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ABSTRACT

Climate variability during the Holocene (the last 11700 calendar yr b2k) is
relatively subtle whether compared with the higher amplitude characterizing the
last glacial period. Nonetheless, several proxy data (e.g. pollen, plant
macrofossils, glacier length variations), indicate detectable changes In
temperature and/or moisture during this period. Retreating glaciers may uncover
peat sequences that were once ice-buried. Palynological analysis of those
organic deposits provides information on plant communities colonization in

proglacial areas as well as long-distance vegetations signal.

The aim of this study is to investigate the potential of high-altitude pollen records
for vegetation history and climate reconstruction during the Holocene in the
south-western Italian Alps. The study sites are located in the Rutor Glacier area
(La Thuile Valley). Within this thesis, modern (a) and past (b) vegetation and

climate conditions have been analyzed using different methodologies;

a) Modern pollen rain, vegetation, climate and terrain parameters have been
collected at 27 sampling sites placed along an altitudinal gradient from the
village of Morgex (983 m asl) to the Rutor Glacier forefield (2668 m asl). This
altitudinal transect has been designed (i) to provide a robust modern
reference for reliable palaeoenvironmental and quantitative interpretations of
past changes in vegetation composition; (ii) to integrate the newly-obtained
pollen spectra into a large, continental dataset of modern pollen samples
(EMPD - European Modern Pollen Database) for quantitative climate
reconstructions.

b) New paleoecological, stratigraphical and geochronological data have been
obtained from peat deposits (Valter mire, 2594 m asl) and integrated with the
well-known buried peat sequences exposed at 2510 m asl by the '80°° Rutor
Glacier retreat. The result is a composite paleoecological record covering

most of the Holocene.

At the base of the composite sequence, meltwater glacier sediments testify to the
early Holocene development of a proglacial lake, before Abies alba expansion in

the western Italian Alps. These sediments bear the palynological evidence of a
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plant succession testifying to an ecological mechanism of colonization on
deglaciated terrains. Moreover, macrofossil analysis highlighted the local
presence of alpine dwarf - shrubland species (e.g. Ericaceae cf. Vaccinium and

Salix cfr. foetida).

A large open forest belt formed by Pinus cembra developed in the glacier
forefield over 2500 m a.s.l. since 8000 yrs cal BP, suggesting summer
temperatures higher than the modelled climate normals for the reference period
1961-1990.

Between 8000 - 4000 yrs cal. BP timberline was higher than today. A radiocarbon
age obtained from a Pinus cembra wood fragment suggests the occurrence of
pines as high as ca. 2600 m asl at around 5650 yrs cal BP. The dated wood
fragment cannot have been long-distance transported, thus it indicates the
presence of this species in situ. Moreover, paleobotanical proxies and
comparison with the July modeled climate normal at the modern treeline altitude
(i.e. ca. 9.3° C at 2450 m asl), suggest a positive timberline shift of almost 300 m.
For this interval, preliminary pollen-inferred TJul reconstructions show higher
values (up to 3°C) than today (1981-2010).

At around 4000 yrs cal. BP Picea abies and Alnus viridis started to expand. A
progressive climate-driven decline of Pinus cembra took place. Pollen-inferred
TJul shows a cooling of ca. 3 ‘C, compared to the previous period. Locally, a
possibly short-lived cold event occurred around 1140 yrs cal BP and a glacier-
friendly phase may be related to the Late Middle Age (ca. 850 yrs cal. BP).
Finally, the LIA Rutor Glacier advance (max occurred between 1751 — 1864 AD)
is documented in the upper part of the sequence by fluvioglacial deposits.

KEYWORDS

Holocene, Paleoecology, Paleoclimate, Rutor, Alps

A



RIASSUNTO

La variabilita climatica durante ['Olocene (ultimi 11750 anni) ha avuto
un’ampiezza moderata, se confrontata con l'ultimo ciclo Glaciale - Interglaciale.
Tuttavia, alcuni proxy data come il polline fossile, i macroresti vegetali e i
ghiacciai, possono registrare anche modeste variazioni di temperatura e/o
umidita. Durante l'ultimo trentennio, il ritiro dei ghiacciai ha esposto sequenze di
torba prima sepolte sotto il ghiaccio. L’analisi palinologica di questi depositi puo
fornire indicazioni relative a meccanismi di colonizzazione nelle aree proglaciali e

alle trasformazioni della vegetazione a lunga distanza.

Lo scopo di questo lavoro e stato quello di produrre ed elaborare dati stratigrafici
(pollinici, geochimici, radiocarbonici), in contesti di alta quota, per ricostruire la
storia della vegetazione e della variabilita climatica olocenica nelle Alpi
occidentali italiane. | siti di studio si trovano nell’area del Ghiacciaio del Rutor
(Valle di La Thuile). Dati pollinici e vegetazionali attuali (a) e fossili (b) sono stati

analizzati e confrontati utilizzando diverse metodologie;

a) Parametri ambientali attuali (pioggia pollinica, vegetazione, dati climatici e
geomorfologici) provengono da 27 siti disposti lungo un gradiente altitudinale
fra Morgex (983 m sIm) e l'area antistante il Ghiacciaio del Rutor (2668 m
slm). Il transetto altitudinale & stato realizzato i) per fornire un riferimento
moderno alle ricostruzioni paleoambientali; ii) per integrare gli spettri pollinici
qui ottenuti entro un dataset continentale (EMPD - European Modern Pollen
Database) che raccoglie analoghi pollinici moderni.

b) Nuovi dati paleoecologici, stratigrafici e geocronologici sono stati ottenuti dallo
studio di una torbiera (“Valter mire”, 2594 m slm) ed integrati con le ben note
sequenze di torbe (2510 m sIim) rinvenute negli anni ‘80. Il risultato & un

record paleoecologico composito che copre gran parte dell'Olocene.

Alla base della sequenza, depositi limosi testimoniano lo sviluppo di un lago
proglaciale durante I'Olocene antico, precedente all’espansione di Abies alba nel
settore occidentale delle Alpi. Contestualmente, si sviluppa una successione

ecologica primaria di piante erbacee pioniere che colonizzano i terreni deglaciati.
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Inoltre, l'analisi di macrofossili vegetali ha evidenziato la presenza in situ di

arbusti striscianti (es. Ericaceae cf. Vaccinium e Salix cf. foetida).

Pinete con Pinus cembra si addensano progressivamente nella fascia alpina a
partire da ca. 8000 anni cal BP, suggerendo una temperatura media estiva piu
elevata rispetto al trentennio di riferimento 1961-1990.

Fra 8000 - 4000 anni fa, il limite degli alberi si stabilizza a quote mediamente piu
elevate rispetto all'attuale. La datazione radiocarbonica di un frammento di legno
di Pinus cembra suggerisce la presenza di questa specie ad una quota di ca.
2600 m sIm intorno a 5650 anni cal BP. Inoltre, il confronto fra i dati paleobotanici
e la temperatura attuale modellata per il limite degli alberi (T luglio: 9,3 ° C a
2450 m slm), ne suggerisce un innalzamento di circa 300 m durante la fase di
Optimum climatico. Inoltre, ricostruzioni della temperatura del mese piu caldo (T
luglio) su base pollinica, mostrano valori piu elevati (ca. 3 ° C) rispetto all’attuale
(1981-2010).

A partire da circa 4000 anni fa, Picea abies e Alnus viridis si espandono, mentre
un progressivo declino di Pinus cembra sembra essere influenzato dall’inizio di
una fase di deterioramento climatico. Le ricostruzioni climatiche (T luglio) per
guesto intervallo evidenziano una diminuzione di ca. 3 °C, rispetto al periodo
precedente. Localmente, un possibile evento freddo di breve durata é stato
datato ca. 1140 anni cal BP. Una successiva fase di raffreddamento e possibile
espansione del Ghiacciaio del Rutor e stata datata ca. 850 anni cal BP. Infine,
durante la Piccola Eta Glaciale, il Ghiacciaio del Rutor raggiunge la sua massima
estensione (1751 - 1864 DC) BP, documentata nel record “Valter mire” da una
sequenza di depositi fluvioglaciali.

PAROLE CHIAVE

Olocene, Paleoecologia, Variazioni climatiche, Ghiacciaio del Rutor, Alpi
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1. INTRODUCTION

1.1. Climate variability: general concepts and identification of
sensitive archives for its analysis and reconstruction

Since 1990, global mean temperatures have probably been higher than at any
previous time during the last 1000 years (Osborn and Briffa, 2006). In the current
discussion about past climatic variability and climatic change, an often-asked
guestion is whether (and if so, why) comparably warm periods occurred earlier, in
particular during the present interglacial: the Holocene (the last 11700 calendar yr
b2k). Climate variability during the Holocene is relatively subtle if compared with
the larger amplitude that characterized the last glacial period. Nonetheless,
several proxy data (pollen and macrofossils, glacier length variations, lake level
oscillations, tree rings width, lacustrine carbonates, stalagmites and ice cores)

indicate detectable changes in temperature and/or moisture during this period.

Glaciers are especially sensitive to climatic variations on inter-annual to multi-
millennial timescales (Six and Vincent, 2014), as indicated by the modern
widespread glacier retreat coincident with warming over the last century. Detailed
morphological mapping of the moraines, soil stratigraphy in lateral and terminal
moraines, lithostratigraphy of mires close to glacier tongues, pollen analysis,
dendrochronology and lichenometry were combined with archaeological and
historical methods to track changes in glacier size during the Holocene (lvy-Ochs
et al., 2009).

Climatic warming since the mid-1980s led to rapid shrinkage of glacier tongues.
Since then, peat sequences and plant debris have been exposed, allowing to
recognize periods when the glaciers were close to or smaller than their present
sizes (e.g. Joerin et al., 2006). Mires are known to be very sensitive archives of
past climatic and environmental changes. In addition, remote mountain sites
probably offer the only organic archives where continuous high-resolution records
with little or no human impact throughout the Holocene are available. The
palaeobotanical analysis of those organic deposits provide information on plant
communities colonization in proglacial areas as well as long-distance vegetation

signal.



High-elevation environments are particularly sensitive to rapid climate changes
(e.g. Gottfried et al., 2012). In mountainous regions, steep climatic gradients
offering over a short geographical distance many different climate-related
ecosystems. Therefore, sites located at or near an ecotone are well suited for
studies of long-term vegetation history and climate dynamics. In the following the
timberline is understood to be the transition zone between closed forest (density
depends on the tree species and the site conditions) and the most advanced
individuals of the forest-forming tree species (Holtmeyer, 2009, Smith et al.,
2003). It is the most conspicuous vegetation limit in high-mountain areas, a more
or less wide ecotone that has to be understood as a space- and time related
phenomenon. In many cases the existence of a timberline ecotone is the result of
oscillations of the climate, persistence of tall (mature) trees and regeneration
under changing conditions (Holtmeyer, 2009). Since the elevation of the upper
treeline (i.e. the uppermost limit of trees reaching at least a 3 m-height) in
mountain areas is strongly controlled by climate, especially by temperature range
during the growing season (Kérner, 1998), past changes in treeline position have
been widely used to infer climate variations. Treeline changes during the
Holocene have been reconstructed in various ways, mainly using pollen
analyses, sometimes supplemented by plant macrofossil data (Tinner & Theurillat
2003).

While the suitability of pollen data for palaeoenvironmental reconstructions
has long been tested and proved, its potential for quantitative paleoclimate
estimations has not yet been fully explored and understood. The application of
calibration and regression technigues on paleoecological records offers the
opportunity to obtain pollen-based quantitative estimations of past climate
variables (temperature and precipitation). A continental dataset of modern pollen
samples (EMPD - European Modern Pollen Database; Davis et al., 2013) has
been designed for this purpose. Such approach enlarges the potential of pollen
data, that can be used not only for qualitative descriptions of past vegetation, but
also as climate proxies. With nearly 4800 modern pollen samples, the EMPD
covers a wide variety of ecosystems, from lowland coastal areas to high-altitude
mountain sites. Preliminary tests suggest the potential of pollen data as proxies

for quantitative climate reconstructions (Birks et a., 2010), but also highlight a
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main current limitation of the EMPD database, lacking a sufficient number of
taxonomically-accurately identified pollen spectra from high-altitude alpine sites
(Ortu, 2006). Thus, modern samples along altitudinal gradients in mountain

areas are needed.

