), while at the same time preserving the relative trend between

timeslices.
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Figure 4.8. Box-and-whisker plot showing the residuals of the two-fold
cross validation exercise (Figure 4.3) after the application of the calibration

curve.
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It should still be noted that the bias-correction procedure is applied mechanically to
all samples regardless of their age, composition or location. As a consequence, this
simple calibration approach might result in an over- or under-correction of forest-
cover values. Any decrease in agreement between MAT and REVEALS might be
ascribed to these effects. Examples include the exacerbation of low forest-cover
values in the Late Holocene section of Krageholmssjon, or marked shifts from 60—
70% (uncalibrated) to >90% (calibrated) forest-cover values within the most recent
timeslices of Kansjon and Raigstavere. Similarly, the monotonic behavior that
characterizes most of the MAT-based Trummen curve results in a growing
discrepancy between MAT and REVEALS from ~5000 BP onward. These
differences are nonetheless counterbalanced by a general and notable improvement
in the correlation between MAT and REVEALS (overall regression line with slope =
1.11 and intercept = -0.09; Fig. 4.5b). The forest-cover reconstructions presented in

the following sections are based on the application of this bias correction procedure.

Evaluation of the interpolation procedure. A visual comparison between
actual modern cover from Hansen et al. (2013) (Fig. 4.9a) and the MAT-based,
interpolated modern forest-cover map (obtained via LOO method, Fig. 4.9b) is used
to evaluate the ability of the interpolation procedure to reproduce the main patterns
in forest cover at the European scale. Higher forest densities are correctly
reconstructed in mountain areas, notably at mid-low elevations in the Alps and along
the Apennines, in the Balkan Peninsula and in the Carpathians, and partly in northern
Iberia. In northern Europe, extensive forested areas are reconstructed around the
Gulf of Bothnia and in western Russia. By comparison, the interpolated AP map
displays similar distributions in central and southeastern Europe, but differs
substantially in the remaining areas. Particularly visible is the pattern in northern
Europe, where high AP values are present well beyond the northernmost limit of
densely forested areas and show a generally limited spatial variability. A region-by-
region comparison is presented in Fig. 4.10, together with the full extent of the fossil-
database reconstructions. The synthesis in Fig. 4.10 highlights how a combination of
MAT and interpolation succeeds in producing forest-cover values that are within the
range derived from Hansen et al. (2013), while AP values regularly exceed it. Non-
overlapping values are produced only for the British Isles, presumably due to the
relatively poor spatial distribution of modern samples available for this specific region

(Supplementary Fig. S3.2, Appendix III).
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Figure 4.9. a) Map of the study area with present day forest cover from Hansen et al., 2013; (b)
Present-day forest cover reconstructed via MAT (LLOO cross validation, calibrated) and 3D
interpolation; (c) Interpolated present day arboreal pollen (AP) percentages from the EMPD and 3D

interpolation. Dark gray areas are excluded from the analysis due to low site density.
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Forest-Cover elevation in the Alpine environment. A summary of the
average MAT-derived forest cover in the Alps at different altitudes during the
Holocene is presented in Fig. 4.11. The overall lowest forest-cover values are
reconstructed at the end of the Younger Dryas period, before 11700 BP, when values
> 50% are not recorded in the regional synthesis. A sharp increase in forest-cover
percentages is immediately visible after 11500 BP, rapidly leading to the maximum
altitudinal development of dense Alpine forests in our reconstruction (~10000-7000
BP). A gradual negative trend is then recorded between ~7000 and 2250 BP, lowering
the 50% threshold from ~2600 m to ~1800 m. Eventually, after ~500 BP, values
below 800 m decrease noticeably too, bringing the overall forest-cover situation close
to the modern one across all elevation bands. In Fig. 4.11, the 50% boundary in both
the 0 BP timeslice and LOO-based modern timeslice is located at 1800 m. By
comparison, the satellite-based modern forest cover is placed 400 m lower, at 1400
m. It should be noted that the satellite-based 1400—1600-m elevation class has a forest
cover value only slightly lower than the threshold value (48.9%), causing a seemingly
abrupt difference in elevation between the satellite-based and MAT-based forest
covers. Comparing the 0 BP timeslice with the satellite-based and the LOO-based
forest covers returns a correlation coefficient r = 0.98 in both cases. Similarly,

comparing the satellite-based and LOO data results in r = 0.97.

Forest-cover reconstructions

Late Pleistocene and Holocene onset (Figs. 4.10, 4.12a-b). During the last
stage of the Pleistocene, the average forest-cover ranges from ~6% (British Isles) to
~48% (Central Europe), with an overall study area average of ~25%. The highest
percentages are reconstructed along a diagonal belt spanning from the circum-alpine
area to central-eastern Europe (Fig. 4.12a). The beginning of the Holocene is marked
by a general increase in forest cover, with particularly steep trajectories in the British

Isles, in the Atlantic region and, resulting in an isolated peak, in Eastern Europe.

First half of the Holocene (Figs. 4.10, 4.12c—g). Maximum forest
development is reached between ~8500 and 6000 BP, with intensity and timing
varying from area to area. Only the Atlantic region displays an early and isolated
maximum around 10500 BP. Wide standard deviations are visible across most regions
within the same time slice. Positive forest-cover trends last until 6250 BP in the

Eastern European plain.
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Figure 4.10. Time series for the whole study area and the eight regions (time vs. percentages of
reconstructed forest cover and percentage of arboreal pollen). Areas covered by water or ice are not
included in the calenlation of average forest-cover]/ AP values and their relative standard deviation.

The deviation from the mean does not represent the error of the reconstruction but is simply a

measure of inter-regional variability. The horizontal lines provide a comparison with present-day
values for each region, i.e., modern forest cover from Hansen et al. (2013) (Figure 4.9a),

interpolated 1. OO-based modern forest cover (Figure 4.9b) and interpolated percentage of arboreal
pollen (Figure 4.9c).
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The highest average values are recorded in Central Europe, with percentages often
above 80%. The least forested region is the Mediterranean, where forest cover rarely
exceeds 40%. A phase of decline and stagnation lasting from ~8250 to 6500 BP is
visible in the British Isles, in the Atlantic and Dinaro-Carpathian regions, and in the
Mediterranean. With the end of this phase, forest cover values recover and return
approximately to pre-decline levels. A similar decline begins in the Alps after 8250

BP, but is not followed by forest recovery.

Second half of the Holocene (Figs. 4.10, 4.12h—1). The negative trend
observed in the Alps since 8250 BP continues during the second half of the Holocene.
A comparable stable decline is visible across most regions generally from 6000 BP.
The contraction of forested areas varies across Europe in terms of intensity and
timing, but invariably leads from Early/Mid-Holocene maxima to present-day values
without any interposed major recovery phase. Only the Dinaro-Carpathian region
shows a predominant neutral trend until ~1500 BP, then followed by a rather steep
decline to present-day values. A notable increase in steepness occurs in Central
Europe after 1500 BP too, while in the British Isles, in the Easter European Plain and
in the Alps occurs after ~750 BP.

DISCUSSION

We reconstruct for the first time spatially continuous fields of forest cover
over the entire European continent for the last 12000 years based on quantitative
criteria. The large spatial and long temporal scale of the study and the hundreds of
individual sites on which it is based preclude a detailed analysis of individual local
areas, so we restrict our discussion here to the main strengths and weaknesses of the
model. It should be remembered that the reconstruction is based on aggregate results
from several sites, and it is to be expected that individual site reconstructions may

show different trends when viewed in isolation.

Sources of uncertainty

Williams and Jackson (2003), Jackson and Williams (2004), and Mauri et al.
(2015) present an extensive summary of potential error sources affecting models
based on pollen and modern analogs. These include the quantity and quality of the
fossil and modern pollen data, chronological uncertainties, and the completeness and

accuracy of attendant metadata.
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Figure 4.11. MAT-based forest cover values (calibrated) for the end of the Y ounger Dryas and the
Holocene in the Alpine region grouped in discrete elevation classes. forest-cover data from Hansen et
al. (2013) and L.OO-based from the same region (derived from Figure 4.9) are added as a modern
reference. Gray colored pixcels and pixels above 2800 nz are masked due to lack of local pollen archives.
Holocene macrofossil-based treeline and timberline curves from the central Swiss Alps are juxtaposed

Jfor comparison (digitized from Tinner and Theurillat, 2003).
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Whilst it is possible to apply rigorous quality control criteria, there is a direct trade-
off in terms of the number of samples, and consequently the spatial, temporal, and
ecological coverage. This can be particularly important for instance for the size of the
modern pollen training set, and therefore the number of analogs that are available to
the MAT. For instance, a sample count of 400-600 pollen grains belonging to
terrestrial species is generally considered a safe minimum threshold to minimize
statistical fluctuations of taxa percentages within a sample (Birks and Birks, 1980),
with lower pollen counts being occasionally imposed by the sample nature itself (e.g.,
bad preservation, low volume). Applying a minimum pollen count (terrestrial taxa
only) of 600 grains would lead to a >60% sample loss in both the training and the
fossil databases, affecting the spatial coverage and the general variability of both data
sets. In our reconstruction we used a smaller sub-set of taxa selected from the total
terrestrial count, and therefore we chose a smaller threshold of 100 terrestrial pollen
grains as the minimum count.

