https://doi.org/10. 48549/ 3522 | downl oaded: 23.8.2025

source:

Quantifying human impacts to tease apart cultural and climatic drivers

of Holocene vegetation change

Inaugural dissertation

of the Faculty of Science,
University of Bern

presented by
Mara Muriel Renn

from Peru

Supervisor of the doctoral thesis:
Prof. Dr. Willy Tinner

Institute of Plant Sciences
and Oeschger Centre for Climate Change Research
University of Bern

Co-supervisor of the doctoral thesis:
Marco Conedera

Swiss Federal Institute for Forest, Snow and Landscape Research

Advisor of the doctoral thesis:
Dr. César Morales del Molino

Institute of Plant Sciences
and Oeschger Centre for Climate Change Research
University of Bern

Accepted by the Faculty of Science.

Bern, 16.12.2021
The Dean
Prof. Dr. Zoltan Balogh



©@®

Attribution 4.0 International (CC BY 4.0)

You are free to:

b
&
Share — copy and redistribute the material in any medivm or W
format
wor*

Adapt — remix, transform, and build upon the material
for any purpose, even commercially.

The licenzor cannot revoke these freedoms as long as you follow the

licenze terms.

Under the following terms:

® Attribution — You must give appropriate credit, provide a

may do 50 in any reasonable manner, but not in any way that
suggests the licensor endorses you o your use.

No additienal restrictions — vou may not apply legal tenms
or technological measures that legally restrict others from

doing anything the license permits.

Notices:

You do not have to comply with the license for elements of
the material in the public domain or whers your use is
permitted by an applicable exception or limitation.

Mo warranties are given. The license may not give you all of
the permissions necessary for your intended use. For
example, other rights such as publicity, privacy, or moral



Contents
L O T U G O e 1

V=T a0 EY e T o ot RPN 8
A critical assessment of human-impact indices based on anthropogenic pollen indicators

Mara Deza-Araujo, César Morales-Molino, Willy Tinner, Paul D. Henne, Caroline Heitz, Gianni B.
Pezzatti, Albert Hafner, Marco Conedera

V=Y a1 EY el T o PSR 21
Influence of taxonomic resolution on the value of anthropogenic pollen indicators

Mara Deza-Araujo, César Morales-Molino, Marco Conedera, Gianni B. Pezzatti, Salvatore Pasta,
Willy Tinner

Vo TV ol gl A SO PSP TTRRRPPPPN 68
A new indicator approach to reconstruct agricultural land use from sedimentary pollen
assemblages

Mara Deza-Araujo, César Morales-Molino, Marco Conedera, Paul D. Henne, Patrik Krebs, Caroline
Heitz, Martin Hinz, Albert Hafner, Willy Tinner

SUINIMNIATY ettt ettt e e e e ettt e e e e e e e ettt e e e e e e e e e et a e e e e e e e e e ———aaee e e e e e e et taaaaeeeeeeaearraees 120
F Yol q Yo YT =Te ={T a 1< o L (TR 124

D A AT 0N ettt e e et —— 125



Introduction

Introduction

The current need for understanding climate change impacts on vegetation in light of the ongoing
anthropogenic climate change prioritizes studying the drivers of vegetation change. Humans have emerged as a
force of nature rivalling climatic and geologic forces in shaping the terrestrial biosphere and its processes, altering
>75% of today’s Earth’s ice-free land surface (Ellis and Ramankutty, 2008). Disentangling anthropogenic and natural
drivers of vegetation change is in turn of paramount importance in palaeoecology, especially where it is unclear
whether climate or human activities have been the main force driving environmental change. For example, in the
western Mediterranean, the underlying drivers of striking, region-wide vegetational changes are matters of debate
(Ramos-Roman et al., 2018), as some palaeoecological studies show an aridification trend on the late Holocene
(Carrion et al., 2010; Jalut et al., 2009), while others suggest human impact as the main driver of late Holocene

vegetation change (Jouffroy-Bapicot et al., 2021; Pedrotta et al., 2021).

In palynological studies, Holocene human impacts have been widely considered by inferring anthropogenic-
induced environmental changes, for instance land use, by using cultural indicator pollen types (Behre, 1981). The
cultural pollen indicators indeed constitute the most broadly used methodology to infer anthropogenic activities.
This method comprises pollen types that refer to cultivated plant species (crops) or indirectly favored species
(adventives), introduced by humans during agricultural activities or, to a lesser extent, plants that benefited from
human activities (apophytes). Their selection was based on ecological requirements of species and often relies on
geobotanical or phytosociological references (Behre, 1981; Brun, 2011). The selected taxa are basically associated
with diverse farming contexts: winter cereals, summer cereals, root crops, fallow land, wet meadows and pastures,
dry pastures, pastures within non-regenerating woodland, footpath and ruderal communities, and species frequent
in natural communities (especially those of peaty soils). However, complex autecological properties of species as
well as specific variations in pollen production and dispersal require a deep expert knowledge and the consideration
of multiple environmental and ecological factors to reconstruct vegetation history or to correctly infer land use or
climate changes, generating controversies in palaeoecological and palaeoclimatic research (e.g. Behre, 2008; Tinner
et al., 2008). Furthermore, quantitative reconstructions drawing on pollen indicators are not always straightforward

and there is a need for methodologies that allow to establish these relationships.
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Introduction
A series of palaeoecological methods aim at the quantitative reconstruction of past vegetation. For instance,

the REVEALS model estimates regional vegetation composition using pollen from ‘large lakes’ that have small site-to-
site variations of pollen assemblages even if vegetation is highly heterogeneous (Sugita, 2007). Other intermediate
complexity methods, such as the ‘pseudobiomisation’ approach (Fyfe et al., 2010), assign pollen taxa to different
land-cover classes (LCC) and the sum of adjusted pollen proportions for each class is used to determine a LCC affinity
score for individual pollen samples. However, indices focusing on cultural pollen indicators are the prevalent
methodology, given their flexibility and convenience. More specifically, the cultural indicators were originally
calibrated for Central Europe (Behre, 1981), and their wide use and adaptation in other realms can pose
complications that are not always sufficiently addressed. In addition, some issues were not specified when the
cultural pollen indicators were described, e.g., their indicative capacity did not consider the inherent variability in

pollen production, dispersal, deposition and taphonomy.

The present thesis is framed in the Swiss National Science Foundation (SNF) project QuantHum- Quantifying
human impacts to tease apart cultural and climatic drivers of Holocene vegetation change, which aims to develop a
guantitative index of human-impact intensity for paleoecological records. In this thesis, we study different aspects
around the methodology of cultural pollen indicators and on the basis of studies that have used cultural pollen
indicators over more than two decades at the laboratory of Palaeoecology at University of Bern. We draw
conclusions of how this approach responds to different environmental contexts and check its implementation with
independent evidence, as e.g. resulting from archaeology. Moreover, we aim to improve the use of cultural pollen

indicators to achieve a more precise quantitative reconstruction of anthropogenic vegetation impacts.

Approaches and rationales

In this dissertation we first review the state of the art on cultural pollen-index approaches. Manuscript 1
(Deza-Araujo et al., 2020) presents the most used cultural indicator indices and applies them to pollen sequences
along Europe, evaluating their performance to detect and quantify past human impact. As theoretical means of
validation, we define Holocene human impact as a function of human population and technology (Kremer, 1993).

With these variables, we infer an expected steadily growing human impact, since humans first began to alter
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Introduction
landscapes for food production (or agricultural land use, Mottl et al., 2021). We divide the Holocene human impact

in five stages of intensity: Very low, low, moderate, high and very high. The very low / non detectable human impact
stage is typical of Paleolithic and Mesolithic hunter-gatherer economies (possible impact on regional fire regime;
possible low-intensity or shifting cultivation and livestock grazing, expansion of disturbance-adapted shrublands or
maquis). The low human impact stage is related with establishment of agricultural land use; an increase in fire
activity; forest opening and an impact on wild species composition; typical of Neolithic farming economies. The
moderate human impact intensity is associated with major opening of forest or alteration of natural vegetation;
establishment of permanent arable agriculture and or grazing; starting at the Bronze Age. The high human impact
stage corresponds with more intensive land use, during the Iron Age, Roman Period and Early Middle Ages. Finally,
the very high stage of human impact corresponds with replacement of natural vegetation with cultural vegetation
(fields, meadows); typical for Late Medieval and modern economies. We used this division of the Holocene human
impact to analyze the performance of the studied methodologies. Here in manuscript 1, we analyze the following
indices: the Primary Indicators- Pl and Secondary Indicators -S| (Behre, 1981; Lang, 1994), which constitute a sum of
the direct (crops) and indirect (weeds) anthropogenic taxa (Behre, 1981; Lang, 1994; the Cultural Indicators- Cl,
which considers the combination of Cerealia-type (excluding Secale) and Plantago lanceolata-type to infer
agriculture (Tinner et al., 2003); the Anthropogenic pollen indicators — APl , which sum Artemisia, Centaurea,
Cichorioideae, Plantago, Cerealia-type, Urtica, Trifolium (Mercuri, Bandini Mazzanti, Florenzano, Montecchi,
Rattighieri, et al., 2013); OJC and OJCV, which sum the pollen types of cultural tree crops Olea, Juglans, Castanea
(and liana Vitis; Mercuri, Bandini Mazzanti, Florenzano, Montecchi and Rattighieri, 2013); the Pollen Disturbance
Index — PDI, that considers Centaurea, Cichorioideae, Plantago, Ranunculus acris-type, Polygonum aviculare-type,
Sanguisorba minor-type, Urtica dioica-type and Pteridium. Finally, we also analyse the behaviour of the AP/NAP
ratio, that means relative abundance of arboreal pollen with respect to non-arboreal pollen. Values are interpreted
as: >10, very close forest; 4—-10, close forest (at 4, first relevant vegetation openings); <1, open vegetation (Berglund
et al., 1991; Favre et al., 2008). We hypothesize that the magnitude of human impact on the environment will
monotonically increase towards the present across the stages of population and technological development of

European societies during the Holocene, as inferred from archaeological and historical evidence.
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A remarkable limitation of the cultural pollen method is embedded in palynology itself, as the identification

of pollen types is determined by their morphological characters and their more or less complex identifications result
in the achievement of different, often low to moderate, taxonomical resolutions. The application of traits (such
human indicative value) to pollen-stratigraphical data is greatly hampered by the taxonomic imprecision (Birks,
2020). The cultural pollen indicators were thus originally defined by different degrees of taxonomic resolution
(Behre, 1981). Additionally, the taxonomical precision in the pollen identification varies among palynologists,

according to their schools, aim of the study, taphonomic characteristics of the study core, among others.

Manuscript 2 (Deza-Araujo et al., 2021) deals with the taxonomic resolution of cultural pollen indicators and
how it influences their indicative value. We selected sixteen postglacial pollen sequences produced with high
resolution and by using established tables of taxonomic harmonization (Giesecke et al., 2019), we simulate two
additional levels of hierarchical taxonomic resolution for each dataset and compare the results in terms of capacity
of the indicators to infer past human impact. We hypothesize that reducing the taxonomic resolution will cause a
decrease in the specificity and sensitivity of the pollen indicators for detecting and quantifying anthropogenic land
use, with different pollen types having more or less influence on this change according to the biogeographical
region. Further, we also hypothesize that lowered taxonomic levels in pollen identification will result in misleading
reconstructions of past human land use. These hypotheses are checked by a comparison of the available pollen

evidence with historical and archaeological sources.

On the basis of the outcomes of Manuscripts 1 and 2, we were able to propose a new probabilistic method
in Manuscript 3, the agricultural Land Use Probability index — LUP, for detecting and quantifying human impacts
through cultural pollen indicators. We refine the established list of cultural pollen indicators by Behre (1981) and
assess their anthropogenic indicative value based on criteria adapted from bioindication. We train the index using
twenty palynological datasets along an environment gradient between Sicily and Swiss Plateau and perform two
external validations, by (1) applying them to independent pollen sequences and (2) comparing the results with an
archaeological proxy of human population density (number of radiocarbon dates from cultural layers). We use
Anthropogenic Indicator Values (AlV) to weight the relative abundance of the cultural pollen indicators, according to
their biogeographical context. We assume that pollen samples having more pollen-types of indicator taxa with a

higher AIV are more likely to express human land use, which is then mirrored numerically in its LUP.

[4]
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ARTICLE INFO ABSTRACT

Article history: Anthropogenic pollen indicators in pollen records are an established tool for reconstructing the history of
Received 28 January 2020 human impacts on vegetation and landscapes. They are also used to disentangle the influence of human
R:c;:"e‘jh';gzef‘)"se‘j form activities and climatic variability on ecosystems. The comprehensive anthropogenic pollen-indicator
24 Marc approach developed by Behre (1981) has been widely used, including beyond its original geographical
Accepted 24 March 2020 S8 % . e
Available online 19 April 2020 scope of Central and Western Europe. Uncritical adoption of this approach for other areas is risky because
adventives (plants introduced with agriculture) in Central Europe can be apophytes (native plants fav-
oured by human disturbances) in other regions. This problem can be addressed by identifying region-

Keywords: 3 SRS . 3 . A

Hmene specific, anthropogenic-indicator pollen types and/or developing region-specific, human-impact
Palaeoecology indiges from pollgn assem!Jla.ges.. However, understanding o_f regional \./ari‘.ltion in Fhe timing @d in-
Palynology tensity of human impacts is limited by the lack of standardization, validation and intercomparison of
Europe such regional approaches. Here we review the most common European anthropogenic pollen-indicator
Archaeology approaches to assess their performance at six sites spanning a continental gradient over the boreal,
Prehistory temperate and Mediterranean biomes. Specifically, we evaluate the human-indicator approaches by

Ancient farming
Land-use history
Past population density

using independent archaeological evidence and models. We present new insights into how these
methodologies can assist in the interpretation of pollen records as well as into how a careful selection of
pollen types and/or indices according to the specific geographical scope of each study is key to obtain
meaningful reconstructions of anthropogenic activity through time. The evaluated approaches generally
perform better in the regions for which they were developed. However, we find marked differences in
their capacity to identify human impact, while some approaches do not perform well even in the regions
for which they were developed, others might be used, with due caution, outside their original areas or
biomes. We conclude that alongside the increasing wealth of pollen datasets a need to develop novel

tools may assist numeric human impact reconstructions.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

disentangle their specific role (Nelson et al., 2006). In Europe, hu-
man activities became a major driver for landscape dynamics, land-

Palaeoecology provides valuable records of past ecological
change and its drivers over centennial to millennial timescales at
decadal to centennial resolution. Environmental drivers of
ecosystem change (e.g. climate, human activities, natural distur-
bances) may operate simultaneously and thus it may be difficult to

* Corresponding author. University of Bern, Institute of Plant Sciences, Palae-
oecology, Altenbergrain 21, 3013, Bern, Switzerland.
E-mail address: mara.deza@wsl.ch (M. Deza-Araujo).

https://doi.org/10.1016/j.quascirev.2020.106291

cover change, species distributions and disturbance regimes as
early as ca. 9000-7000 years ago with the onset of farming at the
beginning of the Neolithic. As a result, the transformation of forests
into heathlands (e.g. Calluna vulgaris), shrublands (e.g. Corylus
avellana, Alnus viridis), maquis, garrigue, grasslands, or meadows
may have resulted from human-induced deforestation including
excessive fire disturbance and/or browsing (Gobet et al., 2000;
Tinner et al., 2005; Carrion et al., 2010; Rey et al., 2019). These
examples illustrate the role of discrete disturbance events and

0277-3791/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org licenses/by/4.0/).
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highlight the need for high-resolution reconstructions of past land
use and environmental change to disentangle anthropogenic and
natural forcing. The contribution of the various forcing factors may
be assessed using multi-proxy palaeoecological studies providing
independent lines of evidence (Birks and Birks, 2006; Colombaroli
et al., 2007), where the results are ideally validated with local
archaeological evidence (Hjelle et al., 2012).

Vegetation changes inferred from palynological sequences have
traditionally been linked to climate change when occurring more or
less synchronously over broad areas (Jalut et al., 2009), but this
assumption might result in overlooking the role of broad-scale
concurrent human activities (Tinner et al,, 2013; Walsh et al.,
2019). Previous research has also shown that climate change may
exert a strong influence on land use, leading to synchronous pat-
terns over wide areas (Gobet et al., 2003; Tinner et al., 2003; Oliver
and Morecroft, 2014). For instance, widespread forest opening
reconstructed from several Mediterranean pollen records for the
past ca. 7000 years has been attributed to either a continental-scale
decrease in moisture availability (“aridification” hypothesis; see
Jalut et al., 2009; Sadori et al., 2011), increasing human activity,
including burning (e.g. Tinner et al., 2009; Bisculm et al., 2012) ora
combination of both factors (e.g. Carrion et al., 2010). This contro-
versial Mediterranean example illustrates challenges in unambig-
uously inferring anthropogenic impacts.

Reconstructing human impacts on the environment using
palynology has largely relied on the presence and abundance of
anthropogenic pollen indicators. Pollen of adventives (i.e. plant
species not native to a specific area) track intentional or uninten-
tional (i.e. cultivated crops vs. weeds) introductions by humans and
are therefore considered to be reliable indicators for past human
activities (Behre, 1981, 1988; Huntley and Webb, 1988). Although
with less diagnostic capacity than adventives, the pollen of apo-
phytes (i.e. native plant species favoured by human activities) also
provide information regarding anthropogenic impacts on the
landscape (Behre, 1981; Lang, 1994). Offsite and onsite palae-
orecords (e.g. pollen, macrofossils, megafossils, aDNA), in combi-
nation with archaeology, provide the only unambiguous evidence
for determining the native ranges of cultivated plants and weeds.
Such evidence has shown that depending on the region of interest,
many plant species may be regarded either as adventives or apo-
phytes (di Castri et al., 1990; Lang, 1994; Conedera et al., 2004; van
Leeuwen et al., 2008; Krebs et al., 2019). In the case of palynology,
data interpretation requires a strong background knowledge of the
processes controlling pollen, spore and other microfossil produc-
tion, dispersal and preservation (Webb and Goodenough, 2018).
This condition adds further complexity to the inference of human
impacts from palynological data (Behre, 1981), especially in a
quantitative manner, and limits the use of pollen-inferred re-
constructions of land-use history by a broader community.

Early applications of the pollen-indicator approach used pollen
from plants particularly sensitive to winter frost for palaeoclimatic
reconstructions (lversen, 1944). This methodology has later been
extensively applied to land-use reconstruction. Behre (1981, 1988)
assembled lists of reliable anthropogenic pollen indicators for
Central and Western Europe (north of the Alps). Behre's pioneering
work was later extended to other areas (e.g. the Middle East, Behre,
1990; China, Li et al., 2015; Mexico, Franco-Gaviria et al., 2018) and
refined in Western Europe (Mazier et al., 2006; Brun, 2011).
Moreover, Behre's comprehensive account of anthropogenic pollen
indicators has been widely used in European areas outside of its
original calibration area (e.g. Novenko et al., 2017; Cartier et al.,
2018; Fredh et al., 2018; Lopez-Saez et al., 2018), although the
chosen indicator taxa may not be necessarily suitable in these re-
gions (apophyte vs. adventive problem; Moore et al,, 1991; Lang,

1994).

The presence and abundance of anthropogenic pollen indicators
provide valuable evidence for the occurrence and intensity of past
land use (Behre, 1981). The sum of the percentages of these pollen
types is often plotted separately in pollen diagrams as curves of
Principal and/or Secondary Indicators (‘PI', ‘SI'; e.g. Lang, 1994). In
contrast to other fields of palynology (e.g. treeline studies), absolute
values such as influx are less often used for human-impact re-
constructions (Koff and Punning, 2002). To characterize and
quantify past land use, pollen indices based on anthropogenic in-
dicators were first developed to estimate the ratio of arable to
pastoral farming (Steckhan, 1961; Turner, 1964; Kramm, 1978;
Riezebos and Slotboom, 1978). More recently, new semi-
quantitative indices of human impact are being applied, espe-
cially (see summary in Table 1): the Cultural Indicators (‘CI')
approach (Tinner et al., 2003), the Anthropogenic Pollen Indicator
‘API' index (Mercuri et al., 2013a), the Olea-Juglans-Castanea ‘OJC’
index (Mercuri et al,, 2013b) including its modification incorpo-
rating Vitis (‘OJCV'; Berger et al., 2019), and the Pollen Disturbance
Index ‘PDI' (Kouli, 2015). Complementarily, the ‘AP/NAP’ ratio be-
tween the percentages of arboreal (sum of trees and shrubs) and
non-arboreal (sum of upland herbs) pollen has long been used to
reconstruct changes in forest cover quantitatively, including
anthropogenic clearance of forests (Aario, 1944; Berglund et al,
1991). Conventionally, the interpretation of AP/NAP is straightfor-
ward; very high (>10, corresponding to ca. 91% AP), intermediate
(>4, 80% AP) and low (<1, 50% AP) values, represent very closed

Table 1
Main qualitative approaches to reconstruct human impacts on European landscapes
based on abundances (usually in %) of anthropogenic pollen indicators.

Approach Original Scope Area Pollen types included

Cereals: Secale cereale, Hordeum-type,
Triticum-type, Avena-type, Zea.
Dicotyledonous crops: Fagopyrum, Linum
usitatissimum-type, Vicia faba, Cannabis-type
Adventives: Centaurea cyanus, Lychnis/
Agrostemma-type, Scleranthus annuus,
Spergula arvensis-type, Polygonum
convolvulus-type, Polygonum aviculare-type,
Polygonum persicaria-type (Persicaria
maculosa-type), Plantago lanceolata-type,
Plantago major/media. Apophytes: Rumex
acetosella-type, Rumex acetosa-type, Trifolium
repens-type, Succisa, Jasione/Campanula-type,
Urtica, Artemisia, Melampyrum, Pteridium,
Polypodium, Calluna, Juniperus-type

c North and South of Plantago lanceolata-type, Cerealia-type

Pl Central Europe,
North of the Alps

Sl Central Europe,
North of the Alps

the Alps (excluding Secale)
APl Mediterranean Artemisia, Centaurea, Cichorioideae, Plantago,
(Italy) Cerealia-type, Urtica, Trifolium
(o)[ Mediterranean Olea, Juglans, Castanea
(Italy)
QJcv Mediterranean Olea, Juglans, Castanea, Vitis
(Italy)
PDI Mediterranean Centaurea, Cichorioideae, Plantago, Ranunculus

(northern Greece)  acris-type, Polygonum aviculare type,
Sanguisorba minor-type, Urtica dioica-type
and Pteridium

Relative abundance of arboreal pollen with
respect to non-arboreal.

Values are interpreted as: >10, very close
forest; 410, close forest (at 4, first relevant

vegetation openings); <1, open vegetation.

AP/NAP  Northern Europe

PI: Primary anthropogenic indicators & SI: Secondary anthropogenic indicators
(Behre, 1981; Lang, 1994); CI: Cultural indicators (Tinner et al, 2003); APIL
Anthropogenic pollen indicators (Mercuriet al., 2013a); OJC: Olea, Juglans, Castanea
(Mercuri et al, 2013b); OJCV: Olea, Juglans, Castanea, Vitis (Bevan et al., 2019;
Roberts et al,, 2019); PDI: Pollen Disturbance Index (Kouli, 2015); AP/NAP: Arboreal
pollen/non arboreal pollen ratio (Berglund et al., 1991; Favre et al., 2008).

[10]
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forests, semi-closed forests and open vegetation, respectively
(Mitchell, 2005; Favre et al., 2008; Zanon et al., 2018). However,
detailed interpretation of intermediate values of this ratio remains
unclear (Favre et al., 2008). When AP/NAP is combined with Behre's
cultural indicators, inferring the start of farming-induced forest
opening in Europe is possible (e.g. Lang, 1994;; Tinner et al., 2003;
Rey et al., 2019).

In summary, although the potential of anthropogenic pollen
indicators to reconstruct the impact of human activities on past
vegetation dynamics has long been recognized and broadly used,
no comparative evaluation of their performance is available yet.
The emphasis of previous studies (e.g. Steckhan, 1961; Turner, 1964;
Kramm, 1978; Riezebos and Slotboom, 1978; Behre, 1981; Lang,
1994; Koff and Punning, 2002; Tinner et al., 2003; Mercuri et al.,
20134,b; Kouli, 2015; Berger et al., 2019) on local to regional ap-
proaches is due to the different vegetation (e.g. biomes) and land-
use (e.g. farming) conditions in space and through time. The aim of
this study is to provide an overview of the existing methodologies
and to understand their relative advantages and limitations. Here,
we apply the most commonly used human-indicator species ap-
proaches to six study sites distributed over a wide latitudinal
gradient across Europe, spanning from boreal to Mediterranean
ecosystems. To evaluate their performance we compare the paly-
nologically inferred human impacts with archaeological evidence.
A specific aim of this study is to identify the performance of the
chosen approaches inside and outside their region or biome of
origin. Finally, we briefly address potential future avenues in the
field, including validation using archaeological data, the value of
taxonomically highly resolved records, and the difficulty to produce
generalized and standardized approaches that may identify human
impact at the continental scale.

2. Materials and methods
2.1. Study sites and anthropogenic pollen indicator indices

We applied eight previously developed anthropogenic pollen-
indicator approaches (PI, SI, CI, API, OJC, OJCV, PDI, and AP/NAP
ratio, see Table 1 for details), to six post-glacial lake pollen se-
quences with high time resolution and spanning a latitudinal and
ecological gradient from Scandinavia to Sicily (Table 2, Fig. 1). The
pollen datasets were obtained from the European Pollen Database
(EPD; Fyfe et al., 2009; Giesecke et al., 2014) and the Alpine Pollen
Database (ALPADABA) via Neotoma (Williams et al., 2018). We
harmonized pollen nomenclature for consistency amongst the
different sequences (Giesecke et al,, 2019), and calculated pollen
percentages with respect to the terrestrial pollen sum, i.e. excluding

pollen from aquatic and wetland plants and spores. We processed
the data with the R packages ‘Neotoma'’ version 1.7.4 (Goring et al.,
2015) and ‘Rioja’ version 0.9—15.1 (Juggins, 2017) running in R
environment (R Core Team, 2018). We then plotted the obtained
values for the various pollen indices at each site as stratigraphic-
pollen diagrams against age in calibrated years, using the age-
depth models published by the authors in the original papers and
stored in the databases (except for Lago di Origlio, where the cali-
bration curve has been updated).

2.2. Archaeological validation framework and its limits

We validated the capacity of the indices to express quantita-
tively the human impact by comparing the results with the regional
archaeological record at each study site. To convert the archaeo-
logical evidence into a quantitative scale, we grouped the main
archaeological and historical periods according to five stages of
human impacts on the European environment: (1) very low/non
detectable (corresponding to the Palaeolithic and Mesolithic), (2)
low (Neolithic), (3) moderate (Bronze Age), (4) high (Iron Age,
Roman Imperial Period and Early Middle Ages), and (5) very high
(Middle Ages and Modern Era; Figs. 2 and 3). This classification
assumes that the archaeological and historical periods correspond
with economic stages and temporal transformation of technology
(Kremer, 1993; Lemmen et al., 2011). The economic and techno-
logical developments alongside the assumed resulting population
growth are, in turn, major determinants of human impact during
the Holocene (Kremer, 1993; US Census Bureau, 2018).

To delimit the timeframe of each human-impact stage at each
site, we synchronized the reference chronologies of the main, well-
established archaeological and historical periods in Europe in a
regional scheme (Fig. 3). While the definition of historical periods is
established by events that are documented in historical sources (i.e.
precisely dated), archaeological epochs are based on regionally
different typo-chronological changes in material culture (i.e. clas-
sification of objects and architecture; Besserman, 1996; Shackley,
2001; Carson, 2016). When absolute dates (e.g. radiocarbon,
dendrochronology) were available in the literature, we used them
for the proposed chronologies (e.g. Knutsson and Knutsson, 2003;
Bietti Sestieri, 2013a, 2013b; Capuzzo et al., 2014; Lo Vetro and
Martini, 2016; Pacciarelli et al., 2016; Stockli, 2016; Natali and
Forgia, 2018; Radi and Petrinelli Pannocchia, 2018; Alessandri,
2019). Conversely, we referred to relative dating where no abso-
lute chronologies were available. Because the limits of the different
archaeological periods are not always supported by radiocarbon or
dendrochronological dating, the presented supra-regional syn-
chronization of periods is tentative, and some period boundaries

Table 2
Main features of the palynological records considered in this study.
Site Elevation Size Age range Vegetation type (Lang, 1994) MAT Reference
(masl) (ha) (cal yrBP) (0
(a) Holtjamen, Sweden 232 1 -15 Boreal spruce and pine forests. 4.2 Giesecke (2005)
-10500
(b) Lake Gosciaz, Poland 64 70 -35 Central and Eastern European mixed oak 79 Ralska-Jasiewiczowa and van Geel
-12900 forests. (1992), Arnold et al. (1998)
(c)Burgaschisee, Switzerland 465 21 -59 Western, Central and Southeastern European 9.1 Rey et al. (2017)
~18650 beech and beech fir forests.
(d) Lagodi Origlio, Switzerland 416 8 —45 Montane and subalpine mountain coniferous 12,0 Tinner et al. (1999)
-19400 forests and Krummholz bushes.
(e) Lago dell'Accesa, 157 14 95-11550  Meso-mediterranean evergreen and deciduous 14.0 Colombaroli et al. (2008)
Tuscany, Italy oak forests.
(f) Gorgo Basso, 6 2 -50 Thermo-mediterranean evergreen oak forests 176 Tinner et al. (2009)
Sicily, Italy ~10200 and olive carob tree woodlands.