Moreover, studies of modern pollen assemblages and their relationship with
vegetation and key environmental factors (e.g. local slopes, exposure to
dominant winds and aspect) are one of the best tools for qualitative and
guantitative reconstruction of paleoenvironments in the light to facilitate the
interpretation of past vertical shifts and changes in vegetation composition
(Canellas-Bolta et al., 2009). Since very few studies of modern pollen rain have
been attempted in mountain environments of southern European countries (e.qg.
Court-Picon et al., 2005, 2006), this procedure remains to be tested against other

sites, plant community and fossil records.

1.2. Aims of the present work

This PhD research aims at investigating the potential of high-altitude pollen
records for vegetation history and climate reconstruction during the
Holocene in the western Italian Alps. The sites selected for multiproxy
paleoecological analysis are located in the Rutor Glacier area (La Thuile Valley).
Within this thesis, modern (a) and past (b) vegetation and climate conditions have

been analyzed using different methodologies;

a) Modern pollen rain, vegetation, climate and terrain parameters have been
collected at 27 sampling sites placed along an altitudinal gradient from the
village of Morgex (983 m asl) to the Rutor Glacier forefield (2668 m asl). This
altitudinal transect has been designed (i) to provide a robust modern
reference for reliable palaeoenvironmental and quantitative interpretations of
past changes in vegetation composition; (ii) to integrate the newly-obtained
pollen spectra into a large, continental dataset of modern pollen samples
(EMPD - European Modern Pollen Database) for quantitative climate

reconstructions.



This part of the research is presented in chapter 1 (Modern pollen-vegetation-
environmental relationships along an altitudinal transect in the western

Italian Alps close to the Rutor Glacier)

b) New paleoecological, stratigraphical and geochronological data have been
obtained from peat deposits (Valter mire, 2594 m asl) and integrated with the
well-known buried peat sequences exposed at 2510 m asl by the '80°° Rutor
Glacier retreat. The result is a composite paleoecological record covering

most of the Holocene.

This part of the research is presented in chapter 2 (Glacier contraction, primary
plant succession and the early-middle Holocene optimum in the Italian
Alps. New evidence from a classical site at the Rutor Glacier) and chapter 3
(Climate-driven vegetation dynamics during the Mid-to-Late Holocene as

recorded in an elevational peat bog close to the Rutor Glacier).
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Modern pollen-vegetation-environmental relationships
along an altitudinal transect in the western Italian
Alps close to the Rutor Glacier

1. INTRODUCTION

In mountain areas, climate parameters vary strongly with altitude, largely
determining the zonation of vegetation, reflected in turn by the pollen rain record
at different elevations. However, if relationships between plant composition in
different vegetation belts and relative pollen percentages recorded in spectra
from high-elevation sites are affected by local vegetation cover, they also depend
on local slopes, exposure to dominant winds, and aspect. Very few studies of
modern pollen rain have been attempted in mountain environments of southern
European countries (Court-Picon et al., 2005, 2006; Cafiellas-Bolta et al., 2009;
Ortu et al., 2010). Analyses of modern pollen rain are essential for a better
understanding of fossil pollen sequences in a particular region, and thus for
pollen-based palaeoenvironment and palaeoclimate reconstructions. In this aim,
moss samples are commonly used as surface samples for local modern pollen
deposition. They are assumed to record an average of several years of pollen
deposition (Rasénen et al., 2004; Pardoe et al., 2010; Lisitsyna & Hicks, 2014)

and can be profitably used as analogues for fossil pollen assemblages.

This paper presents a new altitudinal transect developed in the western Italian
Alps (Aosta Valley). Here modern pollen rain, vegetation, climate and terrain
parameters have been collected at 27 sampling sites placed along an altitudinal
gradient stretching from the village of Morgex (983 m asl) to the Rutor Glacier
forefield (2668 m a.s.l). The transect has been designed (I) to estimate the effect
of local (morphometric) parameters on the relationships linking pollen
percentages variations, elevation and climate; (Il) to provide a robust modern
reference for reliable palaeoenvironmental and quantitative interpretations of past

vertical shifts and changes in vegetation composition, as recognized in the pollen
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records from the high-altitude mires; (lll) to integrate the newly-obtained pollen
spectra into a large, continental dataset of modern pollen samples (EMPD -
European Modern Pollen Database; Davis et al., 2013) for quantitative climate
reconstructions (Birks et al., 2010).

2. STUDY AREA

The study area lies in the La Thuile Valley (Western Alps, ltaly; N 45°64’ E
78°071’) (Fig. 1). The area, displaying mostly a north-west aspect, is characterized
by steep slopes alternating with more flat areas perpendicular to the ice flow
direction. A rocky spur located between 2100 — 2200 m asl hosts a flat area
named Plan de la Liére with the Lac du Glacier; a second one (2400-2500 m asl)
dams up the Lac du Ruitor and Lac des Seracs basins. Finally, a third ridge
culminating at about 2500-2600 m asl hosts two small lakes, named lac Vert and
Lac Gris. These latter lakes occupy the depressions left by the glacier after the
LIA advance (Little Ice Age) and are mainly filled by glacial sediments and
meltwater. Meltwaters also feed the Rutor Stream, which forms the three
cascades that can be admired along the path leading to the Deffeyes mountain
hut.

Vegetation is arranged in a typical altitudinal succession defining three main belts
(montane, subalpine and alpine). These boundaries vary with local topographic
and climatic conditions. Human activities in this area, possibly cattle raising and
forest exploitation, have always played a marginal role, being restricted to the
lower altitudes. This zone is still relatively undisturbed in comparison with other

areas within the same geographical region (Aosta Valley).
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Fig. 1- Location of the studied area is indicated by the red square. Sampling sites

are highlighted by red dots on the ortho-image.



3. MATERIALS AND METHODS

3.1. Development of an altitudinal transect and sampling
strategy

A transet composed by 27 sampling sites (acronyms from Rutor TRS 0 to TRS
35) was developed (Fig. 1) during September-October 2014. The precise
location and descriptive information of the sampling sites are listed in Table 1.
Sampling sites correspond to areas where mosses grow and are mainly located
in the openings of the forest, at least 10 - 15 m far from the nearest tree. To
record their geographical coordinates and altitudes, a hand - held GPS was used.
At each site, digital photos of the sampled moss and four photographs of the
landscape, looking N, S, E and W from the sample point, were taken. Concentric
circles of 1.8 and 10 m-radius around each sampling site were considered for
vegetation surveys following the Braun-Blanquet method (Fig. 2). Furthermore,
main arboreal species were listed and a cover estimation was carried out within a

100 m radius circle.

3.2. Pollen analysis — modern pollen rain data

At each site, three moss samples were collected for pollen analysis within a
circular area of 1,8 m radius (ca 10 m?) to account for small-scale differences in
pollen circulation (Fig. 2). Moss samples may preserve and integrate several
years of pollen rain (Réasanen et al., 2004; Pardoe et al., 2010; Lisitsyna & Hicks,
2014). The thickness of the samples (depth of the moss) varies between ca. 4
and 8 cm. Mosses were sampled down to, but not including, the mineral soil. All
moss samples were processed following standard methods at the Lab. of
Palynology and Palaeoecology of CNR-IDPA in Milano, after adding Lycopodium
tablets for pollen and micro-charcoal concentration estimations (Stockmarr,
1971). A minimum count of 600 pollen grains (e.g. a minimum of 200 grains per
moss) was obtained at each sampling site, aquatics, spores and non-pollen
palynomorphs excluded. Identification was carried out at x400, x630 and x1000
magnifications under a Leica DM-LB light microscope. Pollen identification
followed Moore et al. (1991), Punt and Blackmore (1976-2009), Reille (1992-
1998), Beug (2004) and the CNR pollen reference collection. Non-pollen
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palynomorphs were named after van Geel (1978) and van Geel et al. (1981).
Pollen diagrams were drawn using Tilia ver. 1.7.16 (Grimm, 1991-2011) and
Corel Draw X6 for further graphic elaborations. Pollen zonation was obtained by
a constrained incremental sum of squares cluster analysis, using the Cavalli
Sforza’s chord distance as dissimilarity coefficient (CONISS, Grimm, 1987).

Clustering was restricted to taxa whose pollen reached over 2%.
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Rutor-TRS
sites

Site description

Altitude
(m asl)

Latitude

Longitude

TRS 19

TRS 18

TRS 17

TRS 16

TRS 20

TRS 15

TRS 14

TRS 13

Lightly LIA (Little Ice Age) morain colonized by dry grasslands (e.g. Achillea

moschata, Trifolium badium and isolated patches of Carex curvula)
Rocky slopes with dwarf shrubs (e.g. Salix herbacea)

Telmatic meadows (Nardus stricta and Leontodon cf. helveticus)

surrounded by dwarf shrubs (e.g. Salix herbacea)

Mire surrounded by dry grasslands on steep slopes with scattered shrubs
(e.g. Juniperus nana, Rhododendron ferrugineum, Vaccinium gaultherioides

and Vaccinium uliginosum)

Small fountainhead with telmatic plants (e.g. Carex foetida, Carex fusca)
and briophytes. In the surrounding area: alpine meadows (e.g. Nardus

stricta) on the east facing slopes

Small mire surrounded by dry meadows on rocky slopes (Nardus stricta and

Leontodon helveticus). Pinus cembra krummbholz on rocky patches

Cold moorland with Ericaceae (e.g. Rhododendron ferrugineum, Vaccinium
gaultherioides and Vaccinium myrtillus) together with dwarf shrubs (e.g.
Salix herbacea and Salix foetida). Scattered trees, the nearest at ca. 70 m

far is a Pinus cembra specimen

Wet grassland close to a waterfall surrounded by scattered Larix decidua,

Pinus cembra and Alnus viridis specimes

2668

2606

2599

2518

2483

2467

2348

2298

45°40'12.44560"N

45°40'21.02228"N

45°40'20.59097"N

45°40'22.72214"N

45°40'33.73127"N

45°40'38.67876"N

45°40'44.39524"N

45°40'45.82689"N

6°59'53.19031"E

6°59'48.15957"E

6°59'45.67814"E

6°59'26.31072"E

6°59'09.14109"E

6°59'00.56391"E

6°58'52.41553"E

6°58'48.56166"E



€1

Rutor-TRS
sites

Site description

Altitude
(m asl)

Latitude

Longitude

TRS 12

TRS 11

TRS 9

TRS 10

TRS 8

TRS 7

TRS 6

TRS 5

TRS 4

TRS 3

TRS 2

Scree slope with scattered Larix decidua, Pinus cembra and Alnus viridis

Fallow land with scattered Larix decidua, Pinus cembra, Alnus viridis. At ca.

50 m far, a lodge with ruderal species occurred

Dry grassland (e.g. Agrostis) on the top of a rocky boulder. In the

surrounding area: Pinus cembra and Larix decidua trees

Mire surrounded by scattered Larix decidua and Pinus cembra specimens

Open forest with Pinus cembra, Larix decidua

Open forest with Pinus cembra, Larix decidua and shrubs (eg. Ericaceae)

Megaforb community in woodland with Larix decidua and Pinus cembra

Avalanche rill with scattered Larix decidua and Pinus cembra trees. Grazed

dry meadows in the surroundings.

Sunny opening in wooded area (Picea abies, Larix decidua, Pinus cembra,
Alnus glutinosa) near (ca. 100 m far) a lodge surrounding by mown

meadows and megaforbs (e.g. Rumex and Epilobium)
Small opening area in Picea abies woodland with Sorbus aria specimens.