The size of the count influences the taxonomic diversity of the sample, as does the
skill of the analyst. Furthermore, additional vegetation parameters, such as habitus-
related aspects are not always inferable from pollen data. Even when two species
exhibit clearly different growth habits, their pollen grains might prove difficult to
differentiate, as exemplified is exemplified by the Befula genus. Dwarf birch (Betula
nana), an arctic/ cool temperate low shrub, is not distinguishable from arboreal birches
through grain size alone, requiring instead to calculate the ratio of equatorial diameter
to pore height (Birks, 1968). It is not possible to ascertain to which extent this
distinction constitutes a common practice among analysts (e.g., it is admittedly
avoided in Solovieva et al., 2015). This specific issue is at least partly mitigated by the
PFT approach: B. nana pollen grains are assigned to the arctic-alpine PFT, while
undifferentiated Betz#/a pollen may be categorized as either boreal summer-green or
arctic-alpine depending on the remaining floristic assemblage of a given sample
(Peyron et al.,, 1998 and Supplementary Tables S3.1-S3.3, Appendix III). Woody
vegetation growth habit and size might be variously affected by environmental
properties too, such as water availability and soil composition. These variables are not
accounted for in the analog selection process, and can lead to associate fossil pollen
spectra to incorrect modern vegetation parameters.

An additional source of uncertainty stems from the definition of forest in the Hansen
et al. (2013) forest-cover dataset, which specifies that “forest” has a minimum height
of 5 m. However, the LANDSAT sensors used to create the dataset do not detect

tree height.
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Figure 4.12. MAT-based forest-cover values (calibrated) for selected time slices during the past
12000 years (a—Ll). Gray crosses represent pollen sites locations. 1ight gray areas over northern
Europe and Scotland represent Early Holocene ice cover. Dark gray areas are excluded from the

analysis due to low site density.
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Therefore, “forest” cover mapped in this dataset is subject to uncertainty and areas
mapped as forest could in reality be something else, which would lead to irreconcilable
differences between pollen spectra and tree cover. For example, forest could be
mapped in the dataset when the vegetation cover is in fact rather a dense, tall
shrubland, e.g., in the arctic. While indistinguishable to a satellite-based sensor, an
arctic shrubland might have a very different floristic composition than, e.g., boreal
forest, and this difference would be obvious in a pollen spectrum. This mismatch
between observations from satellites and modern pollen samples would result in
calibration uncertainty, where areas with similar forest cover have different pollen

spectra, and vice versa.

Sample misplacement is another source for incorrect matches between pollen and
satellite data. The high grid resolution of the remote sensing data and the small o-
value of the pixel-weighting equation result in a high sensitivity of the search window
to shifts in its position. The EMPD provides reliability estimates for sample
geolocation, which — combined with randomized location checks — have been used in
the present work to exclude samples with known large uncertainties. This information
is not available for the whole dataset, especially for older samples, due to gaps in the
documentation or specific limitations (e.g., lack of GPS logging devices during
fieldwork operations). Surface samples with unknown location reliability amount to
>50% of the total. Despite this lack of metadata, they were included in the elaboration
in order not to depopulate the analog pool.

An additional issue revolves around the availability of remote-sensing data. While
satellite-based forest-cover data are available only for selected time periods, i.e., the
year 2000 for Hansen et al. (2013) and years 1992-1993 in the case of DeFfries et al.
(2000), during the past decades European forest cover experienced a general increase,
with localized areas of forest loss (Lambrechts et al., 2009; Potapov et al., 2015). For
comparison, the EMPD samples with known age were collected mostly between the
years 1978 and 2010. As a consequence, pollen spectra might be paired with non-
contemporary vegetation patterns. The relevance of this issue can be proportional to
the age difference between the two data sets, as a wider gap would simply leave more
time for landscape transformations to take place. Nonetheless, chronology-based
tilters were explicitly avoided, since wide chronological differences do not necessarily
imply significant vegetation changes.

All of these examples are meant to highlight how surface-pollen datasets would

benefit from both enhanced sample density and metadata quality, ideally not only
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covering a wider range of vegetation assemblages, but also containing redundancy
that would allow for stricter and task-oriented selection of samples. Furthermore,
improvements in remotely sensed land-cover data would be desirable, e.g., using new
sensors that directly integrate the spectral and physical characteristics of the
vegetation into a single dataset. It is important to remember that good transfer
function performance may equally be dependent on having a reliable calibration

dataset as on having good pollen data.

No-analog situations and the PFT approach

The ability of MAT to find a proper set of analogs is challenged by the many
factors influencing plant biology and distribution through time (Jackson and Williams,
2004). Pollen production and dispersal can be influenced by the age of the plant, with
younger specimens producing less pollen than older ones (Jackson, 1994; Matthias et
al., 2012). Similarly, varying concentrations of atmospheric CO» have a direct effect
on the production of flowering shoots, leading to an increase in pollen production
with growing COz values (Ladeau and Clark, 2006; Ziska and Caulfield, 2000).
Growth-speed limitations and interspecies competition might result in a lagged
expansion within a potential bioclimatic space (e.g., Gardner and Willis, 1999).
Furthermore, a growing human influence on the landscape in the second half of the
Holocene played a role in the expansion of disturbance-dependent taxa outside of
their niches (e.g., Perego et al., 2011), and possibly also contributed to early extinction
events (Wick and Mo6hl, 2006). A combination of these and other factors led to the
rise and decline of plant communities that potentially have no close parallels in
contemporary vegetation.
Changes in pollen productivity within the same species represent an issue that is
difficult to address and common to all pollen-based models. On the other hand, the
sensitivity of the MAT to migration lags, extinction events, and gaps in the training
data set can be lessened by avoiding a taxa-based approach. The use of PFT scores,
as used in the present study, groups pollen taxa in broader classes defined by physical,
phenological and climatic factors. The absence of specific taxa from an area does not
hinder the performance of a PFT-based reconstruction as long as their potential
bioclimatic space is occupied by species with comparable traits. The low occurrence
of no-analog situations in our reconstructions (Fig. 4.6b) proves the effectiveness of
the PFT approach, and suggests that no-analogs do not affect the performance of the
model. Yet a concentration of no-analogs between ~9000 and 6000 BP remains

notable. It occurs during the phase of maximum European forest development and
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highlights from a different perspective the noted model weakness with dense forest
covers.

Still, the use of PFT's should not be regarded as a complete solution to the no-analog
issue, but more as a viable and more robust alternative to taxa-based approaches. In
fact, notable differences between taxa remain unaccounted for within the PFT
method and contribute to the overall uncertainty of the model. As an example, beech
(Fagus), lime (Tilia), and elm (Ulnus) share the same PFT (Cool-temperate summer-
green; Peyron et al, 1998) despite having widely different pollen productivity
estimates (beech: 0.76—6.7; lime: 1.3; elm: 0.8. Values are relative to the pollen
productivity of Poaceae; Brostrom et al., 2008). Two samples with the same
proportion of cool-temperate summer-green taxa (e.g., one composed primarily of
beech and one of lime/elm) might then still be the product of different vegetation
patterns. Beech spread gradually across Europe during the Holocene and is well
represented in modern pollen diagrams (e.g., Magri, 2008). On the other hand, lime
and elm are minor components of the present-day pollen landscape, having reached
their palynological peak during the Early/Mid-Holocene (e.g., Huntley and Birks,
1983). Modern samples with beech might then be selected as best analogs for fossil
samples lacking this taxon but containing lime and elm. The occurrence of such
pairings — considering the potentially much higher pollen productivity of beech —

could contribute too to the underestimation of Early/Mid-Holocene forest cover.

Forest-cover underestimation

The results of the two-fold cross-validation exercise and the MAT-REVEALS
comparison (see sections “Performance of the Cross-validation Exercise and MAT—
REVEALS Comparison”) highlight a distinct issue with the reconstruction of high
forest covers. A visible contribution to this issue is given by the limited availability of
EMPD samples from highly forested contexts, but additional factors could play
important roles too. Notably, the modern European landscape is largely deforested.
As a consequence, any sample misplacement or incorrect distance-weighting could
more likely lead to pair pollen samples with low forest-cover values. The use of PFT's
could impact the model performance too, as noted in section “No-Analog Situations
and the PFT Approach.” Most importantly, the MAT does not have any intrinsic
ability to differentiate between local pollen sources and long-distance transport, an
issue exacerbated by the generally poor pollen dispersal capabilities of open-landscape
species (i.e., —simplifying —most herbaceous taxa). The under-representation of non-

arboreal species results in samples with comparably high AP values but widely
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different forest-cover percentages (e.g., Brostrom et al., 1998 and Fig. 4.1 in the
present paper), likely hindering a fine distinction between moderately and highly
forested contexts.

These issues could be addressed by driving the analog selection process through a
series of constraints. An example might involve calculating the average pollen
productivity estimates of all PFTs, and reducing the analog pool to samples with
comparable traits. Similarly, pollen accumulation rates could be used to detect
predominant long-distance transport. Testing these solutions is currently prevented
by a lack of necessary information, as pollen productivity estimates for the whole
study area and for all taxa involved are currently not available. Similarly, the EMPD
does not contain information concerning pollen accumulation rates. These limits led
us to tackle the forest underestimation issue through a single correction equation
applied to all sampling contexts and vegetation assemblages (see section “Bias

Correction”).

Comparison with current land-cover change narratives

Unraveling the fine reasons behind the regionally diverse forest cover trends
remains beyond the scope of this paper. We will mostly constrain our analysis to a
comparison between our data and the land cover dynamics emerging from qualitative
interpretations and quantitative models. The interpolated results of our
reconstruction draw a coherent picture of forest advancement and retreat spanning
the last 12 millennia. While the limits of the method constitute an undeniable source
of approximation, it is important to note that the reconstructions are often consistent
with existing narratives of vegetation development from a regional to a continental
scale, although these have virtually all been based on a qualitative interpretation of

pollen data.