MAT: Mean annual temperature (Fick and Hijmans, 2017).

[11]
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Study sites
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Fig. 1. Location of the study sites. Background colours in the map represent European vegetation types (Lang, 1994).
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Fig. 2. Human impact stages on the environment in the Old World, defined by their population density and technology development (modified from Kremer, 1993; Lemmen et al,,
2011; US Census Bureau, 2018). P= Palaeolithic, M = Mesolithic, N= Neolithic, B= Bronze Age, |= Iron Age, RIP = Roman Imperial Period, EMA = Early Middle Ages, MA = Middle

Ages, ME = Modern Era. The exact boundaries for each study case are shown in Fig. 3.

are uncertain. Furthermore, as Neolithisation is not a one-time
event but rather a long and complex process, assigning precise
dates to the boundary between the Mesolithic and the Neolithic in
each region is often difficult (Dolukhanov et al.,, 2005; Gronenborn,
2005; Lemmen et al, 2011). Moreover, Mesolithic and Neolithic
lifestyles may have coexisted simultaneously for several centuries
in some regions (as e.g. proposed for Poland; Nowak, 2013).
Nevertheless, the temporal resolution of our approach refers to
long prehistorical and historical periods, which partially offsets
possible chronological errors.

2.3. Performance of the indices

To evaluate the performance of the indices, we compared the
results at the different study sites according to the technological
stages (Fig. 3). To make the results comparable, we first rescaled the
values of the different indices between 0 and 1 using a minimax
transformation:

Zi = (Vi = Vmin)/(Vmax — Vinin)

where Z; is the minimax-transformed value of the index V for the i

[12]
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Fig. 3. Historical and regional archaeological periods corresponding to each study site, with uncertain boundaries marked in grey. Assumed human impact stages, expressed by the
technological development and estimated population size are shown in different colours (see Fig. 2 for the conceptual framework). Sources for absolute and relative dating of the
cultural periods in the study regions (Pulsiano and Wolf, 1993; Peroni, 1996; Zvelebil, 1998; Chwalba and Basista, 1999; Leighton, 1999; Derwich and Zurek, 2002; Flutsch et al,,
2002; Knutsson and Knutsson, 2003; Windler et al., 2005; Olsen et al., 2011; Bietti Sestieri, 2013a, 2013b; Czebreszuk et al., 2013; Herschend, 2013; Nowak, 2013: Nowakowski
et al,, 2013: Thrane, 2013; Capuzzo et al., 2014; Larsson, 2014; Niffeler, 2014; Gron et al., 2015; Lo Vetro and Martini, 2016; Pacciarelli et al., 2016; Stockli, 2016; Larsson, 2017;
Foxhall, 2018; Natali and Forgia, 2018; Radi and Petrinelli Pannocchia, 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

-th sample of a given record (Vi), and Vmax and Vmin are the
maximum and minimum values of V in the entire sequence. Sec-
ondly, we averaged the values of every index for each chronological
human-impact stage and plotted boxplots to visually assess the
trends in the values of the indices. We hypothesize that the
magnitude of human impact on the environment will mono-
tonically increase towards present across the stages of population
and technological development of European societies during the
Holocene as inferred from archaeological and historical evidence
(Fig. 2). To test this hypothesis, we ran pairwise comparisons be-
tween the five considered human-impact stages on the environ-
ment (Figs. 2, 3) using the non-parametric Mann—Whitney U test
(Wilcoxon rank—sum test), whose null hypothesis is that the two
samples of the pairwise comparisons come from the same
population.

3. Results

In northern and north-central Europe, the primary

[13]

anthropogenic indicators index (PI) only increases during the last
1000-500 years at Holtjarnen (southern Sweden) and Lake Gosciaz
(central Poland) (Fig. 4a and b). This striking increase during the
most recent human impact stage is coupled with minimum AP/NAP
values at both sites, although Lake Gosciaz records earlier openings
during the Bronze Age and Iron Age. Similarly, although OJC and
0JCV show null values (i.e. 0% Olea, Juglans, Castanea, and Vitis)
throughout much of the Lake Gosciaz record, most of the non-zero
values occur in the last 2000 years, with the exception of a peak
around 6000 BC. In contrast, OJC and OJCV are zero for the entire
Holtjarnen record. The secondary indicators (SI) and anthropogenic
pollen indicators (API) indices have high values at the beginning of
both pollen sequences (Mesolithic at Holtjarnen and Palaeolithic at
Lake Gosciaz) that later decrease, to start increasing progressively
from the Neolithic (Lake Gosciaz) and Bronze Age (at both sites)
onwards. At Holtjarnen, CI has a discontinuous and sparse record
from the Neolithic onwards and only contains continuous and
remarkable values during the last millennium. At this Scandinavian
site, significant values of PDI occur during the Neolithic and Iron
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Fig. 4. Comparison of the anthropogenic pollen indices at different sites across Europe. Empty curves represent 10 x exaggeration. Indices used outside their geographical scope are
shown in grey. Dashed lines delimit cultural periods with uncertain chronology. Pl= Primary indicators, Sl= Secondary indicators, Cl= Cultural indicators, OJC= Olea-Juglans-

Castanea, AP

= Anthropogenic pollen indicators, PDI= Pollen Disturbance Index, AP/NAP= Arboreal pollen/non-arboreal pollen ratio (graphics restricted to 10 as maximum values,
values of 1 and 4 are highlighted). P= Palaeolithic, M = Mesolithic, N= Neolithic, B= Bronze Age, |- Iron Age, Rl =
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Ages, MA = Middle Ages, ME = Modern Era. Note the different scales in the X-axes. Human Impact stages range from 1 = very low to 5 = very high.

Age but the most continuous and highest values of this index are
only present during the last millennium. In contrast, the CI record
at Lake Gosciaz starts during the Neolithic and is continuous until
the present, with conspicuous increases at the end of the Bronze
Age, and substantial increases during the Iron Age and the last
millennium. PDI mirrors the main trends of CI despite its nearly
continuous record throughout the Lake Gosciaz sequence (Fig. 4).
In Central Europe, the records of PI and CI from Burgaschisee
(Swiss Plateau) suggest that the first noticeable human impact
occurred during the Neolithic (ca. 4500 cal. BC), with remarkable
stepwise increases from the Iron Age onwards and particularly
during the past millennium (Fig. 4c). The Lago di Origlio sequence
records the presence of PI and CI on the southern Alpine forelands

[14]

as far back as ca. 7000 cal. BC, although the records are discontin-
uous until the onset of the Bronze Age (ca. 2300 cal. BC). As at
Burgaschisee, Pl substantially increases at Lago di Origlio during the
last millennium, largely because Cannabis-type pollen reaches very
high shares within PL This taxon represents 67.0 + 20.2% at
Burgaschisee and 84.1 + 11.3% at Lago di Origlio. At these two sites,
respectively located south and north of the Alps, AP, SI and PDI
bear high values during the Younger Dryas and the onset of the
Holocene (until 9500-9000 BC, during the Palaeolithic). These three
indices contain (nearly) continuous records with noticeable in-
creases after the Neolithic and particularly from the Bronze Age
onwards. At Burgaschisee and Lago di Origlio, OJC and OJCV only
have continuous records since ca. 1900 cal BP, where their main
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increases occur at ca. 1500 and 500 cal. BP, respectively. Juglans is
largely dominant at Burgaschisee (48.8 + 26.1% of OJC, 46.7 + 25.0%
of OJCV) while at Lago di Origlio, Castanea is the dominant taxon
(89.3 + 5.9% of OJC, 88.8 + 5.9% of OJCV). The AP/NAP ratios show
marked signs of forest opening during the Bronze Age (AP/NAP<4)
at both sites and a significant enhancement of this process during
the Iron Age (ca. 500 BC).

In southern Europe, SI, CI, AP], and PDI are high at Lago del-
I'Accesa (Tuscany, central Italy) during the early Holocene (Meso-
lithic; Fig. 4e). Later, their abundances decrease but their records
remain continuous. PI, OJC and OJCV show discontinuous occur-
rences between ca. 8000 and 6000 BC, during the late Mesolithic
and early Neolithic. At the Mesolithic-Neolithic transition (ca.
5800-5500 BC), an abrupt drop in the AP/NAP ratio occurs followed
by increases in indices summing up weed abundances (CI, SI, PDI,
API). Another remarkable decrease in the AP/NAP ratio at the
beginning of the Bronze Age (ca. 2000 BC) is followed by the onset
of continuous records for PI, OJC and OJCV as well as moderate
increases in SI, CI, API, and PDI. The final drop in AP/NAP values
dates to Early Medieval Times (ca. AD 500) and is accompanied by
major increases in all the indices (i.e. PI, SI, CI, API, OJC, OJCV, and
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PDI). At this site, Olea pollen dominates the composition of the OJC
(625 + 47.9%) and OJCV (43.8 + 38.3%) indices during the last
millennium.

PDI, API and SI show very high values (up to 40% pollen) during
the early Holocene (ca. 8000 BC) at Gorgo Basso (Sicily), whereas PI,
0JC and OJCV are absent (Fig. 4f). At this site, SI, API, PDI and, to a
lesser extent, CI present consistently high values (ca. 30% pollen)
throughout the Mesolithic and the early Neolithic (ca. 8000-5000
BC), when the AP/NAP ratio shows very low values (<1). At the
beginning of the Neolithic (ca. 5500-5000 BC), PI shows a promi-
nent increase that is almost synchronous with a major peak in CL
Immediately after, from ca. 5000 BC, OJC and OJCV notably increase
alongside the AP/NAP ratio and oscillate but maintain moderate to
high values (10—20% pollen) for approximately 5000 years, until
Roman Times. At Gorgo Basso in the thermo-mediterranean belt,
Olea pollen is dominant in the composition of the OJC (98.6 + 5.4%)
and OJCV (91.2 + 23.8%) during the fourth human-impact stage
(Fig. 5), while Juglans is completely absent.

The behaviour of the studied cultural indicator approaches
through time shows that only a few of them, particularly CI, fit our
hypothesis of monotonically increasing human impact throughout
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Fig.5. Boxplots comparing the distributions of the values of the different indices classified according to the different stages of human impact: 1 = No detectable/Very low, 2 = low,
3 = moderate, 4 = high, 5 = very high. Minimax transformations were calculated amongst the index values. The Y-axis of the AP/NAP plots was reversed to facilitate comparison
with the other indices shown. Indices used outside their intended geographical scope are shown in grey. Different letters indicate statistically significant differences at P < 0.05
(nonparametric Mann—Whitney U test) among the human impact stages that according to our hypothesis, will increase its magnitude towards present.
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all sites and human-impact stages (Fig. 5). Pl is usually biased by the
last cultural period, the Modern Era, characterised by very high
abundances of cereal pollen particularly in central and northern
European sites (Fig. 5a—d). Indices based on secondary indicators
like SI and API often show unrealistically high values in the oldest
archaeological periods, which includes the Palaeolithic and the
Mesolithic. On the other hand, OJC and OJCV are absent or
extremely rare in northern Europe for the entire period (Fig. 5a and
b). Similar to PI, the OJC and OJCV indices are biased to the Modern
Era in Central Europe and the Southern Alps (Fig. 5c and d), while
farther south OJC and OJCV fit to the human impact expectations at
the meso-mediterranean site (Accesa; Fig. 5e), but not at the
thermo-mediterranean site (Gorgo Basso; Fig. 5f). PDI shows the
expected increasing trend north of the Alps (Fig. 5a—c), while south
of the Alps, the pattern is unclear (Fig. 5d—f). Finally, the pattern of
AP/NAP is unrelated to any gradual increases in human impact
through economic stages and archaeological and historical periods.

4. Discussion
4.1. Overall suitability of the anthropogenic indicators

In this study, we tested the suitability of widely used palyno-
logical indices based on anthropogenic pollen indicators for
different European biomes. We compared the results obtained by
the indices with human-impact stages, as derived from human
population density growth and the related land use caused by the
increasing carrying capacity of agriculture throughout different
historical epochs (Kremer, 1993; Lemmen et al, 2011; US Census
Bureau, 2018). The analysed indices do not always show a general
increase since the Neolithic, and they also show disagreements
among them on the extent and timing of land-use-related human
impacts. In contrast, the human population experienced linear,
exponential or logarithmic growth through the millennia with only
episodic interruptions or reversed trends during environmentally
caused production crises such as volcanic eruptions, mass migra-
tions, and climatic reversals (e.g. Little Ice Age; Bentley, 2013). In
this context, we identify indices as the lowest performing if they
show trends that are opposite to those expected from the prehis-
torical and historical evidence used to model human population
dynamics (Fig. 5). For instance, such dissimilarities occur in the case
of high SI and API values before the Neolithic (i.e. stage 1) at several
sites and in AP/NAP at all sites. Likewise, unexpected decreases in
O]JC and OJCV at Gorgo Basso between stages 3, 4, and 5, and in PDI,
between stages 2 and 3 are seemingly inconsistent with agricul-
tural intensification (Fig. 5). Best performance in terms of mono-
tonic increasing trends across the human-impact stages are
generally provided by indices using a few specific pollen indicators
such as Pl and Cl. Although both Pl and CI performed best among all
indices at Gorgo Basso, they did not fully match population growth
expectations. Similarly, SI has a good performance from the second
human-impact stage onwards (except in the southern sites; Fig. 5).
Changes in PI at Holtjarnen are limited to human-impact stage 5,
which prevents an assessment of increasing trends (Fig. 5), but
likely reflects the remoteness of the northernmost site in regard to
arable farming.

In general, pollen indicator approaches perform best in the re-
gions in which they were developed (Figs. 4 and 5). Specifically,
most of the considered indicator species approaches show
increasing human impacts between sequential human-impact
stages outside the Mediterranean realm (e.g. PI and Cl at Burga-
schisee and Lago di Origlio; Pl at Gosciaz), where this technique was
originally developed (Behre, 1981), plant diversity is lower (Mutke
et al,, 2010), and wild relatives of (southwest Asian Neolithic) crops
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and weeds are rare (Zohary et al., 2012). Nevertheless, certain
indices may perform well in regions different than the one where
they were conceived. For instance, the PDI pastoral index devel-
oped in northern Greece performed reasonably well in tracking
anthropogenic vegetation change in Holtjarnen (southern Sweden),
particularly from the Iron Age onwards (Fig. 4). Such episodic good
performances may however be coincidental. Indeed, the Holtjarnen
record also provides reason for caution. An early incidence of forest
opening at Holtjarnen dated around 3700 cal. BC, which caused PDI
to increase, probably resulted from a shift in atmospheric circula-
tion that naturally affected forests and not from human impacts
(Hammarlund et al., 2002; Giesecke, 2005).

A given index may vary in performance among different human-
impact stages when applied to the entire Holocene (e.g. Behre,
1981). In most of our cases, the AP/NAP and SI indices have a
high potential in detecting deforestation at the Neolithic/Bronze
Age transition. This transition is easy to infer because the devel-
opment of more advanced farming techniques during the Bronze
Age likely resulted in a permanent ecosystem shift, in contrast to
earlier transient forest clearances that were followed by forest
regeneration (Lang, 1994; Poska et al., 2004; Rey et al, 2019).
Conversely, some indices may fail to identify human impacts at a
later, higher technological stage (i.e. stages 3—4, Fig. 5), specifically
at southern sites such as Accesa and Origlio. The cause might be a
reduction of deforestation rates and an increased efficiency in
farming practices during the Roman Imperial Period, for instance
(Howatson, 2011). In addition, several centuries-long crises (e.g.
migration period, Little Ice Age) are documented in archaeological
and historical records (e.g. Maise, 1998) and by temporally well
resolved palaeoecological records (Lotter, 1999; Tinner et al., 1999;
Rey et al., 2017). These crises may not be evident in our compari-
sons among human-impact periods (Fig. 5), which were designed
to assess the impacts of long-term trends in human population
growth.

4.2. Direct indicators

The indices based on direct indicators (i.e. crops and strict ad-
ventives, Cl and PI; Lang, 1994) showed an overall good perfor-
mance at the temperate sites (Fig. 5a—d). In temperate
environments, Pl and Cl were sensitive enough to detect initial
stages of human impacts on the landscape when they were used in
the appropriate setting, such as the early Neolithic farming (ca.
3800 BC; Cortaillod typochronological unit) at Burgaschisee (Rey
et al., 2017). Similarly, CI was used to trace the major milestones
in the history of human occupation around Lago di Origlio, such as
Neolithisation and the establishment of permanent settlements
during the Bronze Age (Tinner et al., 1999). Likewise, CI tracks the
main economic changes at Lake Gosciaz since the Neolithic (Ralska-
Jasiewiczowa and van Geel, 1992), whereas PI shows inconclusive
evidence until the Iron Age (Fig. 4b). In boreal environments, CI
performed better than Pl (Holtjarnen), while Pl was superior at
Mediterranean sites (Lago dell’Accesa and Gorgo Basso). The
reduced performance of Pl in boreal environments might be con-
nected to the prevalence of pastoral activities (Morris et al., 2014),
as also revealed by the good agreement with PDI (Fig. 4).
Conversely, the reduced performance of Cl in the Mediterranean
probably relates to the supposed natural occurrence of Plantago
lanceolata-type. Indeed, Tinner et al. (2009) concluded that intense
agriculture around Gorgo Basso prior to the early Neolithic (ca.
6000 BC) would be unrealistic. To overcome this issue, the authors
relied on the combined evidence of crops (e.g. Cerealia-t., Ficus
carica) and weeds to track the onset of Neolithic farming (Tinner
et al., 2009). Here, we cannot assess to what extent the natural
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occurrence of cereal species may affect the interpretation of Med-
iterranean pollen records (Roberts et al, 2011). A way to overcome
this difficulty and to unambiguously identify arable farming is to
associate Cerealia-type pollen with that of other crops (e.g. figs),
adventives andfor apophytes (Tinner et al, 2009). Our results
emphasize that the indicative power of single taxa should not be
considered in absolute terms but rather within the ecological
context (reflected in the pollen assemblages) in which it was
growing.

Other important direct indicators according to Behre (1981)
such as Fagopyrum and Linum usitatissimun were completely ab-
sent or recorded just in modern samples at our study sites and did
thus in general not contribute to the index values. The only
exception is a single pollen grain of Linum usitatissimun found at the
end of the Mesolithic (ca. 3700 BC) in the Burgaschisee pollen
sequence.

An additional issue related to the use of indices based on direct
pollen indicators such as the PI as quantitative proxies for human
impact is the possible bias introduced by agro-industrial practices.
This is the case for instance in Origlio during the stage of very high
human impact (i.e. stage 5, last 1000 years) when Cannabis-type
pollen became strikingly abundant in the sediment samples as a
result of water-retting of hemp for fiber extraction (Bradshaw et al.,
1981). These practices caused a marked rise in Cannabis-type pollen
abundance (from ca. 2—40% of the terrestrial pollen sum) and an
overrepresentation of this pollen type in the PI index values (up to
98.6%).

4.3. Indirect indicators

Our results show that the environmental context is determinant
for the interpretation of indices based on secondary indicators such
as SI, API and PDI. At all the study sites, but more strongly in the
Mediterranean realm (i.e. Lago dell’Accesa and Gorgo Basso), these
indices, particularly SI and API, suggest strong human impact dur-
ing the Palaeolithic and the Mesolithic (before 9000-8000 BC;
Figs. 4 and 5), which is inconsistent with archaeological evidence
(Bietti Sestieri, 2013a, 2013b). The underlying reason is that several
of the pollen types included in SI, API and PDI (Table 1) correspond
to disturbance-tolerant plant taxa that have benefitted from
anthropogenic activities. For instance, Artemisia was particularly
abundantin the steppic communities that dominated the European
landscape during the cold and dry stages of the last deglaciation (ca.
19 to 11.7 ka BP; Lang, 1994; Nolan et al., 2018). Indeed, Artemisia
accounts for a large proportion of API index values during the first
stage of human impact at Origlio and Burgaschisee. In agreement,
the SI index values during the post-glacial steppic environment in
Burgaschisee are almost entirely related to Artemisia and Juniperus-
type pollen abundances. To account for this and also for the natural
occurrence of these taxa in the local flora, Roberts et al. (2019)
recommended caution when interpreting their occurrence in
Mediterranean landscapes during the Holocene. Furthermore,
these pollen types have sometimes been excluded from the calcu-
lations of the anthropogenic indices in dry Mediterranean settings
(e.g. Cheddadi et al., 2019). As a consequence, API clearly fails to
recognize low or absent human impact before the mid-Holocene,
while subsequently it follows the more reliable direct indicators
such as Pl and CI at sites with temperate (i.e. Burgaschisee and Lago
di Origlio) and meso-mediterranean vegetation (i.e. Lago dell’Ac-
cesa, Fig. 4c—e, 5c-e). In general, SI and API show similar perfor-
mances (Figs. 4 and 5). Last but not least, these indices would
probably benefit from more detailed taxonomic resolution in pollen
identification to enhance the value of indicator species. For
instance, the APl index merges several well-characterised pollen
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types such as P. lanceolata-type, P major-type, P. media-type,
P. maritima, P. tenuiflora, and P. coronopus-type (according to Moore
et al., 1991) into the genus Plantago. Such coarse taxonomic reso-
lution causes a large loss in ecological information, directly
affecting human-impact reconstructions (e.g. P. lanceolata is likely
adventive north of the meso-mediterranean and thermo-
mediterranean vegetation types).

Other indirect indicators of human impact (Behre, 1981; Lang,
1994) displayed a very low contribution to the SI sum (e.g. Polyg-
onum aviculare-type in all cases except for Holtjarnen and Accesa,
where it was absent) or occurred regularly throughout the core (e.g.
Rumex acetosa-type in all cases, with smaller percentages for
Accesa and Gorgo Basso), even at stages of high human impact.
These results suggest that some taxa may be used as qualitative
indicators (presence — absence) more than quantitatively (i.e. with
abundance values).

4.4. Woody crops

The performance of the indices based on woody crops, i.e. OJC
and OJCV, was generally low across the selected study sites (Figs. 4
and 5), with only one exception in the meso-mediterranean vege-
tation (Accesa), where these indices were originally conceived
(Fig.4e and f, 5e-f). The native status in the Mediterranean region of
the constituent species (i.e. Olea europaea, Juglans regia, Castanea
sativa), along with their relatively recent and often massive culti-
vation, potentially implies the coexistence of wild and domesti-
cated trees in certain periods (Conedera et al., 2004; Pollegioni
et al., 2017; Langgut et al,, 2019), in addition to biased indication
power (Roberts et al, 2019) when applying these methodologies.
Forinstance, strikingly high values of OJC in thermo-mediterranean
Sicily (Fig. 4f) during the Neolithic are very likely due to abundant
Olea europaea pollen from wild populations (Olea europaea var.
oleaster, see discussion in Tinner et al., 2009). Indeed, the archae-
obotanical evidence places the origins of olive tree domestication in
the Mediterranean Levant during the Chalcolithic at ca. 4000 BC
and tree cultivation likely arrived in Sicily at the beginning of the
Bronze Age at ca. 2000 BC (Besnard et al., 2018; Langgut et al.,
2019). Furthermore, an OJC drop in Sicily during Roman Times
(Fig. 4f) is inconsistent with the agricultural intensification inferred
from archaeological evidence during that human-impact stage. OJC
values are largely driven by Olea pollen percentages throughout the
record and primarily reflect the demise of Mediterranean mixed
evergreen broadleaved woodlands related to land-use intensifica-
tion (Tinner et al., 2009), rather than the collapse of olive planta-
tions (Fig. 5f). Thus, only the later medieval increase in OJC, driven
by Olea pollen abundance, should be attributed to broad-scale olive
cultivation in the area (Fig. 4f; Tinner et al., 2009). Palaeobotanical
evidence also supports the native status of Castanea sativa to
several Mediterranean areas including the sub-mediterranean
Italian Peninsula, where it may have survived the harshest pe-
riods of the last glaciation (Krebs et al., 2004, 2019). Indeed, when
the OJC index was proposed, Mercuri et al. (2013b) warned about
the need for independent archaeological information and the use of
other pollen indicators to support inferences based on this index.
The incorporation of Vitis to the index (i.e. OJCV) faces the same
issues because Vitis is also native to the Mediterranean Basin
(Morales and Ocete, 2015), and Vitis pollen shows regular occur-
rences in many Mediterranean and sub-Mediterranean palynolog-
ical sequences throughout the Holocene, probably related to Vitis
vinifera subsp. sylvestris (e.g. at Lago di Origlio; Tinner et al., 1999).
Despite these issues, these indices may help to corroborate inten-
sified land use where any of the included taxa constituted a rele-
vant food source: e.g. Juglans regia on the Swiss Plateau, Castanea
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sativa in the Southern Alps, and Olea europaea under sub-humid
meso-mediterranean conditions (Tinner et al., 1999; Colombaroli
et al, 2008; Rey et al., 2017). In summary, the suitability of tree
crop taxa as anthropogenic indicators is highly context-dependent
(both geographical and historical), as clearly highlighted by the
large dominance of single pollen types in the composition of the
0JC/0JCV depending on the site and historical period considered
(see above). In this regard, similar to API and SI, OJC/OJCV may be
best interpreted as a summary of pollen types of indirect value than
a human impact index sensu strictu (Behre, 1981).

5. Conclusions

Disentangling anthropogenic and natural drivers of vegetation
change is of paramount importance in palaeoecology. The most
widely used method continues to be the long-standing species
indicator approach, although alternative methodologies and prox-
ies have been developed more recently (e.g. Sugita, 2007; Fyfeet al,,
2010). In particular, systematic approaches and standardized tools
assisting pollen-based reconstructions of land use are still lacking.
In this context, detailed and region- or site-specific assessments of
the native plant range and the definition of apophytic and adven-
tive anthropogenic pollen indicators (e.g. following a probabilistic
approach as proposed by Krebs et al,, 2019) is crucial to improve the
performance of the existing indices to track changes in land-use
intensity. Although the effects of the taxonomic resolution in the
identification of human indicators has not been addressed in detail
so far, enhanced taxonomic resolution allowing stricter selection of
the anthropogenic pollen indicators may also play a role in
improving estimates of human impact through long timescales, as
the indices with low taxonomic resolution may not perform well
even in their scope area. Future research on this topic should
therefore aim to develop more detailed and articulated algorithms
for assessing human impacts based on multi-proxy palae-
oecological data. In particular, we stress the importance of devel-
oping a generalized context-dependent approach that considers
the geographic area of reference and analyses the accompanying
taxa in the corresponding stratigraphic levels of the pollen
assemblage when assessing the indicative power. Finally, for a more
precise and accurate independent validation of long-term vegeta-
tion dynamics using archaeology, it will be crucial to synthesize the
available archaeological evidence (e.g. radiocarbon dates and their
material culture context) to better infer major technological in-
novations, economic changes, land use, and population densities.
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Abstract

The taxonomic resolution of palynological identification is determined by morphological criteria that are used to define
pollen types. Different levels of taxonomic resolution are reached in palynology, depending on several factors such as the
analyst’s expertise, the palynological school, the aim of the study, the preservation of the pollen grains, the reference col-
lections and the microscope facilities. Previous research has suggested that attaining pollen records with high taxonomic
resolution is important to reconstruct correctly past land use and human impact. This is in turn central to disentangling past
human activities from other drivers of long-term vegetation dynamics such as natural disturbance or climate variability. In
this study, we assess the impact of taxonomic resolution on the indicative capacity of anthropogenic pollen types. To achieve
this, we attribute the pollen types of sixteen sedimentary records, located along a latitudinal gradient spanning from Switzer-
land to Italy, to three levels of taxonomic resolution previously proposed at the European scale. Our results show that higher
taxonomic resolution improves the identification of human impact by enhancing the indicative power of important pollen
indicators widely used in the research field. Our results may contribute to the improvement of palynological reconstructions

of land use and human impact by identifying key pollen types whose determination requires particular attention.

Keywords Anthropogenic indicators - Land use - Human impact - Taxonomic resolution - Palaecoecology - Europe

Introduction

The classification of fossil pollen grains into taxonomic
groups (i.e. pollen types) is the foundation of palynologi-
cal research (Birks and Birks 1980). The precision of this
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identification, mostly based on morphological criteria, con-
strains the taxonomic resolution reached (Rull 2012). Pol-
len data often suffer from poor taxonomic resolution (Louys
2012), as some types are identifiable to species level but
most of them only to genus or even higher taxonomic levels
(e.g. family; Huntley and Webb 1988). In contrast, a sound
taxonomy is one of the main requirements for palaeoecologi-
cal reconstructions of environmental change (Mitchell et al.
2014), as taxonomic precision may influence the ability of
pollen data to track plant and vegetation dynamics (Huntley
and Webb 1988).