Small hollow within dense Picea abies woodland. Larix decidua, Acer

pseudoplatanus and Salix cf. caprea are also present

2266

2219

2159

2143

2090

2014

1922

1846

1781

1722

1663

45°40'48.77154"N

45°40'48.05674"N

45°40'40.66425"N

45°40'39.66540"N

45°40'34.55567"N

45°40'36.07078"N

45°40'38.66495"N

45°40'49.23728"N

45°40'59.35931"N

45°41'03.64927"N

45°41'07.04184"N

6°58'44.08702"E

6°58'38.60473"E

6°58'28.93368"E

6°58'30.28653"E

6°58'06.43781"E

6°58'01.84590"E

6°58'00.13285"E

6°58'00.18381"E

6°57'50.62548"E

6°57'42.47135"E

6°57'42.10082"E



14’

Rutor-TRS ) o Altitude ) )
_ Site description Latitude Longitude

sites (m asl)
Shaded small opening in wooded area with Picea abies, Larix decidua and

TRS 1 ) . 1618 45°41'23.82291"N 6°57'46.88648"E
sparse Pinus cembra specimens
Grazed dry meadows (e.g. Nardus stricta) with scattered shrubs (Juniperus

TRS 33 communis, Juniperus nana, Berberis vulgaris) surrounded by Larix and 1520 45°42'02.87050"N 6°57'41.40393"E
Picea forest

TRS O Shaded small opening in wooded area with Picea abies and Larix decidua 1510 45°42'00.36854"N 6°57'42.23790"E
Mown meadows near a track surrounded by open deciduous thicket

TRS 34 (Corylus, Betula, Fraxinus excelsior) and coniferous trees (Larix decidua, 1563 45°45'02.03072"N 7°01'03.29547"E
Picea abies and Pinus sylvestris)
Slope mire with Molinia coreulea in open woodland (e.g. Betula alba, Alnus

TRS 35 ] ) ) 1446 45°44'58.08240"N 7°01'19.50509"E
incana, Acer pseudoplatanus, Larix decidua)
Opening in Abies alba forest with subordinated Larix decidua, Picea abies,

TRS 32 ) 1298 45°44'43.19404"N 7°01'56.00547"E
Sorbus aucuparia, Populus tremula, Betula alba
Mown meadows surrounded by deciduous trees (e.g. Fraxinus excelsior,

TRS 31 _ _ ) ) 1050 45°44'55.58848"N 7°02'21.61815"E
Betula alba, Corylus avellana, Larix decidua, Picea abies)
Heavily grazed meadows in a rural context. Open thicket with Acer

TRS 30 pseudoplatanus, Fraxinus excelsior, Tilia cordata, Juglans, Picea abies, 983 45°45'03.71943"N 7°02'08.88244"E

Larix decidua

Table 1 - Descriptive information of the 27 sampling sites. Vegetation type and main plant genera/species are given in the site

description.



3.3. Vegetation data: surveying strategy (Braun-Blanquet
system)

At each sampling site, vegetation surveys were carried out using the Braun—
Blanquet abundance/dominance scale (Braun—Blanquet, 1979) within circular
areas of 1,8 m radius (ca 10 m?) and 10 m radius (ca 314 m?) (Fig. 2). In this
system, a semi-quantitative abundance-dominance index is used to estimate the
plant cover for each species, according to the following scale: 5 (80-100%), 4
(60-80%), 3 (40-60%), 2 (20-40%), 1 (1-20%), + (scarce), r (rare). Finally, within
the circular areas of 100 m radius was estimated the abundance of the major
arboreal taxa. This methodology was focused on producing good estimates of the
abundance of the major taxa (the producers of the pollen types which are the

major components of current and past pollen rain in the study area) rather than

recording every species present.

Nesting of survey methods

Zone A

Moss posters
collection
Vegetation survey
(list all species and Zone B

cover estimation) .
Vegetation survey

(list all species and
cover estimation)

Zone C

Vegetation
survey
) (list the main
" arboreal species)

1,8 m
radius

10 m
radius

100 m
radius

Fig. 2 — Vegetation sampling method and moss samples collection scheme used

for each sampling site.

15



3.4. Estimation of climate normals along the altitudinal transect

Monthly temperature and precipitation series from 1981 to 2010, for each Rutor-
TRS site of the altitudinal transect were obtained by means of the procedure
described in Brunetti et al. (2012), which takes also into account locally important
drivers such as aspect and slope using a digital elevation model with a resolution
of 30 arc-seconds (often referred to as 1-km spatial resolution). Climate data
obtained at this very high resolution may be essential for studies in mountain
environments with strong climate gradients and low density of climate stations
(Brunetti et al., 2014). From these monthly series, spring temperature (T spring),
summer temperature (T summer), temperature of the coldest month (Tjan) and
the mean annual rainfall (P annual) were calculated for the interval 1981-2010,
which is considered here as reference period for the pollen rain represented in

the collected moss samples.

3.5. Calculation of morphometrical parameters in GIS
environment

Morphometrical parameters (Aspect, Slope, Insolation, Curvature) were derived

from different raster surfaces:

e DTM (grid cell size of 2 m x 2 m) from LIDAR data acquired by the Valle
d’Aosta Italian Region (2005-2008)
e DTM (grid cell size of 20 m x 20 m) provided by the Earth and Environmental

Sciences Department (DISAT) of the University of Milano-Bicocca

GIS applications (ESRI, ArcMap) have been used as a tool for morphometric
analysis within the 100 m radius buffers. Mean values obtained for each

parameter are listed in Table 2.

3.5.1. Aspect

Aspect identifies the downslope direction of the maximum rate of change in value
from each cell to its neighbors. It can be thought of as the slope direction. The
values of each cell in the output raster indicate the compass direction that the

surface faces at that location. It has been measured clockwise in degrees from 0°
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(due North) to 360° (again due North), coming full circle. Flat area having no

downslope direction was given a value of -1.

3.5.2. Slope

Slope (gradient, or rate of maximum change in z-value) represents the rate of
change of elevation for each DTM cell. Basically, the maximum change in
elevation over the distance between the cell and its eight neighbors identifies the
steepest downhill descent from the cell. The output slope raster has been
calculated in degrees (0 to 90°). The lower the slope value, the flatter the terrain;

the higher the slope value, the steeper the terrain.

3.5.3. Curvature
The Curvature function displays the shape or curvature of the slope. The

curvature has been calculated by computing the second derivative of the surface.
There are three parameters in the Curvature function:

e Input Raster - A DEM raster where each pixel stores the elevation.

e Curvature Type - The curvature type accentuates different aspects of the
slope. There are three options for Curvature Type: Profile, Planform, and
Standard.

e Z Factor—The z-factor adjusts the units of measure for the z units when they
are different from the x,y units of the input surface. If the x,y units and z units
are in the same units of measure, the z-factor should be set to 1. The z-values
of the input surface are multiplied by the z-factor when calculating the final

output surface.

The units of the curvature has been expressed as one hundredth (1/100) of a z-
unit. The primary output is the curvature of the surface on a cell-by-cell basis, as
fitted through that cell and its eight surrounding neighbors. A positive curvature
indicates the surface is upwardly convex at that cell. A negative curvature
indicates the surface is upwardly concave at that cell. A value of O indicates the

surface is flat.
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3.5.4. Insolation

The solar radiation analysis tools calculate insolation across a landscape or for
specific locations, based on methods from the hemispherical viewshed algorithm
developed by Rich et al. (1994) and further developed by Fu and Rich (2000,
2002).

The output radiation rasters is a floating-point type and have units of watt hours

per square meter (Wh/m?).

3.6. Data analyses

Fidelity and dispersibility indices were calculated for individual taxa based on
pollen and plant presence/absence data (Davis, 1984; McGlone and Meurk,
2000). Fidelity was calculated as the percentage of sites where a given taxon
coincides both in pollen and vegetation, as a function of those sites in which the
taxon is present in the vegetation. Dispersibility was calculated as the percentage
of sites where a given taxon is only recorded in the pollen rain, as a function of
those sites in which the taxon is absent from the vegetation. Taxa with less than
2% in pollen percentages and 1% in plant cover within circular areas of 10 m
radius at any sample were excluded from these calculations. After plotting fidelity
versus dispersibility indices, pollen types were grouped into five main groups
based on similarity of values (Deng et al., 2006; Fletcher and Thomas, 2007; Fall,
2012).

Ordination techniques are considered appropriate for assessing and displaying
the relationship between pollen percentages recorded in modern pollen rain,
vegetation data, climatic and terrain variables. These statistical analyses have
been frequently used to detect structures or patterns within pollen and vegetation
data. They provide an efficient low-dimensional representation of complex
multivariate data and serve to indicate their major gradients and the relative
contribution of each taxon to each of these gradients. All the plants present an
ecological optimum and tolerance to most environmental gradients, justifying the
use of a biological unimodal response model (ter Braak, 1987, 1988). In this
work, Canonical Correspondence Analysis (CCA), the constrained form of CA (ter

Braak 1986) was used as direct gradient analysis to highlight the relationships
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between pollen, vegetation and the environmental parameters. Several CCA
ordinations have been performed using altitude, insolation, aspect, slope,
curvature, Tspring, Tsummer, Tjan and P annual as the sole constraining variable
to assess their importance on the variance of pollen and vegetation (1.8 m and
10 m radius) assemblages. Moreover, CCA with all environmental parameters

together were also carried out.

Prior to the CCA analysis, pollen percentages were square-root transformed, for
variance stabilization (Prentice, 1980) and pollen taxa with percentages below
2%, were removed. A reviewed pollen dataset was used, removing outliers
namely TRS 17, Polygonum aviculare type and Ulmus. In the vegetation analysis,
rare elements (those designed with ‘+ and ‘r) were not considered. The
significance of all CCA were tested with ANOVA (p <0.05, after 999 unrestricted

permutations).

4. RESULTS

4.1. Plant abundance data

Based on the altitudinal arrangement of vegetation (Fig. 3), the montane zone
between 983 and 1500 m asl is characterized by deciduous forests dominated by
Tilia cordata, Fraxinus excelsior, Betula alba, Acer pseudoplatanus, Prunus
avium and Juglans regia. Broad-leaved forests are mixed with Abies alba and
other conifers e.g.: Picea abies and Larix decidua. A slope mire at 1446 m asl
(TRS 35) represents a local environment with flowing water and acid anmoor soil
dominated by Molinia coerulea, Cirsium palustris, Juncus sp. and Potentilla
erecta. Human disturbance is frequent at this altitude, as evidenced by villages,

pasture and cultivation, often abandoned and replaced by secondary forests.

Between 1500 and 1780 m asl, forests are dominated by Picea abies with shrubs
understory made by Juniperus communis and Vaccinium vitis—ideae. Moving
towards higher altitudes, from 1780 to 2100 m asl, the landscape is characterized
by forests with Pinus cembra and Larix decidua. Pinus cembra grows mainly on
north-facing rocky slopes. At around 1800 m asl sporadic Pinus sylvestris and

Pinus uncinata formations were recognized. Alnus glutinosa occurs only in
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moister sites. Along valley slopes, running water and higher soil moisture
promote megaforbs communities colonization (Peucedanum ostruthium,
Epilobium angustifolium, Adenostyles alliariae, Rumex alpestris). Here, the
woody component is characterized by Sambucus racemosa and Sorbus
aucuparia. From about 2100 m asl, open forest with scattered pines (Pinus
cembra) and Larix decidua take the place of the lower close coniferous forest.
This transitional belt is mostly characterized by shrub formations (Rhododendron
ferrugineum, Vaccinium muyrtillus, Vaccinium vitis-ideae and Juniperus nana). A
wide mire is located at 2140 m asl (Plan de la Liere). This habitat includes musci
(mainly Sphagnum sp.) and aquatic plants (Carex sp., Eriophorum angustifolium,

Menyanthes trifoliata).

In the alpine belt between 2400 and 2600 m asl, a more open vegetation with
scattered Larix up to ca. 2400 m asl and Pinus cembra specimens (defined by
the 3 m tree growth forms) occurred up to ca. 2455 m asl marked the modern
treeline position. Progressively younger pines occurred in the upper altitudinal
belts up to 2520 m asl, where stunted and deformed Pinus cembra krummholz
are sparsely present. Among the herbs and shrubs, Nardus stricta and
Leontodon helveticus arid meadows alternating with moorland of Vaccinium
myrtillus, Vaccinium gaultherioides and Juniperus nana characterize this open
areas. Several swamps and small mires are dominated by sedges (mainly Carex
fusca, Carex foetida). Arctic-alpine species (Salix herbacea, Alchemilla
pentaphyllea and Homogyne alpina) represents locally hydromorphic conditions
(abundantly filled with water by the melting snow). Up to 2500 m asl, pioneer
vegetation (e.g. Trifolium badium, Oxyria digyna, Carex curvula) dominate the

Rutor Glacier foreland.

The high species—environment correlation obtained in the CCA (r = 0.945, p <
0.001) shows that altitude satisfactorily explains the species distribution gradient
in statistical terms. In a biplot of the site scores using the first two axes, four
groups can be recognized (Fig. 4). Group 1 includes the sites of the lower part of
the transect, up to 1520 m asl, characterized by mixed deciduous forest with
coniferous trees (e.g. Abies alba, Picea abies and Larix decidua). Site TRS 35
from group 1 is from a slope mire (e.g. Molinia coreulea, Parnassia and
Eriophorum) and occupies the lower right part of the diagram. Group 2 includes
20



sites that support coniferous forests (eg. Picea abies and Larix decidua), located
at middle elevations (1618 to 2090 m asl). Group 3 is formed by open forest with
Pinus cembra, Larix decidua and shrubs (eg. Ericaceae) between 2143 and 2450
m asl, above (up to 2518 m asl) alpine meadows occurred. Site TRS 10 is from a
small mire above the timberline bearing some patrticular features (Carex, Juncus,
Eriophorum angustifolium, Potentilla). Finally, group 4 corresponds to the highest
altitudinal belt, above 2599 m asl, characterized by dry grasslands (e.g. Achillea
moschata, Trifolium badium and isolated patches of Carex curvula). The general
arrangement of sampling sites suggests that axis 1 reflects the main altitudinal
gradient of samples and vegetation, confirming the importance of altitude for
explaining the vegetation array. According to the position of these four groups,
the treeline, located at ca. 2450 m asl, may be situated around the score -0.5 of
this axis. Axis 2 is more difficult to interpret, as most samples are situated around
middle values. However, the detached position of the two sites: TRS 10 and TRS
35 from the other sites, suggests some gradient related to open/humid
environments to denser canopy.