Late Pleistocene. The average forest cover across most of Europe just before
the onset of Holocene warming points to a landscape dominated by non-arboreal
vegetation. In agreement with this reconstruction, the traditional interpretation of
pollen data describes a steppe-like environment with prevalent shrub and xerophytic
vegetation covering most of the deglaciated areas of Western and Southern Europe
(Bakels, 1995; Guiter et al., 2005; Walker and Lowe, 1990). Similarly, the presence of
a steppic landscape matches several interpretations of Central Mediterranean (e.g.,
Bordon et al., 2009; Combourieu-Nebout et al., 2013; Tinner et al., 2009) and Eastern
Mediterranean archives (e.g., Langgut et al., 2011; Roberts et al., 2001; Rossignol-
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Strick, 1995). In contrast, Lawson et al. (2004) point to a limited woodland contraction
phase inserted in a context of gradual postglacial forest recovery. The expansion of
an unforested environment during the Younger Dryas period is a phenomenon
acknowledged in the Iberian Peninsula as well (Carrion et al., 2010). Here, the treeless
conditions reconstructed in Fig. 4.12a appear to be fitting for high-elevation sites and
areas affected by a decrease in precipitation (Carrion, 2002; Carrion and Van Geel,
1999; Mufioz Sobrino et al., 2004), but might underestimate the presence of pine and

oak woodlands growing in more favorable locations (Rubiales et al., 2010).

The higher forest-cover percentages emerging in central Europe probably reflect the
presence of surviving Allerod pine/birch woodlands stretching from the Alpine
piedmont (Wick, 2000) to Central Europe (Andres et al., 2001; Bos, 2001; Sobkowiak-
Tabaka et al., 2017). Moving northward to the Baltic coast, the conditions inferred
from pollen diagrams describe increasingly open birch and pine forests (Jahns, 2007;
Nelle and Dorfler, 2008) gradually giving way to tundra-like conditions (Kihno et al.,
2011)). The relatively high forest cover values reconstructed around the Baltic Ice
Lake may appear excessive considering the local importance of heliophilous taxa and
the low pollen accumulation rates of forest species (Veski et al., 2012). Reworked
pollen grains of thermophilous trees (e.g., Jahns, 2007) might arguably inflate model
estimates. Nonetheless, macrofossil remains and pollen threshold values point to
persistent populations of birch, pine, and spruce even at high latitudes and close to
the ice margin (Heikkila et al., 2009; Kullman, 2002).

Post-glacial forest recovery. The beginning of the Holocene is marked by
warmer temperatures and greater moisture availability that promoted a rapid,
wholesale transformation of land cover. The rise of forest-cover values over most of
Europe is in line with the vegetation changes inferred from pollen diagrams. Existing
woodlands densified and patchy tree stands replaced tundra parkland vegetation (e.g.,
Nelle and Dérfler, 2008; Robin et al., 2011). Growing forest density across Southern
and Central Europe reflects the rapid expansion of thermophilous trees in pollen
diagrams (Brewer et al., 2002; Giesecke et al., 2011). The 10500 BP timeslice is
characterized by an unusually high land-cover variability (high standard deviations in
Fig. 4.10), occurring together with visibly higher error estimates (Supplementary Fig.
S3.6, Appendix III). Significantly, this time window envelops the abrupt rise of hazel
in central and southern European pollen diagrams (~10600 BP, Giesecke et al., 2011).

This synchronous and fast paced event possibly resulted in widespread forest-cover
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differences at both intra-site (sudden palynological change between adjacent samples)
and inter-site level (neighboring sites having different forest covers due to
chronological factors — i.e., limits of their respective age—depth models), ultimately
producing inflated error estimates propagating through site-poor areas. Peak levels of
forest development are generally reconstructed between ~8500 and 6000 BP,
following the maximum extent reached by mixed deciduous forests (Brewer et al.,
2002). Rising forest-cover values in Scandinavia reflect the colonizing wave of
pioneering birch woodlands over the newly deglaciated landscapes (Bjune et al., 2004).
Values higher than 50% are reconstructed in Northern Scandinavia after 8000 BP,
reflecting the widespread occurrence of birch and pine-birch forests at high latitudes
(Barnekow, 2000; Bjune et al., 2004; Seppa, 1998).

Compared to other regions, there is only a modest increase in forest cover density in
the Mediterranean between Late Pleistocene and Early and Mid-Holocene. These low
values possibly reflect a combination of denser forests spreading inland and at upland
sites (Carrion et al., 2010; Sadori et al., 2011), and the contemporary development of
coastal matorral/maquis shrublands (Calo et al., 2012; Cartrién and Dupré, 1996;
Pantaléon-Cano et al., 2003; Tinner et al., 2009).

Middle/Late Holocene forest cover decline. During the second half of the
Holocene, forest-cover percentages are characterized by negative trends that bring
the curves to present-day values. Increasing human pressure is regarded as the primary
driver behind such behavior (Davis et al., 2015; Fyfe et al., 2015; Kaplan et al., 2009),
although the role of climate should not be dismissed (Marquer et al., 2017). Forest
cover over Northern Europe will have been influenced by the Early Holocene rise in
temperatures and later Holocene cooling after the Mid-Holocene thermal optimum,
whilst forests in Southern Europe were more influenced by similar trends in moisture
(Davis et al., 2003). The estimated increase in carrying capacity of eatly agricultural
societies implies an expansion of productive surfaces (croplands, pastures) at the
expense of woodlands and wetlands. A growing exploitation of forest resources,
primarily timber and fuel, must be accounted for as well, contributing to the general
widespread and growing forest-cover reduction. The average picture described by our
model is spatially and chronologically comparable to the synthesis presented by Fyfe
et al. (2015), based on the categorization (Pseudobiomization, PBM) of Europe’s land
surface into aggregated land-cover classes (e.g., forest, semi-open vegetation, open
vegetation). At a pan-European scale, both models reproduce a period of maximum

forest extent between ~8500 and 6000 BP. Notably, this phase of relative stability is
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followed in both models by a very gradual forest decline. This negative trend then
accelerates after 1400 BP in Fyfe et al. (2015) and after 1500 BP in our model (study
area average, Fig. 4.10). Additional similarities between the PBM and MAT can be
found at a smaller scale too. Fyfe et al. (2015) describe a clear distinction between
Western and Eastern Europe, with the first displaying consistently lower forest values.
This East-West distinction is also visible in REVEALS estimates by Nielsen et al.
(2012) and Trondman et al. (2015), and in the multi-model comparison by
Pirzamanbein et al. (2014), confirming it as a robust feature of European land-cover
history. The same pattern is clearly visible in our reconstruction since the Early
Holocene, placing its origin before the expansion of Neolithic agriculture (Fyfe et al.,
2015), and possibly reflecting — at least in part — an interplay of continentality and soil
texture gradients (Nielsen et al., 2012).

The differences between Eastern and Western Europe are not limited to absolute
land-cover values: the two regions show different forest-loss dynamics too. Fyfe et al.
(2015) show a visible negative trend across their Western region (Western France)
from ~4500 BP. On the other hand, Eastern Europe (Czech/Slovakia) presents only
a very mild decline between ~6000 and 1500 BP, then followed by a sudden and
much sharper forest collapse. The Western France trajectory shares clear similarities
with our Atlantic region curve, including a forest decline and recovery episode
between ~8000 and 6000 BP. The Czech/Slovakia situation matches forest-decline
patterns in both Central Europe and in the Dinaro-Carpathian region (sudden decline
after ~1500 BP) in the MAT-based model.

It is worth noting that quantitative landscape reconstructions by Nielsen et al. (2012),
Pirzamanbein et al. (2014), and Trondman et al. (2015) agree on producing
widespread Open Landscape values between ~0 and 30% at 6000 BP for central and
northern Europe (i.e., ~70-100% forest cover). These values are matched by the
MAT-based reconstruction for the same area and time slice (range 60-90%o),
confirming further the validity of the MAT calibration algorithm.

In the British Isles, Woodbridge et al. (2014) set the onset of Neolithic land use in
Britain at ~6,000 BP; this is also when our MAT-based forest cover begins its negative
trend. A notable difference consists in a re-afforestation event detected by
Woodbridge et al. (2014) between 5400 and 4200 BP which temporarily interrupts the
overall negative Late Holocene decline. This event is not visible in the MAT-based
curve, possibly due to a non-perfect comparability between the PBM land cover

classes and the continuous MAT reconstruction.
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The Mediterranean region shows an overall weak and gradual increase in open areas
when compared with other more dramatic regional dynamics. The largely open
landscape reconstructed during the Eatly/Middle Holocene is likely to play a primary
role in lessening any evidence of radical human impact, yet other factors might
contribute to this modest change in land cover too. As an example, even severe
disturbance events (e.g., Cremaschi et al. 2006) might simply not be visible due to the

spatial and temporal coverage of the underlying fossil database.

Vertical performance of the interpolation procedure in the Alpine
region. It has been widely argued that pollen percentages alone are not sufficient to
infer the local presence of tree populations in extreme environments at the limits of
tree growth (e.g. Ali et al., 2003; Ponel et al., 1992; Tinner et al., 1996). Under these
conditions, flowering season is negatively affected and trees tend to propagate via
vegetative multiplication and not through sexual reproduction (Black and Bliss, 1980;
Charalampopoulos et al., 2013; Kullman, 1992), likely altering their palynological
signature. The combined interpretation of pollen percentages and influx may help in
identifying clearer vegetation thresholds (Hicks, 1994), potentially countering the
effect of upslope and long distance pollen transport. Still, the presence of macrofossils
is considered the most solid piece of evidence to reconstruct vegetation history across
the timberline (e.g., Birks and Birks, 2000). Considering the limits of pollen data in
high-elevation contexts, in the present section we evaluate the capabilities of our
model to detect much broader forest dynamics. Importantly, it again should be
remembered that we reconstruct the area-average forest cover of the entire Alpine
region, and that this might variously differ from individual site records and smaller
regional studies.