When reconstructing environmental changes through
palaeoecology, identification to species level should always
be the ultimate goal, because ecological and environmental
requirements are far better defined and more precise for spe-
cies than for higher taxonomic categories, and this in turn
often results in more robust, accurate and reliable palaeo-
ecological reconstructions (Birks and Birks 1980). However,
taxonomic uncertainty is commonly discarded as a source
of error in analogue studies, which assume that the pollen
assemblages will include at least a few diagnostic taxa with

@ Springer

[22]



Manuscript 2 - Influence of taxonomic resolution on the value of anthropogenic pollen indicators

Vegetation History and Archaeobotany

high taxonomic precision (Jackson and Williams 2004).
Furthermore, the taxonomic resolution attained as well as
the nomenclature used vary greatly among palynologists,
depending on the used palynological keys and atlases, the
palynology school, the research aims, the environmental
setting and the taphonomy of the pollen analysed. Moreo-
ver, some pollen analysts may not try to reach more precise
identifications (e.g. to species level when possible) because
they perceive that the taxonomic refinements will not sub-
stantially improve the palacoenvironmental reconstructions
(Finkelstein et al. 2006). Consequently, when dealing with
datasets produced by different analysts, pollen data require
a process of taxonomic harmonization where the nomencla-
ture is standardized by identifying all the synonyms used to
refer to the same morphological type (e.g. Giesecke et al.
2019). As taxonomic harmonization is increasingly common
due to the growing availability of palynological datasets and
big data analyses, the effects of potential information losses
due to the reduction of taxonomic resolution must be well
understood.

These problems are becoming particularly evident when
reconstructing past land use based on anthropogenic pollen
indicators (e.g. Behre 1981; Lang 1994; Deza-Araujo et al.
2020). Although these anthropogenic pollen indicators have
been established based on the modern occurrence of their
plant equivalents in farming contexts (Behre 1981), they are
defined at different levels of taxonomic resolution depend-
ing on the ease of their identification and the authorship of
the methodology (Behre 1981, 1990; Mercuri et al. 2013a;
Deza-Araujo et al. 2020) (Table 1). Indeed, only a few cul-
tivated plants can be unambiguously identified by pollen to
species level (e.g. Pisum sativum L.; Reille 1999). Further-
more, several families or subfamilies including a number of
domesticated species (e.g. Brassicaceae, Cichorioideae) bear
very uniform pollen morphology and are thus commonly
identified only to (sub) family level (Blackmore 1984; Beug
2004). This problem is usually circumvented by examin-
ing the synchronous occurrence of different pollen types

indicative of human-modified landscapes, often involving
the use of human indicator indices (e.g. OJC, OJCV, CI;
Deza-Araujo et al. 2020).

Previous research has suggested that the identification
of anthropogenic land use and its separation from other
drivers of vegetation change such as climate would largely
benefit from high taxonomic resolution of the pollen types
used as human indicators (Tinner et al. 1996). Such refine-
ment may concern the identification of introduced crops and
weeds (Brun 201 1; Rosch and Lechterbeck 2016). Further,
achieving a good pollen taxonomic resolution is relevant
to pollen richness estimates, and biodiversity change is in
turn related to major land use strategies (Brun 2009; Feur-
dean et al. 2013). However, studies explicitly conceived to
understand the effects of taxonomical resolution on anthro-
pogenic pollen indicators are so far lacking, while other
palacoenvironmental proxies have only been rarely exam-
ined in this respect, with dissimilar results. For instance,
decreasing taxonomic resolution had a relatively limited
effect on reconstructed depth to water table based on testate
amoebae, probably due to ecological redundancy (Mitch-
ell et al. 2014). In contrast, chironomid-based summer air
temperature reconstructions were either sensitive or not to
taxonomic resolution, with the magnitude of such variation
largely depending on the study site (Heiri and Lotter 2010).
Regarding palynological research, studies on the effects of
taxonomic precision have so far focused on biogeographical
and biodiversity issues, highlighting the need for improved
taxonomic resolution (Finkelstein et al. 2006) or suggest-
ing a not always straightforward relationship between pollen
richness and plant diversity (Giesecke et al. 2019; Reitalu
et al. 2019). Birks (1994) also found that datasets with more
detailed taxonomy notably improved quantitative recon-
structions of soil pH using pollen. Similarly, low taxonomic
resolution can hamper the indicative value of pollen data
in palaeoclimatic reconstructions. For instance, the use of
Podocarpus as a proxy for cool temperatures is ineffectual,
as its pollen cannot be identified beyond the genus level and

Table 1 Original taxonomical resolution of the most used anthropogenic pollen indicators in central Europe and Mediterranean region in the

literature (i.e. Behre 1981; Mercuri et al. 2013b) and in the study datasets

Anthropogenic indicator

Taxonomic resolution Reference

Linum usitatissimum, Vicia faba, Centaurea cyanus, Fallopia convolvulus, Scle-

Species (including synonyms) Behre (1981, 1990)

ranthus annuus, Spergula arvensis, Rumex acetosella, R. acetosa, Polygonum
aviculare, P. persicaria, Trifolium repens, Plantago lanceolata, P. major, P.
media, Succisa pratensis, Calluna vulgaris, Juniperus (communis), Melampyrum
pratense, Pteridium aquilinum, Polypodium vulgare, Artemisia (vulgaris), Ficus

carica

Secale, Hordeum, Triticum, Avena, Fagopyrum, Cannabis, Lychnis-Agrostemma,

Jasione-Campanula, Urtica, Pistacia, Olea, Juglans, Castanea, Vitis

Cichorioideae, Asteroideae, Chenopodiaceae, Caryophyllaceae, Brassicaceae,

Poaceae, Ranunculaceae, Cyperaceae, Apiaceae

Genus Behre (1981); Berger et al.
(2019); Mercuri et al.

(2013b)

Subfamily/Tribe/Family Behre (1981)
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its constituent species have considerably variable bioclimatic
preferences (Punyasena et al. 2011).

To overcome this knowledge gap and to test the effects
of taxonomic resolution on land-use reconstructions, we
analysed the anthropogenic pollen indicators in sixteen
postglacial palynological datasets along a latitudinal gra-
dient between Alpine summits close to the snow line and
subtropical coastal Sicily at different taxonomic resolutions.
This altitudinal and latitudinal gradient analysis allows the
assessment of the occurrence of biogeographical differences
affecting human pollen indicators, as it embraces the Medi-
terranean realm, where many wild relatives of (South-West
Asian Neolithic) crops and weeds are native (Zohary et al.
2012) and Central Europe, where wild relatives of crops
and weeds are rare (Deza-Araujo et al. 2020). Specifically,
wild relatives of crops and weeds might be palynologically
indistinguishable from cultivars and adventives and thus
markedly affect human impact reconstructions.

The palynological datasets concerned have been pro-
duced by the same palynology school at a rather detailed
and consistent taxonomy. Drawing on these records and
using comprehensive harmonization tables at the European
scale (Giesecke et al. 2019), we simulate datasets at lower
hierarchical levels and assess the impact of this change in
taxonomical resolution on the anthropogenic pollen curve
and its interpretation. We use specialized literature to define
anthropogenic pollen indicators at higher taxonomic resolu-
tion level than the one used routinely and to assign them to
the categories of primary (crops) or secondary (introduced
or opportunistic weeds) indicators. We hypothesize that
reducing the taxonomic resolution will cause a decrease in
the specificity and sensitivity of the pollen indicators for
detecting and quantifying anthropogenic land use, with dif-
ferent pollen types having more or less influence on this
change according to the biogeographical region. Further, we
also hypothesize that lowered taxonomic levels in pollen
identification will result in misleading reconstructions of
past anthropogenic land use.

Materials and methods
Study area

We selected sixteen postglacial palacoecological sequences
along a latitudinal gradient encompassing from northern
Switzerland to southern Italy (Sicily; Fig. 1), located at vari-
ous altitudes (Table 2). These sequences were produced at
the Palacoecology Section of the University of Bern, thus
allowing for consistent and high taxonomic resolution. The
pollen datasets were obtained from the Alpine Paleoecologi-
cal Database (ALPADABA) via Neotoma (Williams et al.
2018).

Taxonomic resolution of human pollen indicators

A bibliographic search yielded a list of plants which are
associated with farming: primary indicators (plants culti-
vated in fields, orchards and gardens) and secondary indica-
tors (weeds) classified into adventives and apophytes (ESM
1; Behre 1990; di Castri et al. 1990; Lang 1994; Chytry
et al. 2008; Soukand and Kalle 2015). Adventives are non-
native plants that were introduced with the agriculture (or
locally very rarely before agriculture), whereas apophytes
are native plants that were favored by human land use (Behre
1981; Lang 1994). This concept also applies to the crops.
Some crops are native to Europe, while others were intro-
duced. Here we apply the concept of adventive plants only
to the weeds, but pay particular attention to whether a crop
was native or not to the area. Indeed, most European crops
originate from Southern Europe (e.g. fruit trees or lianas
such as Castanea sativa, Juglans regia, Olea europaea or
Vitis vinifera). By assembling this species list, we aimed
to refine the anthropogenic pollen types traditionally used
at lower taxonomic resolution such as at genus or family
level (Table 1; Behre 1981). From the pollen types in our
datasets, we selected all those that corresponded to anthro-
pogenic pollen indicators at different taxonomic resolutions
(see Table 1), resulting in a list of potential pollen indicators
(ESM 2).

The nomenclature of the potential pollen indicators was
first standardized according to the accepted pollen type
names of the European Pollen Database (Giesecke et al.
2019). The starting point is a list of all the pollen type
names accepted in the EPD (once synonymies were solved),
assigned by Giesecke et al. (2019) to the base hierarchical
level HLO. This level represents the highest taxonomic reso-
lution currently attainable using sophisticated light micros-
copy (e.g. 1,000 x magnification, phase contrast), generally
referring to genera, groups of closely related genera, families
or, more rarely, species or groups of species. Based on HLO,
Giesecke et al. (2019) constructed two hierarchical levels
(HL1, HL2) that rely on pollen-morphological features and
possess a decreasing taxonomic resolution. The first level
(HL1) provides a list of morphologically similar pollen types
identified when a good reference collection is available. The
second hierarchy level (HL2) combines types with distinc-
tive, mainly readily identifiable features often corresponding
to groups of related plant genera or to families. HL2 com-
bines pollen types that can be easily identified but are differ-
ently used in palaeoecology. For instance, it is widely used
for Plantago but rarely for Poaceae-type, which includes
also Cerealia-type at HL2. We selected the anthropogenic
pollen indicators to be included in each simulated dataset
according to the respective taxonomic level of harmoniza-
tion HLO to HL2 (e.g. for Plantago see Fig. 2a). At each
taxonomic hierarchical level, pollen types deriving from
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Fig.1 Location of the study 10°E 20°E

sites and number of anthro-

pogenic pollen types included 1 HLO HL1
in the hierarchical levels after 46

harmonization (HLO-HL2) for
cach study site. |—Egelsee
(Menzingen), 2—Burgiischisee,
3—Soppensee, 4—Moos-

see, 5—Bachalpsee; 6—Lej

da San Murezzan, 7—Lej da
Champfér, 8—Lengi Egga,
9—Gouillé Rion, 10—Lago di
Origlio, 11—Lago di Muzzano,
12—Lago Piccolo di Avigliana,
13—Pavullo nel Frignano, 14—
Lago del Greppo, 15—Lago
dell’Accesa, 16—Gorgo Basso

plants that are not cultivated or not considered as adventives
or apophytes were disregarded because of their diagnostic
irrelevance for land use detection (ESM 2). The harmoniza-
tion was performed using the packages “tidyverse” version
1.3.0 (Wickham et al. 2019a) and “readx!” version 1.3.1
(Wickham et al. 2019b) running in the R environment (R
Core Team 2018), and resulted in two simulated datasets
for each study site. Figure 1 reports the number of taxa and
their variations in each hierarchical level with respect to the
base level (HLO) for each considered site and taxonomic
hierarchical level.

Within each harmonized sequence, we assigned a cat-
egory of indicative capacity according to the synanthropic
status found in literature (ESM 1). Introduced (or partly
introduced) primary indicators have the highest indica-
tive capacity, followed by plants considered to be adven-
tives, and finally, the apophytes (Behre 1981, 1990; Lang
1994, ESM 2). When decreasing taxonomic precision

@ Springer
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changed the constitutive taxa of a given pollen type, we
also lowered its indicative capacity. For instance, Plantago
lanceolata-type and P. major-type are considered adven-
tives at the highest taxonomic resolution levels HLO and
HL1. However, at level HL2 these pollen types are merged
with other Plantago pollen types with no human indica-
tor capacity into Plantago, which is thus regarded as an
apophyte (Fig. 2).

Statistical analysis
Pollen percentage calculation and Wilcoxon test

Pollen percentages were calculated with respect to a refer-
ence sum that included the pollen of trees, shrubs and upland
herbs, and the spores of terrestrial ferns. We included fern
spores in the reference sum because Pteridium aquilinum
and Polypodium are both considered secondary human
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Table 2 Main features of the palynological records considered in this study

Site Lat (°N), Elevation  Area (ha) Age range (cal yrse) MAT (°C) (Fick  Reference

Long (°E)  (mas.l) and Hijmans
2017)

1. Egelsee (Menzingen) 47.183480, 770 1.2 50-16,200 8.7 Wehrli et al. (2007)
8.582379

2. Burgiischisee 47.148056, 465 21 - 50-18,700 8.9 Rey et al. (2019a, b)
7.658333

3. Soppensee 47.090421, 596 22.7 - 50-14,200 8.6 Hajdas and Michczynski (2010;
8.080115 Lotter (1999)

4. Moossee 47.021944, 521 31 3,850-7,100 9 Rey et al. (2019a, b)
7.480278

5. Bachalpsee 46.670356, 2,265 8 - 50-12,900 0.2 Lotter et al. (2006); van der
8.023247 Knaap et al. (2000)

6. Lej da San Murezzan 46495168, 1,768 78 - 50-11,900 1.9 Gobet et al. (2003, 2005); Henne
9.845067 etal. (2011)

7. Lej da Champfer 46471268, 1,791 50 - 50-11,850 1.8 Gobet et al. (2003, 2005)
9.807297

8. Lengi Egga 46.396840, 2,557 2.89 10-12,600 -0.6 Tinner and Theurillat (2003)
7.980020

9. Gouillé Rion 46.157222, 2343 0.16 = 50-11,950 1.0 Tinner et al. (1996)
7.362778

10. Lago di Origlio 46.060435, 416 8 - 50-18,900 10.6 Tinner et al. (1999)
8.942306

11. Lago di Muzzano 45996621, 337 22 - 50-15,150 11.5 Gobet et al. (2000); Tinner et al.
8.928177 (1999)

12. Lago Piccolo di Avigliana 45.050000, 356 60 320-19,350 11.8 Vescovi et al. (2007)
7.383334

13. Pavullo nel Frignano 44318335 675 ca. 20 100-16,300 12.6 Vescovi et al. (2010b)
10.837500

14. Lago del Greppo 44.119722, 1442 0.018 - 50-14,950 6.7 Vescovi et al. (2010a)
10.683055

15. Lago dell’Accesa 43.059388, 157 16 50-11,600 14.2 Colombaroli et al. (2008); Fins-
10.898260 inger et al. (2010)

16. Gorgo Basso 37.609174, 6 3 - 55-10,200 18.1 Tinner et al. (2009)
12.654939

indicators (Table 1; Behre 1981). The sum of pollen per-
centages of human indicators at each hierarchical level and
each category of indicative capacity was plotted against time
(Fig. 3).

Our null hypothesis (H,) is that the abundance of human
pollen indicators does not depend on the taxonomic hierar-
chical level (HLO to HL2), meaning that decreasing taxo-
nomic resolution does not bring any information loss. To
test this hypothesis, in a first step we plotted the Kernel
density (Sheather and Jones 1991) of anthropogenic pol-
len percentages between the base resolution level HLO and
the subsequently lower resolution levels HL1 and HL?2 for
each category of indicative capacity, i.e. primary indicators,
adventives and apophytes. In a second step, we ran Wil-
coxon signed-rank paired tests (Wilcoxon 1945) between
them (Fig. 4). For these analyses, we used the R package
“plyr” version 1.8.4 (Wickham 2011).

‘Distantia’ analyses

To quantify the influence of the decrease in the taxonomic
resolution of human indicators on their indicative value, we
calculated the dissimilarities between the assemblages of
anthropogenic pollen types (pollen percentages with respect
to the reference sum defined above) among HL sequences
with the R package “distantia” version 1.0.2 (Benito and
Birks 2020). This package computes the dissimilarity meas-
ure ¥ or psi (Gordon and Birks 1974) between two multi-
variate ecological time-series (METS). Given two METS (A
and B, with lengths m and n), the dissimilarity measure ¥
is calculated as the sum of distances between their respec-
tive samples (ABceq)» NOrmalized by the sum of distances
between the consecutive samples within each sequence
(AB,imin)s Plus 1 (in the case of including diagonals in the
calculation to find the least-cost path):

;@_ Springer
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Fig.2 a Pollen type synonyms
(Var.) and hierarchical levels of
taxonomic resolution (HLO-
HL2) and their relationship as in
Giesecke et al. (2019). Example
for Plantago and its constitu-
ent pollen types found in our
study sites. Discontinuous line
denotes exclusion of the pollen
type as a human indicator in
that harmonization level. (*) P.
lanceolata-type and P. major/
media-type are considered as
adventives (ADV), but move to
the apophyte category (APO)
when they are merged with

Synonyms

e (ADy)
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into Plantago-type. b Results of : P. maritima - type P. maritima - type
the harmonization to different I Rgpra lyps
HL levels for P. lanceolata-type ; > ’
at the site Origlio (Tinner et al. I P. tenuiflora - type I P. tenuifora - type IP. tenuifiora - type
1999). Here, P. lanceolata-type 5
is an (independent) adventive l Smoanacivee P atrsta - typs
with high human-impact value P alrata-type ’
at the levels HLO and HLI but I F. atrata - type
moves together with other pol- 3 P. coronopus - type
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V= ((ABbclween = ABwilhin)/ABwilhin) + 1.

The computation of the distance between their respec-
tive samples (ABy.yeen) and between consecutive samples
(AB,min) Was made using the Euclidean method. In a first
step, we quantified the influence of taxonomic resolution of
anthropogenic pollen types on the dissimilarity among the
three sequences HLO-HL?2 (Table 3). This first dissimilarity
analysis was based on the variables “anthropogenic pollen
types” and the sequences were ordered along “depth/age”.

In a second step, we ordered the sequences along pol-
len-types and ran an analysis based on the variable “time
intervals” with the goal of identifying the periods and taxa
responsible for the dissimilarity. This second dissimilarity

@_ Springer

Age (cal yr BP)

analysis was made to disclose the relevance of removed time
intervals on the overall dissimilarity between hierarchical
levels HLO-HL1 at a specific site. This analysis focused on
HLO-HL1 because the lowest level HL2 is only moderately
used by palynologists (e.g. for Plantago). The values of the
variables “time intervals” were calculated by grouping pol-
len percentages into 500-year bins (average considering only
non-zero values). The results are plotted as percentage drop
in psi values for the remaining time variables, graphically
allocated to the removed period (Fig. 5). Once a high drop
in psi values was detected for a specific time interval with
the analysis, we could identify in the pollen diagrams which
were the taxa responsible for that change.
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Fig.3 Anthropogenic pollen curves (as percentages of the reference Indicators refer to crops and Secondary Indicators to weeds; adven-
sum including terrestrial pollen and fern spores) in each study site at tives are plants that were involuntarily introduced alongside farming;
the different hierarchical levels of harmonization (HLO to HL2, with apophytes are synanthropic species that are native in origin. In paren-
HLO representing the highest and HL2 the the lowest level of taxo- thesis, the altitude of the site; note the different scales in the y-axes;
nomic resolution) for each category of indicative capacities: Primary all graphics are constrained to the last 12,000 calendar years
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rank paired test (Wilcoxon 1945). Statistically significant differences
at p<0.05 and p<0.01 are denoted with * and **, respectively.
Graphs not showing a p value correspond to the ones with no data at
HL2

Fig.4 Kernel density (Sheather and Jones 1991) of anthropogenic
pollen percentages in each study site, comparing the base level (HLO)
sequences and the others: a HLO-HL1: and b HLO-HL2. The mean is
shown for each curve. Each graph shows the statistical significance
(p value) between the two hierarchical levels using Wilcoxon signed-
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Table 3 Dissimilarity measure ¥ or psi values between pairs of HL
sequences (Benito and Birks 2020)

Site HLO-HL1 HLO-HL2 HLI-HL2
1. Egelsee (Menzingen) 1.212 1.244 0.198
2. Burgiischisee 2.296 2.024 0.220
3. Soppensee 1.443 1.531 0.368
4. Moossee 1.269 1.289 0.209
5. Bachalpsee 0.405 0.885 0.744
6. Lej da San Murezzan 0.865 0.932 0.356
7. Lej da Champfer 0.514 0.624 0.290
8. Lengi Egga 2.780 2.826 0.439
9. Gouillé Rion 0.930 1.063 0.499
10. Lago di Origlio 0.563 0.617 0.258
11. Lago di Muzzano 0.444 0.552 0.330
12. Lago Piccolo di Avigliana  0.872 0.912 0.229
13. Pavullo nel Frignano 2.021 2.019 0.067
14. Lago del Greppo 1.137 1.367 0.818
15. Lago dell’Accesa 1.584 1.712 1.846
16. Gorgo Basso 0.493 0.553 0.278

This analysis quantifies the influence of the taxonomic resolution
of anthropogenic pollen types on the dissimilarity among the three
sequences HLO to HL2. For each site throughout the entire time
sequence, higher values indicate higher dissimilarities

Change point analyses

To investigate long-term variations in the cumulative curve
of all anthropogenic pollen taxa between the HL sequences,
we used the “changepoint” v1.1.5 package of R (Killick and
Eckley 2014; R Core Team 2018) to determine the time of
significant human (and environmental) changes by each tax-
onomic hierarchical level (Killick et al. 2012). The change
point analysis considers the variations between HLO, HL1
and HL2 concerning the mean and variance of the summary
anthropogenic pollen records. We defined a maximum num-
ber of four change points to search for and constrained the
datasets to the last 12,000 years to enhance inter-site com-
parison (ESM 3), applying the binary segmentation method
(Scott and Knott 1974). This method is an iterative search
method that tests if a change point at position T exists that
separates an ordered sequence of data (y1: n=(yl, ...,yn))
into two segments (yl:t=(yl, ....y7), yt+lin=(yt+ 1,
...,yn)) at each iteration. A change point is taken in a
given interaction when a cost function applied to the entire
sequence (€21: n) is larger than the sum of the cost func-
tions applied separately to the two segments plus a penalty
{3 to guard against overfitting (1: T+ Qt + 1: n+ p), until no
change points that meet this condition are detected (Killick
etal. 2012). Change point analysis is a method increasingly
used in palaeoecology to determine major shifts in time-
series (e.g. Giesecke et al. 2014; Rius et al. 2014; Finsinger
etal. 2018).
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Results

Effect of HL harmonization in each site and pollen
type

The harmonization process resulted in a variation of the
number of indicative taxa among all study sites (Fig. 1). At
the base level HLO, a slight latitudinal increase of anthropo-
genic taxa towards the southern sites was found, although
this trend is blurred by the specific characteristics of each
site (mainly altitude) and the resolution achieved in the data-
set. Taxonomic harmonization at the three hierarchical levels
shows a significant reduction in the total number of potential
anthropogenic pollen types from HLO to HL2 (179 in HLO,
121 in HL1, and 49 in HL2 (ESM 2). Similarly, the overall
number (all sites) of pollen types with indicative value for
anthropogenic impact used in the simulated datasets dropped
from HLO to HL2 (80 in HLO, 63 in HL1, and 42 in HL2).
The total number of anthropogenic indicator taxa remains
mostly constant at site level between HLO and HL1 but
shows a dramatic drop in HL2 at most sites (Fig. 1).

A first group of anthropogenic pollen types with indicator
capacity was totally independent from the harmonization
and consisted of easily identifiable taxa (even at the low-
est HL2) such as Artemisia, Adonis, Caltha-type, Ranun-
culus arvensis-type (apophytes), Nigella (adventive), Fag-
opyrum, Olea europaea, Castanea sativa, Ficus carica, Vitis
and Pistacia (introduced or native primary indicators). On
the other hand, the indicative value of a numerous array of
pollen types clearly depends on the taxonomic resolution
attained, although the magnitude of this effect is variable.
At the lowest degree of dependence, the following group of
taxa bear constant indicative capacity through HLO and HL1
levels since their precise identification (at species or genus
level) is often achieved, although a decrease in indicative
power at HL2 must be noted. These taxa are the primary
indicator Linum usitatissimum and most of the second-
ary adventives (Agrostemma githago, Fallopia, Persicaria
maculosa-type, Plantago lanceolata-type, P. major-type, P.
media-type, Polygonum aviculare-type, Scleranthus, Torilis

Japonica); in this group we also have important taxa such

as Rumex acetosa-type and R. acetosella-type, which do
not change their indicative value with varying taxonomi-
cal resolution (they are both apophytes), but do change the
inferred type of human land use (R. acetosa-type is a herb
indicator of grasslands and R. acetosella-type is indicative of
ruderal vegetation). With a moderate degree of dependence
from harmonization, we have the primary indicator Can-
nabis sativa-type and adventive Centaurea cyanus-type. In
contrast, the group most strongly affected by the harmoniza-
tion in terms of indicator value included principally human
pollen types originally defined at low taxonomic resolution
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such as Cerealia-type, Poaceae, Brassicaceae, Cyperaceae
and Plantago (Fig. 6).

Effect of the harmonization on the cumulative
curves of anthropogenic indicators

The cumulative curves of anthropogenic pollen according
to their category of indicative capacity showed differences
resulting from the harmonization process (Fig. 3). However,
when comparing HLO and HL1 only the curves of apophytes
were significantly different, unlike those of all the primary
indicators and the adventives (Fig. 4). The influence of the
harmonization was stronger when considering HLO and
HL2, particularly on the abundances of secondary (both
adventives and apophytes) and primary human indicator
types, mostly in the northern sites (Fig. 4). However, at most

' Drop' in dissirr;ilarity ("%)

sites adventives were lacking at HL2 because they were re-
assigned to the apophyte category (Figs. 2, 3 and 4).

The largest dissimilarity values (‘¥ or psi values) in the
assemblages of anthropogenic pollen indicators were found
between the base level HLO and the lowest level of resolu-
tion HL2, except at Burgiischisee (site #2), which was origi-
nally produced at particularly high taxonomic resolution
(73 anthropogenic taxa in HLO compared to 63 in HL1), at
Pavullo nel Frignano (site #13), where the outstanding abun-
dance of Cyperaceae pollen in HL1 enhances the HLO-HL1
dissimilarity, and at Accesa (site #15), where the change in
the number of taxa is even more drastic between HL1 (46
taxa) and HL2 (34 taxa; Table 3).
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Resolution Classification Indicative Anthropogenic Best resolution achieved when the pollen type can be
Pollen types totally P2 Castanea sativa (Best resolution achieved already at the lowest level)
independent from the Fagopyrum
harmonization Ficws —

icus carica
Olea europaea
Pistacia
Vitis
SI | ADV | Nigella
APO | Adonis
Artemisia
Caltha-type
Melampyrum
Polypodium
Preridium
Ramunculus
Pollen type with PI2 Linum Linum catharticum-type (SI, APO)
moderate degree of SI | ADV | Persicaria Polygonum (pericolpate/periporate) (SI, APO)
gcpcndqncq B Plantago Plantago (e.g. P. major-type (SI, ADV), P. maritima-type,
armonization )
P. major-type P. tenuiflora)
P. media-type
Polvgonum Polygonum-type (tricolporate), Bistorta officinalis-type,
Fallopia Fallopia (SI, ADV)
Agrostemma Caryophyllaceae (periporate excl. Paronychioideae) (incl.
Scleranthus Sagina, Silene-type (SI, APO), Stellaria holostea,
Gypsophila repens-type, Dianthus/Petrorhaghia ,
Mochringia-type)
Torilis japonica Apiaceae (SI, APO) (e.g. Pimpinella major-type (SI, APO),
Peucedanum-type, Anthriscus sylvestris-type (SI, APO),
Astrantia-type, Pleurospermum-type, Cicuta virosa, Daucus
(SI, APO), Oenanthe, Ervngium, Meum-type,
Chaerophyllum hirsutum-type)
APO Rumex acetosa- Rumex/Oxyria (S, APO) (R. acetosa-type (S1, APO), R.
Rumex acelosélla- acetosella-type (SI, APO), R. obtusifolius-type (SI, APO),
type* R. alpinus-type)
Pollen type with high PI' Cannabis sativa- Humulus lupulus -type, Cannabis/Humulus -type
degree of dependence type
from ‘h‘_‘ ‘ Avena-type Poaceae (no Cerealia-type)
harmonization Hordeum-type
Secale cereale
Triticum-type
Zea mays
SI [ ADV | Centawrea cyanus- | Centaurea montana-type
Pollen types totally PI' Cerealia-type Poaceae (no Cerealia-type)
dependent from the SI | ADV | Plantago** (Higher resolution should be achieved)
harmonization :
APO | Brassicaccac**
Cyperaceac**
Poaccac™*

PI' =primary indicators non-native to Europe; PI* =primary indicators native to Europe; SI= Secondary indicator; ADV= Adventive;

APO= Apophyte

* denotes pollen types that do not decrease their indicative capacity, but change the inferred type of human land use
** denotes some of the pollen types traditionally used at a low taxonomic resolution, which use we advise against

Fig.6 Classification of main anthropogenic pollen types by the
degree of effect that the taxonomic harmonization had on its indica-
tive capacity. Pollen types totally independent from harmonization
did not change their anthropogenic indicative capacity at any level

@ Springer

(HLO-HL1-HL2). For each anthropogenic indicator, we indicate the
highest resolution level, so that it is not confused with other pollen
types with different indicative capacity. For a detailed explanation of
the taxonomic harmonization list, see ESM 2
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Time variations of human pollen types due to HL
harmonization

Estimation of the land use impact tends to be higher at lower
levels of resolution. When the dissimilarity was estimated on
the basis of time intervals and the contribution of each time
interval to dissimilarity was calculated, the highest levels
of dissimilarity between the HLO and HL1 sequences were
found mainly during the Mesolithic and Neolithic (Fig. 5).
At Egelsee (site #1), Soppensee (site #3), and Muzzano (site
#11), while the dissimilarity is slightly higher in periods
such as the Paleolithic when land use is not detectable or
minimal. In other cases, and especially at high altitude sites,
the highest dissimilarity occurs after the Bronze Age due to
Cyperaceae, Poaceae, Brassicaceae and Ericaceae (tetrads)
included in HL1, as at Murezzan (site #6 at 1,768 m a.s.l.),
Champfer (site #7 at 1,791 m a.s.l.) and Lengi Egga (site
#8 at 2,557 m.a.s.l.). The dissimilarity at Egelsee (site #1)
is also very high (up to 10%) in the Modern Era. Within the
Mediterranean sites, at Gorgo Basso (site #16) the dissimi-
larity is concentrated at the beginning of the record during
the Mesolithic [due to Poaceae, Ericaceae (tetrads) and Bras-
sicaceae in the older samples] and after the early Middle
Ages, with up to 4% of dissimilarity change mainly due to
Apiaceae. The change point analysis of the anthropogenic
pollen indicators (ESM 3) identified mainly the environmen-
tal change at the onset of the Holocene, the human-induced
vegetation change around the Neolithic, and the land use
intensification around the Bronze Age. Overall, the detected
changes coincide in time, with some rare exceptions. For
instance, at Lengi Egga (site #8 at 2,557 m a.s.l.) the high-
est resolution HLO displays a later change point in land-use
intensification with respect to HL1 and HL2. At other sites,
HLO presented earlier change points than HL1 and HL2 at
the onset of the Holocene, as at Lago Piccolo di Avigliana
(site #12) and Lago del Greppo (site #14).