Altitude Valter mire (2594 m asl)
(m asl) Buried peat sections (2510 m asl) ¥

2.600- M
Treeline %904
/TR

(Pinus cembra)

P<TRS 19

2.400-
2.200

2.000

% Larix decidua m Tilia cordata

1.800
‘ Picea abies Q Acer
1.600 pseudoplatanus
$ Pinus cembra Betula alba
1.400 e 1™ YY Juniperus sp.
LI 6 Abies alba ¥
1.200 _ A arex
) , Fraxinus excelsior WV Gramineae
TRS 31
1.000 @TRS 30
| | | I | | ]
0 1.000 2.000 3.000 4.000 5.000 6.000

Distance (m)

Fig. 3 - Sketch of the altitudinal arrangement of vegetation. Acronyms (TRS)
correspond to sampling sites. Treeline position is indicated. Black arrows

highlighted the location of the fossil sites.
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Fig. 4 — Biplot of the first two CCA axes for the vegetation data-set, representing

the dispersion and grouping of sampling sites.

4.2. Modern pollen assemblages

The pollen spectra of 27 surface samples are presented in a synthetic
percentage diagram, which includes selected pollen types and total
microcharcoal concentrations (Fig. 5 A-B). The lower part of the diagram is
clearly dominated by tree pollen types, while herbaceous species and shrubs are
more poorly represented. At higher altitudes, herbaceous pollen becomes more
abundant (especially above 2100 m), while trees and shrubs experience a small
decrease. Five zones were found to be statistically significant. Zone | (from the
base to 1563 m asl) shows a low taxonomic richness, and is dominated by Picea,
Pinus sylvestris/mugo, Betula and Corylus. Notably, Pinus cembra percentages
are low, while the higher values of Abies alba beside all pollen record is

documented in this pollen zone (ca. 8%). Cultivated trees are also present (e.g.
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Juglans regia, Castanea and Olea). Among herbs, Gramineae are abundant,
whereas most of the other herb types have low percentages (e.g. Cichorioideae,
Umbelliferae, Cruciferae and Ranunculaceae). Likewise, anthropogenic
indicators (Rumex acetosa and Plantago lanceolata) show low values, under 1%.
The dung spore Sporormiella reach its maximum value at the site TRS 34 (1,7%).
Microcharcoal concentration (especially the large size class: 50<D>250 um),

shows the highest values in this pollen zone, up to 1000 part./cm?®.

Zone Il ranges from 1510 m to 1722 m asl and is characterized by the dominance
of Picea and the relatively high abundance of Pinus cembra and Pinus
sylvestris/mugo. Abies and Larix are important in some sites of this zone. Among
deciduous trees, Alnus glutinosa, Betula and Corylus are the most common ones.
Herbs are scarce. This pollen zone shows high AP (arboreal pollen) values up to
80-90%, which is indicative of close coniferous woodlands. However, the TRS 33
site has lower AP value: the open structure (dry meadows surrounded by
coniferous woodland) and the presence of possibly grazed areas (Plantago
lanceolata reach 8%) may explain the under-representation of AP taxa. Zone Il
embraces all samples between 1781 m and 2090 m asl. It is characterized by
relatively high abundance of coniferous taxa (Pinus cembra, Picea and Pinus
sylvestris) and low deciduous trees and shrub pollen, except for Alnus glutinosa.
Besides grasses, other herb pollen types are present e.g. Umbelliferae,
Caryophyllaceae, Ranunculaceae and Aster type. The amount of AP is high, ca.
80%.

The following Zone IV (2143 — 2518 m asl) is above the close forest and
encompasses the treeline ecotone. Compared with the lower belts, Picea shows
lower pollen % values while Pinus cembra maintains steady percentages, while
higher % values are recorded by Pinus sylvestis/mugo. Furthermore, an increase
in both abundance and diversity of herbs and shrubs pollen is evident. Among
shrubs, Alnus viridis records its higher values (up to 8%), together with relatively
high abundance of Vaccinium and Juniperus. A general increase in % values of
Gramineae, Caryophillaceae, Umbelliferae, Plantago alpina, Saxifragaceae are
also evident. As for anthropogenic indicators, Rumex acetosa type and Plantago
lanceolata type reach the maximum value respectively at the site TRS 13 (9,9%)
and TRS 15 (5,2%). In both sites the dung spore Sporormiella is missing (TRS
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15) or present with very low abundances (0,2% at the site TRS 13). Mires and
wetland situated within this altitudinal range (TRS 16, 15, 10) show higher values
of herbs pollen, notably Gramineae and Cyperaceae. Low percentages of

cultivated trees pollen (eg. Juglans, Castanea and Olea) occurs also in this zone.

Zone V embraces all samples above 2599 m asl and is characterized by
relatively high abundance of Gramineae, and low tree pollen, except for Pinus
sylvestrisimugo. Among shrubs, only Salix reaches high values in TRS 17.
Besides grasses, other herb pollen types are represented by Cruciferae,
Anthemis type, Aster type, Campanula, Galium and Saxifragaceae. The only
pollen grain of Cerealia identified in the whole transect is documented at the site
TRS 17. In general, zone V shows increasing abundance and diversity of herb
pollen. As in the case of vegetation, there is a well-defined altitudinal gradient
that explains the distribution of pollen content of the different samples (species—
environment correlation: r = 0.98, p < 0.001), which is represented by axis 1 (Fig.
6). Treeline, which occurred between the sites TRS 14 (2348 m asl) and TRS 15
(2467 m asl), may be situated around the score -0.3 of the axis 1. Axis 2 has a
higher separation power, indeed it clearly divides the middle-altitude sites
(between TRS 1 and TRS 7) from the lower/higher-altitude sites, suggesting
some gradient related to forested sites towards more open areas characterized
by higher NAP.
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Fig. 5 - Percentage palynological record of selected taxa plotted on altitude scale

and zoned by constrained clustering. (A) Green: Conifers; Red: deciduous taxa;

Light green: shrubs; Yellow: anthropogenic and cultivated taxa; Light grey:

Cyperaceae; Black: microcharcoal concentration. (B) Olive green: upland herbs;

Dark grey: pollen concentration.
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Fig. 6 - Biplot of the first two CCA axes for the pollen data set, with sampling sites
grouped according to the pollen zones obtained.

4.3. Estimated climate and terrain parameters

The mean values of the calculated seasonal temperature Tspring (March, April,
May), Tsummer (June, July, August), the temperature of the coldest month
(Tjan), and the total annual precipitation (Pannual) are listed in Table 2. Those
variables have been used in the statistical analysis and have been associated to
each moss sample site collected. In Table 2 are also presented the mean values

obtained for the morphological parameters: aspect, slope, insolation and
curvature.
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Rutor

Morphometric parameters

Climate parameters

TRS Altitude  Aspect Slope Insolaticz)n Curve_t}ure Pann TsPring Tsuommer Tjan

sites (masl) (degrees) (degrees) (Wh/m?) (m™) (mm)  (°C) {®) {®)
TRS19 2668 190.24 21.06 1469594.83  0.29 1194 -2.66 6.58 -7.45
TRS 18 2606 217.93 27.09 1302222.21 -0.32 1177 -2.25 7.00 -7.19
TRS 17 2599 233.54 20.52  1216576.6 -0.05 1172 -2.19 7.05 -7.16
TRS 16 2518 254.26 29.03 125372440 -0.11 1129 -1.67 7.60 -6.85
TRS20 2483 126.10 21.11 133247497 0.12 1173 -1.34 783 -6.72
TRS 15 2467  259.32 2754 1248347.28 -0.09 1170 -1.24 7.94 -6.68
TRS 14 2348 275.48 37.41 1116379.17 -0.35 1095 -0.55 8.75 -6.12
TRS 13 2298 249.70 39.76  1209792.03 -0.31 1082 -0.11 9.10 -5.90
TRS 12 2266 236.31 39.65 1285117.84 -1.39 1068 0.10 9.32 -577
TRS 11 2219 205.16 2756 1457917.53 -0.33 1041 0.32 9.63 -5.56
TRS9 2159 19543 16.83 1173581.80 -0.13 975 0.75 10.04 -5.23
TRS10 2143 169.01 256  1261076.72  -0.05 992 0.92 10.14 -5.22
TRS8 2090 305.50 37.06  830322.70 0.04 939 1.21 10.51 -4.94
TRS7 2014 31451 41.80  748392.16 -0.09 907 1.72 11.03 -4.60
TRS6 1922  303.99 40.99 678646.78 -0.11 866 2.36 11.64 -4.18
TRS5 1846  257.39 29.60 1037674.18 -0.48 849 2.88 12.15 -3.84
TRS4 1781  234.92 2256 1189620.72  0.08 824  3.37 12.57 -3.62
TRS3 1722  253.43 3299  858631.10 -0.34 798 3.73 1296 -2.97
TRS2 1663 287.58 30.47  876864.11 -0.02 786 4.14 13.33 -2.70
TRS1 1618 204.45 19.83  977089.70 0.03 774 443 13.62 -2.49
TRS 33 1520 261.04 20.16 1161193.92  0.20 749 791 16.98 0.10
TRSO 1510 252.32 19.05 1179965.55 -0.23 750 5.00 1421 -2.08
TRS 34 1563 119.04 15.22  1303580.55 -0.10 814 6.33 15.66 -1.09
TRS 35 1446 92.64 19.54 1175918.26  -0.46 752 5.01 1423 -2.05
TRS 32 1298 34.71 30.44  763496.50 -0.23 684 547 14.67 -1.82
TRS 31 1050 44.69 20.89  957623.93 0.14 592 4.72 13.89 -2.63
TRS30 983 63.14 20.41  882342.19 -0.38 549 831 17.39 -0.14

Table 2 — Mean values of morphometric and climate parameters for each sampling

site.
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4.4. Fidelity and dispersibility

When considering co-occurrence of pollen and plant taxa regardless of the
vegetation type, indices of fidelity and dispersibility help to decide whether a
taxon can be a good indicator of its nearby presence or whether its pollen is
effectively dispersed from its source. The representation of major taxa in the
pollen rain based on the data for all sites was defined according to values of
fidelity and dispersibility indices (Fig. 7). The following patterns were
distinguished: 1) taxa having very high values of fidelity and dispersibility (over
80%), include only Cyperaceae, Alnus glutinosa type, Picea, Gramineae and
Pinus cembra; 2) taxa presenting high values of fidelity (~100%) and low
dispersibility (0—25%), include tree taxa: Tilia, Abies, Fraxinus excelsior and
Betula; 3) taxa characterized by fidelity values between 30% and 60%, but low
dispersibility (less than 20%), comprising only a tree taxa (Larix), shrubs
(Vaccinium and Rhododendron) and herbs (Plantago alpina type, Cichorioideae,
Aster type) among others; 4) taxa defined by low fidelity (25-10%) and low
dispersibility (less than 20%), including Anthemis type, Geum type, Veronica type
and Galium type while among dwarf shrubs: Salix. Alnus viridis is represented
reasonably well in the pollen record with moderate dispersibility, generally
reflecting the local presence of the taxa. Of particular note, some outliers
characterized by very low values of fidelity and variable dispersibility values (10-
40%) are Phyteuma, Cruciferae, Ranunculaceae and Juniperus. The latter is a
relatively common pollen taxon, but its pollen was not recovered from the location

where the plant grew.
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Fig. 7 — Dispersibility index (percentage of sites where a taxon is only recorded in
the pollen rain) versus fidelity index (percentage of sites where a taxon coincides
both in pollen and vegetation) scores for individual taxa over 2% of abundance in
at least one sample. Four patterns were recognised: 1) very high fidelity and
dispersibility, 2) high fidelity and moderate dispersibility, 3) high fidelity and low
dispersibility and 4) very low fidelity and dispersibility.