By end of the Younger Dryas period (11700 BP), alpine forests became rather open
even in the lowlands (Ammann et al.,, 2007; Vescovi et al., 2007). This situation
appears to be broadly compatible with our model, which does not produce values
>50% before 11750 BP. The following abrupt positive shift of the 50% threshold
matches well the upward movement of forests at the transition into the Holocene
(Tinner and Kaltenrieder, 2005). In their simulation of alpine biomass, Heiri et al.
(20006) detect a short-lived dieback event around 10500 BP. Notably, the MAT-based
model records a mild stagnation episode of the 50% threshold approximately around
the same period, between ~11250 and 10500 BP (Fig. 4.11). Differences in the scale
of the reconstructions, chronological uncertainties and temporal interpolation might

explain the slight offset between the two events. Speculatively, the forest-cover
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stagnation seen in our model could be ascribed to the combined effects of the cool
Preboreal oscillation (11363/11100 BP; Schwander et al., 2000) on alpine forests
(Gobet et al., 2005), and to the dieback identified by Heiri et al. (2006). Major dieback
events are described by Heiri et al. (20006) also between ~9500-9300 BP and ~6500—
6000 BP, both matching mild — but not necessarily significant — elevation drops of
the 50% threshold in our reconstruction. The prominent dieback described by Heiri
et al. (2006) at 8000 BP does not appear to be resolved in Fig. 4.11, probably because
of the temporal resolution of samples in the underlying pollen dataset. An overall
regional change is anyway visible in Fig. 4.10, where alpine forest-cover values drop
noticeably after ~8250 BP. Between 9750 and ~7000 BP the 50% threshold fluctuates
mostly between 2400 and 2600 m. The lower value is in good agreement with the
timberline elevation proposed by Tinner and Theurillat (2003) for the Swiss Central
Alps, based on macrofossil analysis (Fig. 4.11). Notably, estimates for maximum
forest limits range from 2500 m (Tessier et al., 1993) to 2800 m (Talon, 2010) in the
French Alps. After ~7000 BP, the upper limit of the 50% threshold begins to drop
quite steadily, likely reflecting the contribution of different local forest dynamics to
our regional average. Treeline decline is visible as early as 6350 BP in the Austrian
Alps (Nicolussi et al., 2005), while it is recorded after ~5750 in the Central Swiss Alps
(Fig. 4.11 and Tinner and Theurillat, 2003). The abrupt timberline drop reconstructed
by Tinner and Theurillat (2003) between 4750 and 4250 BP appears to be diluted in
time in our reconstruction (Fig. 4.11). The 50% threshold never exceeds 2400 m after
5750 BP, possibly reflecting the origin of anthropogenic pastures above 2300 m
during the Copper Age (~5600 BP, Pini et al., 2017) and a subsequent continuous
and growing exploitation of the high alpine landscape.

Ultimately, a comparison between our model and independent palaeo-ecological
studies suggests that a combination of MAT and interpolation can reproduce broad
vertical vegetation patterns (i.e., fluctuations of the upper limit of region-wide dense
forests) at a resolution sufficient for large-scale vegetation models. The reconstruction
of sharper forest-vs.-no-forest cutoffs remains beyond the capability of the
interpolation procedure. Finer results could be achieved through the incorporation of
complementary proxy data (i.e., plant macro remains, charcoal), although with the

caveat that such data remain much less widely available than pollen records.

CONCLUSION
In this study we applied the MAT to generate a continuous, continental-scale

reconstruction of European forest-cover spanning the last 12000 years. Our
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reconstruction follows the general methodology published by Tarasov et al. (2007)
and Williams et al. (2011). When compared with these studies, our work presents a
series of improvements that extend the reliability and spatial/temporal coverage of
the reconstruction. An increased number of samples in the modern database allows
for stricter quality control and provides a better representation of different vegetation
types. A larger fossil database allows for higher spatial density and better dating
control. The satellite-based forest-cover data set used in previous studies (DeFries et
al., 2000) was replaced with a higher resolution map (Hansen et al., 2013), leading to
more reliable pairings between vegetation and modern pollen data. Furthermore,
pollen taxa were aggregated into PFTs in order to reduce the occurrence of no-analog
situations. The main improvement in mapping our results is the use of four-
dimensional spatial interpolation (Mauri et al., 2015). This procedure extrapolates
reconstructed vegetation data between a grid of fossil sites in both space and time,
producing a set of forest-cover maps with continuous coverage and regular time-step
at a continental scale. These characteristics represent a rather unique feature within
the category of pollen-based quantitative vegetation reconstructions, and make these
maps suitable for comparison with vegetation models and anthropogenic land-cover
change scenarios.

The reliability of our reconstructions is supported by a comparison with
methodologically independent data sets. Forest-cover reconstructions based on the
MAT (this study) and on the LRA were compared for selected sites (Marquer et al.,
2014) in the circum-Baltic area. Both methodologies present widely comparable
trends. Notable divergences are visible especially during the Mid-Holocene, with
REVEALS consistently producing higher values. The limits of the MAT concerning
the reconstruction of high forest covers can be ascribed to limitations within both the
available training data set and the method itself. A visible role is played by the scarce
representation of densely forested areas in the EMPD, an issue furtherly exacerbated
by the averaging nature of the MAT. Furthermore, the MAT does not have any
intrinsic capability to correct for differential pollen productivity, or identify samples
largely affected by long-distance pollen transport. These problems could be addressed
through targeted sampling campaigns, aimed at improving the coverage of specific
vegetation patterns in the EMPD, and possibly by introducing constraints based on
pollen productivity and accumulation rates. Given the systematic occurrence of biased
MAT results and the current inapplicability of constraint-based procedures, we opted
to tackle this issue through a statistical approach to bias correction. We used Quantile

Mapping to extract a calibration curve from the output of the cross-validation
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exercise. The effectiveness of this calibration approach is testified by a visible
reduction of the overall bias in both the cross-validation test and the comparison with
REVEALS data.

The resulting continental-scale maps draw a coherent picture of vegetation
development across Europe since the end of the Younger Dryas period. Forest cover
trends fit well in accepted narratives based on qualitative and quantitative
interpretations of palacovegetation data.

As a further test, we evaluated the vertical performance of the interpolation procedure
against macrofossil-based tree line/timbetline studies in the Alps. Detecting ecotones
in alpine environments via pollen percentages is a task affected by wide margins of
error. Consequently, we focused our comparison on broader vegetation patterns (i.e.,
variations in the upper limit of region-wide dense forests). A combination of MAT
and spatio-temporal interpolation proved able to track major tree cover fluctuations
in proximity of the timberline, thus reinforcing the broad reliability of the

interpolation algorithm across a highly dynamic landscape.
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PARTV

HUMAN-ENVIRONMENT DYNAMICS BETWEEN MIDDLE
AND LATE HOLOCENE: AN OVERVIEW OF THE RESULTS

Unraveling climate trajectories

The results presented in Parts II, III and IV offer new opportunities to test
the solidity of current archaeological and environmental narratives concerning the
northern Italian Bronze Age and neighboring periods. This new data availability is
well exemplified by the work conducted at Bande di Cavriana (Part II; Zanon et al.,
2019), which represents the very first extensive multi-disciplinary investigation
conducted in the southern Lake Garda area for the Mid/ILate-Holocene. Multiple
similarities between the Bande di Cavriana record (Fig. 5.1), the lake-level curves from
Lake Ledro and Lake Accesa (Magny et al., 2012), and southern-alpine flood data
(Wirth et al., 2013) provided additional evidences that the transition between Copper
and Bronze Age was characterized by marked hydrogeological instability affecting the
whole central and northern Italian peninsula. This situation leads to two main
observations concerning the onset of the pile-dwelling phenomenon. Primarily, it is
apparent that the establishment of a sharp and stable cold/wet downturn occurred
already during the final part of the Copper Age and therefore it preceded the mass
establishment of lake dwellings. Additionally, the supra-regional nature of this climate
shift may exclude that the Lake Garda area was selected by Bronze Age settlers due
to its different, more stable climate conditions. Given these considerations, it can be
stated that an initial and sudden change in climatic trajectories did not constitute a
triggering factor in the emergence of the pile-dwelling phenomenon. Nonetheless, the
persistence of fast and steadily changing conditions might have over time led to a
tipping point in the residual resilience of local societies, ultimately leading to a radical
change in settlement strategies. Give the preference for lacustrine locations, it is
reasonable to assume that the presence of water played a role in in the formation of
this new settlement system. Yet, the establishment of new pile dwellings appears to
be regularly associated with strong eutrophication processes in the hosting water
bodies (i.e. sharp transition from calcareous lacustrine sedimentation to fine organic
deposits), likely caused by mass dumping of organic waste material directly in the
basins (Badino et al., 2011; Dal Corso, 2018; Perego, 2015; Zanon et al., 2019). This
practice undoubtedly affected water quality, but it is currently not possible to
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determine if and how it affected the health of the local dwellers. The lacustrine
settlement of Lavagnone persisted on the same ~10 ha basin for the whole duration
of the Bronze Age (de Marinis et al., 2005), suggesting that water quality might not
have been a limiting factor. Living in close proximity to water sources might have
been desirable for crop cultivation and animal husbandry, therefore accessing this
resource through small water bodies -although polluted with organic waste material-
could have been more desirable than living in areas more affected by potential

hydrogeological instability (e.g. riverside settlements).