Discussion

Pollen-inferred reconstructions of human activity rely on
the relationship between agricultural crops or weeds and
their imprint in pollen assemblages (Behre 1981). Previous
studies showed that high taxonomic resolution is important
for the reconstruction of human impact from pollen records
(Tinner et al. 1996; Seppi and Bennett 2003). Specifically,
an accurate and precise pollen taxonomy is key to correctly
identifying crops or weeds associated with land use and in
defining diagnostic human-impact indices (Giesecke et al.
2014). Attaining the high taxonomic resolution needed may
be time consuming and require a significant analytical effort,
including consulting reference slides and using microscopes
equipped with 1,000 x magnification (using immersion oil)

and phase contrast (Tinner et al. 2007; Beug 2004; Rey
et al. 2017). However, such additional work is worthwhile
when aiming at detailed reconstructions of arable farming
activities in prehistoric times, as the determination of dif-
ferent pollen types of cereals (e.g. Avena-type, Hordeum-
type, Triticum-type) may deliver relevant information in this
regard (Beug 2004; Rey et al. 2017). Likewise, it becomes
essential to understand the possible effects of taxonomical
losses related to the harmonization practices inherent in big
data analysis, the use of diversity at higher taxonomic ranks
(e.g. genus, family) as a surrogate for species diversity (Bev-
ilacqua et al. 2012), as well as the use of functional types for
compensating for existing taxonomic imprecisions (Gajew-
ski 2008), particularly considering the prominence that these
topics are reaching in recent times.

Here, we show that decreasing taxonomic resolution has
noticeable effects when moving from highest to high (i.e.
HLO-HL1) and from highest to intermediate (HLO-HL?2)
levels (Table 3, Figs. 3 and 4). Further, our results show that
aiming at the highest possible taxonomic resolution level
is important in distinguishing between adventive and apo-
phyte taxa, i.e. in separating introduced crops and weeds
from native plants. This distinction is important for disentan-
gling the role of human impact from other natural drivers of
vegetation change like climatic variability, fire disturbance
or herbivory. Indeed, if all human indicators are put together
at sites originally produced with high taxonomical resolu-
tion, the dissimilarity values are already remarkable between
the base level HLO and the immediately lower harmonization
level HLI (Table 3).

As agricultural crops are the foundation of farming econ-
omies, primary human indicators have the highest indicative
value (Behre 1981). Caution is however needed in the inter-
pretation of primary indicators that are native to an area (e.g.
Olea europaea and Vitis vinifera in southern Europe). Here
we show that primary indicators are mostly well recognized
at the high levels HLO and HL1 but might be overlooked at
lower taxonomic resolution (HL2; see ESM 3). The high-
est loss in the indicative capacity of anthropogenic pollen
indicators may occur when the pollen of primary indicators
such as cereals cannot be distinguished from the pollen of
wild grasses. In regard to the secondary indicators, adven-
tives are particularly important because these taxa were
introduced with agriculture. These plants therefore depend
on human activities to thrive and are not naturally present
in the vegetation, which makes them particularly well suited
as indicators of human activity (Behre 1990; Lang 1994,
Tinner et al. 2007), in contrast to apophytes. Remarkably,
our results also show that the family or sub-family level
may lead to confusion of natural and anthropogenic pro-
cesses in human impact and land use reconstructions, so
they should be avoided in such assessments. Low taxonomic
resolution actually introduces an overrepresentation and thus
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an overestimation of naturally occurring apophytes, conse-
quently reducing the diagnostic value of summary pollen
curves of human impact. Such palynological considerations
are in agreement with previous studies showing that spe-
cies level is the most accurate taxonomic rank for bioindica-
tion analysis (Nahmani et al. 2006), even if this is seldom
reached in reconstructions of past human impact.

The beneficial effect of enhanced taxonomic resolution
can be illustrated with Rumex and Oxyria. Most palynolo-
gists do not distinguish the pollen of Rumex and Oxyria,
considering all these grains as Rumex-type. This imprecise
determination, however, may pose a relevant issue in arctic
and alpine landscapes, where the generalised use of Oxyria
or Oxyria-type (because Oxyria is a common plant there)
may mask the presence/abundance of Rumex acetosella-
type and R. acetosa-type and thus make the identification
of human impact difficult. Furthermore, R. acetosella-type is
considered an apophyte indicative of ruderal vegetation and
arable farming and thus has more indicative value than R.
acetosa-type, a grassland indicator (Behre 1981). Similarly,
Plantago-type has adventive constituents (e.g. P. lanceo-
lata-type) strongly related to land use but also apophytes
that occur in natural environments (e.g. P. alpina-type, P.
montana-type; Fig. 2). The determination of Plantago pol-
len at genus level is quite common in practice (Mercuri et al.
2013a) although it may hamper or even prevent the recogni-
tion of human impact. Our study also calls for attention to
common and usually abundant plant taxa that have so far
experienced little progress in their pollen taxonomy such as
Poaceae or Cyperaceae. However, some promising technical
innovation such as confocal microscopy might help in the
future (Seppd and Bennett 2003). Interestingly, Eriopho-
rum and Carex pollen (both apophytic Cyperaceae) could
be amalgamated into Dulichium-type (Faegri and Iversen
1975), which might allow tentative reconstructions of land-
use regimes (Fjordheim et al. 2018) in the absence of other
more specific human indicators. Dissimilarities derived
from taxonomic precision were very high (up to 10%) dur-
ing the Modern Period (after ap 1600; Fig. 5). However,
even if apparently minor, low taxonomic precision in the
identification of anthropogenic pollen indicators can lead to
overestimate human impact when investigating prehistoric
periods such as the Mesolithic-Neolithic transition (Fig. 5).
Given that in this initial stage crops and weeds were still
rare and thus their pollen signature very weak, an accurate
application of the human indicator method is crucial (Fig. 5;
ESM 3). For instance, in Sicily, primary and secondary indi-
cators of human activity were found during the Neolithic
(after 8,000 Bp, Fig. 3). Nevertheless, with the exception
of Ficus, the evidence was ambiguous (Tinner et al. 2009),
since plants producing the other anthropogenic pollen types
(including Cerealia-type) were present in the Mediterranean
natural vegetation prior to the onset of Neolithization ca.
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8,000 years ago (Calo et al. 2012). Combining unambigu-
ous and ambiguous pollen indicators of human activities
(here the primary indicators Ficus and Cerealia-type) may
contribute to solving this issue by reducing the probability
of wrong attribution to human impact. Woody taxa such as
Juglans regia, Vitis vinifera or Olea europaea are important
primary indicators in southern Europe. The identification
of these pollen indicators is robust and unequivocal, but
if imprecise due to bad preservation they are often taxo-
nomically downscaled. For example, Weiberg et al. (2019)
grouped Oleaceae with Olea and considered it as a primary
indicator, whereas other genera of Oleaceae such as Fraxi-
nus, Phillyrea or Jasminum stayed separate. Similarly, the
same authors grouped Juglandinae with Juglans (to account
for sporadic occurrences of Carya and Pterocarya). Impor-
tantly, the use of these taxa as primary indicators needs a
thorough control of whether they were part of the native
vegetation in the study area prior to the shift to production
economy during the Neolithic (e.g. Olea europaea is native
in thermomediterranean vegetation of Europe; Langgut et al.
2019) or not. Indeed, in the past years, pollen of these fruit
trees has been increasingly used to identify human impact
in southern Europe (e.g. Mercuri et al. 2013b; Woodbridge
etal. 2019). However, these pollen types cannot be separated
from their wild European ancestors or relatives even at the
highest level of taxonomic resolution.

The integration of plant macrofossil analysis in archaeo-
logical settings (e.g. Tserendorj et al. 2021) may overcome
issues related to wild and cultivated varieties producing the
same pollen type as it allows the identification of cultivars
of these species (Terral et al. 2004) and is particularly well
suited for exploration of the transition from wild to culti-
vated varieties (Valamoti et al. 2020). The introduction of
fruit trees occurred usually significantly later than that of
basic crops such as cereals. Usually, fruit trees boost the
human impact curves since the Iron or Roman Age (Fig. 3),
when they were introduced in non-Mediterranean areas
(Conedera et al. 2004; Pollegioni et al. 2017). In contrast to
Vitis vinifera and Olea europaea, which were widespread
in southern Europe before the onset of farming, the natural
rarity of Castanea sativa and Juglans regia (Krebs et al.
2019) make them good indicators of post-Neolithic human
impact all over Europe.

Difficulties may arise when an indicator species is native
to an area but adventive in another (Moore et al. 1991;
Deza-Araujo et al. 2020), specifically in supra-regional
syntheses. The different status of a pollen type in differ-
ent regions implies that pollen-based reconstructions of
human impact should always account for the specific local
to regional conditions. Specifically, pollen types which are
good proxies for anthropogenic disturbance in temperate
or boreal Europe north of ca. 45°N are less reliable when
applied in southern Europe, where many pollen types (e.g.

[35]



Vegetation History and Archaeobotany

Manuscript 2 - Influence of taxonomic resolution on the value of anthropogenic pollen indicators

Ammi, Anemone, Apium, Bupleurum, Cardamine, Cen-
taurea montana-type, Clematis, Delphinium, Filago-type,
Gnaphalium-type, Jasione montana, Linum austriacum-
type, Matthiola, Secale, Scabiosa, Silene) derive from both
anthropogenically introduced and natural species. As in the
temperate and boreal areas of Europe, the ambiguity of pol-
len interpretation is highest when considering families with
poorly differentiated pollen types such as Apiaceae, Bras-
sicaceae, Caryophyllaceae and Poaceae, all very diversified
in the Mediterranean region. Extreme cases are represented
by Amaranthaceae, including many shrubs linked to salty
and seasonally inundated clayey soils (e.g. Suaeda, Haloc-
nemum, Salsola, Salicornia s.1., Atriplex s.1.) growing in the
coastal marshes or colonizing the inland badlands. Here, the
problems derived from palynological taxonomical impre-
cision may be mitigated by the inclusion of other palaeo-
ecological proxies such as sedimentary ancient DNA and
molecular biomarkers. These novel approaches are particu-
larly useful when refined resolution is not possible through
pollen analysis (Dubois and Jacob 2016). For instance, can-
nabinol (an organic molecule specific to hemp) allows the
distinction of Cannabis from Humulus (Lavrieux et al. 2013)
two taxa that in palynology have some taxonomic overlaps
(Moore et al. 1991).

Conclusions

The use of taxonomically poorly resolved anthropogenic
indicators is a widespread practice in palacoecology. Such
taxonomic imprecision may bias the determination of
human impact on past environments, given that natural spe-
cies might be considered as anthropogenic and vice-versa.
Moreover, the nature of land use activities might not be rec-
ognized correctly (e.g. different crops and weeds associated
with arable and pastoral farming). In general, pollen datasets
atlow taxonomical resolution tend to overestimate land use
and to produce false positives in detecting human presence
during periods of very low or insignificant human impact.
To overcome these difficulties, we provide a detailed list of
key pollen types that require adequate taxonomic resolu-
tion for the identification of human impact (Fig. 6). Where
an accurate pollen identification is not possible, questions
related to human impact identification may remain open.
To some extent, this is also true for the highest taxonomic
resolution that can be reached today with palynology. Given
that the diagnostic capacity depends on the identification
of species or even varieties of plants, further studies refin-
ing the taxonomic level of important taxa are in any case
needed. Substantial improvements may derive from taxo-
nomic enhancements related to new techniques, such as bio-
chemical analyses and sedimentary ancient DNA. Our study
also has implications for multidisciplinary research in this

topic, for instance we expect further progress from a better
integration of palaeoecological, archaeobotanical, archaeo-
logical and historical approaches. Future multi-proxy studies
focusing on increasing the taxonomic level of determination
of crops and adventives may provide new insights on the
land use history of Europe.
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Supplementary Information 1

ESM 1 Plant species with anthropogenic indicative capacity in palaeoecological studies, according to their relative
importance in archaeological/ historical periods. Evidence of selected species by macro-remains and pollen records
in the different cultural epochs. After Lang (1994), Willerding (1986) and Knorzer (2007). (*) species that were not
present in our study records. (**) plant taxa that belong to human indicators traditionally defined at lower
taxonomic resolution (family, subfamily)

Human indicator | Family Origin Neolithic | Bronze | Pre- Roman | Middle | Older Younger
Age Roman | Period | Ages modern | modern
Iron Times Times
Age (after
1800
AD)

PRIMARY INDICATORS (Cultivated crops)

CARBOHYDRATE PLANTS

Triticum Poaceae** W.As O O O O O O O

aestivum/durum

Triticum dicoccum | Poaceae** W.As O O O O O O O

Triticum Poaceae** W.As O O O O O O O

monococcum

Triticum spelta Poaceae** W.As O O O O O O O

Hordeum vulgare | Poaceae** W.As O O O O O O O

Avena sativa Poaceae** W.As O O O O O O

Panicum Poaceae** C.As O O O O O O O

miliaceum*

Setaria italica Poaceae** As O O O O O O O

Secale cereale Poaceae** W.As O O O O O

Zea mays Poaceae** C.Am O O

Fagopyrum Polygonaceae E.As O O O

esculentum

Solanum Solanaceae S.Am O O

tuberosum*

PROTEIN PLANTS

Pisum sativum Fabaceae W.As O O O O O O O

Lens culinaris* Fabaceae W.As O O O O O O O

Vicia faba Fabaceae W.As O O O O O O
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Phaseolus Fabaceae C.+S.Am O O
vulgaris*

Cicer arietinum Fabaceae W.As O O O O O O O
OIL AND FIBRE PLANTS

Linum Linaceae Eur,W.As O O O O O O O
usitatissimum

Cannabis sativa Cannabaceae C.As O O O O O
Papaver Papaveraceae ? O O O O O O O
somniferum*

Camelina sativa* | Brassicaceae** E.Med O O O O O O O
Brassica rapa* Brassicaceae** Eur O O O O O O O
VEGETABLES

Cucumis sativus* | Cucurbitaceae S.As O O O O O
Cucumis melo* Cucurbitaceae S.As, Afr O O O O O
Lycopersicon Solanaceae C.+S.Am O O
esculentum*

Beta vulgaris* Amaranthaceae* | Med,Atl O O O O O
DYE PLANTS

Reseda luteola* Resedaceae Med O O O O O O
Isatis tinctoria* Brassicaceae** | W.As O O O O

Rubia tinctorum* | Rubiaceae SW.As O O O O O
FRUIT TREES AND NUTS

Olea europaea Oleaceae Med O O O O O O O
Juglans regia Juglandaceae E.M,W.As O O O O O O
Castanea sativa Fagaceae W.As O O O O O O
Ficus carica Moraceae Med O O O O O O O
Citrus div. spec.* | Rutaceae SE.As O O O O O
Malus Rosaceae Eur O O O O O O O
domestica*

Prunus avium* Rosaceae Eur O O O O O O
Prunus Rosaceae W.As O O O O O O O
domestica*
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Vitis vinifera

Vitaceae

Eur

O

O

O

O

O

APOPHYTES AND ARCHAEOPHYTES IN THE WEED AND RUDERAL VEGETATION OF CENTRAL EUROPE

Aegopodium
podagraria*

Carduus nutans*
Cirsium arvense*

Euphorbia
cyparissias*

Lamium album*
Linaria vulgaris*
Malva sylvestris*
Mentha arvensis*

Plantago
lanceolata

Plantago major
Plantago media

Potentilla
anserina*

Potentilla
argentea*

Ranunculus
repens (other)*

Rumex acetosella

Stellaria graminea
(other)*

Urtica dioica
Alliaria petiolata*
Arctium lappa *
Arctium minus*

Artemisia vulgaris

Carduus crispus*

Chenopodium
bonus-henricus*

Cirsium vulgare*

Apiaceae**

Asteraceae
Asteraceae

Euphorbiaceae

Lamiaceae
Plantaginaceae
Malvaceae
Lamiaceae

Plantaginaceae

Plantaginaceae
Plantaginaceae

Rosaceae

Rosaceae

Ranunculaceae**

Polygonaceae

Caryophyllaceae**

Urticaceae
Brassicaceae**
Asteraceae
Asteraceae

Asteraceae
(Asteroideae)**

Asteraceae

Amaranthaceae**

Asteraceae

APO

?

(@)

o O O O

o/.

o/.

o O O O O

O O O O o o

o
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Echium vulgare*

Lapsana
communis*

Malva moschata*

Melilotus
officinalis*

Nepeta cataria*

Picris
hieracioides*

Saponaria
officinalis

Verbena
officinalis*

Veronica
serpyllifolia*

Ballota nigra*

Barbarea
vulgaris*

Dipsacus
fullonum*

Cichorium
intybus*

Potentilla
reptans*

Reseda lutea*

Bunias orientalis*
Cardaria draba*

Leonurus
cardiaca*

Marrubium
vulgare*

Muscari
comosum*

ANNUALS
Atriplex patula*

Bidens cernua

Boraginaceae

Asteraceae

Malvaceae

Fabaceae
Lamiaceae
Asteraceae
(Cichorioideae)**
Caryophyllaceae**
Verbenaceae

Plantaginaceae

Lamiaceae

Brassicaceae**

Caprifoliaceae

Asteraceae
(Cichorioideae)**

Rosaceae

Resedaceae

Brassicaceae**
Brassicaceae**

Lamiaceae

Lamiaceae

Liliaceae

Amaranthaceae**

Asteraceae
(Asteroideae)**

0]

0]

o

o
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Centaurea cyanus

Cerastium
arvense

Chenopodium
album*

Euphorbia
peplus*

Fallopia
convolvulus

Galeopsis
tetrahit*

Persicaria
hydropiper*

Persicaria
lapathifolia*

Persicaria
maculosa

Persicaria minor*
Persicaria mitis*

Polygonum
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Supplementary Information 2

ESM 2 Pollen taxonomy used in this study, based on the list of accepted pollen types (HLO) and the taxonomic harmonization in
two hierarchical levels (HL1 and HL2) of the European Pollen Database (EPD; Giesecke et al. 2019). The first two columns refer
to the names of the pollen types used in this study and include synonyms, but do not constitute the EPD accepted names. (*)
pollen types that were not included as anthropogenic pollen indicators in the simulated datasets at that level. The indicative
capacity categories were taken from (Chytry et al. 2008; di Castri et al. 1990; Lang 1994; SGukand and Kalle 2015).

Indicative Var. HLO (accepted HL1 HL2 Family
capacity in Var. EPD names)
(Pollen type
synonyms)
PI%, Car Avena-type Avena-type (Pl) | Cerealia-type Poaceae Poaceae
PI%, Car Cerealia-type Cerealia-type (P1) (Sl, APO)
(P)
PI%, Car Hordeum/Triticu
m
PI%, Car Hordeum-type Hordeum-type
(P
Agropyron-type*
Glyceria-type*
PI%, Car Secale cereale Secale cereale
(P1)
P13, Car Triticum-type Triticum-type
(P1)
P11, Car Zea mays Zea mays (PI)
Lygeum Lygeum
spartum* spartum*
Poaceae* Poaceae Poaceae
Hordelymus* (SI, APO) (SI, APO)
SI, Gr, ADV Bromus
Linum* Linum* Linum* Linum Linaceae
S|, APO, Hb Linum Linum Linum (SI, APO)
catharticum catharticum (Sl) | catharticum-
type (SI, APO)
Sl, APO, Hb Linum Linum
catharticum- catharticum-
type type (SI)
Linum Linum
austriacum- austriacum-
type* type*
Linum Linum Linum
usitatissimum/L. | usitatissimum/L. | usitatissimum/L.
bienne* bienne (PI) bienne (PI)
P11, Oil-f Linum
usitatissimum-
type
P11, Car Fagopyrum Fagopyrum (PI) | Fagopyrum (Pl) | Fagopyrum (Pl) | Polygonaceae
PI%, Pro Vicia faba Vicia faba (PI) Vicia-type (PI) Fabaceae
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Vicia-type* Vicia-type Lathyrus /Vicia-
type
Vicia cracca-
type* (SI, APO)
PI%, Pro Pisum sativum Pisum sativum
(P
Lathyrus/Vicia- Lathyrus/Vicia- Lathyrus/Vicia-
type* type* type*
Humulus Humulus Cannabis/ Cannabis/ Cannabaceae
lupulus* lupulus* Humulus Humulus
PI, Oil-f Cannabis sativa | Cannabis sativa | (SI, APO) (SI, APO)
(P
Cannabis/ Cannabis/
Humulus* Humulus*
Sl, ADV-An Centaurea Centaurea Centaurea Centaurea Asteraceae
cyanus-type cyanus-type cyanus-type cyanus-type
(SI, ADV) (SI, APO) (SI, APO)
Centaurea Centaurea
montana-type* montana-type*
Polygonum-type | Polygonum-type | Polygonum-type | Polygonum- Polygonaceae
(tricolporate)* (tricolporate)* (tricolporate)* type
(tricolporate)
Polygonum- (SI, APO)
type*
Sl, ADV-An Polygonum Polygonum Polygonum
aviculare-type aviculare-type aviculare-type
(SI, ADV) (SI, ADV)
Bistorta Bistorta Bistorta
officinalis-type* | officinalis-type* | officinalis-type*
Bistorta-type*
Bistorta Bistorta
vivipara* vivipara*
Sl, ADV-An Fallopia Fallopia (SI, Fallopia (S,
ADV) ADV)
Polygonaceae* | Polygonaceae* | Polygonaceae* | Polygonaceae*
SI, NEO-An, Spergula-type* Spergula-type Spergula-type Spergula-type Caryophyllacea
ADV (SI, ADV) e
(SI, ADV) (SI, ADV)
SI, NEO-An, Spergula
ADV arvensis-type
Cerastium-type* | Cerastium-type | Cerastium-type | Caryophyllacea
(SI, APO) (SI, APO) e (periporate
SI, APO-An Cerastium excl.
arvense (S, Paronychioidea
Cerastium (SI, APO)
cerastioides-
type*
Cerastium
fontanum*
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Stellaria cf. S.
holostea*

Caryophyllacea
e*

Caryophyllacea
e (periporate
excl.
Paronychioidea
e)*

Caryophyllacea
e
undifferentiated*

Caryophyllacea

Caryophyllacea
e (periporate
excl.
Paronychioidea
e)*

Caryophyllacea
e (periporate
excl.
Paronychioidea
e)*

e subfam.
Silenoideae-
type*
Sagina* Sagina* Sagina*
Sl, ADV Scleranthus Scleranthus Scleranthus
(SI, ADV) (SI, ADV) (SI, ADV)
Silene dioica- Silene dioica- Silene-type
type* type*
(SI, APO)
Silene vulgaris- | Silene vulgaris-
type* type*
Silene-type* Silene-type
Silene viscaria- | (SI, APO)
type*
Sl, ADV, NEO- Arenaria
An
(Sl, ADV)
SlI, APO, NEO- Saponaria Saponaria
BiP,
(SI, APO) (SI, APO)
Stellaria Stellaria Stellaria
holostea* holostea* holostea*
Gypsophila Gypsophila Gypsophila
repens-type* repens-type* repens-type*
Gypsophila
arrostii*
Sl, ADV, NEO- Agrostemma Agrostemma Agrostemma
An githago githago (SI, githago (S,
ADV) ADV)
Dianthus/ Dianthus/ Dianthus/
Petrorhaghia* Petrorhaghia* Petrorhaghia*
Dianthus-type*
Dianthus
superbus-type*
Moehringia- Moehringia- Moehringia-
type* type* type*

[55]




Manuscript 2 - Influence of taxonomic resolution on the value of anthropogenic pollen indicators

Minuartia-type*

Corrigiola Corrigiola Corrigiola Corrigiola
litoralis* litoralis* litoralis* litoralis*
Herniaria* Herniaria* Herniaria* Caryophyllacea

Herniaria-type*

Herniaria-type*

Herniaria
glabra-type*

Herniaria
glabra-type*

Paronychia*

Paronychia*

Paronychia*

e subfam.
Paronychioidea
e*

SlI, APO, Hb Rumex acetosa- | Rumex acetosa- | Rumex acetosa- | Rumex/Oxyria Polygonaceae
type type type
(SI, APO)
SlI, Hb, APO- Rumex (SI, APO) (SI, APO)
BiP acetosa/R.
acetosella-type
SI, APO- BiP Rumex Rumex Rumex
acetosella-type | acetosella-type | acetosella-type
(SI, APO) (SI, APO)
SI, APO- BiP Rumex
acetosella
Rumex crispus- | Rumex Rumex
type* obtusifolius-type | obtusifolius-type
(SI, APO) (SI, APO)
Sl, APO Rumex
obtusifolius-type
Rumex/Oxyria* Rumex/Oxyria* Rumex/Oxyria*
Rumex*
Rumex
scutatus-type*
Rumex alpinus- | Rumex alpinus- | Rumex alpinus-
type* type* type*
Polygonum Polygonum Polygonum Polygonum
(pericolpate/ (pericolpate/ (pericolpate/ (pericolpate/
periporate)* periporate)* periporate)* periporate)
Sl, ADV-An Polygonum Persicaria Persicaria (Sl, APO)
persicaria-type maculosa-type maculosa-type
(SI, ADV) (SI, ADV)
Sl, ADV-An Persicaria
maculosa-type
Hornungia-type* | Hornungia-type* | Brassicaceae Brassicaceae Brassicaceae
Matthiola* Matthiola* (SI, APO) (SI, APO)
S|, APO Sinapis Draba-type
Draba-type* (SI, APO)
Cardamine*
Brassicaceae* Brassicaceae
Asteraceae Asteraceae Asteraceae Asteraceae Asteraceae
subf. subf. subf. subf.