4.5. Canonical Correspondence Analysis (CCA)

This study aims at emphasizing pollen/vegetation/environmental relationships at
a local scale. Indeed, although extra-local and regional non-arboreal pollen is
present in the modern pollen spectra, herbaceous pollen assemblages appear to
reflect predominantly local vegetation rather than wider landscape units, as also
demonstrated by Hjelle (1999), Caseldine and Pardoe (1994) and Pardoe (2001).
The canonical correspondence analysis (CCA) of the vegetation and pollen data-
sets, suggests that the variation in the vegetation and pollen assemblages is
strongly correlated to the altitudinal gradient, to such a degree that possible

relationships between pollen/vegetation and climate or morphometric variables
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are largely obscured. The variances explained by each environmental parameter,
calculated with CCA ordinations with unique constrained, are presented in Table
3. For the vegetation 1.8 m, the six more significant explanatory variables (after
999 unrestricted permutations) are: altitude (8,19%), aspect (7,25%), Tspring
(7,52%), Tsummer (7,55%), Tjan (7,42%) and Pannual (8,08%). Other
explanatory variables seem to be less relevant, namely insolation, slope and
curvature (p >0.05, after 999 unrestricted permutations). For the vegetation 10 m,
the variance explained are altitude (9,64%), insolation (6,16%), aspect (7,96%),
slope (5,73%), Tspring (8,63%), Tsummer (8,65%), Tjan (8,39%) and Pannual
(9,43%). Curvature is not significant. For pollen assemblages, the seven
significant variables are: altitude (17,10%), insolation (9,51%), aspect (11,87%),
Tspring (16,06%), Tsummer (16,16%), Tjan (16,12%) and Pannual (16,57%).
Curvature and slope are not significant (p > 0.05, after 999 unrestricted

permutations).

CCA plots (axes 1 and 2) of the 27 sites and 37 selected vegetation species
(radius=1,8 m and radius=10 m) in relation to nine explanatory variables,
considered all together, are respectively shown in Fig. 9 and Fig. 10. In Fig. 9
the 9 variables explain 44,78% of the variation in the vegetation data on a very
local scale: 1,8 m radius (ca. 10 m?). Axis 1 contrasts lower altitude on the
positive side of the plot with higher altitude sites, on the negative side.
Furthermore it is well correlated and shows a strong gradient with altitude,
Pannual and Tjan, Tspring, Tsummer. Axis 2 contrasts forested sites on the
negative side of the plot with treeless/humid sites on the positive side. A weaker
correlation with the second axis include slope, aspect and curvature. The
relationship between the alpine belt sites (TRS 13, 14, 16, 18, 19, 17) with
Pannual and insolation is noteworthy. Moreover the correspondence between
individual species (e.g. Nardus stricta) and insolation is shown in Fig. 9. Aspect
seems to be particularly important for intermediate altitude sites (between TRS 0
and TRS 12) characterized by the importance of Pinus cembra, Picea and Larix
decidua. There is also a clear association between lower sites (TRS 30, 31, 32,
34, 35) and Plantago lanceolata. A similar pattern is shown in Fig. 10. Here, the
nine climate and morphometric variables explain 43,74% of the variation in the

vegetation data on a local scale: 10 m radius (ca. 314 m?). Insolation is important
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for higher altitudinal sites, especially for some species: Geum montanum, Nardus
stricta, Salix erbacea and Ligusticum mutellina. Moreover, Salix foetida is related
to the precipitation parameter. Aspect and slope are important variables for the
middle altitude sites. It is noteworthy the correspondence between the variable
slope and the species Pinus cembra. Temperature has a major relationship with
lowermost sites and in particular with the species Picea abies. The montane belt
is characterized mainly by Betula alba, Abies alba, Salix capraea, Fraxinus

excelsior, Plantago media and Plantago lanceolata.

Fig. 11 shows the CCA plot (axes 1 and 2) of the 27 sites and 38 selected pollen
taxa in relation to the nine explanatory variables. All variables explain 57,23% of
the variance within pollen data. Axis 1 is well correlated with altitude, Pannual
and Tjan, Tspring, Tsummer. Axis 2 shows a weak correlation with slope, aspect
and insolation. The latter has an influence on higher sites and with some pollen
types: Juniperus, Rumex acetosa type, Anthemis and Plantago alpina type.
Precipitation is the most important parameter for Alnus viridis, while slope and
aspect variables seems to be important for sites at the timberline (TRS 8, 7, 6).
The sites at lower altitudes (TRS 30, 31, 32, 33, 34, 35), dominated by Corylus,
Larix, Tilia, Betula and Abies, display major relation with temperature.
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Pollen % Dataset

terrain parameters

climate parameters

altitude insolation aspect slope curvature Tspring Tsummer TJan Pann
variance explained 17.10% 9.51% 11.87% 5.91% 3.70% 16.06% 16.16% 16.12% 16.57%
p 0.001*** 0.003** 0.001*** 0.105 0.528 0.001*** 0.001*** 0.001*** 0.001***
Vegetation 1.8 m Radius Dataset
terrain parameters climate parameters
altitude insolation Aspect slope curvature Tspring Tsummer TJan Pann
variance explained 8.19% 5.22% 7.25% 5.12% 3.76% 7.52% 7.55% 7.42% 8.08%
p 0.001*** 0.069 0.001*** 0.128 0.627 0.001*** 0.001*** 0.001*** 0.001***
Vegetation 10 m Radius Dataset
terrain parameters climate parameters
altitude insolation aspect slope curvature Tspring Tsummer TJan Pann
variance explained 9.64% 6.16% 7.96% 5.73% 3.34% 8.63% 8.65% 8.39% 9.43%
p 0.001*** 0.001*** 0.001*** 0.013 0.666 0.001*** 0.001*** 0.001*** 0.001***

Significance codes: *** 0.001; **0.01

Table 3 — Proportions of variance explained by each explanatory variable as the sole constrained and permutational-repeated measures

analysis (ANOVA) obtained for pollen % data-set and vegetation data-set (surveys at 1,8 m and 10 m radius circles).
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Fig. 8 — Comparison of pollen percentages and plant abundance of two good

indicator taxa along the altitudinal transect: Rhododendron and Vaccinium

5. DISCUSSION

5.1. Pollen-Vegetation relationships

Arboreal pollen types dominate nearly in all the moss spectra, so that herb and
dwarf-shrub pollen is only poorly represented, generally showing relatively low
values, except for a few cases (e.g. Gramineae in the sites TRS 19, 17, 16, 20,
15, 10 and Cyperaceae in the sites TRS 16, 20, 15, 10). Pollen spectra from sites
located in conifer forests are generally characterized by high amounts of AP, up
to 90%; the same is true for spectra from open mixed deciduous forest (e.g. TRS
35), where AP reaches 60-70%. The AP/NAP ratio is never below 40%, not even
in treeless sites, where AP can reach more than 70%. These results thus
highlight the difficulty of making reliable reconstructions about forested versus
open landscapes based on AP/NAP ratio, often believed to be a good index of
local tree cover. Pollen belts tend to be wider and with less defined boundaries

than vegetation; this is likely due to the homogenizing effect of wind dispersal,
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especially from lower to upper altitudinal levels. This effect is clearly shown by
Pinus; pine trees do not penetrate into the upper alpine belt, but pine pollen is
abundant up to the highest part of the transect. The most striking feature is the
strong pollen signal of Pinus sylvestrissmugo over the whole study area,
especially for places where no other efficient wind-pollinated plants are locally
common. This evidence is also documented in a transect in the French Alps
(Court-Picon, 2006). Pollen of Pinus cembra appears in almost all plots, even
where this tree doesn’t occur or it is rare. Its fidelity and dispersibility indices >
80% (Group 1 in Fig. 7) highlight its strong dispersal ability. This over-
representation of Pinus in the pollen assemblages is well documented by
numerous authors (e.g. Brostrom et al. 1998; Brugiapaglia et al. 1998; Ortu et al.
2005, 2006; Court- Picon et al., 2005, 2006, Cafiellas-Bolta et al., 2009).
Deciduous trees (Betula, Corylus, Quercus, Tilia and Alnus) also show upward

wind transport, but to a lesser extent and abundance.

The most abundant herb pollen belongs to the family Gramineae which is well
represented in multiple ecological conditions, from mown meadows (TRS 31 and
TRS 34) to grazed dry meadows (TRS 33), from semi-natural grasslands above
the timberline (TRS 9, 11, 13) to telmatic meadows (Nardus stricta with
Leontodon cf. helveticus) strongly adapted to the seasonal hydrological cyclicity
(TRS 17). Except for mires and wetland sites (TRS 16, 15, 10), the proportions of
Gramineae are globally higher in the alpine belt above the treeline rather than in
forested sites; a large amount of this pollen type may therefore be considered as
an indicator of open conditions. Some herbs are mainly present above the
coniferous close forest (ca. 2100 m asl): e.g. Hypericum and Veronica type.
Interestingly, Geum type is only present in the uppermost pollen spectra, within
the timberline ecotone. However, the little contribution to pollen rain and poor
transport ability (see Group 4 in Fig. 6) suggest that their lack from the pollen
assemblages cannot be interpreted as absence in the local vegetation. Indeed,
Geum type is characterize by reduced sexual reproduction and supported by
clonal offspring to ensure population growth in less favourable years (Weppler et
al., 2006).

The precise altitudinal treeline placement is not easily reconstructed with the aid
of pollen spectra only. However, some taxa can help to broadly define thresholds
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to distinguish different environments: e.g. the close forest, the timberline ecotone
and the treeless alpine meadows. For example, pollen % of Cichorioideae,
Saxifragaceae, Crassulaceae, Aster type and Plantago alpina type increase
above the treeline (ca. 2450 m asl). Among these, only Plantago alpina type and
Cichorioideae show relatively high fidelity and moderately low dispersibility values
(Group 3 in Fig. 6) and would appear to be good indicators of local occurrence
when the pollen is found. Likewise, the dwarf shrubs Salix herbacea and Salix
foetida are present and locally more abundant above the treeline (Fig. 5) but they
could be rare in a pollen record due to their fidelity and dispersibility low values
(Group 4 in Fig. 6). Among shrubs, Ericaceae is considered an excellent indicator
of the montane/subalpine belts (Cafiellas-Bolta et al., 2009). In our study, the
identification of pollen types within this family allows to highlight different
altitudinal patterns of pollen and relative parent taxa. Interestingly, Rhododendron
ferrugineum shows a consistent pollen—vegetation altitudinal pattern restricted to
the timberline ecotone between 2100 and 2400 m asl (Fig. 8) and relatively high
fidelity and moderate low dispersibility values (Group 3 in Fig 6). Furthermore, it
could be useful as a key taxa for past vegetation boundaries reconstructions.
Differently, Vaccinium pollen type shows a wider distribution from the montane to
the alpine belts, due to its identification at genera level, thus it results less suited
for this purpose. As for parent taxa, between 1600 and 2200 m asl occurred
Vaccinium vitis idaea, accompanied by Vaccinium myrtillus up to 2400 m asl. At
higher altitudes (2350 - 2600 m asl) Vaccinium gaultherioides is a common
species, occurring on steep slopes with scattered shrubs (Juniperus nana and

Rhododendron ferrugineum).

However, the use of other types of evidence, such as PARs (Pollen Accumulation
Rates), macrofossils and conifer stomata remains are needed to trace past
treeline displacements (Hansen, 1995; Tinner et al., 1996; Hicks, 2001; Tinner &
Theurillat, 2003; Seppa and Hicks, 2006; Finsinger et al., 2007).

Other herbs do not show any potential as altitude indicators, indeed they have

been recorded in all samples, both from open and forested sites. These are

notably Caryophyllaceae, Umbelliferae, Labiatae and Ranunculaceae. In these

cases, issues of detailed pollen identification (up to the genus/species level) may

be involved; most of the genera and species of herbaceous plants from various
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vegetation types are identified at the family or genera level, which leads to some
homogenization of pollen assemblages. The record of Artemisia is a clear
example of a well-dispersed taxa. It produces high amount of pollen and occurs
systematically in all pollen spectra (Fig. 5 B) as already reported in other studies
(Gaillard et al. 1992, 1994; Hjelle, 1997; Bunting, 2003). A single pollen grain of
Cerealia is documented in the site TRS 17 at 2599 m asl. The lack of cultivated
fields along the altitudinal transect suggests a long distance transport from the
valley floor. Indeed, the long distance pollen transport of Cerealia is a well-known
feature, especially in mountain environments (Brugiapaglia et al., 1998; Hicks et
al., 2001). Note, however, that Plantago lanceolata, traditionally associated with
grazing (Behre, 1981), is present along all transect with pollen values fluctuating
around 0,5% (only two peaks occurred at 1520 m asl and 2467 m asl, slightly
higher than 5% - Fig. 5A). Hjelle (1998) suggests that Plantago lanceolata pollen
percentages lower than 5% indicate the absence or low frequencies of the plant
within  10x10-m plots. Moreover, Plantago lanceolata shows a positive
relationship between pollen and plant percentages only when the plant is present
with frequencies up to 10%. Court-Picon (2005) highlighted the good pollen
dispersal of this taxon and its no or little indicative value for human practice along
an altitudinal transect in the French Alps. Furthermore, Brostrom et al. (2004)
calculated relative pollen productivity estimates (PPEs) for several herbs
including Plantago lanceolata, showing its higher PPEs than Poaceae. Indeed,
this species is characterized by long-distance transport and may originate from a
wide landscape, for these reasons it should be interpreted with caution in fossil
pollen assemblages.