The Bande di Cavriana record shows also that the agreement visible between multiple
proxies at the Copper Age-Bronze Age transition does not necessarily extend to other
patts of the Holocene. A clear example is represented by the warm/arid shift recorded
at Bande di Cavriana between ca. 6300 and 6100 years cal. BP (4350-4150 years BC;
Fig. 5.1) which, as reported in Part I1, is not cleatly identifiably in other palacoclimatic
records. In addition, this trend change overlaps with the Rotmoos I cold oscillation
(6300-6100 years cal. BP; 4350—4150 years BC) detected in the Central and Eastern
Alps (Segnana et al.,, 2019). The Rotmoos I phase is regarded as equivalent to the
western-alpine Piora I cold oscillation (Burga et al., 2001; Segnana et al., 2019) which
is dated approximately between 6100 and 5800/5700 years cal. BP (4150 and
3850/3750 years BC; Martinetto et al., 2018; Wick and Mo6hl, 2006). The importance
of the Piora I oscillation within this discussion lies in the fact that it affected
vegetation development along part of the southern alpine margin, just 100 km North-
West of Bande di Cavriana (Wick and M6hl, 2006). At Bande di Cavriana, the 6300-
6100 years cal. BP warm/dry shift is followed by a rather minor cold/wet event
between 6100 and 5800 year cal. BP (4150-3850 years BC). This succession of
opposite trends and their overlap with the Rotmoos I/Piora I age estimates make it
difficult to determine whether the area surrounding Bande di Cavriana behaved
consistently with other proxies (i.e. with a cold/wet shift, although rather minor) or
if it reacted to this general cold/wet episode with a distinctly opposite trend. A closet
agreement should still be noticed concerning the Rotmoos II (5600-5100 years cal.
BP; 3650—-3150 years BC) and Piora II (5400-4900 years cal. BP; 3450-2950 years BC)
cold oscillations (Martinetto et al., 2018; Segnana et al., 2019), both broadly fitting

within an accelerating colder/wetter trend at Bande di Cavriana (Fig. 5.1).

While the occurrence and timing of any of these event are not directly relevant to
discuss Bronze Age dynamics, they highlight quite convincingly the main pitfalls of

correlating distant climate proxies. Dating uncertainties can alter significantly the
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interpretation of climate dynamics between neighboring areas, influencing

archaeological narratives as a result.

Exploring these intra- and inter-regional climate patterns is one of the primary
research targets of Capuzzo et al. (2018), presented in Part III. The approach followed
in Capuzzo et al. (2018) is not too dissimilar from the multi-proxy validation
procedure conducted at Bande di Cavriana. A primary difference lies in the fact that
reference palacoclimatic curves in Capuzzo et al. (2018) are built from the

combination of multiple regional archives rather than from a single site.
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Figure 5.1. Climate curve from Bande di Cavriana produced from the combination
of multiple proxies. The arrows and corresponding vertical shaded areas highlight sharp

trend changes. Modified from Zanon et al., (2019). The ages of the Rotmoos and Piora
oscillations are taken from Martinetto et al. (2018) and Segnana et al. (2019).

The results emerging from Capuzzo et al. (2018) cover a wide variety of research
topics. From a modeling perspective, they show that simple pollen-based climate
reconstructions display visible similarities with independent palacoenvironmental
proxies, and therefore may indeed represent a useful sources of climatic information
in contexts where other proxies are not available (provided that good quality data is
available, and that vegetation in the target area was sufficiently sensitive to climate

fluctuations). Importantly, the consistent behavior of different palaeoclimatic
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indicators within central/northern Italy adds more evidences that climate in this area
behaved rather homogeneously across both the rise and fall of Bronze Age networks.
The comparison with other European regions is particularly valuable, since it makes
use of a consistent methodology to show how “climatic deteriorations” might be
expressed by different combinations of temperature and precipitation patterns across
Europe. These regional differences effectively show how the use of extra-local or
extra-regional proxies should always be evaluated with care in the construction of
archaeological narratives. Vice-versa, the interpretation of modeled data should
always incorporate a critical assessment of the archaeological evidence. The
importance of this pairing emerges clearly from the behavior of the Po Plain
demographic curve (Fig. 5.22). Comments on this reconstruction were already
included in Part III, yet it might be useful to complement them with a few more
considerations. A superficial interpretation of this model may suggest that population
decline in the study area began already around 3400 years cal. BP (1450 years BC),
within the Middle Bronze Age. This negative trend is indeed tracking a decline in
archaeological features, i.e. a steady settlement abandonment. Yet the central Po Plain
was far from being devoid of settlements during this period. What does not emerge
from the demographic curve is the contemporaneous growth of central dwelling
places, which suggests instead a reorganization of the settlement network. In fact, the
larger surface occupied by the surviving settlements points to rising population
numbers, ie. the opposite of what the monodimensional demographic model
suggests. This aggregation phase is still marked by a shift in climate patterns, as
suggested by the onset of a negative precipitation trend (Fig. 5.2b) and by evidence
for lowering water tables (Dal Corso, 2018; Dalla Longa et al., 2019; Perego et al.,
2011). Climate change might then still have played a role in determining and directing
population fluxes, although not (initially) in a destructive way. Mass movements
towards central places could be interpreted as evidences for an increased cohesion
and social cooperation in order to better face less favorable conditions. This solution
lasted until approximately 3150-3100 years cal. BP (1200-1150 years BC), when
apparently the carrying capacity of the central Po Plain decreased drastically. The flat
behavior of the demographic curve visible in Fig. 5.2a after this date reflects indeed
the demise of the Bronze Age settlement networks. The increasingly arid conditions
emerging from Fig. 5.2b-c are much in agreement with the current archaeological
interpretation (Cremaschi et al., 2016). Yet, alternative and/or aggravating triggers
remain currently unexplored. While evidence of conflict/social unrest are currently

lacking, a possible role played by epidemics —possibly in relation to high population
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densities and active exchange networks- has yet to be investigated. Addressing this
issue might help clarifying both the triggers of the Bronze Age collapse and how it
unraveled, i.e. whether it resulted in population displacements over long distances or

in widespread population die-offs (or both).
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Investigating land cover and land use changes

The suitability of a given environment to human occupation is surely not determined
by climate alone: resource availability in relation to population growth represents
another potential driver of change. The availability of natural resources is not a static
parameter across time. Besides ‘natural’ factors, such as climate and ecological
competition, it is widely influenced by access to knowledge, adequate technology (e.g.
appropriate hunting, fishing, and farming implements) and availability of human labor
(i.e. possibility to accomplish multiple subsistence-related tasks more efficiently and
simultaneously). Understanding how and to what scale past societies could exploit
their surrounding opens the possibility to investigate new questions, such as to what
extent they understood their impact on the environment (e.g. soil erosion and
depletion), what measures they put in place to favor sustainable practices (e.g. field
rotation, coppicing) and how they understood and protected themselves against

unexpected unfavorable circumstances (e.g. repeated harvest failures).

Addressing this complex set of intersecting open issues requires breaking them down
into more accessible research questions. A first approach involves understanding how
land cover changed through time in relation to human presence in a given area. This
information can be readily accessed in qualitative form through pollen analysis, as
exemplified by the rise in cropland and pasture indicators at Bande di Cavriana. The
expansion of these pollen taxa can be easily interpreted as a reasonable need to
establish productive areas to fulfill basic subsistence requirements, yet this relatively
superficial reading of the data offers limited information concerning the degree of
human impact on the landscape. Specific plant taxa can offer a more complete
ecological picture. The rise of Orlaya grandiflora, as reported in Part II, represents a
titting example. The preference of this taxon for coarse, well drained substrates does
not only suggest a reduction in forested areas. More importantly, it can be linked to
increasing soil erosion. Its rising presence might then point to decreasing soil fertility
and to the expansion of poor grazing areas for livestock in proximity of the

settlement.

Extracting this information from pollen data represent a useful additional step
towards a better understanding of possible human-induced stress triggers, yet it
remains part of a prominently gualitative approach. The construction and evaluation

of a quantitative land-cover algorithm was pursued extensively in Part I'V.

170



Copper Age

I Trees
Shrubs/Vines

Terrestrial herbs
I Anthropogenic

10Km

Figure 5.3. Percentage values of broad palynological classes at four different
sites within the southern Lake Garda area. L.UC = Lucone di Polpenazze.
LAV = Lavagnone di Desenzano del Garda, CAV” = Bande di Cavriana,
CAS = Castellaro Lagusello. See Fig. 5.4 for the time span covered by each

window.
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This modeling method was then applied to four pollen sequences from the Lake
Garda area: Bande di Cavriana, Castellaro Lagusello, Lavagnone di Desenzano del
Garda and Lucone di Polpenazze. Pollen data from Castellaro Lagusello was provided
by M. Dal Corso (Kiel University), while C. Ravazzi, F. Badino and G. Furlanetto
(CNR-IDPA, Milano, Italy) provided pollen counts from Lucone and Lavagnone.
The pollen diagrams from Lucone and Lavagnone have been only partially published
and can’t be presented in full within this dissertation. For this reason, pollen data from
all locations are shown only in condensed form in Fig. 5.3. As with Bande di Cavriana,
all these sites show a pre-Bronze Age situation dominated by arboreal pollen species,
with only minimal anthropic interference. The establishment of pile-dwelling
settlements, occurring with slightly different timing at each site, is consistently marked
by a rapid change in floristic composition. In order to investigate this abrupt
transition, forest cover modeling was performed for each site using all samples dated
between 5350 and 3500 years cal. BP (3400-1550 years BC). All modeled data was
then aggregated and LOESS-smoothed to obtain a regional forest cover curve. The
results of this elaboration are presented in Fig. 5.4. A notable difference is indeed
visible between the Copper Age, with value between 70% and 90%, and the Bronze
Age, where forest cover drops sharply to 10-30%. This abrupt change is consistent
with the hypothesis that the expansion of pile-dwelling villages had unprecedented
effects on the regional land cover, yet any conclusion derived from this modeling
exercise should be taken with due caution. Any land-cover reconstruction model can
be applied rather mechanically and acritically to a give set of data. Modeling algorithms
are not intrinsically able to discriminate between different depositional contexts,
sampling procedures or anomalous pollen assemblages. It is up to the analyst to
determine whether the quality of fossil and/or training samples is approptiate to
reconstruct a desired environmental parameter. External constraints and filters, such
as those based on minimum pollen counts or appropriate sampling contexts, can be
incorporated in the modeling algorithm in order to improve its reliability. Yet, the
extent to which such procedures can be applied depends entirely on the quality of any
accompanying metadata available for each sample. This issue is particularly relevant
for the forest-cover reconstruction attempted in Fig. 5.4, since multiple uncertainties
concerning local pollen deposition still remain to be addressed. All Bronze Age pollen
sequences available in the Lake Garda area were collected at a relatively short distance
trom archeological dwelling layers. It might then be reasonable to assume that at least
part of the pollen contained in these records is not a product of ‘natural’ transport