Asteroideae*

Asteroideae*

Asteroideae*

Asteroideae
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SI, ADV, NEO- Matricaria-type Matricaria-type Matricaria-type (SI, APO)
An (SI, APO) (SI, APO)
S|, APO, Gr Achillea-type
S|, APO Anthemis-type
Aster-type* Aster-type Senecio-type
(SI, APO)
Solidago* (SI, APO)
S, APO, Hb Bellis
Eupatorium*
SI, APO-An Bidens-type Bidens-type
Arnica (SI, APO)
montana*
SI, APO, Gr Senecio-type Senecio-type
(SI, APO)
Filago-type* Gnhaphalium-
type (SI, APO)
Gnaphalium-
type*
SI, APO Erigeron
Calendula* Calendula*
Tussilago-type* | Tussilago-type*
Petasites* Petasites*
Homogyne- Homogyne*
type*
Ambrosia/ Ambrosia/ Ambrosia/ Ambrosia/
Xanthium* Xanthium* Xanthium Xanthium
Xanthium* Xanthium* (SI, APO) (SI, APO)
Xanthium
spinosum-type*
SI, APO Ambrosia Ambrosia
(SI, APO)
Asteraceae Asteraceae Asteraceae Asteraceae
subf. subf. subf. subf.
Cichorioideae* Cichorioideae* Cichorioideae Cichorioideae
Scorzonera- (SI, APO) (SI, APO)
type*
Scorzonera Scorzonera
humilis-type* humilis-type*
Trifolium-type* Trifolium-type* Trifolium-type Trifolium-type Fabaceae
SI, APO, Hb Trifolium Trifolium (SI, APO) (SI, APO)
pratense-type pratense-type
(SI, APO)
SlI, APO, Hb Trifolium Trifolium
repens-type repens-type (SI,

APO)
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Trifolium
alpestre-type*

Trifolium
alpestre-type*

Trifolium
badium-type*

Trifolium
badium-type*

Trifolium
alpinum-type*

Trifolium
alpinum-type*

Ranunculaceae

*

Ranunculaceae

*

Ranunculaceae

*

Ranunculaceae

*

S|, APO, Hb Ranunculus Ranunculus Ranunculus Ranunculus-
acris-type acris-type (Sl, acris-type (Sl, type (SI, APO)
APQO) APO)
Ranunculus- Ranunculus- Ranunculus-
type* type* type*
Anemone/
Hepatica*
Anemone
[Pulsatilla*
Clematis* Clematis* Clematis*
Ranunculus Ranunculus Ranunculus
lingua* lingua* lingua*
Anemone Anemone Anemone
nemorosa-type* | nemorosa-type* | nemorosa-type*
Anemone Anemone-type*
hortensis-type*
Ranunculus Ranunculus Ranunculus
sect. aquatilis-type* aquatilis-type*
Batrachium*
Aconitum* Aconitum* Aconitum*
S|, APO Adonis Adonis (SI, Adonis (SI, Adonis (S,
APO) APO) APO)
Sl, APO Caltha-type Caltha-type Caltha-type Caltha-type
(SI, APO) (SI, APO) (SI, APO)
SI, ADV, NEO- Nigella Nigella (SI, Nigella (SlI, Nigella (SlI,
An ADV) ADV) ADV)
Delphinium- Consolida-type* | Consolida-type* | Consolida-type*
type*
Consolida-type*
Helleborus Helleborus Helleborus Helleborus
viridis-type* viridis-type* viridis-type* viridis-type*
Thalictrum* Thalictrum* Thalictrum* Thalictrum*
Sl, APO Ranunculus Ranunculus Ranunculus Ranunculus
arvensis-type arvensis-type arvensis-type arvensis-type
(SI, APO) (SI, APO) (SI, APO)
Trollius Trollius Trollius Trollius
europaeus* europaeus* europaeus* europaeus*

Ranunculaceae
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Plantago* Plantago* Plantago* Plantago Plantaginaceae
Plantago (SI, APO)
undifferentiated*
SI, ADV, PO- Plantago Plantago Plantago
BiP lanceolata-type | lanceolata-type | lanceolata-type
(SI, ADV) (SI, ADV)
Sl, ADV- BiP Plantago major Plantago major Plantago major-
(SI, ADV) type (SI, ADV)
Sl, ADV- BiP Plantago major- | Plantago major-
type type (SI, ADV)
Sl, ADV- BiP Plantago major/
P. media-type
Sl, ADV- BiP Plantago media | Plantago media
(SI, ADV)
Sl, ADV- BiP Plantago media-
type
Plantago Plantago Plantago
maritima-type* maritima-type* maritima-type*
Plantago alpina-
type*
Plantago Plantago Plantago
tenuiflora* tenuiflora* tenuiflora*
Plantago Plantago atrata- | Plantago atrata-
montana-type* type* type*
Plantago atrata-
type*
Plantago Plantago Plantago
coronopus-type* | coronopus-type* | coronopus-type*
Cladium Cladium Cyperaceae Cyperaceae Cyperaceae
mariscus* mariscus*
(SI, APO) (SI, APO)
Cyperaceae* Cyperaceae*
Cyperus* Cyperus*
Rhynchospora* | Rhynchospora*
Rhynchospora
alba*
Apium* Apium* Apium* Apiaceae Apiaceae
Bupleurum* Bupleurum* Bupleurum* (SI, APO)
S|, APO, Hb Heracleum Heracleum Heracleum
(SI, APO) (SI, APO)
Sl, APO, Hb Pimpinella Pimpinella Pimpinella
major-type major-type (Sl, major-type (SlI,
APO) APO)
Peucedanum- Peucedanum- Peucedanum-
type* type* typ
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S, APO, Hb Anthriscus Anthriscus Anthriscus
sylvestris-type sylvestris-type sylvestris-type
(SI, APO) (SI, APO)
Sanicula Sanicula Astrantia-type*
europaea* europaea*
Astrantia-type* Astrantia-type*
Pleurospermum | Pleurospermum | Pleurospermum
-type* -type* -type*
Cicuta virosa* Cicuta virosa* Cicuta virosa*
SlI, APO, Hb Daucus Daucus (SI, Daucus (Sl,
APO) APO)
Oenanthe* Oenanthe* Oenanthe*
Eryngium* Eryngium* Eryngium*
Meum-type* Meum-type* Meum-type*
Chaerophyllum | Chaerophyllum | Chaerophyllum
hirsutum-type hirsutum-type* hirsutum-type*
Bupleurum- Apiaceae Apiaceae
type*
(SI, APO) (SI, APO)
Daucus-type*
Heracleum-
type*
Apium-type*
Chaerophyllum*
SlI, APO, Hb Carum-type
Apiaceae*
Smyrnium-type*
Ammi-type*
SI, ADV, NEO- | Torilis japonica | Torilis japonica | Torilis japonica
An (SI, ADV) (SI, ADV)
Ligusticum Ligusticum Ligusticum
mutellina* mutellina* mutellina*
Seseli-type* Seseli-type* Seseli-type*
Torilis arvensis* | Torilis arvensis* | Falcaria-type*
Torilis arvensis- | Falcaria-type*
type*
Falcaria-type*
Turgenia Turgenia Turgenia
latifolia* latifolia* latifolia*
S|, APO Orlaya Orlaya (SI, Orlaya (S,
APO) APO)
Sison Sison Sison
amomum* amomum* amomum*

Dipsacoideae*

Dipsacoideae*

Dipsacoideae

Caprifoliaceae
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SI, APO, NEO- Dipsacus-type Dipsacus-type (SI, APO) Dipsacoideae
BiP (SI, APO)
(S, APO)
S|, APO, Hb Knautia Knautia (SI, Knautia (SI,
APO) APO)
Scabiosa* Scabiosa* Scabiosa
SI, APO, Hb Scabiosa Scabiosa (SI, APO)
columbaria-type | columbaria-type
(SI, APO)
SlI, APO, Hb Succisa-type Succisa-type Succisa-type
(SI, APO) (SI, APO)
Campanulaceae | Campanulaceae | Campanulaceae | Campanulaceae | Campanulaceae
* * (SI, APO) (SI, APO)
SI, APO Jasione Jasione
montana-type montana-type
(SI, APO)
Campanula/ Campanula/ Campanula/
Phyteuma* Phyteuma* Phyteuma*
Phyteuma-type*
Campanula-
type*
Arbutus* Arbutus* Arbutus* Ericales Ericaceae
- _ __| (tetrads) (SI,
Sl, APO Calluna vulgaris | Calluna vulgaris | Calluna vulgaris | ApQ)
(SI, APO) (SI, APO)
Ericales Ericales Ericales
(tetrads)* (tetrads)* (tetrads) (SI,
APQ)*
Erica* Erica*
Rhododendron* | Rhododendron
(SI, APO)*
Vaccinium* Vaccinium*
Vaccinium-type* | Vaccinium-type*
Erica arborea- Erica arborea-
type* type*
Empetrum/ Empetrum/ Empetrum/
Ledum* Ledum* Ledum*
Juniperus-type* | Juniperus-type* | Juniperus-type Juniperus-type Cupressaceae
(SI, APO) (SI, APO)
SI, APO Juniperus Juniperus
communis-type | communis-type
(SI, APO)
S|, APO Melampyrum Melampyrum Melampyrum Melampyrum Orobanchaceae
(SI, APO) (SI, APO) (SI, APO)
SI, APO Pteridium Pteridium Pteridium Pteridium Dennstaedtiaceae
aquilinum aquilinum aquilinum aquilinum
(SI, APO) (SI, APO) (SI, APO)
S|, APO Polypodium Polypodium Polypodium Polypodium Polypodiaceae
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(SI, APO) (S, APO) (SI, APO)
Atriplex* Amaranthaceae | Amaranthaceae | Amaranthaceae | Amaranthaceae
(SI, APO) (SI, APO) (SI, APO)
Salsola-type*
Amaranthaceae
*
SI, ADV, NEO Amaranthus-
type
Parietaria* Parietaria* Parietaria* Urticaceae/ Urticaceae/
Sl, APO Urtica Urtica Urtica Moraceae Moraceae
SI, APO Urtica (SI, APO) (SI, APO) (SI, APO)
membranacea
Sl, APO-BIP Urtica dioica- Urtica dioica-
type type (SI, APO)
Urticaceae* Urticaceae* Urticaceae*
Morus* Morus* Morus*
Morus alba* Morus alba*
Urtica pilulifera* | Urtica pilulifera* | Urtica pilulifera*
Urticaceae/ Urticaceae/ Urticaceae/
Moraceae* Moraceae* Moraceae*
P12, Tr Ficus carica Ficus carica (PI) | Ficus carica (PI) | Ficus carica (Pl) | Moraceae
Sl, APO Artemisia Artemisia Artemisia Artemisia Asteraceae
(SI, APO) (SI, APO) (SI, APO)
Oleaceae* Oleaceae (PI) Oleaceae (PI) Oleaceae (PI) Oleaceae
P12, NEO-TS Fraxinus/Phillyr
ea
PI2, Tr Olea europaea Olea europaea | Oleaeuropaea | Olea europaea
(P1) (PD (PD
Juglans* Juglans (PI) Juglans (PI) Juglans (PI) Juglandaceae
PI2, Tr Juglans regia Juglans regia
(P
PI2, Tr Castanea sativa | Castanea sativa | Castanea sativa | Castanea sativa | Fagaceae
(PD) (PD) (PD
PI2, Tr Vitis Vitis (PI) Vitis (PI) Vitis (PI) Vitaceae
PI1, NEO-TS Eucalyptus Eucalyptus (PI) Myrtaceae (PI) Myrtaceae (PI) Myrtaceae
Myrtaceae Myrtaceae*
Myrtus
communis*
PI2, Tr Pistacia Pistacia (PI) Pistacia (PI) Pistacia (PI) Anacardiaceae

PI* =primary indicators (crops) non-native to Europe; PI? =primary indicators native to Europe. Car = carbohydrate plants; Pro=
protein plants; Oil-f= oil and fibber plants; Tr= fruit trees and nuts. Sl= secondary indicators (weeds): ADV= adventives; APO=
apophytes; NEO= neophytes; BiP= biennials and perennials; An=annuals. Grassland species: Gr=grasses; Hb=other herbs. NEO-
TS= cultivated neophytes (trees and shrubs)
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Supplementary Information 3

ESM 3 Change point analysis of the pollen percentage of human indicators at HLO, HL1 and HL2 for each study site using the
binary segmentation approach. 1= Egelsee (Menzingen), 2= Burgaschisee, 3= Soppensee, 4= Moossee, 5= Bachalpsee; 6= Lej da
San Murezzan, 7= Lej da Champfeér, 8= Lengi Egga, 9= Gouillé Rion, 10= Lago di Origlio, 11= Lago di Muzzano, 12= Lago
Piccolo di Avigliana, 13= Pavullo nel Frignano, 14= Lago del Greppo, 15=Lago dell'Accesa, 16=Gorgo Basso. Black solid lines
represent pollen percentages, red dashed lines represent detected change points (constrained to a maximum of 4 for each

sequence). Note that y-axes (pollen percentage) have different scales

[64]



Manuscript 2 - Influence of taxonomic resolution on the value of anthropogenic pollen indicators

HLO

HL1
=}

12500 10000 7500 5000 2500 0

20
[ 5

HLO

HL1

50

100
50

HL2

12000 8000 6000 3000 0

3 . 40
R R

20

I I g

| | 20

30

I I 20

50

/—,,—H/w 0
30

I | I =

1200 200 600 300 4]

HL1 HLO

HL2

HL1 HLO

HL2

12000 9000 8000 3000 [4]

(&)}
HL1 HLO
-—
—
85 8888

HL2
5

12500 10000 7500 5000 2500 0

(=} 30
2 | .

0
- | | 40
£ 20

HL2
—

—

835 %

12000 4000 6000 3000 0

Age {cal yr BP)

[65]

(uajjod |eLysaula) Jo ) siojeslpu oluabodolyiuy



Manuscript 2 - Influence of taxonomic resolution on the value of anthropogenic pollen indicators

3
jum
1
- I I
z
1 1
o I I
I
1 1
12000 9000 8000 3000

o
3
jumy
- I I |
z
I
of I 1
I

10000 7500 5000 2500

HLO

12500 10000 7500 5000 2500

11. | I 1

HL1 HLO
- -

HL2
-

10000 7500 5000 2500

12. 11 I

HL1 HLO
Q

HL2
-

12500 10000 7500 5000 2500

Age (cal yr BP)

[66]

{(us|od [eusalal Jo 9,) siolealpu| susbodosyiuy



Manuscript 2 - Influence of taxonomic resolution on the value of anthropogenic pollen indicators

13. | | | |

HLO

HL1

HL2

(ug|jod |eLysBUIa) JO 9,) SI0jedIpU| SluabBodoyjuy

12000 9000 6000 3000

14. 1 1

HL1 HLO

HL2

12000 9000 6000 3000

15. I I I

HLO

HLA
—f
La

HL2
- —
-

12000 9000 8000 3000

HLO

HL2 HL1

10000 7600 5000 2500

Age (cal yr BP)

[67]



Manuscript 3

A new indicator approach to reconstruct agricultural land
use from sedimentary pollen assemblages

Mara Deza-Araujo?*, César Morales-Molino*?, Marco Conedera?, Paul D. Henne?, Patrik Krebs?, Martin Hinz*,
Caroline Heitz*, Albert Hafner*, Willy Tinner?

1 Insubric Ecosystems, Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Cadenazzo, Switzerland
2 Institute of Plant Sciences and Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland
3 Geosciences and Environmental Change Science Center, U.S. Geological Survey, Denver, CO, USA

4 Institute of Archaeological. Sciences and Oeschger Centre for Climate Change Research, University of Bern, Bern,

Switzerland
Correspondence to: Mara Deza-Araujo (mara.deza@wsl.ch; maradeza@gmail.com)

Keywords Cultural indicator pollen types, human impact, palynology, palaeoecology, archaeobotany, archaeology,
Europe

[68]


mailto:mara.deza@wsl.ch
mailto:maradeza@gmail.com

Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Abstract

The reconstruction of human impact is pivotal in palaeoecological studies, as humans are among the most important
drivers of Holocene vegetation and ecosystem change. Nevertheless, separating the anthropogenic footprint on
vegetation dynamics from the impact of climate and other environmental factors (disturbances such as fire, erosion,
floods, landslides, avalanches, volcanic eruptions) is a challenging and still largely open issue. For this purpose,
palynologists mostly rely on cultural indicator pollen types and related indices that consist of sums or ratios of these
pollen types. However, the high environmental and biogeographical specificity of cultural indicator plants hinders the
application of the currently available indices to wide geographical settings. Furthermore, the achievable taxonomic
resolution of cultural indicator pollen types may hamper their indicative capacity. In this study, we propose the
agricultural land use probability (LUP) index, a novel approach to quantify human impact intensity on European
ecosystems based on cultural indicator pollen types. From the ‘classic’ cultural indicators, we construct the LUP index
by selecting those with the best indicator capacity based on bioindication criteria. We first train the LUP index using
twenty palynological sequences along a broad environmental gradient, spanning from treeless alpine to subtropical
mediterranean evergreen plant communities. We then validate the LUP index using independent pollen datasets and
archaeological proxies. Finally, we discuss the suitability of the selected pollen types and the potential of the LUP
index for quantifying Holocene human impact in Europe, concluding that careful application of the LUP index may

significantly contribute to refine pollen-based land-use reconstructions.

Keywords Cultural indicator pollen types, human impact, palynology, palaeoecology, archaeobotany, archaeology,

Europe
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1. Introduction

Human transformation of European terrestrial ecosystems accelerated with the emergence of agriculture
(Stephens et al., 2019), when agrarian societies opened the woodlands to gain land for arable and pastoral farming.
Over the millennia, environmentally transformative human use of land (e.g., land clearance by burning for arable
farming) has resulted in the widespread occurrence of ‘anthromes’ (i.e., anthropogenic biomes) over most of Europe
and elsewhere (Ellis, 2011; Ellis and Ramankutty, 2008), that are characterised by varying intensities of human
impacts. The assessment of long-term human impacts on the landscape often relies on the use of plants as
bioindicators (Burger, 2006), whereby the occurrence or absence of indicator species provides quantitative estimates
of the intensity of human disturbance (Diekmann, 2003; Zinnen et al., 2021). Such bioindicator-based methodologies
are widely used in plant ecology and rely on the sensitivity of organisms to their environment (Diekmann, 2003;

Gerhardt, 2002).

The bioindicator approach can be extended to the past through the analysis of microfossils preserved in lake
sediments, peat sequences or other natural archives. For instance, analysing the abundance of crop and weed pollen in
fossil assemblages allows reconstructing anthropogenic impacts on ecosystems over long timescales. The most widely
used approach in Europe is calculating the abundance of a set of cultural indicator pollen types with demonstrated
associations with human activities, especially agriculture (Behre, 1981, 1990). The ground-breaking work by Behre
(1981) to select cultural indicator pollen types complies to some extent with the bioindicator methodology, although
their final definition does not explicitly and fully meet standard bioindication criteria (Gerhardt, 2002). Moreover,
human impact indices including the relative abundances of various cultural indicator pollen types have been developed
for European pollen assemblages, therefore providing summary evidence for different types of farming (Lang, 1994;
Tinner et al., 2003; Mercuri et al., 2013a, b; Kouli, 2015; Roberts et al., 2019; for a summary see Table 1 in Deza-
Araujo, 2020). Similarly, palynological human-impact ratios such as the ‘arable/pastoral index’, which considers the
proportion of Plantago pollen with respect to other cultural indicator pollen types (Turner, 1964), the arboreal pollen
to non-arboreal pollen (‘AP/NAP’) ratio, which aims at reconstructing landscape openness (Berglund et al., 1991), and
the ‘Cerealia-t. (t. = pollen type) to Plantago lanceolata-t.” index (C/PL index), are used as proxies for the changing

relationship of cultivated to fallow land through time (Tserendorj et al., 2021).

Such indices drawing upon cultural indicator pollen types are presently widely used because of their potential

to provide a readily interpretable quantification of past human impacts. However, available indices were originally
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conceived to be used in geographically restricted areas (e.g., Brun, 2011; Mercuri, et al., 2013b) or to reconstruct
specific land-use practices (e.g., Kouli, 2015), which suggests caution in their widespread application in Europe
because of potential shifts in the response of indicator plants along climatic and geographical gradients (Diekmann,
2003). In particular, the selection of cultural indicator pollen types should vary regionally to account for important
aspects like the native distribution range and timing of introduction of the concerned species (Deza-Araujo et al.,
2020). Moreover, the taxonomic resolution of pollen types (Deza-Araujo et al., 2022) and their relative contribution to
the pollen assemblage need to be considered to avoid false attributions and to account for the overrepresentation of
certain pollen types (Brun, 2011; Deza-Araujo et al., 2020). In fact, an important issue concerning existing indicator
approaches is that they often combine abundant (e.g., high pollen-producer Olea) with rare (e.g., low pollen-producer
Vitis) pollen types without any correction factor (Deza-Araujo et al., 2020). Such biases are typically due to the
overrepresentation of wind-pollinated taxa producing large loads of well-dispersed pollen and wetland taxa growing
locally (Birks et al., 2016), which may result in misleading estimates and distorted indicator values (Diekmann, 2003;

Urban et al., 2012).

In this study, we propose a new agricultural land use probability (LUP) index that aims to assess Holocene
human-impact intensity in pollen diagrams in a rigorous and widely applicable manner that makes pollen-inferred
reconstructions of past agricultural land use accessible to non-specialists. Our probabilistic approach first identifies a
list of cultural indicator pollen types that is suitable for a specific location, and then adjusts their importance as
predictors of impact intensity using anthropogenic indicator values (AlIV; modified with respect to Birks et al., 1988)
that account for the native distribution range, time of introduction and pollen representation. Thus, the LUP index
consists of the sum of the weighted pollen abundances of cultural indicator taxa. By incorporating the AlV concept,
the LUP index becomes adaptable over wide geographical gradients. Specifically, our probabilistic index emphasises
the co-occurrence of indicator taxa in a pollen assemblage and the abundances of taxa with a high AlIV. By doing so,
we assume that pollen samples featuring more pollen types of cultural indicator taxa with higher AlV are more likely

to express agricultural land use, as quantified by the LUP value.

To implement the LUP we use a set of twenty palynological sequences from lakes located along a large
environmental gradient spanning from the treeless alpine belt of the Swiss Alps to the subtropical
thermomediterranean belt in coastal Sicily (southern Italy). The lakes are comparable in terms of size (small to

medium), and their sediment records mostly consist of autochthonous organic sediment (i.e., gyttja and silty gyttja).
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We pay attention to general bioindication criteria (Diekmann, 2003; Gerhardt, 2002) like the achieved taxonomic
resolution (Deza-Araujo et al., 2022) and the historical biogeography of the taxa (e.g., adventive vs. apophyte; Deza-
Araujo et al., 2020; Figure S1). We perform two external validations, using on the one hand an independent set of
pollen sequences and on the other hand a set of archaeological radiocarbon dates as an independent proxy for human

activity. We finally suggest possible implications of the LUP index as a proxy for human impact quantification.

2. Sites and methods

Study sites and pollen data

For the assemblage and calibration of the LUP index, we selected 20 well-dated lake pollen records in a latitudinal
transect encompassing Switzerland and Italy (Figures 1a, 2; Table 1). We selected these sites because (i) they were
analysed in the same laboratory (Institute of Plant Sciences, University of Bern, Switzerland) and the pollen
taxonomic resolution is therefore comparable, and (ii) they are located along an environmental gradient which covers
all major vegetation types of Europe. The study sites are located in five vegetation belts (Lang, 1994): 1) the cold
subalpine/alpine belt with treeless meadows and scrubland above the tree line, conifer-dominated forests (mostly
evergreen but sometimes deciduous or mixed when Larix decidua is present) and the transitional tree line ecotone
(high elevation areas in the Alps). 2) The cool-temperate colline/montane belt with mostly broadleaved deciduous
forests of the northern Alpine forelands (e.g. Quercus robur, Quercus petraea or Fagus sylvatica). 3) The warm-
temperate and rather humid submediterranean belt in the low and mid elevation sites of the southern Alps and the
northern Apennines with mixed broadleaved deciduous forests characteristic for southern Europe (e.g., Castanea
sativa, Ostrya carpinifolia, Quercus pubescens, Quercus cerris, Fraxinus ornus). 4) The warm and summer-dry
mesomediterranean belt with evergreen and deciduous oak forests in lowland central Italy (e.g. with Quercus ilex and
Quercus pubescens). 5) The very warm and summer-dry thermomediterranean belt with evergreen forests, woodlands
and maquis in coastal areas of Sardinia and Sicily (e.g. Quercus ilex, Quercus coccifera, Olea europaea, Chamaerops
humilis, Ceratonia siliqua; Figures 1a, 2). These vegetation belts correspond to different climatic conditions, and these

are relevant to farming activities (e.g., crop selection for securing and maximising harvest success).

The pollen datasets were retrieved from the Alpine Palacoecological Database (ALPADABA) via Neotoma (Williams

et al., 2018). The chronologies in ALPADABA correspond to those produced by the authors in the original
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publications (see Table 1). For each study site, we calculated the percentages of the most frequently used cultural

indicator pollen types according to Behre (1981, 1990), Mercuri et al. (2013a) and Deza-Araujo et al. (2021). Pollen

percentages were calculated with respect to the terrestrial pollen sum (trees, shrubs and upland herbs), excluding

Cannabis-t., which is often overrepresented in lake sediments due to retting. We plotted every potential cultural

indicator using ‘tidyverse’ version 1.3.0 (Wickham et al., 2019) running in the R environment (R Core Team, 2020).

Selection of cultural indicator pollen types

We identified five criteria out of the full list considered by the bioindicator approach as the most relevant to pollen

analysis after Gerhardt (2002). The criteria used to select and rank the considered pollen types on a four-point scale

(i.e., excellent, good, fair and poor) according to their cultural indicative capacity (Tables 2, S1) are as follows:

‘Adventive/apophyte status’ (Lang, 1994; Deza-Araujo et al., 2020). Pollen from adventive plants (non-native,
introduced with agriculture) has higher indicative value than those from apophytes (native, favoured by
human disturbances) because their introduction resulted from human agency and their habitats are mostly
restricted to places disturbed by farming activities. The most reliable human indicators will be adventive

primary agricultural indicators (i.e., crops non-native to the study area).

‘Taxonomic resolution’ (Deza-Araujo et al., 2022). Precise pollen identification is key to the interpretation of
pollen data in terms of agricultural land use. The closer the taxonomic correspondence between pollen types
and their potential source plants, the more accurate the reconstruction of the anthropogenic environments
around the study site. In this regard, easiness of the determination of the pollen grains to high taxonomic
resolution fosters the indicative power of cultural indicator pollen types. Complete ecological knowledge of

the indicator plant species is a needed prerequisite.

‘Pollen production/dispersal/robustness’. Anemophilous taxa are better represented in pollen spectra than
zoophilous species (Regal, 1982). For this reason, certain indicators such as the autogamous cereals (e.g.,
Hordeum vulgare), which are dispersed on shorter distances than wind-pollinated species such as Secale
cereale (Josefsson et al., 2014), are considered less consistent cultural indicators. Likewise, pollen of plants
usually grown in extensive monocultures will be better represented in pollen assemblages —and will therefore

be more consistent cultural indicators than taxa only found in small amounts in family gardens or orchards-.
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Thus, ‘ubiquity’ and abundance in pollen records is a desirable feature that reinforces indicative power.
Additionally, selecting pollen types not particularly prone to degradation is important to avoid differential
preservation issues that might bias land-use reconstructions based on pollen data. For example, the great
indicative capacity of Cerealia-t. as an indicator of agricultural activities is somewhat hampered because its
large pollen grains (>37 um; Beug, 2004) may be more prone to chemical and mechanical damage, resulting

in broken or crumpled grains (Delcourt and Delcourt, 1980) that do not allow more precise identification.

iv. ‘Exponential increase in the pollen diagram’. This feature is assumed to reflect the sensitivity and
responsivity of the plant taxon to human-induced disturbance or its deliberate cultivation. Although
exponential growth of plant populations can also occur independently of human action (Magri, 1989), here we
consider only the exponential growth of taxa unambiguously related to human activities (Deza-Araujo et al.,

2020).

V. ‘Representation in pollen assemblages’. Good correspondence between plant and pollen abundances is
important. Cultural indicator pollen types should increase monotonically alongside the rising dominance of

the corresponding crop or weed.

We assessed each cultural indicator in our calibration datasets by conducting a literature review on their pollen
characteristics and visually inspecting the pollen curves to identify the temporal distribution of their relative
abundances and to ascertain whether their curves behaved as expected (overall exponential increase in the pollen
diagram). To keep the LUP index as parsimonious as possible, only taxa with the highest overall indicative capacity

were retained (Figure 1b), irrespective of their presence in all calibration pollen datasets (Table S2).

Assemblage and calibration of the LUP index
The LUP index of a given pollen assemblage is calculated as follows:
n

LUPL = iji AIVJ

j=1

where LUP; is the value of the LUP index for the pollen sample i; X;i is the relative abundance of the pollen type j (one

of the n selected cultural indicator pollen types present in the pollen sequence) in the pollen sample i, expressed as a
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percentage of the terrestrial pollen sum; and AlV; is the anthropogenic indicator value assigned to the pollen type j at
the study site, according to the vegetation belt where this is located because this is relevant to the adventive/apophyte
status and the agricultural systems used (Figures 1, 2). Thus, the AlVs modulate the LUP index to account for the

adventive/apophyte status of the selected cultural indicators in the different vegetation belts.

Selected pollen indicators differ in their relative abundances in the calibration pollen datasets. To standardise their
percentages around similar values and thus correct over- and underrepresentation in pollen diagrams, we used AlVs as
weighting coefficients. AlVs for a given pollen type can differ among vegetation belts, which allows accounting for
different crops and historical biogeographical aspects specific to each location. As a result, AlIV values for the selected

cultural indicators vary among pollen types and the five vegetation belts considered.

We assigned an AlV of 10 to most cultural indicator pollen types in all vegetation belts (Figure 1b) with the following
aims: (i) to increase the weights of cultural indicator pollen types because these are often rare or underrepresented,
particularly during the initial stages of farming development, and (ii) to enhance visualisation. In contrast, we
downweighted and assigned lower AlVs to pollen types which tend to be overrepresented or to accounting for the
native status of the plants producing such pollen types (Figure 1b). This correction was sometimes applied to specific
vegetation belts (Figure 1b). For example, Cannabis sativa received an AlIV of 0.25 to counterbalance its large
overrepresentation in lake pollen assemblages due to retting. Likewise, fruit trees with moderate to large pollen
production and good dispersal such as Olea europaea, Castanea sativa and Juglans regia received AlVs lower than
10 in areas where they have been widely cultivated and/or are considered native (i.e., in submediterranean and

thermomediterranean settings; Figure 1b).