The case of Olea is especially noteworthy. In our transect, despite the absence of
the parent plant which is confined in the valley floor, its pollen occurs regularly at
any altitude with maximum values around the treeline (1-2%). Olea is a lowland
mediterranean tree and the known dispersion power of this pollen type is of about
50 km from its source (Osborne et al., 2000). Likewise, the influence of upslope
wind dispersal of other arboreal pollen taxa e.g. Castanea and Juglans have to

be taken into account and interpreted with caution in the fossil records.
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5.2. Pollen/climate/environment relationships

Our data are in agreement with previous studies which identified altitude as the
main gradient controlling modern pollen assemblages and vegetation distribution
across mountain regions (Bonnefille et al., 1993; Vincens et al., 1997; Weng et
al., 2004; Court-Picon 2005, 2006; Rull, 2006; Cafellas-Bolta et al., 2009). Axis 1
of the CCA plots (Fig. 9-10-11) represents an altitudinal gradient, from lower
(positive values) to higher (negative values) altitudes, clearly separating sites of
the lower eastern part of the valley (village of Morgex) from those collected in the
N-W upper part (La Thuile). Together with altitude, climate variables: temperature
(Tspring, Tsummer, TJan) and the rainfall (Pann), are highly positively correlated
to CCA axis 1. Moreover, these variables are found to be stronger in the pollen
data-set (Fig. 11). Here, e.g. Alnus viridis shows high association with the rainfall

variable (Fig. 11). In mountain environments, factors associated with altitude
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(decrease in temperatures and length of the growing season, increase in rainfall
and snow cover) play a significant role in diminishing the tree cover (Tranquillini,
1979, Korner, 2007).

Deciduous mixed forest with Abies alba sites (TRS 30-35) have their best fit on
the positive side of axis 1 of the CCA plots where they are grouped and well
separated from the uppermost sites. Sites above 1500 m asl show a continuous
gradient along axis 1, while they seem to be better separated in different groups
along axis 2. Here a more complex gradient from dense canopy towards more
open vegetation (inferred from pollen data) and water availability (visible from
vegetation data) is documented. In the lower half of the CCA plot close
coniferous woodlands sites are well segregated from open treeless sites above
treeline, which are arranged in the upper left quadrant of the plot. Between these
two groups, sites located in the transitional zone of the open forest/treeline
ecotone are also influenced by aspect and slope variables. Slope, noteworthy, is

highly positively correlated with Pinus cembra (Fig. 10).

At a local vegetation scale (1,8 m radius) as well as at a larger scale (10 m
radius), the scores of the mires and wetlands sites are placed in the upper left
qguadrant of the plot according to their surrounding vegetation (TRS 20, 15, 17,
10).

Treeless sites above 2450 m asl are related to the insolation variable. Insolation
increases with altitude because of reduced atmospheric turbidity (increased
transmissivity). However, for solar radiation in general, and the dose per day in
particular, there is no global altitudinal trend (Korner, 2007). In the study area
insolation increases with altitude, spanning between ~882.342 Wh/m? (983 m asl)
and ~1.469.594 Wh/m? (2668 m asl). The distribution of Nardus stricta grasses
seems to be connected with this variable (Fig. 9-10), whereas Juniperus is
strongly associated with insolation in the pollen dataset (Fig. 11). Thus, between
1500-2660 m asl, altitude effects on temperature interact with land surface
characteristics (eg. inclination/direction of slopes and aspect) and concurrent
solar radiation, producing evaporative forcing that differs strongly from standard

meteorological data from lowlands.
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Other species seem to be even related to rainfall (snow cover) variable: e.g. Salix
herbacea, Salix foetida together with herbs such as Alchemilla pentaphyllea and
Geum montanum (Fig. 9-10). The dwarf shrub willow displays a clear preference

for wet ground and very exposed sites (Whittaker, 1985).

The curvature variable remains close to the origin in all the CCA plots, suggesting
its slight and statistically insignificant effect on modern pollen and vegetation

assemblages.

6. CONCLUSIONS

The development of an altitudinal transect in the western Italian Alps represents a
first step in understanding the complex relationships between modern pollen,
vegetation, elevation and key climate and environmental parameters: e.g.
temperature, precipitation, aspect, insolation and slope, with implications for

palaeoenvironmental and palaeoclimate reconstruction in this area.

High AP (arboreal pollen) values revealed that strong pollen producers and long-
distance dispersed pollen taxa, especially Pinus, are dominant in almost all of the
samples despite the large variation of landscape openness along the transect.
This is mainly due to the increase in extra-local transport characterizing
mountainous environments and lead to some homogenization of pollen
assemblages. Thus, if it is possible to identify the major vegetation types by
means of their modern pollen rain, it becomes more difficult to identify specific

thresholds (e.g. treeline).

To overcome these limitations, several potential indicator pollen taxa of
alpine/subalpine belts documented in this study could be useful for this purpose:
Rhododendron, Vaccinium, Salix among shrubs and Geum type, Hypericum and

Veronica type among herbs.

The results of CCA analysis demonstrated a general good agreement with
previous studies, which identified altitude as the main gradient in the variation of
modern pollen and vegetation assemblages in mountain areas. Together with
altitude, climate variables: temperature (Tspring, Tsummer, TJan) and the rainfall

(Pannual), are highly positively correlated to CCA axis 1. Notably, Alnus viridis
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shows strong association with the rainfall variable. Moreover, at higher altitudes,
CCA axis 2 becomes important showing a more complex gradient through dense
canopy to more open vegetation (pollen data) and water availability (vegetation
data). Our study highlights the increasing interplay of morphometric variables (e.g
slope, aspect and insolation) along the altitudinal gradient and the combined
effect with altitude-related trends. Slope, notable, is highly connected with Pinus
cembra. Above the treeline, Nardus stricta and Juniperus are strongly associated

with insolation.

Finally, the newly-obtained 27 pollen spectra and the climate data along the
transect have been integrated into a continental dataset of modern pollen
samples (EMPD - European Modern Pollen Database; Davis et al., 2013) and
used for pollen-inferred climate reconstructions of fossil records in the Rutor area
(Chapter 2).
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1. INTRODUCTION

In summer 1957, during a visit at the retreating front of Rutor Glacier (Western
Italian Alps), Peretti (Peretti e Charrier, 1967) found thick blocks of compressed
peat uprooted from a mire which had been overridden and deformed by earlier
glacier advances. The persisting retreat trend during the Eighties of the past
century uncovered the site where mire deposits are still in situ, though only their
lower portion is preserved in stratigraphic position (Fig. 12 and 13). First
radiocarbon dating and moraine mapping allowed to recognize a long phase of
glacier contraction during the early-middle Holocene, implying glacier sizes
smaller than modern ones for at least three millennia between 8400 and 6000 BP
(Porter and Orombelli, 1985). Burga (1991) provided a first pollen record and
suggested a positive treeline shift of at least ~300 m during Atlantic times in Rutor
area. Otherwise, in the French and Swiss Alps, treeline is proposed to have been
100 - 200 m higher than today in the Early-Middle Holocene between 9 and 6.5
ka cal BP (Tinner and Theurillat, 2003; Heiri et al, 2006).

Such spectacular evidence testifies for a prolonged middle Holocene
hypsithermal phase, which has been long known in boreal mountain glaciers
(Porter, 1981; Nicolussi and Paztelt, 2000, 2001; Hormes et al., 2001; Joerin et
al., 2006, 2008), but until late years the evidence from the Alps has remained

doubtful. More recently, a comparison between Holocene glacier minima
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highlighted a period of generally glacier-hostile climatic conditions between 10.5
and 3.3 ka (Ilvy-Ochs et al., 2009).

The paleobotanical record of alpine mires provide information for environmental
change in the highlands, and paleoecological proxies related to treeline
oscillations are especially sensitive to climate change (pollen, stomata, plant
macrofossils). Recently, quantitative methods for reconstructing climate
parameters from pollen data have been set up (Juggins and Birks, 2012),
although not yet directly tested on high-altitude sites. This issue may be afforded
by establishing modern altitudinal transects matching vegetation, pollen and
modern climatologies. Limited number of meteorological stations and
geomorphological effects on local climate may bias the reconstruction of local
climates in mountain regions. Indeed, topographic complexity generates a high
diversity of micro-environments where climatic values are very difficult to predict
(Daly et al. 1994, 2002). Yet, robust models have been made available for the
entire Alps (Brunetti et al., 2012, 2014).

In this paper we consider the paleoecology and chronology of previously studied
and newly discovered successions at the Rutor buried peat record (Fig. 12 and
13), producing a high-resolution pollen record including charcoal and NPP's (non-
pollen palynomorphs) proxies and additional information from plant macrofossils.
Given that the uppermost Late Holocene segment is not preserved at the
classical site, we used an additional nearby record to obtain an almost complete
record for the last 8800 years. We submitted such a composite record to
guantitative reconstruction of past climate parameters, providing climate solutions
both from regression and calibration methods based on the analogues
techniques. An evaluation of the ecological requirements of timberline descriptors
provided independent insight on climate change. This multiple palaeobotanical
approach is eventually matched with the paleoglaciological evidence, thus
supporting the extent and amplitude of the Atlantic warming phase in the high

Alps.
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2. GEOGRAPHIC AND ECOLOGICAL SETTING

The study area lies in the foreland of the Rutor Glacier (La Thuile Valley, Italy; N
45°64’ E 78°01°, 3450 - 2540 m a.s.l; Fig. 12). The area hosts several small
basins formed either as glacial though or by morainic damming. In this context,
the occurrence of organic deposits, accumulated in small mires exceptionally
high in altitude, provides valuable archives of past vegetation and climate
dynamics in high-alpine areas. The geology of the area is relatively
homogeneous; both bedrock and moraine deposits consist of metamorphic rocks
such as arenaceous and conglomeratic schists, or mica and garnet schists (Dal
Piaz, 1992). Nowadays the Rutor Glacier extends over an area of about 8.5 km?,
bearing an overall north-west aspect. The end moraine system was built after
several Holocene advances ( Peretti, 1937; Peretti and Charrier 1967; Porter and
Orombelli 1985) but mainly in the Little Ice Age, overriding but evenly preserving
older records, and also giving rise to a number of new ice-contact and moraine-
dammed lakes (Sacco 1917, Peretti, 1935; Orombelli 2005). From the mid-19"
century to AD 2004 the glacier terminus retreated 2 km, and lost about 75% of its

volume (Villa et al., 2007; Villa et al., 2008), thus the ancient mires came to light.