(e.g. atmospheric deposition or carried by runoff water), but a result of near-site
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anthropic activities (e.g. cereal processing, dumping of waste material; Karg, 1996;
Robinson and Hubbard, 1977). Non-arboreal pollen represents the main component
of these anthropic pollen sources, possibly leading to an under-representation of
arboreal taxa. From a modeling perspective, this situation would result in an inflated
reconstruction of non-forested areas. The production of such spurious results,
stemming directly from “tainted” raw pollen counts, would not depend on the
modeling algorithm used and therefore should not be regarded as affecting exclusively

the analogue-based approach presented in Part IV.
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Figure 5.4. Forest cover in the southern Lake Garda region reconstructed via

Modern Analogue Technique.

It is currently not possible to determine to which extent this issue may have affected
the pollen records included in Fig. 5.4. The massive drop in forest cover does not
represent an unrealistic reconstruction, since Bronze Age dwellers undoubtedly had
need for timber, pastures and croplands. Yet it should be more cautiously regarded as
a sort of “worst case scenario”. This land-cover model, although not conclusive,
represents a valuable starting point to initiate a discussion on quantitative vegetation
reconstructions in the area. Possible future developments might involve targeted
pollen analysis conducted at variable distances from Bronze Age settlement layers in
order to determine how proximity to the settlements affects pollen deposition. Ideally,

these near-site investigations should be complemented by off-site data (i.e. from
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basins that did not host villages along their shores or immediate vicinities) in order to
test the modeling algorithm in contexts with negligible human interference.
Importantly, the value of the forest cover model presented in Fig. 5.4 is not limited
to its application to Bronze Age samples. The absence of (known) Copper Age
settlements along the shores of the investigated basins makes them suitable to discuss
modeled vegetation dynamics for this period with a higher degree of confidence. Most
notably, forest cover percentages appear to acquire a slight negative trend already
from ca. 4300 years cal. BP (2350 years BC). This boundary coincides with the onset
of cold/wet conditions visible at the Bande di Cavriana (Fig. 5.1), suggesting that
climate change had a visible effect on vegetation density. This newly documented
behavior adds a new and unexplored layer of complexity to the onset of the pile-
dwelling phenomenon. Speculatively, it is possible that a gradual reduction in arboreal
vegetation cover over time might have contributed to make the area more accessible
to Bronze Age settlers. This factor, combined with others (e.g. self-evident preference
for wetland sites), might have promoted the widespread rise of lake-dwellings in the
Lake Garda area.
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Appendix 1

The site of Bande di Cavriana, presented in Part I, was not the only location
probed for sediment samples. Coring operations were conducted at four other sites
within the southern Lake Garda area: Grezze, Polecra pond, Ca’ Nove and Lake
Frassino (Fig. S1.1). Following an initial assessment, none of these location were
chosen for comprehensive palacoecological investigations. The reasons behind these

choices are presented here together with a synthesis of the data collected at each site.

Polecra Lake Frassino

10Km

Figure S1.1. Position of additional coring sites within the southern Lake Garda

ared.
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Grezze

Coordinates (WGS84): Latitude: 45.4539° - Longitude: 10.5369°

This name identifies here a small, unnamed wetland located on the outskirts
of the municipality of Desenzano del Garda, along Via Grezze (Fig. S1.2). Several
characteristics made Grezze a desirable location for palacoecological analysis within
this project. This wetland does not hosts (known) Bronze Age dwelling remains,
suggesting that it may have been a suitable location for off-sites pollen analysis. Its
proximity to the site of Lavagnone (located ca. 2 km to the south of Grezze) would
have made it also optimal to investigate land use in the immediate neighborhood of a

major pile-dwelling settlement.

2 imm .
- 1% (RN ~_coring location

Figure S1.2. Coring location at the site of Gregze, within the municipality of Desenzano del
Garda. Photo source: GoogleEarth.

Corings at Grezze took place in 2013. Approximately 1.5 m or stratigraphy were
recovered before reaching the coarse substrate of glacial origin. The bottom 10 cm of
the sequence are composed by gray/light blue clay. This layer is followed by ca. 65
cm of silty fine organic deposits with varying concentrations of woody root remains.
The most superficial portion was composed by topsoil abundantly disturbed by
modern root systems. Eight sediment samples were prepared for pollen analysis

tfollowing the same procedure described in Part II for Bande di Cavriana.
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Figure S51.3. Grezze pollen diagram. Simplified lithology and percentage values of selected taxa.

A minimum of 400 pollen grains of terrestrial taxa were counted for samples collected
from the organic sediment layer. The only sample coming from the basal clay deposit
revealed an extremely poor pollen content, therefore the counting procedure was

halted after 20 grains.

The percentages of the most diagnostic taxa recoded along the sequence are presented
in Fig. S1.3. The initial dominance of Pinus in the bottom half of the organic layer
suggests a Late Pleistocene origin, as visible in the Lucone and Manerba sequences
(Ravazzi et al., 2014; Valsecchi et al., 2000), followed then by the Holocene rise of
mixed deciduous forest taxa (e.g. Alnus, Quercus and Corylus). The two most superficial
samples are characterized by the expansion of Carpinus betulus and Juglans, and by traces
of Orlaya grandiflora and Secale. These indicator taxa, as discussed in Part II, suggest
that the top ca. 20 cm of this sequence might envelop a time span ranging from the
onset of the Copper age to the Roman period, i.e. more than 3000 years. Such a low
sedimentation rate, coupled with the high amount of woody rots clumps, made the

sequence unsuitable for high-resolution sampling and analysis.
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Polecra Pond

Coordinates (WGS84): Latitude: 45.436543° - Longitude: 10.495638°

Polecra Pond (Italian: ILaghetto di Polecra) is a small water body located
approximately 2-3 km South of the municipality of Lonato (Fig. S1.4). The old age of
the pond is possibly supported by three distinct areas with Upper-Paleolithic artefacts
discovered along the northwestern part of the basin (de Marinis, 2000). A noteworthy
characteristic of this water body lies in the fact that, despite being located at the
summit of a moraine ridge, its water level does not appear to vary significantly during
the year (Frattini, 2008). These characteristics, together with the absence of other
(known) archaeological traces along its shores, made Polecra Pond a possible
candidate for the recovery of a pollen sequence unaffected by human disturbance
during the Bronze Age. Corings at Polecra Pond took place in 2013. Multiple test
corings were conducted right on the shoreline, all of which either resulted in the
recovery of clearly reworked material or were interrupted by unpassable coarse

deposits.

Figure S1.4. Approximate outline of Polecra Pond. Photo source: GoogleEarth.

After being informed more precisely about the nature of palynological investigations

(i.e. specifically mentioning the need for undisturbed stratigraphic sequences), the
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owner of Polecra Pond recalled that in the recent past (second half of the last century)
the lake was temporarily drained in an attempt to identify its water source and exploit
it for agricultural purposes. In the (unsuccessful) pursuit of this task, the infilling of
the lake was removed with a mechanical excavator. Furthermore, a paved road -now
entirely covered by soil- was build around the shore in order to consolidate it and to
allow driving cars right around the lake. These previously unknown details are
reported here to prevent similar unsuccessful coring attempts during future field
campaigns. Frattini (2008) reports that until few decades ago the pond had a much
wider and elliptic outline, with the current conformation being the result of
reclamation processes. The exact timing of all these disturbance events has not been
investigated further within this project. Given the available information, it is possible

that part of the basin infilling might still lay intact beneath the reclamation layer.
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Ca’ Nove

Coordinates (WGS84): Latitude: 45.534899° - Longitude: 10.771809°

The Ca’ Nove wetland is located South of the municipality of Cavaion
Veronese (Fig. S1.5). This site was selected as a potential candidate to investigate
Bronze Age man-environment interactions along the Eastern side of the Lake Garda
moraine complex, given that no palynological sequences are currently available from
this area. Bronze Age pile-dwelling remains were discovered within this basin towards
the end of the last century (Salzani et al., 1988). Contextual stratigraphic investigations
and preliminary palynological data suggested a good potential for more detailed

palaeoecological analysis (Salzani et al., 1988).

_

g —

~~.coring ldcation

Figure §1.5. Coring location at the site of Ca’ Nowe, right South of the municipality of Cavaion
Veronese. Photo sonrce: GoogleE arth.