The LUP index values were then plotted for the 20 pollen records of the training dataset to check if the LUP curves
showed long-term increasing trends as expected from the archaeologically and historically inferred developments in
population density and technology (Deza-Araujo et al., 2020 and references therein). AlVs < 10 were assigned to
apophytes and overrepresented taxa following an iterative process aimed at meeting the two following requirements:
(i) LUP maximum values on a given pollen diagram are close to 100 to allow comparisons among sites and vegetation
belts, and (ii) LUP curves follow a monotonically increasing trend towards present (with generally rising human
impact; Figure S1). We grouped the results of the LUP index by archaeologically inferred levels of human impact

intensity, from very low to very high (Palaeolithic to Modern Era; Deza-Araujo et al., 2020), and plotted them as
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boxplots to assess whether the LUP values followed the desirable monotonic increasing trend across the gradient in

land-use intensity (Figure 3).

Validation of the LUP index

The validation of the LUP index was two-fold. First, we evaluated the performance of the LUP index in predicting
agricultural land use by applying it to an independent dataset consisting of eleven lake pollen records from the five
investigated vegetation belts (Table 3), and checking if the trends of LUP were comparable to those observed at the
sites used for its development. These pollen records were obtained from ALPADABA and the European Pollen
Database (EPD), and we used the chronologies produced by the authors for the ALPADABA records and the
MADCAP ones for the EPD sites (Giesecke et al., 2014). Then, LUP values of both the 20 calibration and 11
validation datasets were compared to the density of archaeological radiocarbon dates around the sites (Rykiel, 1996;
Figures 2, 5, 6). This comparison is intended as an independent validation. We assume that the more sites per time
interval and area are recorded through radiocarbon dates, the higher the archaeological site density known for that
time, and therefore the larger the overall past human activity and/or population density (Shennan et al., 2013). This
approach is one of the few archaeological options to develop continuous records of human activity (Hinz, 2020) that
can be used for comparison with the selected pollen datasets. We used the radiocarbon dates available within a 50-km
radius around most palynological sites. However, for thermomediterranean sites this radius was increased to 100 km
because these sites are located on the coast where there is less adjacent land area and in turn lower amounts of
radiometric data. The dates for the cumulative radiocarbon proxy curves come primarily from the database XRONOS,
but the set was enlarged using data from Laabs (2019) for Switzerland, Martinez-Grau et al. (2021) for Switzerland
and northern Italy, Palmisano et al. (2018) for Italy, and Luglie (2018) for Corsica and Sardinia (a complete list of the
archaeological dates can be found in Table S3). The summed probability distributions (SPD) were calculated using the
R package ‘Rcarbon’ (Crema and Bevan, 2021). We used the unnormalised approach and binned the dates according
to site. No temporal binning was accomplished to avoid artificial separation of connected use phases. The cumulative
radiocarbon proxy curves were then grouped into the five vegetation belts considered in this study (Figures 4, 5, S2).
Because of this grouping (method category 1 in Crema et al., 2017), our approach is not spatially explicit, and
corrections for potential spatial-temporal autocorrelation of the sites are therefore not necessary. We used a smoothing

window of 50 years.
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3. Results and interpretation

Cultural indicator pollen types included in AlV

Non-native primary indicators (P11)

We selected the following pollen types that can be unambiguously identified at the highest taxonomic resolution
attainable and are directly associated with agriculture (food and fibre crops): Avena-t., Fagopyrum, Hordeum-t., Linum
usitatissimum-t., Pisum sativumlath, Secale cereale, Triticum-t., Vicia faba-t. and Zea mays (Figures 1b, 3). Hordeum-
t. may include pollen of some wild grasses in certain sites (Beug, 2004), which could be corrected readily by reducing
its AIV. These taxa are mostly self- and insect-pollinated, resulting in low pollen production and relatively poor pollen
dispersal, except for wind-pollinated Secale cereale (Trondman et al., 2015). These crop species are non-native to
Europe and are therefore almost unequivocal indicators of farming, particularly north of the Alps (Behre, 1981,
Zohary et al., 2012). Although some close relatives of these crops (sometimes within the same genus) are native to
Europe, we assume that the contribution of such native taxa to these pollen types is very low (Beug, 2004). These
pollen types were included in the LUP index for all vegetation belts. However, at some sites several pollen types are
grouped as Cerealia-t., which includes Avena-t., Hordeum-t. and Triticum-t., but not Zea mays or Secale cereale.
Furthermore, pollen of non-cultivated Mediterranean grasses, such as Bromus-t. may be classified as Cerealia-t.
(Tweddle et al., 2005). Cereal pollen is usually very rare in fossil pollen assemblages (Lechterbeck et al., 2014) and
regular occurrences of Cerealia-t. pollen are mostly recorded in close proximity to cultivated fields (Niebieszczanski
et al., 2019). Further, pollen deposition of autogamous cereals (e.g., Triticum, Hordeum) increases notably during
harvesting and threshing and cereal pollen is consequently rather abundant in pollen sites near Neolithic lakeshore

dwellings (Behre, 1981). Consequently, Cerealia-t. pollen is an overall very good indicator of agricultural land use.

Another pollen indicator with high cultural value is Cannabis-t. (Figures 1b, 3). The exponential growth of the
Cannabis-t. curve at most sites largely coincides with the intensification of human activities during the last centuries.
Prominent peaks of this indicator in the Middle Ages and Modern Era, particularly in temperate settings such as the

colline/montane and submediterranean belts (e.g., Egelsee, Burgaschisee, Soppensee, Origlio, Muzzano, and
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Avigliana; Figure 1a), are related to water retting for fibre extraction (Bradshaw et al., 1981), which justifies a lower
AIlV of 0.25 (Figure 1b). Until ca. 100-200 years ago, Cannabis sativa, which is not native to Europe (McPartland et

al., 2019), was widely planted for medicinal, food and fibre uses (Plants for a future, 2018; Russo, 2007).

Native primary indicators (P12)

Although several more fruit trees and vines of cultural importance are native to Europe (e.g., Corylus avellana, Vitis,
Pistacia), we selected Castanea sativa, Olea europaea and Juglans regia for the LUP index because these trees are
usually rare in the natural forests or woodlands. Castanea sativa is currently dominant in submediterranean woodlands
and forests but palaeoecological evidence has proven that humans extended its range and increased its abundances
through Roman Times and the Middle Ages until the Modern Period (e.g., Morales-Molino et al., 2015). This is the
underlying reason why we have included Castanea in the LUP formula assigning to it a lower AlV in this
environmental context (Figure 1b). Similarly, Olea europaea is a relevant component of thermomediterranean
woodlands, but its importance declines sharply outside of this southern vegetation type. For instance, in the
mesomediterranean vegetation type, other species like Quercus ilex are more competitive under natural conditions
(Costa et al., 2005). The abundance of Olea europaea pollen in thermomediterranean records under natural conditions
(e.g., Gorgo Basso; Tinner et al., 2009) led us to remove it from this vegetation belt. Castanea sativa, Olea europaea
and Juglans regia are routinely found in Holocene pollen assemblages from Europe because they are (partly)
anemophilous. However, Juglans and Castanea pollen percentages are sometimes low, even in the presence of crops,
except when they are very close to the pollen site (di Pasquale et al., 2010) or dominating in the forest vegetation
(Tinner et al. 1999). Therefore, occasionally the finding of few pollen grains might be considered indicative of their

cultivation (Russo Ermolli et al., 2018).

Non-native and native secondary indicators

Plantago lanceolata-t. pollen has been conventionally regarded as an excellent cultural indicator (lversen, 1941)
because in temperate and boreal Europe it is considered to mostly derive from Plantago lanceolata, which is an
adventive species that is favoured by farming practices. The pollen type is absent or only very rarely found in non-

Mediterranean pollen assemblages before the onset of agricultural activities. Plantago lanceolata features a
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remarkable adaptation capacity to environmental variation (Bischoff et al., 2006), plays a significant role in the
recolonisation of abandoned cultivated land (Behre, 1981), and is a ruderal and trampling indicator. However,
Plantago lanceolata-t. pollen is quite abundant in thermomediterranean pollen sequences during the Early Holocene
(e.g., Gorgo Basso; Tinner et al., 2009), perhaps because of the presence of other Plantago species producing the same

pollen type, so we excluded it as a cultural indicator in that setting.

Urtica dioica-t. pollen is mostly produced by the homonymous plant species (Lang 1994), which is an apophyte in
Europe, typical of ruderal communities. In pollen diagrams, it usually presents a regular, increasing curve, particularly
marked in the subalpine vegetation belt (e.g., Bachalpsee, Gouillé Rion). Urtica dioica has long been consumed as
food (leaves and oil) and has medicinal properties (Plants for a future, 2018). It is among the commonest food plant
found in Neolithic Linear Pottery culture (LPC) sites (Colledge and Conolly, 2014). Additionally, its fibres were used
for fabric weaving as early as the Bronze Age, representing a valuable resource traded over long distances in Europe
(Bergfjord et al., 2012). Urtica membranacea, which has less specific ecological requirements, is often combined with
Urtica dioica as Urtica-t. in thermomediterranean settings. Therefore, we did not include Urtica-t. as a cultural

indicator in the thermomediterranean belt.

Finally, Mercurialis annua consists of a complex of closely related wind-pollinated annual plant taxa native to central
and western Europe, the Mediterranean region and western Asia that grow mainly in ruderal places (e.g., fallow land,
vineyards, or vegetable gardens) and roadsides on nutrient-rich, loamy and relatively dry to moderately moist soils
(Glemes, 1997; Pignatti, 2005; Lauber et al., 2018). Because of these ecological requirements, Mercurialis annua has
been used as an indicator of early human habitation in the Mediterranean (e.g., Bottema and Sarpaki, 2003). This
pollen type was not found in all the training sites, although it had a good representation at the thermomediterranean
sites. Due to its often-low taxonomic identification as Mercurialis-t., we could not use Mercurialis annua at every

site, as the related pollen type, Mercurialis perennis, grows in woodlands.

Evaluation and validation of the LUP index

The LUP index values show a general exponential growth throughout the Holocene, with first non-zero values
occurring in the study area around the early Neolithic (8000-6000 cal. BP) and remarkable increases usually during

the early Bronze Age at ca. 4200 cal. BP or at the latest at the onset of the Iron Age at ca. 2800 cal. BP (Figures 3, 4).
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Whereas this general trend is observed in all vegetation types (Figures 3, 4) increases in LUP are punctuated by
several transient troughs corresponding to times of land abandonment and population decline such as the “Late Bronze
Age collapse” at ca. 3200 cal. BP (Figures 4, S2). The boxplots show a significant variability in LUP values for the
‘high’ and ‘very high’ categories of human impact intensity, which correspond to the Iron Age to Early Middle Ages

and High Middle Ages to present respectively, as shown by the large interquartile ranges (Figure 3).

Maximum LUP values are reached at the colline/montane and submediterranean sites where high peaks of Cannabis-t.
occur (Figures 3, 4). In contrast, LUP values from the cold subalpine/alpine vegetation belt are rather low (Figures 3,
4). Similarly, LUP values are generally low in the four thermomediterranean sites where LUP curves do not show

marked oscillations (Figures 3, 4).

The application of the LUP index to the eleven independent palynological records (Table 3) produced land-use
patterns similar to those observed in the pollen datasets used for the LUP development (Figures 4, 5, S2). Although
the mesomediterrnean validation site of Lago di Martignano shows similar patterns, the range of LUP values is
notably wider than in the calibration datasets and the rest of validation sites due to the high pollen percentages of Olea
europaea. Taken together, LUP patterns suggest that agricultural land use increased towards the present but fluctuated
considerably, likely in association with episodes of ‘landndm’ and land abandonment (Figures 4, 5, S2). Lower LUP
values in the cold subalpine/alpine vegetation belt may reflect less intensive agricultural land use due to the harsh
environmental conditions. In contrast, lower LUP in the thermomediterranean (Figure 5) are most likely a calculation
artefact due to the exclusion of major food sources such as Olea, if compared to the other vegetation types. Finally, the
archaeological radiocarbon proxy (Figures 4, 5, S2) for anthropogenic activity eleselyresembles the overall increasing
trends observed in the LUP curves, some of their wiggles, as well as events of rapid decline of human population
(dependent and independent data) for the prehistorical periods. This finding suggests that the LUP index generally
produces realistic agricultural land use trends (Figures 4, 5, S2). Discrepancies between the two proxies might derive

from uncertainties inherent to both approaches.

4. Discussion

What is new in the LUP approach?
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In this study, we used bioindication criteria to select the best suited cultural indicator pollen types for reconstructing
past agrarian land use. Compared to Behre’s (1981) list of 38 cultural indicator pollen types, in this study we have
considered 17 cultural indicators, a figure that can be reduced depending on the vegetation and climate setting (Figure
1). Such a procedure allows the identification and straightforward interpretation of a limited number of pollen
indicators for land-use reconstruction purposes in very different ecosystems, from the alpine/subalpine belt to the
thermomediterranean vegetation types (i.e., most major land-use conditions in Europe). We acknowledge that focusing
on a limited number of pollen types may mean a loss of information. Earlier studies aimed at land-use reconstruction
also focused on a reduced number of cultural indicator pollen types to stay as parsimonious as possible, often
considering just two to four diagnostic pollen types out of several hundred (e.g., Tinner et al., 2003; Mercuri et al.,
2013a, b). In comparison, our new approach is more integrative because it considers up to 17 cultural indicators.
Moreover, to some extent, the LUP index overcomes misleading interpretations of anthropogenic impact related to the

imprecise assignment of pollen types to the crop and adventive categories (Deza-Araujo et al., 2022).

Further, the geographical scope of the LUP index may be expanded to other regions because most of the selected
cultural indicators correspond to plants widely distributed, in contrast to other previously proposed methodologies for
land-use reconstruction in Europe (Mercuri et al., 2013b; Kouli, 2015). Additionally, the LUP index has the capacity
to detect human impact coming from various land-use systems, as it considers cultural indicator pollen types
specifically used as proxies for agricultural (Cerealia-t., Plantago lanceolata-t.), pastoral (Urtica dioica-t.), and
agroforestry or arboriculture systems (Olea europaea, Castanea sativa, Juglans regia). These cultural indicator pollen
types have been widely used separately as part of indices previously proposed for local human-impact reconstructions

(Tinner et al., 2003; Mercuri et al., 2013b; Kouli, 2015).

The LUP-based quantification of human impact was possible thanks to the use of region-specific weighting
coefficients (AlV) to adjust the relative abundances of cultural indicators. These region-specific AlIVs aim to boost the
relative abundances of often scarce but very important primary pollen indicators. This adjustment also downweights
spikes deriving from overrepresented indicators such as Cannabis sativa-type that may inflate the estimation of human
impacts. As a result, the abundances of all the selected indicators should be comparable. The use of AlV also allows
accounting for the native status of a given taxon to certain geographic areas, thus disentangling the land-use impact
from the possible natural occurrence of the indicator (e.g., Olea europaea at thermomediterranean sites). Considering

these factors, i.e., pollen representation and nativeness, AlVs could be assigned to the selected cultural indicators in
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other geographical settingsenabling the use of the LUP index. One of the most important criteria when selecting the
pollen indicators used in the LUP index was that their relative pollen abundances in the calibration datasets showed
steady increases in response to changes in land-use intensity (Behre, 1981). AlVs are intended to be a first step to

refine such approximation, but there is room for further developments of the weighting procedure.

Overall performance of the LUP index

At the sites used to develop the LUP index, the curves follow the expected increasing trend in human impact intensity
during the Holocene (Figure 3; Deza-Araujo et al., 2020; Mottl et al., 2021), with major rises usually occurring in
periods when European civilizations became more complex (i.e., Iron Age, Roman Times, Middle Ages and Modern
Period; Moore and Armada, 2012). The overall good match between the curve of the LUP index and the radiocarbon
proxy for anthropogenic activity suggests a good performance of the LUP index in quantifying Holocene human
impact (Figure 4). We acknowledge that both, LUP and the radiocarbon time series, have their own data-inherent
limitations as proxies of past human impact (see e.g. discussion in Freeman et al. 2018), however given the good
match in the general trends across many sites, we assume that both proxies are primarily related to the intensity of
past anthropogenic activities, e.g. via number of dated remains of material culture (radiocarbon proxy) or number of
flowering crops and weeds (LUP). Often, changes in some cultural indicators like Cerealia-t. can be closely related to
demographic trends because they directly determine the carrying capacity (Izdebski et al., 2016; Tinner et al., 2003).
This relationship is not always straightforward but may be particularly explicit during early agriculture phases, when
worn-out fields were abandoned as fallow land, and later subjected to colonization by native pioneer vegetation. This
was often the case between the Neolithic and the Early Bronze Age (Montgomery, 2007), as observable in the pollen
records of Lago di Origlio and Lago Piccolo di Avigliana (Figure SlI). During these prehistoric periods, human
population dynamics and land-cover change appear intimately linked, as shown by the overall close correspondence
between cultural indicator pollen types and archaeological radiocarbon date density (Lechterbeck et al., 2014). This
relationship is also marked during times of rapid land abandonment at the end of the farming cycles of the Neolithic,
Bronze Age, Iron Age and Roman societies, and the Medieval and Modern periods (Montgomery, 2007). Such
oscillations may correspond to major breaks like the “Neolithic decline” in northern and western Europe (~3000 BC,

~4950 cal. BP; Kristiansen, 2015), the probable “Late Bronze Age collapse” in the Mediterranean (~1200 BC, ~3150
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cal. BP; Knapp and Manning, 2016), the fall of the Western Roman Empire at AD 476 (1474 cal. BP), the AD 1315-
1317 European famine (635-633 cal. BP), or the AD 1348 (602 cal. BP) Black Death (Figure 4). Moreover, high-
resolution studies on varved sediments in Central Europe with an extremely high chronological precision suggest
several synchronous agrarian land-use oscillations over the Neolithic, probably in response to changing environmental
conditions (Rey et al., 2019a, b). However, synchronous long-term oscillations of agrarian land-use activities over
wide areas were reconstructed for the Bronze Age and the subsequent periods, including the Little Ice Age (Maise,

1998; Tinner et al., 2003, 2009).

High LUP values may be associated to environments with a high degree of vulnerability to human impact, as in the
colline/montane and submediterranean belts. For instance, the Neolithic agriculture expansion from the valley bottoms
up to treeline and higher up (Hafner and Schwarer, 2018) may have increased erosion on formerly forested steep
slopes (Montgomery, 2007). Human transformation of forest into arable fields may have triggered soil degradation
and/or eutrophication and favoured the extensive spread of taxa such as Plantago lanceolata and Urtica dioica (higher
LUP values at the submediterranean and colline/montane sites, Figures 4, 5, S2). Moreover, evergreen mediterranean
woodlands are among the most sensitive ecosystems to human activities such as grazing or agriculture, because they

are subjected to soil-water deficit during summer and usually grow on steep and unstable slopes (Burri et al., 1999).

In the LUP formula, we combine woody and herbaceous taxa to accomplish a more nuanced understanding of
changing impacts, as we acknowledge the relevance of using short-living taxa such as Cerealia-t. together with other
non-native primary indicators and adventive herbs. This combination is because wind-pollinated fruit trees are better
represented in pollen records and thus among the most widely used cultural indicator pollen types (Mercuri et al.,
2013b) compared to annual and biannual herbaceous plants with annual or biannual life cycle and low pollen
taxonomic resolution (Deza-Araujo et al., 2022). However, fruit trees such as Castanea and Olea, may persist longer
during land abandonment phases (Morales-Molino et al., 2015) and are therefore unsuitable to track decadal-scale

events.

Evolution of LUP values in the different vegetation types of the study region

The sites located in the cool-temperate colline/montane vegetation belt north of the Alps (Figure 1) do not show

continuous signs of human impact before ca. 6000 cal. BP (Figures 4, S2). In the original pollen diagrams, these sites
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include late Mesolithic occurrences (after ca. 8700 cal. BP) of Cerealia-t. and Plantago lanceolata-t. pollen (Lotter,
1999). Later, more detailed palynological analyses showed that among them are more diagnostic cereal taxa such as
Triticum-t. and Avena-t. (Tinner et al., 2007), which suggests that agricultural activities may have initiated long before
signs of human impact became continuous (i.e., 6750 vs. 4050 BC, 8700 vs. 6000 cal BP). During the Neolithic (ca.
5500-2200 BC, 7450-4150 cal. BP), pollen of cereals and weeds such as Plantago lanceolata occurs regularly and
this translates into very low (< 20) but continuous LUP curves. In prehistoric times, the introduction or expansion of
cultivated plants (Cerealia-t.) and weeds (Plantago lanceolata-t.) is linked directly with phases of increased human
impact in the form of forest clearances at ca. 3700, 2700, 1900, 1550 BC (5650, 4650, 3850, 3500 cal. BP) and after
650 BC (2600 cal. BP; Rey et al., 2019a). Similarly, from the Bronze Age to the Middle Ages, episodes of forest
clearance in the study region were connected to agricultural land use intensification at ca. 2100-1900 BC (4050-3850
cal. BP), 1750-1650 BC (3700-3600 cal. BP), 1450-1250 BC (3400-3200 cal. BP), 800 BC (2750 cal. BP), 650-450
BC (2600-2400 cal. BP), 50 BC-AD 100 (2000-1850 cal. BP) and ca. AD 700 (1250 cal. BP; Tinner et al., 2003).
Concerning the general long-term trends, pollen of crops and weeds increased during the Bronze Age, suggesting an
expansion of permanent settlements and agricultural activities, including intensified transhumance (Wehrli et al.,
2007). Human impact increased further during the Iron Age and the Roman period (ca. 2800-1600 cal. BP), as
indicated by the appearance of new crops such as Juglans regia and Castanea sativa (e.g., Rey et al., 2020). Dominant
species such as beech were able to recover even after the periods of greatest anthropogenic impact and forest clearance
(e.g., Iron Age, Roman Period) as soon as agricultural land use decreased (e.g., Migration Period at ca. 1600-1400 cal.
BP; Rey et al., 2020). Agricultural land use increased during the Early Middle Ages and later, causing widespread
forest opening (Rey et al., 2017). Whereas major episodes of forest clearance and establishment of permanent fields
and pastures occurred during the Iron Age near environmentally favoured population centres, they occurred only
during the late Middle Ages in cool and/or humid marginal areas (Lotter, 1999; Tinner et al., 2005). The widespread
cultivation of Cannabis sativa during the Middle Ages is reflected in pollen values of up to 70% during the past
millennium (Rey et al., 2017; Wehrli et al., 2007). After low LUP values related to the European famine of 1315-17
AD (~ 635 cal. BP) and the Black Death of 1348 AD (~ 602 cal. BP, Figures 4, S2), LUP reaches particularly high
values during the past ca. 600 years. This period experienced a marked vegetational change with the expansion of
Plantago lanceolata-t., Poaceae and other herbaceous pollen types and the decline of tree taxa such as Abies alba and

Fagus sylvatica (e.g., Wehrli et al., 2007).
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At the cold subalpine/alpine sites in the Alps (Figure 1), LUP and archaeological radiocarbon density curves show
similar trends to those at the cool-temperate colline/montane sites north of the Alps (Figures 4, S2). However, the
magnitude of LUP is lower at the subalpine/alpine sites, which suggests lower land-use activities at the cold sites.
Here, the archaeological radiocarbon density curves may overestimate human activities, given that the large radius (50
km) considered may include warmer and more fertile valley bottoms and lowlands, which are more attractive for
human settlers. The catchments of the subalpine/alpine sites have been used as summer pasturelands at the latest since
the Bronze Age (Gobet et al., 2003; Hafner and Schwdrer, 2018). From 3000 cal. BP onwards, human-induced
deforestation was the main driver of timberline lowering, which reached its most intense pulses since the Middle Ages
(Gobet et al., 2003). The agricultural intensification phases recorded regionally during the Bronze Age, the Iron Age
and the Roman period at the colline/montane sites (Tinner et al., 2003) are also documented in the subalpine sites
(4050-3850, 3700-3600, 3400-3200, and 2000-1850 cal. BP; 2100-1900 BC, 1750-1650 BC, 1450-1250 BC, 50 BC—
AD 100; Gobet et al., 2003, 2005; Tinner et al., 1996). The palynological results suggest for this vegetation belt
continuous human influence and the absence of trees near the lakes up to the present (e.g., Lotter et al., 2006), with

progressively lower human impact in the last 200 years (Figures 4, S2).

At the submediterranean sites south of the Alps (Figure 1), the LUP values become continuous at ca. 6000-5000 BC
(7950-6950 cal. BP, Figures 4, S2), which corresponds to the onset of the Neolithic in this region. This pattern is
mirrored in the archaeological radiocarbon density curve (Figures 4, S2). Marked vegetation changes occurred during
the late Neolithic and Bronze Age, when archaeological findings suggest increased human impact and pollen shows
clearly marked land-use phases (Finsinger and Tinner, 2006; Vescovi, et al., 2010b). Both the LUP index and the
archaeological radiocarbon density curve feature very low values at the submediterranean sites simultaneously at ca.
1200 BC (3150 cal. BP, “Late Bronze Age collapse”; Knapp and Manning, 2016; Cardarelli, 2009). During the
Middle Bronze Age (1650-1350 BC, 3600-3300 cal. BP), human activities increased steadily, as indicated by the
significant rise of Plantago lanceolata-t. pollen around 1550 BC (3500 cal. BP) at Pavullo nel Frignano (Vescovi, et
al., 2010b). Forest clearance further peaked during the Iron Age at ca. 650—-450 BC (2600-2400 cal BP, Tinner et al.,
2003; Finsinger and Tinner, 2006). Subsequently, trees associated with Roman agricultural activities such as Olea,
Castanea and Juglans were commoner in Insubria in the southern Pre-Alps than in the Northern Apennines (Watson
1996; Morales-Molino et al. 2021). LUP suggests that human activities were not substantially more intense during

Roman and early Middle Ages than during the Iron Age, but this may relate to Castanea pollen being downgraded in
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the LUP formula, and not to a decline in agriculture (Figures 4, 5, S2). Agricultural intensification continued towards
the present, suggesting that agricultural land use further intensified during the past millennium (Finsinger et al., 2006;

Finsinger and Tinner, 2006; Vescovi et al., 2007, 2010a).

In the mesomediterranean sites of central Italy (Figure 1), LUP values become continuous at the beginning of the
Neolithic (ca. 6000 BC, 7950 cal. BP) at most sites (Figures 4, S2). For instance, the decline of Quercus ilex around
6000-5700 BC (7950-7650 cal. BP) at Lago dell’Accesa was associated with an increase of deciduous oak and plants
indicating disturbance and/or human activities (e.g, Pteridium, Poaceae, Plantago lanceolata-t. at 7900—7700 cal. BP,
see Colombaroli et al., 2008). In contrast to other European regions where the “Neolithic decline” was quite
conspicuous, the archaeological radiocarbon density curve denotes population growth during the late Neolithic around
the Italian mediterranean sites, as also found in previous studies (Palmisano et al., 2017). In general, the LUP values
for the Bronze Age at the mesomediterranean sites are comparable to those of the submediterranean sites south of the
Alps and to those of the colline/montane sites north of the Alps. This suggests increasing agricultural activities during
the Bronze age, in agreement with estimates of human population growth during the Bronze Age in the Mediterranean
region (Vanniére et al., 2008). However, after having remained rather stable during the Iron Age, the LUP index
shows further increases ca. 2000 years ago at the mesomediterranean sites perhaps related to the Roman Empire. The
match with the strongly oscillating archaeological radiocarbon density curve (and with fewer dates) is generally poor
for this vegetation belt, but increases towards the end of the Roman Times, after a very acute depopulation period at
the fall of the Western Roman Empire (around 476 AD, Figures 4, S2). Prehistoric and historical agricultural land use
changed dramatically vegetation structure and composition at the mesomediterranean sites (Colombaroli et al., 2007,
2008; Drescher-Schneider et al., 2007). For instance, land use gradually converted natural mixed Quercus ilex-Abies
alba forests into coastal maquis and garrigue (evergreen scrub communities that replace lowland Mediterranean
woodlands following disturbances) during the middle and late Holocene (Colombaroli et al., 2007). The vegetational
degradation to maquis and garrigue increased during the past 700 years and was strongly related to an intensification

of agriculture (Colombaroli et al., 2007).