The Rutor valley represents an excellent example of elevational ecological
gradient in a continental region of the Alps, extending from 900 to 3480 m a.s.l.
An altitudinal transect composed by 27 plots of pollen-vegetation-climate
parameters is currently being developed (Chapter 1). The gradient spans the
from the montane Abies forest uphill to a lower subalpine Picea formation which
in turn is overlaid by an upper subalpine belt of open stone pine forest (Pinus
cembra) currently forming the timberline. The open forest stops at 2360 m a.s.l.,
while uppermost isolated trees occur at 2455 m a.s.l. A dwarf heath formation
composed by blueberries and juniper further rises to 2520 m a.s.I. The peat
archives examined in this paper lie definitively over the uppermost heaths limit,
woody plants being represented by snow-bed dwarf willows only, while cold-
climate grasses (Nardus stricta) and sedges (Carex curvula) dominate a meadow
community. The origin of such an Alpine meadow is currently under discussion

(see Pini et al., submitted).
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In the surroundings of the Rutor massif, the southern slope of the Mt. Fallére
hosts a high-resolution, reference record for the vegetation and human history of

the highlands of Valle d’Aosta, covering the last 13 ka (Pini et al., submitted; see

Fig. 12).
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Fig. 12 - (A) Shaded-relief map of the study area in the western Italian Alps
showing the location of the Mont Blanc Massif and the Rutor Glacier. Crotte Basse

(CB) site cited in the text is also indicated.
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3. MATERIALS AND METHODS

The “Buried peat” succession (2510 m asl) was uncovered after glacier retreat

during the Eighties of the past century. Thick seams of compressed and

deformed moss and sedge peat are visible along the right bank of a braided

meltwater stream in the outwash plain, buried under recent glacial and
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fluvioglacial deposits. The outcrop is nearly continuous and exposed for about 15
m along the bank of a proglacial meltwater stream at 2510 m asl. At their basal
contact, buried peats cover organic mud (gyttja), in turn underlined by fine silts
and by ancient glacial deposits (Fig. 13 — A, B, C). Organic seams (~ 1 m thick)
does not show any internal unconformity but they are imbedded with several thin
silty-sandy layers, which proved to be useful for visual correlation (Fig. 14). Two
sections of the buried peat, named henceforth section A and section C, were dug
by hand and fresh exposures were sampled by metal boxes. In 2010 a further
section, named section B, was open and correlated (Fig. 13). Recently, another
mire was discovered higher up and outside the Rutor LIA maximum extent. This
additional mire, namely Valter mire (2594 m asl, Fig. 13). Hopefully, organic
deposits accumulated in a bedrock-shaped basin produced by ancient glacial
erosion, but outside the eastern lobe of the LIA moraine system. The infilling mire

was manually drilled down to 1,8 m depth.

We matched the pollen records from section A and Valter mire sequences to get

a composite archive covering the last 8800 yrs.
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3.1. Radiocarbon dating and age depth model

Table 4 includes both AMS **C ages obtained from section A (this study; Aceti,
2006) and conventional *C dates from previous section C (Orombelli, 1998).
Radiocarbon dates were calibrated using Calib 7.0.2 (Stuiver et al. 2013) based
on the IntCal 13 calibration curve (Reimer et al., 2013). After stratigraphic
correlation of all these deposits (Fig. 14), deposition rates were modeled using
radiocarbon ages as parameters with wide tails student-t distributions (Christen
and Pérez, 2009) through the software Bacon v 2.2 (R interface) (Blaauw and
Christen, 2011). Two age-depth models were developed: Rutor_model 1 used all
the available ages, while Rutor_model 2 retained only ages obtained on

terrestrial plant material (Fig. 15).

3.2. Loss-On-Ignition

46 volumetric samples were taken between 142-234 cm depth of the section A,
weighted and progressively heated at 105 °C, 550 °C, and 980 °C to estimate
water, total organic matter + sulphides (TOM+s), inorganic carbon (IC) and the
silicoclastic + oxides contents (RES) (Fig. 15; Gustafsson et al., 2001). Total
organic carbon (TOC) and Carbonates + sulphides and sulphates fractions

(CaCO3+ss) were determined stoichiometrically (Dean 1974).

3.3. Pollen, non pollen palynomorph, and stomata analysis

49 palynological samples were studied from the buried peat succession (section
A), with a mean time resolution between samples of 28 years. Treatment followed
standard methods (including HF and acetolysis) after adding Lycopodium tablets
for pollen and micro-charcoal concentration estimations (Stockmarr, 1971) at the
Lab. of Palynology and Palaeoecology of CNR-IDPA in Milano. Pollen
identification was carried out at x400, x630 and x1000 magnifications under a
Leica DM-LB light microscope, referring to Moore et al. (1991), Punt and
Blackmore (1976-2009), Reille (1992-1998), Beug (2004) and to the CNR
palynological collection. Identification of indicators herbs: e.g. Oxyria, Rumex
acetosa, Rumex acetosella and Trifolium badium referring to Beug 2004 and

Leeuwen et al. (1988), see also Supplementary Material A.
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Non-pollen palynomorphs were named after van Geel (1978) and van Geel et al.
(1981), fossil conifer stomata after Trautmann (1953). Pollen diagrams were
drawn using Tilia ver. 1.7.16 (Grimm, 1991-2011) and Corel Draw X6 for further
graphic elaborations. The pollen sum used for % calculations includes trees,
shrubs, chamaephytes and all upland herbs except Gramineae, with a mean
pollen count of 496 + 80 pollen grains. Pollen zonation was obtained by a
constrained incremental sum of squares cluster analysis, using the Cavalli
Sforza’s chord distance as dissimilarity coefficient (CONISS, Grimm, 1987).

Clustering was restricted to taxa whose pollen reached over 2%.

3.4. Plant macrofossil and wood identification

Macrofossil analyses was carried out on samples from 2-cm thick slices of peat
(volume 100 ml) cut from metal boxes. Samples were boiled in KOH 5% for 30—
45 minutes to dissolve humic and fulvic acids, and then disaggregated on 1000
and 500 um sieves. Samples were then poured into a petri-dish and scanned
using a low-power (x4,6 - x40 magnifications) stereo-zoom microscope with a
square grid reticule. Plant macrofossil types were estimated as percentages of
the whole sample (Table 5). Nomenclature follows Smith (1978) for bryophytes
and Pignatti (1982). Thin sections were cut from wood fragments found during
the analysis and mounted on microscope slides for identification at x100 — x400
(Table 6). Identification was performed using a combination of qualitative and

guantitative features, referring to Schweingriber (1990).

3.5. Estimation of climate normals along an altitudinal transect
(27 new sites) integrating the EMPD dataset

The EMPD-European Modern Pollen Database (Davis et al., 2013) was used as
modern pollen-climate transect for quantitative climate reconstructions based on
pollen-spectra from the buried-peat successions. The EMPD dataset was
integrated adding 27 sites (Rutor-TRS) collected during September — October
2014 along a 1700-m altitudinal gradient newly developed in the La Thuile Valley,
close to the Ruitor Glacier (Chapter 1). A distance-weighted average of the
anomaly temperature records of the neighbouring stations procedure, described

in Brunetti et al. (2012), allowed the calculation of monthly temperature time
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series for each of the new 27 sample sites from 1981 to 2010. The same method
was applied to the selected EMPD samples in order to extract monthly
temperature time series for each samples from 1951 to 2010. At last, from the
obtained temperature time series, monthly temperature 30-years climatologies

(see paragraph 3.6) could be calculated.

3.6. Pollen-based quantitative climate reconstructions

Reconstruction of past climate parameters was carried out with a pollen-climate
calibration model, based on transfer functions and the modern analogue
technique (MAT) (see paragraphs 3.6.1 and 3.6.2). A 217 modern pollen samples
from the Alpine region were extracted from the EMPD and integrated with an
original altitudinal transect designed for this study (see Chapter 1). In total, a
dataset of 244 modern pollen samples were used for the construction of the
transfer functions. The mean temperature values associated to each modern
pollen sample, have been calculated over different 30-years intervals, based on
the date of collection of the pollen sample. For the new 27 La Thuile Valley
samples (see paragrafh 3.5) the 1981-2010 interval was chosen. For the EMPD
samples the intervals were 1951-1980 or 1981-2010.

The model performance was evaluated as root mean square error (RMSE). The
prediction error (RMSEP) resulted by comparing the observed and inferred
environmental (T) values in a leave-one-out cross-validation (Wallach and
Goffinet, 1989; Power, 1993). The scatter plots in Fig. 18 show the relationship

between the modern and predicted annual mean temperature values.

3.6.1. Modern Analogue Technique (MAT)

The standard MAT (Guiot, 1990) was applied to the fossil pollen spectra from the
“‘Rutor composite record” using the program R 3.0.3 version (R Development
Core Team, 2008; Juggins, 2015). For each fossil pollen assemblage a k number
of modern pollen spectra is selected out of database as best analogues. The
search for analogues is based on the squared-chord distance (Overpeck et al.,
1985) using an equation to find a set of k (here k = 5) modern analogues for the
fossil spectra (chord distance < 1,35). The reconstructed climate value for each

fossil spectrum is the weighted-mean distance of the climate values associated
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with the k best analogues (Jackson et al, 2004; Simpson, 2007). The MAT
technique was used to reconstruct the mean temperature of the coldest month

(TJan) and the mean temperature of the warmest month (TJuly).

3.6.2. Regression and calibration method (LWWA)

Locally-weighted weighted-averaging (LWWA) regression (Juggins and Birks,
2012) was applied to the fossil pollen spectra from the “Rutor composite record”
using the program R 3.0.3 version (R Development Core Team, 2008) and the
“rioja” package (Juggins, 2015). LWWA method was tested on different biological
proxies (Hubener et al., 2008) using a WA over a so-called “local” or dynamic
transect (Juggins and Birks, 2012), which is a subset (here k= 20) out of the
complete transect, different for each fossil sample, defined on the distance
criteria of MAT (see paragraph 3.6.1). The size of k, as with MAT, can be
determined by cross-validation. This method was used to reconstruct the mean
temperature of the coldest month (TJan) and the mean temperature of the

warmest month (TJuly).

4. RESULTS

4.1. The buried peat study site - stratigraphy and deposits

The buried peat record in the foreland of the Rutor glacier provides evidence of
different phases of sedimentation (Fig. 14).

At the base of the sequence, a blocky diamicton deposit testifies to an advance
all over the outwash plain by the Rutor Glacier during the early Holocene. Glacial
deposits are overlaid by silty, inorganic sediments (235 — 226 cm in Fig. 14). The
detrital component, roughly estimated by the LOI silicoclastic component (RES),
reaches about 90% of dry sediment weight (Fig. 15). The sharp transition
between silicoclastic silt and organic mud (gyttja) at 225 cm represents the final
event of meltwater glacial supply in the basin. Darker limnic deposits (gyttja, 225 -
210 cm) with higher TOM content ranging between 50 - 70% of the dry sediment
weight point to the development of a shallow-water lake particularly sensitive to
any rapid change in water level. During this interval it happens vascular plants of
shallow water and pools to spread into the basin (Sparganium, Thalictrum, Carex
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sp.), as shown by their consistent palynological and macrofossil record. A fiber-
rich peat accumulated between 210 - 142 cm depth, mainly composed of moss
stems and leaves, whereas less abundant are Carex rhizomes and epidermis
(Table 5). Low and stable CaCO3+ss content, about ca. 3 - 4% of dry sediment
weight, characterizes these deposits. However, TOM undertakes large
fluctuations, due to imbedding of minerogenic layers. Slightly higher CaCO3+ss
contents (ca. 5%) occur in these minerogenic layers representing an occasional
meltwater input in the mire related to short-lived flood events and followed by
prompt peat deposition resumption. Hiatuses or erosional events at the interface
between detrital layers and the overlying peat deposits can be excluded given the
lateral correlability of these layers at a visual inspection of the outcrop. The
consistency of radiocarbon dates (Fig. 15) and the general stable pattern of

pollen curves also supports this figure.