In more recent times, large portions of the stratigraphy were damaged during an
extensive attempt at making the basin exploitable for economic purposes (reportedly,
due to reclamation procedures or during the excavation of an artificial fishing pond).
A strip of land extending from the shoreline towards the center of the wetland was
consolidated with coarse materials and used as a base for a mechanical excavator,
leaving the stratigraphy underneath it allegedly untouched (information provided by
M. Parolotti, discoverer of the Bronze Age dwelling and director of the local
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archaeological museum). A test coring (code: CAN1) was performed in this residual
area in 2014, leading to the recovery of ca. 2 m of sediment. Coring operations were

interrupted before reaching the coarse moraine deposits.

The stratigraphy of core CANT1 can be described as follows:

0-55 cm: reworked gravel and silt

55-90 cm: sandy silt

90-121 cm: minerogenic mud with high organic component
121-151 cm: clay with sparse pebbles

151-185 cm: peat at varying stages of decomposition

185-200 cm: highly decomposed peat/fine detritus gyttja

200-205 cm: peat layer

205-258 cm: coarse detritus gyttja with abundant mollusk remains

This sequence bears some similarities with core S2 from Salzani et al. (1988), which
was collected approximately in the same area, although it was not possible to

determine its precise location.

Six pollen samples were analyzed along the CAN1 sequence, with a minimum pollen
sum ranging between 100 and 250 grains of terrestrial species. Sample preparation
and identification followed the methodology described in Part II. Percentage values
of the most diagnostic taxa are presented in Fig. S1.6. The pollen assemblage of the
bottom three samples is compatible with the composition of Eatrly/Mid Holocene
mixed deciduous forests (Valsecchi et al., 2000). The Carpinus betulus content of the
following sample (164 cm), paired with its lack of anthropogenic indicators, would
conservatively place it between 6000 and 4150 years cal. BP (4050-2200 years BC).
Highly indicative is the presence of Orlaya grandifiora in the two most superficial
samples, which strongly points to a transition into the Bronze Age (see Part II for
specific considerations on Carpinus, Orlaya and other local biostratigraphic markers).
These two topmost samples are also characterized by diluted pollen content and poor
preservation. The mineral deposits between 121 and 151 cm can be compared with a
distinctly anthropogenic layer described approximately at the same depth by Salzani
et al. (1988) in their S2 core. Contrary to the situation in core S2, no visible cultural
remains were detected in CANI, yet an anthropic origin of the clay layer might

reasonably explain its high percentages of O. grandiflora and Cerealia-type grains.
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Figure 81.6. Ca’ Nove pollen diagram. Simplified lithology, percentages of selected taxa,

pollen sum and concentration values.

The Bronze Age layers of core CAN1 might then potentially reflect an on-site
situation, rather than a near-site one. On-site contexts are more challenging to
investigate compared to near- or off-site situations. Human activities which occurred
directly at the sampling site might have variously interfered with pollen and sediment
accumulation (e.g. with removal of material due to periodic cleaning of dwelling areas,
ot through abrupt accumulation of material in order to consolidate the damp ground).
Given the poor pollen preservation of the Bronze Age layers from core CAN1, and
considering the challenges involved in determining their formation processes, the site

of Ca’ Nove was not selected for more detailed investigations within this project.



Lake Frassino

Coordinates (WGS84): Latitude: 45.432635° - Longitude: 10.662750°

LLake Frassino is the largest lake in the area after Lake Garda itself. Neolithic
remains are documented in proximity of its northern shore (Spadoni, 1973), yet this
site is mostly known for its Bronze Age record. The eatlies pile-dwelling remains
within the basin are dendrochronology dated to 3659 * 10 years cal. BP (1709 £ 10
years BC; Martinelli, 2007). Given the excellent preservation of its waterlogged
cultural layers, the Bronze Age settlement from Lake Frassino was among those
included in the serial UNESCO World Heritage site “Prehistoric Pile Dwellings
around the Alps” (World Heritage Committee, 2011).

o

]

\ coring locatign i

/ 8

o‘v

Figure 81.7. Coring location at Lake Frassino. Photo source: GoogleEarth.

The stratigraphy of Lake Frassino was described by Baroni et al. (2006). The
documented presence of an interrupted sedimentary sequence extending from the
Lateglacial to the present day made this site a particularly attractive location for
palacoenvironmental analysis. Exploratory corings were performed in 2014 in the
southernmost part of the basin (Fig. S1.7), approximately in the same area investigated
in Baroni et al. (20006). Two sequences, FRA1 and FRA2, were retrieved, reaching a
maximum depth of four meters. The maximum depth achievable was determined

uniquely by time constraints. The sedimentary sequence is primarily composed by
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carbonate deposits and detritus gyttja layers. A composite stratigraphic column based
on both cores is presented in Fig. S$1.8. Pollen analysis was performed on 16 samples.
Sediment preparation and pollen identification procedures followed the methodology
presented in Part II. Fig. S1.8 shows a selection of the most diagnostic pollen taxa,
together with the position of radiocarbon dated materials collected along the cores.
Radiocarbon dating results are listed in Tab. S1.1. No other datable material was
retrieved. The bottom of the sequence is dated to the first part of the Middle Bronze
Age, approximately only one and a half century after the establishment of the Frassino

pile-dwelling.

Lake Frassino sequence
(composite from Cores FRA1 and FRA2)
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Figure 81.8. Lake Frassino sequence. Simplified lithology, percentages of selected taxa,
and position of dated material.

The pollen curves in Fig. S1.8 clearly show a decline in anthropogenic taxa (Cerealia-
type and Orlaya grandiflora) after ca. 380 cm, possibly linked to the abandonment of

the Frassino settlement and to the end of the Bronze Age pile-dwelling phenomenon.
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The relatively limited number of available datings allowed to produce only a basic
linear age-depth model across this abandonment phase. Such solution was considered
not sufficiently reliable, given that the many lithological changes suggest instead a
succession of rather different sedimentation rates. In addition. it is unclear whether
dating number 3, which is considerably older than datings 1 and 2, belongs to a littoral
woody taxon affected by hard-water effect, or if it should be interpreted as reworked
material. Given these challenges, it was judged not possible to insert any land-

cover/land-use narrative into a convincing chronological framework.

Table S1.1. Radiocarbon dating from the Lake Frassino cores.

Number ) ) )
— Uncalibrated Calibrated Age Median age .
in Fig. | Lab. Code 14 Material
- C Age cal. BP (20 range) | (years cal. BP)
Leaf fragments.

Poz- 1920 £ 35 Alnus twigs, Alnus

1 1948-1740 1868 .
66042 BP catkin fragments,

Alnus seeds.

Poz- 2225 £ 35

2 2330-2152 2230 Rubus sp. seeds
73742 BP
Poz- 3395 + 35 )

3 3811-3563 3640 Twig
66252 BP
Poz- 3280 *+ 35 .

4 3586-3407 3510 Alnus sp. twig
69226 BP
Poz- 3270 + 35 Twig, probably

5 3575-3403 3502
66251 BP Alnus sp.

This sequence was not selected for more detailed investigations, yet the available data
contain nonetheless precious information. The onset of a stable occurrence of
multiple marker taxa, such as Juglans, Castanea and Secale, is not well documented or
well dated so far in the Lake Garda area. Their rise is cleatly traceable in the Frassino
diagram. This sequence might offer the opportunity to trace the local vegetation

history with a resolution not achievable at any other know site.
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Appendix 11

This section contains the supplementary material for the research article
“Palacoenvironmental dynamics at the southern Alpine foothills between the
Neolithic and the Bronze Age onset. A multi-proxy study from Bande di Cavriana
(Mantua, Italy)”, presented in Part II.
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Figure S2.1. Sampling resolution for different proxies along core CA1"'4
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Appendix I1I

This section collects all supplementary figures and tables for the research
article “European forest cover during the past 12,000 years: a palynological

reconstruction based on modern analogs and remote sensing”, presented in Part I'V.

Figure 83.1 Distribution of fossil pollen sequences used in the present paper.
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Figure 83.2. Distribution of surface samples in the European Modern Pollen Database (all dots). Red
dots: extent of the database after quality filtering (see section 2.4 in the manuscript).

50Km

Figure S$3.3. Exemplification of weight distribution wusing a 2d
Gaussian function with a range of 50 Km (solid-line outer circle). Dash-

dots blue line: o = 10km. Dotted red line: o = 500m. Solid green line:
o = 100m. For reference, the inner dot-dash circle shows the limits of
the 0.1 weight threshold for 0 = 10km (ca. 21.5Km radins). The small
central dashed circle shows the same weight threshold for o = 500m (ca.

1km radius). During the extraction of forest cover values, all weights

falling within each search radius were scaled to a sum of 1.
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Figure 83.4. Holocene interpolated tree cover maps. Light grey area over northern Europe represent
Early Holocene ice cover. Dark grey areas are excluded from the analysis due to low site density. Grey

crosses represent the location of pollen site used for the interpolation.
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(Continues from Fig. §3.4)
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(Continues from Fig. $3.4)
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(Continues from Fig. §3.4)
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(Continues from fig. $3.4)
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(Continues from fig. $3.4)
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Figure $3.5. Holocene interpolated arboreal pollen maps. Light grey area over northern Europe
represent Early Holocene ice cover. Dark grey areas are excluded from the analysis due to low site density.

Grey crosses represent the location of pollen site used for the interpolation.
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(Continues from fig. $3.5)
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(Continues from fig. $3.5)
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(Continues from fig. $3.5)
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(Continues from fig. $3.5)
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Figure 83.6. Standard Error estimates for the forest cover reconstruction. Light grey area over northern
Europe represent Early Holocene ice cover. Dark grey areas are excluded from the analysis due to low

site density. Grey crosses represent the location of pollen site used for the interpolation.
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(Continues from fig. $3.6)
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(Continues from fig. $3.6)
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(Continues from fig. $3.6)
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(Continues from fig. $3.6)
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(Continues from fig. $3.6)
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Figure 8§3.7. Map displaying sites with modern tree cover higher than 80%. Blue diamonds: sites with
residnal values higher than -40. Red circles: sites with residual values lower than -40.