At the thermomediterranean sites in Sardinia and Sicily (Italy), the Neolithic land use dynamics is well documented by
the LUP values (Figures 4, S2). Neolithic farming started at ca. 6000 BC (7950 cal BP) in Sicily, where the first
unambiguous pollen imprint has been dated to around 5500 BC (7450 cal BP) at Gorgo Basso as indicated by

Cerealia-t. increases, together with Ficus (Tinner et al. 2009). Similarly, in Sardinia, the first archaeological evidence
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of Neolithic farming dates to 6000-5700 BC (7950-7650 cal. BP, Pedrotta et al., 2021), although pollen (e.g.,
Cerealia-t., Plantago lanceolata-t.) and macrofossil evidence suggests only marginal farming activities until 5300 BC
(7250 cal. BP), when a first prominent peak of arable farming occurred (Pedrotta et al. 2021). Increases in pastoral
farming indicators such as Urtica, Rumex acetosa-t., Rumex acetosella-t. and Poaceae suggest an intensification of
agricultural land use at 6500-6100 cal. BP (Pedrotta et al., 2021). Interestingly and in agreement with very low
radiocarbon date density, LUP values seem to document the “Neolithic decline” around 3000 BC (4950 cal. BP) in the
thermomediterranean belt of Sicily and Sardinia around 3000 BC (4950 cal. BP; Figures 4, S2). During this period, a
gradual but marked vegetation shift from evergreen oak woodland to maquis occurred at Biviere di Gela in Sicily in
association with increased fire activity (Noti et al., 2009), while forests remained dense at Gorgo Basso, the other
Sicilian coastal site (Tinner et al., 2009). In Sardinia, evergreen oak forests expanded massively into Erica woodlands
(Beffa et al., 2016; Pedrotta et al., 2021) at ca. 3000 BC (4950 cal BP), when farming activities were low. Pollen
evidence from Sicily and Sardinia points to an intensification of agricultural activities during the Bronze Age at ca.
2000-1000 BC (3950-2950 cal BP), which continued until 800 BC (2750 cal. BP, Noti et al., 2009; Tinner et al., 2009;
Beffa et al., 2016), when agricultural activities peaked at most thermomediterranean sites during the Iron Age (with
the exception of San Rafael in south-eastern Spain; Figures 4, 5, S2). At AD 450-1750 (1500-200 cal. BP), a further
pronounced intensification of land use resulted in the current (mostly) open landscape of coastal Sicily and Sardinia
(Noti et al., 2009; Tinner et al., 2009, Beffa et al., 2016; Pedrotta et al., 2021). As in other vegetation belts,
depopulation following the Great European Famine of 1315-17 AD (~ 635 cal. BP) and the Black Death of 1347 AD
(~ 603 cal. BP), also occurred in the thermomediterranean area (Figures 4, S2). Sa Curcurica and to a lesser extend
Gorgo Basso might be an exception for the Great European Famine, as it is not reflected in LUP data (sites 18 and 19
in Figures 4, S2). This finding is in agreement with historical evidence pointing to southern Italy as one of the regions

that exported food during the climatically-driven Great European Famine (Baek et al., 2020).

5. Conclusions

In this study, we developed and tested a new agricultural land use probability (LUP) index based on selected and
weighted anthropogenic indicator values (AlV). Because the AlV values account for regional differences in plant

distributions, abundances, and agricultural practices, the new LUP index is in its nature probabilistic and region-
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specific. The LUP index represents a general procedure with a high indicative power for most major biomes of Europe
that, with due caution, is easy to apply for pollen-inferred land-use reconstructions. When the boundary conditions and
premises for its applicability are met (e.g., sufficient taxonomic resolution), our index faithfully reflects the trajectory
of human impacts as inferred from the original pollen profiles. The LUP index is parsimonious and makes
comparisons across sites within similar vegetation types possible (e.g., subalpine/alpine, colline/montane,
submediterranean, mesomediterranean and thermomediterranean). The crops and weeds native to the Mediterranean
deserve special attention and are in our case probably leading to an underestimation of human activity in the warmest

thermomediterranean belt.

The determination of the most useful quantitative pollen indicators for a given area needs a thorough validation with
independent evidence, for instance from archaeology and archaecbotany. So far, numerical archaeological evidence
readily comparable to stratigraphic land-use evidence like that coming from palynology is very scarce. Our tentative
validation with independent pollen sequences and compiled radiocarbon dates from archaeological contexts suggests
that the LUP index procedure may be applied outside the regions used for its development, as long as new cultural
indicator pollen types can be incorporated to adjust the AlVs. Further developments in this field include the use of
new technologies (e.g., sedimentary ancient DNA, molecular biomarkers) for refining the taxonomic resolution of the
pollen indicators and the biogeography studies that attribute categories of adventive or apophyte, according to

geographic location.

[88]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Acknowledgements

This research was funded by the Swiss National Science Foundation (QuantHum project; SNSF Grant No. 169371).
We are grateful to our colleagues of the Terrestrial Palaecoecology group at the University of Bern, especially
Christoph Schworer and Erika Gobet, for fruitful discussions. Pollen data were obtained from the Alpine
Palaeoecological. Database (ALPADABA) and the European Pollen Database (EPD) via the Neotoma Paleoecology
Database, and the work of the data contributors and the scientific community supporting these databases is gratefully
acknowledged. We thank Dr. Susann Stolze and two anonymous reviewers for their comments and suggestions on a

previous version of the manuscript.

References

Baek SH, Smerdon JE, Dobrin G-C, et al. (2020) A quantitative hydroclimatic context for the European Great Famine of 1315—
1317. Communications Earth & Environment 1: 1-7.

Beffa G, Pedrotta T, Colombaroli D, et al. (2016) Vegetation and fire history of coastal north-eastern Sardinia (Italy) under
changing Holocene climates and land use. Vegetation History and Archaeobotany 25: 271-289.

Behre K-E (1981) The interpretation of anthropogenic indicators in Pollen Diagrams. Pollen et Spores 23: 225-245.

Behre K-E (1990) Some reflections on anthropogenic indicators and the record of prehistoric occupation phases in pollen
diagrams from the Near East. In: Man’s Role in the Shaping of the Eastern Mediterranean Landscape. Rotterdam: Balkema.

Bergfjord C, Mannering U, Frei KM, et al. (2012) Nettle as a distinct Bronze Age textile plant. Scientific Reports 2: 664.
https://doi.org/10.1038/srep00664

Berglund BE (1991) The cultural landscape during 6000 years in southern Sweden: The Ystad project. Ecological Bulletins 41.
Munksgaard, Copenhagen, Denmark, 496 pp.

Beug H-J (2004) Leitfaden der Pollenbestimmung fiir Mitteleuropa und angrenzende Gebiete. Miinchen: Dr. Friedrich Pfeil.
Birks HH, Birks HJB, Kaland PE, et al. (1988) The Cultural Landscape: Past, Present and Future. Cambridge University Press.

Birks HJB, Felde VA, Bjune AE, et al. (2016) Does pollen-assemblage richness reflect floristic richness? A review of recent
developments and future challenges. Review of Palaeobotany and Palynology 228: 1-25.

Bischoff A, Crémieux L, Smilauerova M, et al. (2006) Detecting local. adaptation in widespread grassland species — the
importance of scale and local. plant community. Journal of Ecology 94: 1130-1142.

Bradshaw RHW, Coxon P, Greig JRA, et al. (1981) New Fossil Evidence for the Past Cultivation and Processing of Hemp
(Cannabis sativa L.) in Eastern England. The New Phytologist 89: 503-510.

Bottema S and Sarpaki A (2003) Environmental change in Crete: a 9000-year record of Holocene vegetation history and the effect
of the Santorini eruption. The Holocene 13: 733-749.

[89]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Brostrém A, Sugita S, Gaillard M-J, et al. (2005) Estimating the spatial scale of pollen dispersal in the cultural landscape of
southern Sweden. The Holocene 15: 252-262.

Brun C (2011) Anthropogenic indicators in pollen diagrams in eastern France: a critical review. Vegetation History and
Archaeobotany 20: 135-142.

Burri E, Castiglioni B and Sauro U (1999) Agriculture, landscape and human impact in some karst areas of Italy. International
Journal of Speleology 28: 33-54.

Cardarelli Andrea (2009) The Collapse of the Terramare Culture and growth of new economic and social System during the late
Bronze Age in Italy. In: Cardarelli A., Cazzella A, and Frangipane M (eds) Reasons for Change: ‘Birth’, ‘Decline’ and ‘Collapse’
of Societies between the End of the IV and the Beginning of the 1 Millemnium B.C. Atti del convegno internazionale, 15-17 giugno
2006. Roma: Universita degli studi di Roma ‘La Sapienza’, Dipartimento di Scienze storiche, archeologiche e antropologiche
dell’antichita, pp. 449-520.

Carrion JS, Andrade A, Bennett KD, et al. (2001) Crossing Forest thresholds: inertia and collapse in a Holocene sequence from
south-central Spain. The Holocene 11: 635-653.

Colledge S and Conolly J (2014) Wild plant use in European Neolithic subsistence economies: a formal assessment of
preservation bias in archaeobotanical. assemblages and the implications for understanding changes in plant diet breadth.
Quaternary Science Reviews 101: 193-206.

Colombaroli D, Marchetto A and Tinner W (2007) Long-term interactions between Mediterranean climate, vegetation and fire
regime at Lago di Massaciuccoli (Tuscany, Italy). Journal of Ecology 95: 755-770.

Colombaroli D, Vanniere B, Emmanuel C, et al. (2008) Fire—vegetation interactions during the Mesolithic—Neolithic transition
at Lago dell’ Accesa, Tuscany, Italy. The Holocene 18: 679-692.

Colombaroli D, Tinner W, Van Leeuwen J, et al. (2009) Response of broadleaved evergreen Mediterranean forest vegetation to
fire disturbance during the Holocene: insights from the peri-Adriatic region. Journal of Biogeography 36: 314-326.

Costa M, Morla C and Sainz H (eds) (2005) Los Bosques Ibéricos: Una Interpretacion Geobotanica. Barcelona: Editorial Planeta.

Crema ER and Bevan A (2021) Inference from large sets of radiocarbon dates: software and methods. Radiocarbon 63(1): 23-39.
DOI: https://doi.org/10.1017/RDC.2020.95.

Crema ER, Bevan A and Shennan S (2017) Spatio-temporal approaches to archaeological radiocarbon dates. Journal of
Archaeological Science 87: 1-9. DOI: 10.1016/j.jas.2017.09.007.

Curdy P, Bullinger J, Crotti P, et al. (2020) Recherches archéologiques dans les régions du Simplon et de I’ Albrun (Valais et
Piémont), du Mésolithique a I’époque romaine. In: Delestre X and Tzortzis S (eds) Archéologie de La Montagne Européenne:
Actes de La Table Ronde Internationale de Gap, 29 Septembre-1er Octobre 2008. Bibliothéque d’archéologie méditerranéenne et
africaine. Publications du Centre Camille Jullian, pp. 185-195.

Deza-Araujo M, Morales-Molino C, Tinner W, et al. (2020) A critical assessment of human-impact indices based on
anthropogenic pollen indicators. Quaternary Science Reviews 236: 106291. https://doi.org/10.1016/j.quascirev.2020.106291.

Deza-Araujo M, Morales-Molino C, Conedera M, et al. (2022) Influence of taxonomic resolution on the value of anthropogenic
pollen indicators. Vegetation History and Archaeobotany. https://doi.org/10.1007/s00334-021-00838-x.

Diekmann M (2003) Species indicator values as an important tool in applied plant ecology — a review. Basic and Applied Ecology
4: 493-506.

Drescher-Schneider R, de Beaulieu J-L, Magny M, et al. (2007) Vegetation history, climate and human impact over the last
15,000 years at Lago dell’ Accesa (Tuscany, Central Italy). Vegetation History and Archaeobotany 16: 279-299.

Ellis E (2011) Anthropogenic transformation of the terrestrial biosphere. Philosophical. transactions. Series A, Mathematical,
physical, and engineering sciences 369: 1010-1035.

[90]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Ellis EC and Ramankutty N (2008) Putting people in the map: anthropogenic biomes of the world. Frontiers in Ecology and the
Environment 6: 439-447.

Finsinger W and Tinner W (2006) Holocene vegetation and land-use changes in response to climatic changes in the forelands of
the southwestern Alps, Italy. Journal of Quaternary Science 21: 243-258.

Finsinger W, Tinner W, van der Knaap WO, et al. (2006) The expansion of hazel (Corylus avellana L.) in the southern Alps: a key
for understanding its early Holocene history in Europe? Quaternary Science Reviews 25: 612—631.

Freeman J, Byers DA, Robinson E, et al. (2018) Culture Process and the Interpretation of Radiocarbon Data. Radiocarbon 60(2).
Cambridge University Press: 453-467. DOI: 10.1017/RDC.2017.124.

Gassner S, Gobet E, Schworer C, et al. (2020) 20,000 years of interactions between climate, vegetation and land use in Northern
Greece. Vegetation History and Archaeobotany 29: 75-90.

Gerhardt G (2002) Bioindicator species and their use in biomonitoring. In: Environmental Monitoring I. Encyclopedia of Life
Support Systems (EOLSS). Oxford: UNESCOEolss Publishers.

Giesecke T, Davis B, Brewer S, et al. (2014) Towards mapping the late Quaternary vegetation change of Europe. Vegetation
History and Archaeobotany 23: 75-86.

Gobet E, Tinner W, Hubschmid P, et al. (2000) Influence of human impact and bedrock differences on the vegetational history of
the Insubrian Southern Alps. Vegetation History and Archaeobotany 9: 175-187.

Gobet E, Tinner W, Hochuli PA, et al. (2003) Middle to Late Holocene vegetation history of the Upper Engadine (Swiss Alps):
the role of man and fire. Vegetation History and Archaeobotany 12: 143-163.

Gobet E, Tinner W, Bigler C, et al. (2005) Early-Holocene afforestation processes in the lower subalpine belt of the Central Swiss
Alps as inferred from macrofossil and pollen records. The Holocene 15: 672-686.

Guemes J (1997) Mercurialis L. In Castroviejo S, Aedo C, Benedi C, Lainz M, Mufioz Garmendia F, Nieto Feliner G and J Paiva
(eds.) Flora Iberica vol. VIII: Haloragaceae-Euphorbiaceae, Real Jardin Botanico-CSIC, Madrid, Spain, pp. 201-220.

Hafner A and Schwdrer C (2018) Vertical. mobility around the high-alpine Schnidejoch Pass. Indications of Neolithic and Bronze
Age pastoralism in the Swiss Alps from paleoecological and archaeological sources. Quaternary International 484: 3-18.

Hajdas | and Michczynski A (2010) Age-Depth Model of Lake Soppensee (Switzerland) Based on the High-Resolution 14C
Chronology Compared with Varve Chronology. Radiocarbon 52: 1027-1040.

Hinz M (2020) Sensitivity of Radiocarbon Sum Calibration. Journal of Computer Applications in Archaeology 3: 238-252.

Iversen J (1941) Landnam i Danmarks Stenalder: En Pollenanalytisk Undersggelse over Det Fgrste Landbrugs Indvirkning Paa
Vegetationsudviklingen. Kgbenhavn: | kommission hos C.A. Reitzel.

Izdebski A, Koloch G, Stoczynski T, et al. (2016) On the use of palynological. data in economic history: New methods and an
application to agricultural output in Central Europe, 0-2000AD. Explorations in Economic History 59: 17-39.

Josefsson T, Ramqvist PH and Hornberg G (2014) The history of early cereal cultivation in northernmost Fennoscandia as
indicated by palynological research. Vegetation History and Archaeobotany 23: 821-840.

Kelly MG and Huntley B (1991) An 11 000-year record of vegetation and environment from Lago di Martignano, Latium, Italy.
Journal of Quaternary Science 6: 209-224.

Knapp AB and Manning SW (2016) Crisis in Context: The End of the Late Bronze Age in the Eastern Mediterranean. American
Journal of Archaeology 120: 99-149.

Kouli K (2015) Plant landscape and land use at the Neolithic Lake settlement of Dispilié (Macedonia, northern Greece). Plant
Biosystems 149: 195-204.

[91]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Krebs P, Conedera M, Pradella M, et al. (2004) Quaternary refugia of the sweet chestnut (Castanea sativa Mill.): an extended
palynological. approach. Vegetation History and Archaeobotany 13: 145-160.

Kristiansen K (2015) The Decline of the Neolithic and the Rise of Bronze Age Society.
https://doi.org/10.1093/0xfordhb/9780199545841.013.057

Laabs J (2019) Populations- und Landnutzungsmodellierung der neolithischen und bronzezeitlichen Westschweiz. PhD thesis.
University of Bern, Bern.

Lang G (1994) Quartére Vegetationsgeschichte Europas: Methoden und Ergebnisse. Jena/Stuttgart/New York: Gustav Fischer.
Lauber K, Wagner G and A Gygax (2018) Flora Helvetica — Flore illustrée de Suisse, 5" edition. Haupt, Bern, Switzerland.

Lechterbeck J, Edinborough K, Kerig T, et al. (2014) Is Neolithic land use correlated with demography? An evaluation of pollen-
derived land cover and radiocarbon-inferred demographic change from Central Europe. The Holocene 24: 1297-1307.

Lotter AF (1999) Late-glacial and Holocene vegetation history and dynamics as shown by pollen and plant macrofossil analyses
in annually laminated sediments from Soppensee, central Switzerland. Vegetation History and Archaeobotany 8: 165-184.

Lotter AF, Heiri O, Hofmann W, et al. (2006) Holocene timber-line dynamics at Bachalpsee, a lake at 2265 m a.s.l. in the northern
Swiss Alps. Vegetation History and Archaeobotany 15: 295-307.

Luglié C (2018) Your path led trough the sea ... The emergence of Neolithic in Sardinia and Corsica. Quaternary International
470: 285-300. DOI: 10.1016/j.quaint.2017.12.032.

Maise, C. (1998) Archdoklimatologie Vom Einfluss nacheiszeitlicher Klimavariabilitat in der Ur- und Frihgeschichte. Jb Schweiz
Gesellschaft fir Ur- und Friihgeschichte 81: 197-235.

Martinez-Grau H, Morell-Rovira B and Antolin F (2021) Radiocarbon Dates Associated to Neolithic Contexts (Ca. 5900 — 2000
Cal BC) from the Northwestern Mediterranean Arch to the High Rhine Area. Journal of Open Archaeology Data 9(0). 0. Ubiquity
Press: 1. DOI: 10.5334/joad.72.

McPartland JM, Hegman W and Long T (2019) Cannabis in Asia: its center of origin and early cultivation, based on a synthesis of
subfossil pollen and archaeobotanical. studies. Vegetation History and Archaeobotany 28: 691-702.

Mercuri A, Bandini Mazzanti M, Florenzano A, Montecchi M, Rattighieri E, et al. (2013) Anthropogenic Pollen Indicators (API)
from archaeological. sites as Local. Evidence of Human-Induced Environments in the Italian Peninsula. Annali di Botanica 3:
143-153.

Mercuri A, Bandini Mazzanti M, Florenzano A, Montecchi M and Rattighieri E (2013) Olea, Juglans and Castanea: The OJC
group as pollen evidence of the development of human-induced environments in the Italian peninsula. Quaternary International
303: 24-42.

Molina RT, Rodriguez AM, Palaciso IS, et al. (1996) Pollen production in anemophilous trees. Grana 35: 38-46.

Montgomery DR (2007) Dirt: The Erosion of Civilizations. 1%t edition. University of California Press, Berkeley, United States,
295 pp.

Moore T and Armada X-L (eds) (2012) Atlantic Europe in the First Millennium BC: Crossing the Divide. Oxford: Oxford
University Press. https://doi.org/10.1093/acprof:0sobl/9780199567959.001.0001.

Morales-Molino C, Vescovi E, Krebs P, et al. (2015) The role of human-induced fire and sweet chestnut (Castanea sativa Mill.)
cultivation on the long-term landscape dynamics of the southern Swiss Alps. The Holocene 25: 482-494.

Morales-Molino C, Steffen M, Samartin S, et al. (2021) Long-Term Responses of Mediterranean Mountain Forests to Climate
Change, Fire and Human Activities in the Northern Apennines (ltaly). Ecosystems 24: 1361-1377.

Mottl O, Flantua SGA, Bhatta KP, et al. (2021) Global acceleration in rates of vegetation change over the past 18,000 years.
Science 372: 860-864.

[92]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages
Niebieszczanski J, Hildebrandt-Radke I, Vouvalidis K, et al. (2018) Geoarchaeological. evidence of landscape transformations at

the Neolithic and Bronze Age settlement of Nea Raedestos in the Anthemous River valley, central Macedonia, Greece.
Quaternary Research: 1-20.

Noti R, Leeuwen JFN van, Colombaroli D, et al. (2009) Mid- and late-Holocene vegetation and fire history at Biviere di Gela, a
coastal lake in southern Sicily, Italy. Vegetation History and Archaeobotany 18: 371-387.

Palmisano A, Bevan A and Shennan S (2018) Regional Demographic Trends and Settlement Patterns in Central Italy:
Archaeological Sites and Radiocarbon Dates. Journal of Open Archaeology Data 6(1). 1. Ubiquity Press: 2. DOI:
10.5334/joad.43.

Palmisano A, Bevan A and Shennan S (2017) Comparing archaeological proxies for long-term population patterns: An example
from central Italy. Journal of Archaeological Science 87: 59-72.

Pantaléon-Cano J, YII E-I, Pérez-Obiol R, et al. (2003) Palynological. evidence for vegetational history in semi-arid areas of the
western Mediterranean (Almeria, Spain). The Holocene 13: 109-119.

Di Pasquale G, Allevato E, Ermolli ER, et al. (2010) Reworking the idea of chestnut (Castanea sativa Mill.) cultivation in Roman
times: new data from ancient Campania. Plant Biosystems 144 865-873. DOI: 10.1080/11263504.2010.491974.

Pedrotta T, Gobet E, Schwdrer C, et al. (2021) 8,000 years of climate, vegetation, fire and land-use dynamics in the thermo-
mediterranean vegetation belt of northern Sardinia (Italy). Vegetation History and Archaeobotany 30: 789-813.

Pignatti S, Menegoni P and S Pietrosanti (2005) Bioindicazione attraverso le piante vascolari. Valori di indicazione secondo
Ellenberg (Zeigerwerte) per le specie della Flora d’Italia. Braun-Blanquetia 39: 1-97.

Plants for a future (2018). Available at: http://www.pfaf.org/ (accessed 3 June 2021).

Prentice 1C and Webb T (1986) Pollen percentages, tree abundances and the Fagerlind effect. Journal of Quaternary Science 1:
35-43.

R Core Team (2020) R: A Language and Environment for Statistical. Computing. Vienna, Austria: R Foundation for Statistical.
Computing. Available at: https://www.R-project.org/.

Regal PJ (1982) Pollination by Wind and Animals: Ecology of Geographic Patterns. Annual Review of Ecology and Systematics
13: 497-524.

Rey F, Schworer C, Gobet E, et al. (2013) Climatic and human impacts on mountain vegetation at Lauenensee (Bernese Alps,
Switzerland) during the last 14,000 years. The Holocene 23: 1415-1427.

Rey F, Gobet E, van Leeuwen JFN, et al. (2017) Vegetational and agricultural dynamics at Burgaschisee (Swiss Plateau) recorded
for 18,700 years by multi-proxy evidence from partly varved sediments. Vegetation History and Archaeobotany 26: 571-586.

Rey F, Gobet E, Schworer C, et al. (2019a) Causes and mechanisms of synchronous succession trajectories in primeval Central
European mixed Fagus sylvatica forests. Journal of Ecology 107: 1392-1408.

Rey F, Gobet E, Szidat S, et al. (2019b) Radiocarbon Wiggle Matching on Laminated Sediments Delivers High-Precision
Chronologies. Radiocarbon 61: 265-285.

Rey F, Gobet E, Schworer C, et al. (2020) Climate impacts on deglaciation and vegetation dynamics since the Last Glacial
Maximum at Moossee (Switzerland). Climate of the Past 16: 1347-1367.

Roberts CN, Woodbridge J, Palmisano A, et al. (2019) Mediterranean landscape change during the Holocene: Synthesis,
comparison and regional trends in population, land cover and climate. The Holocene 29: 923-937.

Roos-Barraclough F, van der Knaap WO, van Leeuwen JFN, et al. (2004) A Late-glacial and Holocene record of climatic change
from a Swiss peat humification profile. The Holocene 14(1). SAGE Publications Ltd: 7-19. DOI: 10.1191/0959683604h1685rp.

[93]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Russo EB (2007) History of Cannabis and Its Preparations in Saga, Science, and Sobriquet. Chemistry & Biodiversity 4: 1614—
1648.

Russo Ermolli E, Ruello MR, Cicala L, et al. (2018) An 8300-yr record of environmental and cultural changes in the
Sant’Eufemia Plain (Calabria, Italy). Quaternary International 483: 39-56.

Rykiel EJ (1996) Testing ecological. models: the meaning of validation. Ecological. Modelling 90: 229-244.

Schwdrer C, Kaltenrieder P, Glur L, et al. (2014) Holocene climate, fire and vegetation dynamics at the treeline in the
Northwestern Swiss Alps. Vegetation History and Archaeobotany 23: 479-496.

Schwérer C, Colombaroli D, Kaltenrieder P, et al. (2015) Early human impact (5000-3000 BC) affects mountain forest dynamics
in the Alps. Journal of Ecology 103: 281-295.

Shennan S, Downey SS, Timpson A, et al. (2013) Regional population collapse followed initial agriculture booms in mid-
Holocene Europe. Nature Communications 4: 2486. https://doi.org/10.1038/ncomms3486.

Stephens L, Fuller D, Boivin N, et al. (2019) Archaeological assessment reveals Earth’s early transformation through land use.
Science 365: 897-902.

Tinner W and Theurillat J-P (2003) Uppermost Limit, Extent, and Fluctuations of the Timberline and Treeline Ecocline in the
Swiss Central Alps during the past 11,500 Years. Arctic, Antarctic, and Alpine Research 35: 158-169.

Tinner W, Ammann B and Germann P (1996) Treeline Fluctuations Recorded for 12,500 Years by Soil Profiles, Pollen, and Plant
Macrofossils in the Central Swiss Alps. Arctic and Alpine Research 28: 131-147.

Tinner W, Hubschmid P, Wehrli M, et al. (1999) Long-term forest fire ecology and dynamics in southern Switzerland. Journal of
Ecology 87: 273-289.

Tinner W, Lotter AF, Ammann B, et al. (2003) Climatic change and contemporaneous land-use phases north and south of the Alps
2300 BC to 800 AD. Quaternary Science Reviews 22: 1447-1460.

Tinner W, Conedera M, Ammann B, et al. (2005) Fire ecology north and south of the Alps since the last ice age. The Holocene
15:1214-1226.

Tinner W, Nielsen EH and Lotter AF (2007) Mesolithic agriculture in Switzerland? A critical review of the evidence. Quaternary
Science Reviews 26: 1416-1431.

Tinner W, van Leeuwen JFN, Colombaroli D, et al. (2009) Holocene environmental and climatic changes at Gorgo Basso, a
coastal lake in southern Sicily, Italy. Quaternary Science Reviews 28: 1498-1510.

Trondman A-K, Gaillard M-J, Mazier F, et al. (2015) Pollen-based quantitative reconstructions of Holocene regional vegetation
cover (plant-functional types and land-cover types) in Europe suitable for climate modelling. Global Change Biology 21: 676—
697.

Tserendorj G, Marinova E, Lechterbeck J, et al. (2021) Intensification of agriculture in southwestern Germany between the
Bronze Age and Medieval period, based on archaeobotanical. data from Baden-Wirttemberg. Vegetation History and
Archaeobotany 30: 35-46.

Turner J (1964) The anthropogenic factor in vegetational history. New Phytologist 63: 73-90.

Tweddle JC, Edwards KJ and Fieller NRJ (2005) Multivariate statistical. and other approaches for the separation of cereal from
wild Poaceae pollen using a large Holocene dataset. Vegetation History and Archaeobotany 14: 15-30.

Urban NA, Swihart RK, Malloy MC, et al. (2012) Improving selection of indicator species when detection is imperfect.
Ecological. Indicators 15: 188-197.

Vanniére B, Colombaroli D, Chapron E, et al. (2008) Climate versus human-driven fire regimes in Mediterranean landscapes: the
Holocene record of Lago dell’ Accesa (Tuscany, Italy). Quaternary Science Reviews 27: 1181-1196.

[94]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

Vescovi E, Ravazzi C, Arpenti E, et al. (2007) Interactions between climate and vegetation during the Lateglacial period as
recorded by lake and mire sediment archives in Northern Italy and Southern Switzerland. Quaternary Science Reviews 26: 1650—
1669.

Vescovi E, Kaltenrieder P and Tinner W (2010a) Late-Glacial and Holocene vegetation history of Pavullo nel Frignano (Northern
Apennines, Italy). Review of Palaeobotany and Palynology 160: 32-45.

Vescovi E, Ammann B, Ravazzi C, et al. (2010b) A new Late-glacial and Holocene record of vegetation and fire history from
Lago del Greppo, northern Apennines, Italy. Vegetation History and Archaeobotany 19: 219-233.

Wehrli M, Tinner W and Ammann B (2007) 16 000 years of vegetation and settlement history from Egelsee (Menzingen, central
Switzerland). The Holocene 17: 747-761.

Wickham H, Averick M, Bryan J, et al. (2019) Welcome to the Tidyverse. Journal of Open Source Software 4: 1686.
https://doi.org/10.21105/j0ss.01686.

Willich AFM (1802) The Domestic Encyclopaedia; or, A Dictionary of Facts, and Useful Knowledge, Comprehending a Concise
View of the Latest Discoveries, Inventions, and Improvements, Chiefly Applicable to Rural and Domestic Enconomy ... London:
Murray and Highley. Available at: https://catalog.hathitrust.org/Record/005782729 (accessed 2 December 2021).

Williams JW, Grimm EC, Blois JL, et al. (2018) The Neotoma Paleoecology Database, a multiproxy, international, community-
curated data resource. Quaternary Research 89: 156-177.

Zinnen J, Spyreas G, Erdés L, et al. (2021) Expert-based measures of human impact to vegetation. Applied Vegetation Science 24:
€12523. https://doi.org/10.1111/avsc.12523.