Figure 83.8. Location of the closest modern analogues (vellow diamonds, single closest analogue for each
Jossil sample) for the five sites involved in the MAT-REVEALS comparison (fig. 4.4) within the
12000 — 10000 BP period. The extent of the tundra biome (Olson et al., 2001) is highlighted in red.
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Figure 83.9. Minimum squared chord distances for each region across the whole fossil data set. The
horizontal dashed red line marks the 0.3 value used as a threshold in the present study following Huntley
(1990). The Mediterranean region emerges as having the highest occurrence of no-analogue samples, likely

connected to the low representation of extensive Mediterranean forests in the training data set.
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Table S3.1. Conversion of pollen counts into Plant Functional Types (PETs) taken from Peyron et al.
(1998). Pollen taxa within each pollen sample are grouped in PFT's according to shared climatic ranges and
biological traits. Some taxa can belong to multiple PETs. The complete taxa-to-PETs procedure is described

in Peyron et al. (1998).

Pollen Taxa PFT Code
Larix Boreal summergreen bs
Betula Boreal summergreen arctic-alpine bs/aa
Picea, Pinus subgen. Haploxcylon Boreal evergreen conifer bec
Abis Boreal evergreen / cool-temperate bec/cte
conifer
Cedrus, Taxus Intermediate temperate conifer ctcl
Juniperus, Pinus subgen. Diploxylon Eurythermic conifer ec
Alnus, Salix Temperate/bqreal . ts/bs/aa
summergreen/arctic-alpine
Populus Temperate/boreal summergreen ts/bs
Acer, mez‘ﬂ@ excelsior, Quercus Temperate summetgreen s
(deciduous)
Carpinus, Ulpms, (Liﬁgflm’ Fagus, Frangula, Cool-temperate summergreen ts1
Castanea, Platanus, Ostrya, Fraxinus ornus,
Vitis, Juglans Warm-temperate summergreen ts2
Warm-temperate broad-leaved
Quercus (evergreen) wte
evergreen
Buuscus, Hedera, Tex: Cool-temperate broad-leaved weel
evergreen
Acacia, Cistus, Rhus, Myrtus, Olea, Warm-temperate sclerophyll
Phillyrea, Pistacia, Ceratonia trees/shrub wte2
Hippophae, Polygonum Cold grass shrub cgs
Fabaceae, Zigyphus, Scrophulariaceae,
Epbhedra fragilis, Brassicaceae, Warm grass shrub wgs
Crassulaceae
Apiaceae, Asteraceae, Armeria,
Boraginaceae, Campanulaceae,
Caryophyllaceae, Centanrea, Dipsacaceae,
Helianthemmum, Plantago, Plumbaginaceae, Steppe forb/shrub of
Ranunculus, Rosaceae, Rubiaceae, Rumex,
Sanguisorba, Thalictrum
Artemisia, Chenopodiaceae Steppe/desert forb/shrub sf/df
Epbhedra, Zygophyllaceae Desert forb/shrub df
Alnus fruticosa, Betula nana, Saxifraga,
Empetrum, Dryas, Rhododendron, Arctic-alpine dwarf shrub aa
Vaccinium
Poaceae Grass g
Erticaceae, Calluna Heath h
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Table S3.2. Biome assignment based on PET scores as reported by Peyron et al. (1998). Biome scores for

each sample are calculated by summing all the PETs belonging to each biome. PET assignment follows tab.

83.1. The biome having the highest score is then assigned to the corresponding sample. The complete taxa-to-
PFT5s procedure is described in Peyron et al. (1998). *=the presence of code bete in Peyron et al (1998) is
likely a typo, as it does not correspond to any PET described in the paper. In the present paper, it was replaced
with bec/ ctc (i.e. Abies, tab. $3.1) following Prentice et al. (1996), which include Abies in the Temperate
Decidnous biome. **= Peyron et al. (1998) do not include the ts PET in the Temperate Deciduous biome.

This missing PET is likely a typo, as ts includes the taxon Quercus (decidnouns), which is an important

component of the Temperate Deciduons biome. In the present paper, we included the ts PET in the composition
of the Temperate Decidnons biome following Prentice et al. (1996).

Biome PFT combination
Cold decid
old dectduous bs+bs/aa+ts/bs/aa+ts/bs+h
forest
Taiga bs+bs/aa+bec+bec/ctc+ts/bs/aa+ts/bs+ec+h

Cold mixed forest

bs+bs/aa+bec/ctc+ctcl+ts/bs/aa+ts/bs+tsl+ec+h

Cool conifer
forest

bs+bs/aa+bec+bec/ctc+ts/bs/aa+ts/bs+ts1+ec+h

Temperate

deciduous

bs+bs/aa+bctct+ctcl+ts/bs/aa+ts/bs+ts*+ts1+ts2+wtel+ec+h

Cool mixed forest

bs+bs/aa+bec+bec/ctc+ts/bs/aa+ts/bs+ts+tsl+ts2+ec+h

Warm mixed

ts/bs/aa+ts/bs+ts+tsl+ts2+wte/+wtel+ec+h

forest
Xerophytic
+wte2+ect
wood/scrub weerwiesTeeTy
Desert (hot or df+sf/df
cold)
Cool steppe cgstsf+sf/dftg
Warm steppe wgs+sf+sf/df+g
Tundra bs/aa+ts/bs/aataath+g
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Table $3.3. PET refinement based on biome scores as presented by Peyron et al. (1998). Some of the initial
PFT scores defined in tab. S3.1 are reassigned (initial PFTSs changed into final PFTSs) according to the biome
selected in tab. $3.2. This step refines the attribution of certain taxa to more specific PETs. As an exanmple,
in tab. $3.1 Betula is assigned to PET bs/aa. If the overall pollen content places a sample in the tundra

biome, then any Betula pollen in that specific sample is reassigned to PET aa. The complete taxa-to-PFTs
procedure is described in Peyron et al. (1998).

Biomes Initial PFT Final PFT
Cold deciduous forest and Taiga bs/aa, ts/bs/aa, ts/bs bs
ec bec
Cold mixed forests and Cool conifer forests ts/bs/aa, ts/bs tsbs
ec bec/ctc
Temperate deciduous and Cool mixed bs/aa bs
ts/bs/aa, ts/bs ts
forest
ec bec/ctc
Warm mixed forest ts/bs/aa, t5/bs s
ec, h wte
Xerophytic woods/scrubs ec wte
Tundra bs/aa, ts/bs/aa, h, g aa
Cool steppe sf, sf/df 8’
g aa
Warm steppe sf, sf/df wes
g cgs
Cold desert and hot desert sf/df df
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Table S3.4. MAT-REVEALS comparison. Site-by-site statistical correlation values referred to fig. 4.4.
Time-window subdivision: Late Pleistocene-Early Holocene: 11700 - 8100 BP. Mid- Holocene: 8100 -
4100 BP. Late Holocene: 4100 - 0 BP.

Difference MAT-REVEALS
Site Period (proportions of forest cover*100)
Uncalibrated Calibrated
Early Holocene -16.5£11.5 2.2%16.6
Gosciaz Mid-Holocene -21.3+6.2 1.3+9.8
Late Holocene -12.1+11.8 8.8+11.7
Early Holocene -18.7+6.3 -2.8+13.5
Kansjon Mid-Holocene -24.314.6 -0.1£7.2
Late Holocene -16.2%+11.5 5+15
Early Holocene -13.4£9.8 -3.2£20.8
Krageholmssjon Mid-Holocene -18.2+5.5 5.3+6.9
Late Holocene -12.8+6.8 -14.7+15.7
Early Holocene -27.4%6.8 -14.2+15.3
Raigstavere Mid-Holocene -25.4+4.7 -1.7x6.4
Late Holocene -17.3x11.9 4.6x10.4
Early Holocene -31%12.6 -15.2+22.3
Trummen Mid-Holocene -24.1x4.6 0.8*+4.6
Late Holocene -10%£4.9 15.3+5.3
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Table $3.5. Selection of taxa used in the taxa-based MAT test for no-analogue sitnations (f1g.4.6). The
wide taxonomical variability of the modern and fossil databases was simplified by grouping taxa into
distinctive genera, generally following the guidelines of Beug (2004) and Moore et al. (1991). The selected
pollen taxa include the most frequently occurring taxa recorded in both the modern and fossil databases.
Additional, less frequent pollen taxa were also taken into account due to their potential help in discriminating
between  vegetation assemblages (eg. Cedrus, Olea/ Phillyrea for distinctively  circum-Mediterranean

communities).

1. Abies 24. Fraxinus

2. Acer 25. Hedera

3. Alnus 26. Hippophae

4. Apiaceae 27. Ilex

5. Artemisia 28. Juglans

6. Asteraceae 29. Lamiaceae

7. Betula 30. Larix/ Pseudotsuga
8. Carpinus 31. Olea/ Phillyrea
9. Caryophyllaceae | 32. Ostrya type
10. Castanea 33. Picea

11. Cedrus 34. Pinus

12. Cerealia 35. Pistacia

13. Chenopodiaceae | 36. Plantaginaceae

14. Cichorioideae 37. Poaceae

15. Cistaceae 38. Quercus

16. Corylus 39. Ranunculaceae
17. Cruciferae 40. Rosaceae

18. Cupressaceae 41. Rumex

19. Dipsacaceae 42. Salix

20. Ephedra 43. Tilia

21. Ericaceae 44. Ulbmus/ Zelkova
22. Fabaceae 45. Urticaceae

23. Fagus 46. 1Vitis
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