Zohary D, Hopf M and Weiss E (2012) Domestication of Plants in the Old World: The Origin and Spread of Domesticated Plants
in Southwest Asia, Europe, and the Mediterranean Basin. Oxford University Press, Oxford, United Kingdom.

[95]



Manuscript 3 - A new indicator approach to reconstruct agricultural land use from sedimentary pollen assemblages

(a) Environmetal gradients of calibration sites

Latitude  47° 45° 43° 41° 39° 37° N
T T \ T T T
e el : : .
00\}@02“\03\9.\“@ Submedilerranean ©  Mesomedilerranean Thermomediterranean vegetation
{“Q"\ 5} 'A\Q\“' : belt
i | : : MAT (°C
-~ NAlps S Alps : : e
% 3000, : : : : -5 I
; 2000‘ .\\?‘ Appenines’ : -0
~ 1 i i : : 5
g [ CAp I C ltaly : . N
£ 1000/ Lo S‘t‘. A : sardinia Sicily 10
g | wiss I : - 15
o ol  Plateau = f\&_,_,_ef_i_éii ° e o |

SteNo. 1-4:5-9 101 12 131415 16 ‘ 17 18 19 20

(b) Anthropogénic Indicative Value {AlV) for the selected pollen indicators included in the LUP index
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Figure 1. (a) Environmental gradients of the pollen sites considered in this study: Elevation (m a.s.l.), mean annual
temperature (MAT; °C), latitude (°N), geographical. region and vegetation belts. (b) Selected pollen indicators and
their corresponding anthropogenic indicative values (AlV) in the land use probability (LUP) index. PI1 others (8):
Avena-t., Hordeum-t., Triticum-t., Secale-t., Zea mays, Pisum sativum, Vicia faba-t., Fagopyrum, Linum
usitatissimum-t. * denotes pollen indicators with reduced or not AV in at least one vegetation belt. The LUP index
does not consider the use of Olea europaea, Plantago lanceolata-t. and Urtica dioica-t. in the thermomediterranean
vegetation belts. Juglans regia is seldom recorded in the thermomediterranean study sites. Site No.: 1= Egelsee
(Menzingen), 2= Burgaschisee, 3= Soppensee, 4= Moossee, 5= Bachalpsee; 6= Lej da San Murezzan, 7= Lej da
Champfér, 8= Lengi Egga, 9= Gouillé Rion, 10= Lago di Origlio, 11= Lago di Muzzano, 12= Lago Piccolo di
Avigliana, 13= Pavullo nel Frignano, 14= Lago del Greppo, 15=Lago di Massaciuccoli, 16=Lago dell'Accesa,

17=Lago di Baratz, 18=Sa Curcurica, 19=Gorgo Basso, 20=Biviere di Gela.
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Figure 2. Calibration sites and buffer areas used to select the radiocarbon data. The radius around the sites is
50 km for all sites with exception of the thermomediterranean areas in Sardinia and Sicily, due to the

reduced number of available radiocarbon dates due to coastal location.
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Figure 3. Boxplots of the land use probability (LUP) index response to degrees of human impact intensity (Deza-

Araujo et al., 2020) in the calibration sites: 1= Egelsee (Menzingen), 2= Burgdaschisee, 3= Soppensee, 4= Moossee, 5=

Bachalpsee; 6= Lej da San Murezzan, 7= Lej da Champfer, 8= Lengi Egga, 9= Gouillé Rion, 10= Lago di Origlio, 11=

Lago di Muzzano, 12= Lago Piccolo di Avigliana, 13= Pavullo nel Frignano, 14= Lago del Greppo, 15=Lago di

Massaciuccoli, 16=Lago dell'Accesa, 17=Lago di Baratz, 18=Sa Curcurica, 19=Gorgo Basso, 20=Biviere di Gela. The

degrees of Human Impact Intensity correspond with the following archaeological and historical periods: very low=

Palaeolithic and Mesolithic; low= Neolithic; moderate= Bronze Age; high= Iron Age, Roman Imperial Period, Early

Middle Ages; and very high= High Middle Ages, Modern Era.
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Figure 4. Land use probability (LUP) index at some of the sites included in the calibration dataset. Only one site per
vegetation belt is shown (see Figure S2 for the curves of all the sites of the calibration dataset). Y-axis “LUP” is
limited to a maximum of 100. In grey, the curve of radiocarbon proxy calculated from sites within a 50-km radius
buffers around the sites combined into one curve per vegetation type (subalpine/alpine to thermomediterranean, see
Fig. 2) used for archaeological validation, except at the thermomediterranean sites, where the buffers had 100-km

radius.
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Figure 5. Validation of the land use probability (LUP) index with independent sites: A= Etang de la Gruere, B=
Launensee, C= Iffigsee, D= Hopschensee, E= Lago del Segrino, F= Lago Verdarolo, G= Limni Zazari, H= Lago di
Martignano, 1= Ojos de Villaverde, J= Stagno di Chia, K=San Rafael.

Y-axis “LUP” is limited to a maximum of 100. In gray, the curve of radiocarbon proxy calculated from sites within a
50-km radius buffers around the sites combined into one curve per vegetation type (subalpine/alpine to
thermomediterranean, see Fig. 2) used for archaeological validation, except at the thermomediterranean sites, where

the buffers had 100-km radius. For the individual site plots, see Figure S3.
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Table 1. Main features of the palynological. records considered in the calibration of the land use probability (LUP)
index.

Vegeta LatCN)  gonn Aven Age range (el R0 LT potrnce
as.l) 2017)
%Miﬂiliii;een) ggégg;‘go' 770 12 50-16200 8.7 Wehrli et al., 2007
2
§ 2. Burgaschisee Ao 465 21 -50- 18700 89 gg{ge;;aééjgiifgggaa"'
e
% 3. Soppensee 37028(1"1‘51 596 227 50— 14200 8.6 Lotter, 1999
o TES w a e o kv
5. Bachalpsee GooTON0 2265 8 150 — 12900 0.2 Lotter et al., 2006
% oLt rooro® 1768 78 -50-11900 19 Gobet et al., 2003, 2005
% 7. Lej da Champfér g%g;iggs 1791 50  -50- 11850 18 Gobet et al., 2003, 2005
% 8. Lengi Egga 2000 2557 289 1012600 06 Tinner and Theurillat, 2003
9. Gouillé Rion ‘7‘63%3%2 2343 016  -50— 11950 1.0 Tinner et al., 1996
10. Lago di Origlio ;‘%ggggg‘r" 416 8 -50 18900 106 Tinner et al., 1999
foam EER w2 omew  ows e
% i\z\;igﬁgg:icco'o o 4o0%000 36 60 32019350 118 \E/:EEEE%%;E? t%z%?,' 2006;
§ Frd pavullo el 1oSAES 615 S 10016300 126 Vescovi et al., 2010a
14. Lago del Greppo igééggéé 1442 2'01 -50 — 14950 6.7 Vescovi et al., 2010b
£ .2 o Lagodi s o 700 0-7000 15 Colombaro el 2007
S ®Z 16 Lago dellAccesa i‘ggggggg 157 16 50-11600 14.2 ggg)g?]\k;z;%liléerteﬂt.’azl.(,)g%%
o 17 Lago di Baratz ~ 20:88089, o, 60  -20-8000 158 Pedrotta et al., 2021
£ 8.22551
% 18. Sa Curcurica prenial 38 -50-8100 17.3 Beffa etal., 2016
g % 19. Gorgo Basso i;ggggg 6 3 -50- 10200 18.1 Tinner et al., 2009
EE  20BivierediGela S 1 120 -50-7350 185 Noti et al., 2009
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Excellent indicator
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Poor indicator

(XX X 0000 ©000 @000
Overall Adventive- Taxonomic Pollen 5@2222 tiIrE1JI | roever[a-sentation
indicative . production/ rep
capacit ness resolution deposition the pollen in the pollen
pacity P diagram diagram
:;']Lérizz?ofsuen Excellent Adventive= High= High= Always= ?Irrl?ss_t Never
indicator Excellent Excellent Excellent Excellent .
Excellent
_ _ Almost
qur Apophyte= Low= Poor Low= Poor Rarely = Always True
indicator Poor Poor —p
= Poor
Included in the LUP index
PI1
Avena-type (Y X (Y X (XX X (XX X 0000 (XY X}
Fagopyrum (Y X)) (XY X (XY X (XX X 0000 (XY X}
Hordeum-type (XY X (XY X (XY X (XY X 0000 (XYY X
Triticum-type (Y Y X (Y Y X (XY X (XY X 0000 (XY X}
Zea mays (Y Y X (XY X (XY X (XY X 0000 (XY X}
Pisum sativum (XYY X (Y Y X (XY X (XY X 0000 (XY X}
Secale cereale (Y Y X (XY X (XY X (XY X 0000 (XY X}
Vicia faba-type (XX ¥ (XX X (XX X (XX X 0000 (XX Y )
Linum usitatissimum-
type (XY X (XY X (XY X (XY X 0000 (XY X}
PI1 - other
Cannabis sativa-type (Y Y X (Y Y X (Y Y X @000 (XY X @000
Cerealia-type* (XY X (XY X 0000 (XY X (XY X YyYr}
P12
Castanea sativa8 (Y YY) 0000 (XY X 0000 (XY X YYr}
Juglans regia8 (XY X 0000 (XY X 0000 (XYY X (XYY X
Olea europaea§ (XY X 0000 (XY X @000 (XY X @000
ADV
Plantago lanceolata-
type (XY X (XY X (XY X 0000 (XYY X (XYY}
APO
Mercurialis annua (YY X 0000 (XY X 0000 (XYY X (XYY X
Urtica dioica-type (XX X 0000 (XX X 0000 (XYY X (XYY}

Table 2. Pollen indicators included in the land use probability (LUP) index and results of the four-point scale analysis to measure

empirical relationships between various aspects of the indicators and their importance to record land use in pollen diagrams
(Bradshaw et al., 1981; Brostrom et al., 2005; Deza-Araujo et al., 2020, 2021; Lang, 1994; Molina et al., 1996; Prentice and

Webb, 1986). See also Table S1 for a complete list of the cultural indicator pollen types considered in the analysis but eventually

not included in LUP. *Cerealia-t. refers to the same Cerealia taxa indicated in P11, but at lower taxonomic resolution.

P11 =primary indicators (crops) non-native to Europe; P12 =primary indicators native to Europe. Sl= secondary indicators

(weeds): ADV= adventives (non-native); APO= apophytes (native). (8) adventive in the colline/montane and subalpine vegetation

belts
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Table 3. Main features of the palynological records considered in the external validation of the land use probability
(LUP) index.

Vegetation Site Lat (°N), Elevation  Area Age range MAT Reference
belt Long (°E) (mas.l) (ha) (cal. yr BP) (°C)
Collinel A) Etang de la Gruére %ggggge' 1005 225 ﬁ’go’o 55 ;?0236'32"“'0“9“ et
montane gy | aunensee B 1381 878  -50-14200 49  Reyetal, 2013
subalpines  ©) Iffisee BNl 2065 10 50-11250 65 gggfozrg;gt a,
alpine D) Hopschensee g%ggggg 2026 1 1220’0 7 Curdy etal., 2020
E) Lago del Segrino g o200 374 38 50-14350 12 Gobetetal, 2000
f;lr’amnggg F) Lago Verdarolo 10559222 1390 1 50 — 14450 6 'gforzaggsl Al &
G) Limni Zazari gg’gi?g; " 606 200 50-22300 123 Gassner etal, 2020
T
e ) Ojos de Villaverde  Sio00” T 870 0 50-9700 1314  Carrion etal, 2001
Thermome- J) Stagno di Chia 28834918%2 0 16 -50 — 7850 19 Unpublished data
diterranean . <1 Rafael T 0 e L 0-20580 18-21 gﬁf‘%gg”'cano et
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Figure S1. Methodology workflow for the land use probability (LUP) index.
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Table S1. Complete list of pollen indicators present in our study areas and the results of the four-point scale analysis to measure
empirical relationships between various aspects of the indicators and their importance to register human land use in pollen

diagrams.

Excellent indicator

Good indicator

Fair indicator

Poor indicator

(XY X 000 0000 @000
icr)]\é?g::ve Adventive- Taxono_mic E?c!:jeunction / 5@2222 tiIrE1JI | _roe\éer[asentation
capacity ness resolution deposition the pollen in the pollen

Human Pollen diagram illérir?(:;nrllever

indicators !Exc_ellent Adventive= High= High= Always= true =
indicator Excellent Excellent Excellent Excellent excellent
ndicator | poor - Low=Poor  Low=poor  pEUV= RIS

Included in the LUP index

PI1

Avena-type (XYY X (XYY X (XY X (XY X 0000 (XYY Y}

Fagopyrum T XY eooo eooo (XY X)) (X X Yo (XY X

Hordeum-type eooo eooo (XYY X (XY X)) [ X X Yo (XY X

Triticum-type eooo eooo eooo (XY X [ X X Yo (XY X

Zea mays eooo eooo (XYY X (XY X)) [ X X Yo (XY X

Pisum sativum (XY X (XY X (XYY X (XY X)) [ X X Yo (XYY Y}

Secale cereale eooo eooo (XYY X (XY X [ X X Yo (XY X

Vicia faba-type (XX X (XX X (XX X (XX X 0000 (XX Y

tl.yig:musitatissimum- (Y Y X (Y Y X (XYY X)) (XYY X (X X Yo (XY X

PI1 - other

Cannabis sativa-type (Y Y X (XY X (YY X @000 (XY X @000

Cerealia-type* (Y Y X (Y Y X (Y X Yo (XYY X (XY X (XY X

PI2

Castanea sativa§ (XX Y 0000 (XYY X 000 'YX Y) (YYY}

Juglans regia8 (Y Y X 0000 (XYY X 000 (XY X)) (YYY}

Olea europaea§ (Y Y X 0000 (XYY X @000 (XY X)) @000

ADV

Fylggtagolanceolata- (Y Y X (Y Y X (XYY X 000 (XY X)) (XY X

APO

Mercurialis annua (Y XY} ©000 eoo0o 0000 o000 (XX Y)

Urtica dioica-type (XY X 0000 (XYY X 0000 (XYY X (XYY}

NOT Included in the LUP index

P12

Ficus carica (X X Yo Y X Yo (XYY X (XY X)) @000 (YYY}

Vitis [ X X Jeo) ®000 eoo0o 0000 ®000 @000

ADV

Agrostemma githago 000 000 (Y Y X 0000 @000 (Y Y X

Arenaria 000 000 (Y Y X 0000 @000 (Y Y X

Bromus 000 000 (Y Y X 0000 @000 (Y Y X

Centaurea cyanus-

type 000 000 (XY X 0000 @000 (XX Y

Nigella 0000 0000 (XY X L X YeoJeo) @000 (XX X )
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Persicaria maculosa-

type 000 000 (Y Y X 0000 @000 (Y YY)
Plantago major 0000 0000 o000 ' X YeoJo) @000 (XX X )
Plantago media 0000 0000 (XX X ©000 @000 (XXX}
Eﬁ;ﬁ%;)pr:ajorm 000 000 (Y Y X 0000 @000 (Y YY)
tF;:)Ig/gonumawculare- 000 000 Y Y X 000 @000 @000
Scleranthus 0000 0000 (XX X ©000 @000 @000
Spergula-type 000 000 (Y Y X 000 @000 @000
Torilis japonica 0000 0000 o000 0000 @000 (XX X )
APO

Achillea-type ©000 @000 X X Jo) ' X YeoJeo! @000 (XYY X))
Adonis 0000 ®000 0000 ©000 @000 (XX X )
Amaranthaceae ' X YeJeo) @000 @000 @000 @000 @000
Ambrosia 0000 ®000 0000 0000 @000 (XX X )
Anthemis-type 000 @000 0000 0000 @000 (XX X )
g/r;)tgrlscussylvestns- ' X YeJeo) @000 000 @000 @000 (XYY X))
Artemisia ' X YeJeo) @000 'Y X Yo @000 @000 o000
Asteraceae subf. 'Y X Yo @000 'Y X Yo @000 ' YY X (Y YY)

Asteroideae**

Apiaceae L1 JeJe] @000 @000 000 @000 [ JeJoje]

Asteraceae subf.

Cichorioideae [ Y X Yo @000 0000 @000 @000 (XY X
Bellis 0000 ®000 0000 000 ®000 (XY X}
Bidens-type 0000 @000 [ Y X Yo 0000 @000 (XY X
Brassicaceae 000 @000 @000 @000 @000 @000
Caltha-type 000 @000 ' Y X Yo 0000 @000 (XY X
Calluna vulgaris 0000 @000 0000 ' X YeoJo) @000 (XYY X
Campanulaceae X Yol @000 X YoJeo! X YeoJeo! @000 (Y YY)
Cannabaceae 0000 @000 0000 @000 @000 (XY X
g?g;fcc:ilgggzesubf. 0000 @000 @000 0000 @000 (XY X
Carum carvi 0000 @000 [ Y X Yo 0000 @000 (XY X
Carum-type ' X Yeoleo! ®000 [ X X Jeo) X YeoJeo! @000 (XYY Y
Caryophyllaceae ®000 ®000 ®000 0000 @000 (XYY}
g{;r(eastlumarvense- 0000 000 000 0000 000 (Y Y X
Cyperaceae 000 000 000 0000 (XY X)) @000
Daucus 0000 000 000 0000 000 (Y Y X
Daucus carota 0000 000 000 0000 000 (Y Y X
Dipsacus 0000 000 000 0000 000 (Y Y X
Draba-type 0000 000 000 0000 000 (Y Y X
Erigeron 0000 000 000 0000 @000 (Y Y X))
Gnaphalium-type 0000 ®000 0000 ©000 ©000 (XY Yx}
Heracleum 0000 000 0000 0000 @000 (Y Y X
Humulus-type 0000 000 000 @000 @000 (Y Y X
Jasione-type 0000 000 000 0000 @000 (Y Y X
Juniperus-type ®000 ®000 0000 ®000 ®000 (XX Y]
Knautia 000 @000 000 0000 @000 (XX Y
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Knautia arvensis-type 0000 ®000 0000 ©000 @000 (XXX}
Linum 0000 ®000 0000 0000 ®000 eoo0o
Linum catharticum 0000 ®000 0000 ©000 @000 (XXX}
Linum catharticum-

type 0000 ©000 0000 ' X JeoJe! ®000 (XYY
Melampyrum 0000 ©000 [ X X Jeo) ' X JeJe! @000 (XY X
Orlaya 0000 ©000 (X X Jeo) 0000 @000 (XY X
Orlaya grandiflora 0000 ®000 0000 ©000 @000 (XXX}
tF;lrr)r;pmellamajor- 0000 ©000 [ X X Jeo) ' X JeJe! @000 eoo0o
Pistacia 0000 ®000 (XX X ©000 @000 (XXX}
Plantago ®000 @000 (X X Jeo) ' X YeJe! @000 (XY X
Poaceae ([ X X Jeo) @000 @000 eoo0o @000 @000
Polygonum ©000 @000 X X Jo) ' X YeoJeo! @000 @000
Ranunculaceae @000 @000 @000 ' X YeJe! @000 @000
Ranunculus acris-type 000 @000 0000 0000 @000 (XX X )
Ranunculus arvensis 0000 ®000 0000 0000 @000 (XXX}
Ranunculus-type ' X Yele! @000 X X Jo) ' X Jele! @000 (XY X
Rumex acetosa-type [ X X Jeo) @000 X X Jo) ' X Jele! @000 (XY X
/RF;J.;n;Xtci;%eltIg??ype [ X X Jeo) @000 X X Jo) ' X Jeole! @000 (XYY Y)
Rumex acetosella-

type [ X X Jeo) @000 X X Jo) ' X Jele! @000 o000
Rumex obtusifolius-

type ' X Yeole! @000 X X Jo) ' X Jele! @000 o000
Saponaria ' X Yeole! @000 X X Jo) ' X Jele! @000 (Y YY)
Senecio-type ' X Yeole! @000 X X Jo) ' X Jele! @000 (Y YY)
Scabiosa 000 @000 (Y X Yo ' X Jele! @000 (Y YY)
?;;glosacolumbarla- ' X Yeole! @000 X X Jo) ' X Jeole! @000 (Y YY)
Silene-type 000 @000 (Y X Yo ' X Jele! @000 (Y YY)
Sinapis @000 @000 [ X X Jo) ' X Jele! @000 (XYY Y)
Succisa ' X Yele! @000 [ X X Jo) ' X Jele! @000 (XYY Y)
Succisa pratensis-type @000 @000 [ X X Jo) ' X Jele! @000 (XYY Y
Trifolium pratense-

type [ X X Jeo) @000 [ X X Jo) ' X Jele! @000 (XYY Y)
Trifolium repens-type 0000 ®000 0000 0000 @000 (XYY}
Trifolium-type 0000 ®000 0000 0000 ©000 (XYY}
Urtica ' X Yele! @000 @000 ' X Jele! Yry! (XYY Y)
Urtica membranacea ' X Yele! @000 [ X X Jeo) ' X Jele! LY X Jo) (XYY Y)
Vicia/Lathyrus-type ©000 ®000 0000 0000 @000 (XYY}
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Table S2. Selected cultural indicator pollen types of the land use probability (LUP) index, showing their presence (x) or absence
(-) in each calibration site: Site No.: 1= Egelsee (Menzingen), 2= Burgéschisee, 3= Soppensee, 4= Moossee, 5= Bachalpsee; 6=
Lej da San Murezzan, 7= Lej da Champfér, 8= Lengi Egga, 9= Gouillé Rion, 10= Lago di Origlio, 11= Lago di Muzzano, 12=
Lago Piccolo di Avigliana, 13= Pavullo nel Frignano, 14= Lago del Greppo, 15=Lago di Massaciuccoli, 16=Lago dell'Accesa,

17=Lago di Baratz, 18=Sa Curcurica, 19=Gorgo Basso, 20=Biviere di Gela.

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Avena-type X - - - - X X - - - - - - - - - - - - -
Fagopyrum - - - - - L x - x x - - - - - - - - -
Hordeum-type N . - ...
Triticum-type S
Zea mays - - X X X X - X - X - - - - X - - - - X
Pisum sativum S S v
Secale cereale X X X X X X X X X X X X - X X - - - - X
Vicia faba-type v
Linum

usitatissimum-type [ x x - - x x - - - x - - - - - - - - X -
PI1 - other

Cannabis sativa-

type X X - - X X X X - X X - - X X X X X X X
Cerealia-type X X X X X X X X X X X X X X X X X X X X
P12

Castanea sativa X X X X X X X X X X X X X X X X X X X X
Juglans regia X X X X X X X X X X X X X X X X X X - X
Olea europaea - X - - X X X X X X X X X X X X X X x x
ADV

Plantago

lanceolata-type X X X X X X X X X X X X X X X X X X x X
APO

Mercurialisannua | x x - x x - - - - - - - - x - x x - x x
Urtica dioica-type | - x - - - - - - - - . - . - - X - x X
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Table S3. Archaeological data used to calculate radiocarbon date frequency distributions.

Vegetation belt Site Name Longitude Latitude No dates
Colline/montane Abri Bergilbalm 8.75 46.97
Colline/montane Abri de la Souche 7.12 46.75 1
Colline/montane Abri des Gripons 7.15 47.37 1
Colline/montane Abri St Joseph 7.38 47.47 8
Colline/montane Aesch/Clus/Tschéapperli 7.57 47.47 6
Colline/montane Affoltern, Zwillikon-Weid 8.43 47.29 2
Arlesheim, Birseck-
Colline/montane Ermitage 7.63 47.5 7
Colline/montane Auvernier, La Saunerie 6.88 46.98 19
Colline/montane Baar - Friiebergstrasse 8.52 47.2 2
Colline/montane Baar ZG, Martinspark 8.52 47.19 5
Colline/montane Baar - Friiebergstrasse 8.52 47.2 3
Colline/montane Baie d'Auvernier 6.88 46.97 1
Basel BS,
Colline/montane Neuhausstrasse 31 7.6 47.58 1
Colline/montane Birch, Dudingen 7.19 46.86 1
Colline/montane Birmensdorf-Rameren 8.45 47.36 14
Birmensdorf-
Colline/montane Wannenboden 8.46 47.34 3
Colline/montane Birsmatten, Basisgrotte 7.55 47.45 8
Colline/montane Boswil AG, Eibolde 8.32 47.29 2
Colline/montane Burgaschisee-Sid 7.67 47.15 2
Colline/montane Cham - Eslen 8.46 47.18 6
Cham - St. Andreas,
Colline/montane Strandbad 8.47 47.18 1
Colline/montane Cham-Oberwil 8.46 47.21 13
Colline/montane Champreveyres 6.97 47.02 1
Courgevaux FR, Le
Colline/montane Marais 1 7.1 46.91 2
Colline/montane Courgevaux-En Triva 7.11 46.91 1
Colline/montane Dachlissen, Wandacher 8.44 47.26 2
Colline/montane Delley-Portalban 6.96 46.91 13
Colline/montane Delley-Portalban I 6.96 46.91 1
Colline/montane Derriére la Croix 6.98 46.88 1
Colline/montane Dolmen of Oberbipp 7.67 47.27 68
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Figure S2. Land use probability index (LUP) at the sites included in the calibration dataset. Y-axis “LUP” is limited to

a maximum of 100.
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Main outcomes and summary

Cultural pollen indicators in pollen records are an established tool to reconstruct the history of human impact on
vegetation and landscape, particularly useful to disentangle the influence of human activities and climatic variability
on ecosystems. To infer human impact from pollen diagrams, Behre (1981) established a list of cultural pollen
indicators that represent plant taxa that benefit from human activities directly (crops) or indirectly (weeds). The
pollen indicators methodology remains the prevalent approach when assessing land-use and its related
anthropogenic impact in pollen diagrams. For this purpose, the list of cultural indicators developed by Behre (1981)
and elaborated by following research has been widely used and adapted in very different geographical, cultural and
vegetational contexts. More recently, index-like approaches, based on the cultural pollen indicators, aim to adapt
the method for numerous geographical locations and land use types. In Manuscript 1, we review the most common
European approaches to assess their performance at six sites spanning a continental gradient over the boreal,
temperate and Mediterranean biomes. We present new insights on how these methodologies can assist in the
interpretation of pollen records and on how a careful selection of pollen types and/or indexes according to the
specific geographical scope of each study is key to get meaningful reconstructions of human activity through time.
We emphasise how important it is to determine if an indicator is adventive (exotic) or apophyte (native) within a
study area. Although we can identify approaches or indexes that perform much better than others, we conclude that
alongside the increasing wealth of pollen datasets there is a need for developing novel tools that may assist for

numeric human-impact reconstructions.

Another factor that affects the indicative capacity of cultural pollen indicators is the taxonomic resolution in
which they are identified. This is because different levels of taxonomic resolution are reached in palynology,
depending on several factors such as the analyst’s expertise, the palynological school, the aim of the study, the
preservation of the pollen grains, the reference collections, the available determination keys and the microscope
facilities. In Manuscript 2, we assess the impact of taxonomic resolution on the indicative capacity of cultural pollen
types. To achieve this, we attribute the pollen types of sixteen sedimentary records, located along a latitudinal
gradient spanning from Switzerland to Italy, to three levels of taxonomic resolution previously proposed at the
European scale (Giesecke et al., 2019). Our results show that higher taxonomic resolution improves the identification
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of human impact by enhancing the indicative power of important pollen indicators widely used in the research field.

On this basis, we identify highly resolved sensitive pollen types, especially some most commonly used such as
Plantago lanceolata-type, Centaurea cyanus, and Cannabis sativa-type. Our results my contribute to the
improvement of palynological reconstructions of land use by identifying key pollen types with important detail of
identification. We conclude that it is essential to aim at highest taxonomic resolutions for reconstructing past human
impact, even if in specific geographical contexts (e.g., the Mediterranean) this might not be sufficient to fully

discriminate human impact from natural processes.

Taken together with these first two studies, we aim to contribute to the improvement of palynological
reconstructions of land use and human impact by identifying key pollen types whose microscopic identification and
origin and timing of introduction requires particular attention. In order to have a semi quantitative methodology and
to further contribute to human pollen reconstructions, we propose a new methodology based on cultural pollen
indicators, the agricultural LUP (Land Use Probability Index), in Manuscript 3. We train the novel index by using the
most suitable cultural indicators found in twenty Holocene pollen sequences along a latitudinal transect
encompassing cool temperate colline/montane, cool to cold subalpine/alpine, warm temperate submediterranean,
warm mesomediterranean, and subtropical thermomediterranean vegetation conditions, in Switzerland and Italy.
We validate the LUP index by (1) applying the generated LUPs to independent pollen records and (2) with a proxy
curve for past human activity generated using radiocarbon data from the archaeological context. We discuss the
potential of our method to be applied along Europe, which may significantly contribute to refine pollen-based land-

use reconstructions in Europe.

To conclude, the cultural pollen indicators methodology (Behre, 1981) was and still is the most important
tool that palynologists have to infer human impact from pollen diagrams. In this thesis, we aim to call attention to
how the methodology is used, especially when adapting it to areas outside its original calibration realm. We
recommend that when identifying human pollen indicators, the highest possible taxonomic precision should be
aimed. Also, it is important to define if a human indicator is an adventive or an apophyte within a study area. This
very much depends on the vegetational context in the different biomes of Europe. In future, novel methodologies as
aDNA or eDNA approaches may additionally inform palaeoecologists and archaeologists to gain better

reconstructions of past human activities.
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