The upper part of the peat sequence was eroded by subsequent glacial
advances, as shown by subsequent diamicton which contains uneven drifted peat

fragments.
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Median

aSCarl(r)nanfn Section d(irrj;;] Lab code 14CB,§ge M da;teeridal Tecnique S)rE;OnA)gceaziCt;rlag g)n probability \::DCB Reference
(yrs cal BP)

910901/13 Section C 170 Uz-2785 6850 + 70 peat Conventional 7840-7570 7689 -25.8  Orombelli, 1998
910901/12 Section C 175 Uz-2784 6665 + 75 peat Conventional 7660-7430 7538 -36.4  Orombelli, 1998
910901/11 Section C 176 Uz-2783 674075 peat Conventional 7720-7460 7602 -29.6  Orombelli, 1998
910901/10 Section C 179 uz-2782 7000 =70 peat Conventional 7960-7680 7833 -33.4  Orombelli, 1998
910901/9 Section C 184 Uz-2781 695575 peat Conventional 7950-7660 7790 -33.2  Orombelli, 1998
910901/8 Section C 186 Uz-2780 757575 peat Conventional 8270-8200 8383 -31 Orombelli, 1998
910901/7 Section C 187 Uz-2779 6990 =70 peat Conventional 7950-7680 7823 -27.7  Orombelli, 1998
910901/6 Section C 188 Uz-2778 698075 peat Conventional 7950-7670 7813 -39.9  Orombelli, 1998
910901/5 Section C 193 uz-2777 704075 peat Conventional 8000-7700 7868 -45.6  Orombelli, 1998
910901/4 Section C 198 Uz-2776 718070 peat Conventional 8170-7920 8002 -37 Orombelli, 1998
910901/3 Section C 210 Uz-2775 7800 =75 gyttja Conventional 9000-8400 8586 -22 Orombelli, 1998
910901/2 Section C 211 uz-2774 8200 = 80 gyttja Conventional 9410-9000 9174 -37.5  Orombelli, 1998
RTR2/box2 Section A 142 Ua-24626 6760 45 peat AMS 7690-7560 7617 -25.6 Aceti, 2005
RTR2/box2 Section A 162-164 Ua-24627 6670 +45 peat AMS 7620-7460 7539 -23.1 Aceti, 2005
RTR2/box2 Section A 179-180 Ua-24628 7035 +45 peat AMS 7960-7750 7875 -31.9 Aceti, 2005
RTR2/box1 Section A 189-190 Ua-23270 7105 +65 peat AMS 8030-7760 7932 -29 Aceti, 2005
RTR2/box1 Section A 212-214 Ua-23271 7915+ 65 gyttja AMS 9000-8590 8763 -27.5 Aceti, 2005
RTR2/box1 Section A 216-218 UBA-32217 7825150 wood AMS 8505-8771 8607 -26.3 Badino, 2016
RTR2/box1 Section A 220-222 UBA-32218 7980 * 47 wood AMS 8695-9000 8853 -26.2 Badino, 2016
RTR2/box1 Section A 224 Ua-23272 8145+ 70 gyttja AMS 9400-8750 9102 -27 Aceti, 2005

Table 4 - Radiocarbon chronology of the studied buried peat records (section A and section C).



section A section C
... Age'cmp

4945 £ 65

T 562570

2 5705465
—— 559595

. 571070
% 591070

—— 654075

6850 + 70
160 B8 _/_ 6665% 75

6670 45 - ) - ---c T T 6740475
e 7000 £ 70

6955 £ 75

B | 7575:75
= 6990 %70
698075
—X 7040 £ 75
7180 £ 70

780075
~ - 8200+80

——
-
—
—

7035+ 451

7105 £ 651

I+ 1+ 1+ 1+
~N B o
o~NoW;

Matrix
.| supported
diamicton

Organic-rich M t .
e - oss pea - Gyttja

Silty-sandy r“”j Silty
gravels L !sand

Fig. 14 - Lithostratigraphical correlation of section A and C (modified from
Orombelli, 1998), including position of dated samples and uncalibrated
radiocarbon ages.

61



4.2. Plant macrofossil record

Selected intervals in the buried peat sequence, either from the section A and the
section B, were considered for macrofossil analysis (Tab. 5), to figure out the
composition of organic deposits and the relative representation of aquatic and
terrestrial local plants. The basal organic mud (RUT-2 pollen zone) is mainly
composed of Carex sp. and Poaceae remains; almost no mosses were found.
Compressed small twigs of dwarf shrubs were identified as Ericaceae cf.
Vaccinium (Tab. 6 and Fig. 17). These findings suggest the presence of dwarf
heaths around the pond.

The peat mire developed between 210 and 142 cm. A remarkable increase of
mosses marks these deposits (Tab. 5). Carex sp. (biconvex achene, epidermis)
and Poaceae (caryopsis) have been identified along with mosses.

The mire was colonized by Salix cf. foetida, as shown by identification of
branches and buds (Fig. 17). This shrub is still abundant in the Rutor glacier
foreland (Caccianiga et al., 2002). Willows are characterized by an "outlying"
distribution, indicating a role poorly correlated with temporal controls (Matthews,
1978). They are capable of establishing on any terrain age provided with a
suitable supply of moisture (Whittaker, 1993).

Moreover, some wood fragments have been identified in the Valter mire deposits
(Tab. 6). A Pinus cembra wood fragment (Fig. 17) yielded a radiocarbon age of
4895 + 35 yrs BP, suggesting the occurrence of Swiss stone pines around this
site (ca. 2590 m asl) at 5600 - 5700 yrs cal BP. According to PAR values (see
later), the Valter mire was lying in the timberline ecotone 5600 yrs ago, probably

characterized by a mosaic of open Pinus cembra stands.
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Section code section A section B
Sample name 150-152 cm 162-164 cm 172-174 cm 186-188 cm 216-218 cm Basal peat layer
Mesh size (mm) 1 0,5 1 0,5 1 0,5 1 0,5 1 0,5 1 0,5
Taxa Type of % % % % % % % % % % % %
remains
Musci stem 54 40 72 50 38,5 25 45 60 2 26
Musci leaf 30 5 40
Musci total 54 40 72 80 38,5 25 50 60 2 0 26 40
ND rhizome 40 57 20 10 50 60 30 30 10 20 25 30
Carex sp. rhizome 15 20
Carex sp. b;f:cr)lg\éeex 3 2 5 7 0,5 3 5 8 10
Carex sp. epidermis
Poaceae caryopsis 0,5
n.d. stem base + 3 2 9
n.d. stem 2 5 13 10 2 13
n.d. epidermis 9,5 5 10 35 15 5
n.d. black rootlets 5 15 5
Herbaceous plant total 4 2 7 7 8,5 10 18 5 49 75 36 28
taxa
Ericaceae twig 5
Salix cf. foetida twig/branch 6
Salix cf. foetida bud 4
n.d. twig 8
Woody plant taxa total 13 10
Peat aggregates 2 25
Insecta different parts 2 + + 3 5 2 5 + 5 3 2

Table 5 — Plant macroremains percentage record from selected peat levels; + = presence.



Section Type of “C date BP  Calibration range (2 Median probability

9

Section code altitude (m asl) Sample name remains Taxa N (uncal.) sigma, cal yrs BP) (cal yrs BP)
Valter mire 2594 5 lap core 117 branch fragment Pinus cf. 1
cm cembra
Valter mire 2594 Sbis core 116,5 | anch fragment  PMUS 1 4g95+40 5586-5664 5627
cm cembra
Valter mire 2594 5lap ((:;?T:e 135 wood fragment n.d. 1 6200 % 40 6994-7184 7093
; Salix cf.
twig/branch foetida 21
Section B 2510 Basal peat layer bud Salix cf. 6
P y foetida
bud connected Salix cf. 1
to the twig foetida
Section A 2510 162 - 164 cm twig n.d. 1
twig n.d. 8
Section A 2510 216 - 218 cm twig Ericaceae 5
twig Ericaceae 3 7825+ 50 8505 -8771 8607
twig n.d. 2
Section A 2510 220-222cm 7980+ 47 8695-9000 8853
Twig Ericaceae 1

Table 6 - Wood record obtained from the studied peat sections.



4.3. Radiocarbon chronology and age-depth model

According to the composite sequence of radiocarbon ages, the Rutor buried peat
continuous record extends for about two millennia between 8.7 and 7 ka cal BP
and so far it is the most extensively radiocarbon-dated site in the Alpine chain
recording the Early to Middle Holocene evolution in the high elevational belt of
the Alps (Fig. 15). Despite the dating effort, a plot of the complete radiocarbon
dataset shows an age shift between 8 and 8.5 ka cal BP at the basal gyttja /
moss peat boundary (Fig. 15 A). However, there is a hiatus not supported by the
pollen record which shows a stable increasing pine trend across (see Fig. 16 A).
Once the ages obtained from bulk gyttja (organic mud, 225 — 210 cm) are
removed, relying on terrestrial wood only, a continuous deposition in the basin is
apparent since its deglaciation, somehow before the basal age of 8.7 ka cal BP,
and lasting at least until 7.4 ka cal BP, thus excluding any glacial overriding at the
8.2 ka cal BP event.

The ages provided by bulk gyttja are about 200 years older than the imbedded
wood. Here, a reservoir effect could be due to uptake of old carbon by aquatic
plants forming the organic mud (mainly Sparganium cf. angustifolium).
Submerged vegetation shows physiological adaptations to a low carbon
availability in the water column including effective utilization of CO, contained in
the sediment (Raven et al., 1988; Madsen, Olesen & Bagger, 2002). A recent
experimental study documents that Sparganium angustifolium captures CO,
directly from sediment pore water by root uptake to produce biomass.
Additionally, Sparganium angustifolium produces floating leaves which enable
supplementary uptake of atmospheric CO, (Lucassen et al., 2009). These
ecophysiological mechanisms may explain a moderate reservoir effect and thus

the observed bias in ages from Sparganium cf.angustifolium bulk sediment.
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4.4. Vegetation history and landscape reconstruction

The pollen record obtained from the buried peat sequence is shown in Fig. 16 A -
B. The lowermost pollen zone (RUT-1) originates from detrital meltwater silts
resting on glacial deposits. This interval is characterized by high percentages of
Pinus cembra pollen (ca. 60 - 70%). The entire basal succession is polliniferous;
but most pollen contained in the meltwater silt was likely released from melting
ice and floated till the proglacial pond. Hence, relative pollen abundances and
changes in meltwater silt do reflect taphonomical issues rather than vegetation
dynamics (see light blue fill in pollen records, Fig. 20). In addition, enhanced
flotation of saccate pollen (Ammann, 1994) might strongly affect the relative
abundance of pine compared to other taxa. Hopefully, a thorough investigation of
the whole palynological assemblages enabled the identification of several herbs
testifying to early successional, despite their low pollen representation due to
dilution in detrital sediments (e.g. Eryngium alpinum, Oxyria, Trifolium badium)
(Fig. 20).

In RUT-2 zone a gradual increase of Pinus cembra values from ca. 25% to ca.
40% points to expanding conifers in the glacier foreland. Locally, grasses and
other herbs expanded (Gramineae e.g. Nardus and Cichorioideae cf. Leontodon
spp.), together with mid-to-late successional dwarf shrubs (Ericaceae e.g.
Vaccinium, Calluna, Erica). Among aquatic and telmatic plants, Sparganium and
Cyperaceae display high percentage values. The wood analysis of small twigs
from this interval documents the local presence of Ericaceae (cf. Vaccinium spp.)
between 216-218 and 220-222 cm.

In RUT-3 zone, an Abies sudden spread suggests development of a new forest
formation in the mountain to lower subalpine belt. Swiss stone pine keeps
expanding too. This tree became to dominate the upper subalpine forest belt. A
marked increase in microcharcoal concentration at around 194 cm (ca. 7950 yrs
cal BP) may be related to a biomass increase as a consequence of a shift
towards denser forests. Low Picea values (ca. 1%) might be related to a long-
distance pollen transport.
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RUT-5 zone is framed by an established dominance of Pinus cembra in a large
upper subalpine forest belt and the progressive rise of Abies. A similar scenario
persists in the following zone (RUT-6); here, Abies reaches maximum values (ca.
15 - 20%), indicating a silver fir expansion in the mountain belt and in the
subalpine environment as well. Sporadic Larix pollen grains occur. Local aquatic

and telmatic plants expanded (Cyperaceae and Sparganium).

The uppermost RUT-7 zone shows a moderate decrease of Pinus cembra and
Abies, and increase of Corylus and Pinus sylvestris/mugo. The occurrence of
Juniperus stomata suggests it had established close to the Rutor buried peat

basin.

To better understand the local and regional dynamics of the main forest taxa,
Rutor data have been compared with the Crotte Basse site pollen record (2365 m
asl, Fig. 12), just a few km from the Rutor area. This site yields the first
continuous record of vegetation and climate history for the western high-altitude
Alps covering the last 13 ka (Pini et al., submitted). At both sites Abies alba
reached values >2% at ca 8370 yrs cal BP (Fig. 20), while Pinus cembra curve
shows different patterns. During the early Holocene, at the Crotte Basse site pine
forests was already established in the mountain and subalpine belts as
documented by the high pollen percentages (~60%) of Pinus cembra (Fig. 20 -
red dots). Moreover, since ca. 8800 yrs cal BP, a continuous Pinus cembra
stomata curve suggests the presence of stone pine specimens around the site
(2365 m asl). Differently, in the Rutor area Pinus cembra expansion was

underway in the subalpine belt, starting from percentages of ca. 25% (Fig. 20).
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willow bud

2

Fig. 17 - Selected wood macroremains from the studied peat sections: (1) Peat

including compressed Salix cfr. foetida stems (Section B — basal peat layer); (2) A
willow bud connected to the twig and some bud fragments (Section B — basal peat
layer); (3) Transverse section of Salix cfr. foetida wood (x 630 magnifications,
Section B — basal peat layer); (4) Filling cells structures (permineralizations?) of
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fossil wood (x 200, section A — 216-218 cm); (5) Tangential section of Ericaceae cf.
Vaccinium spp.: 2 to 3 — seriate rays (x200, section A — 216-218 cm); (6)
Scalariform perforations in Ericaceae cf. Vaccinium spp.. The openings at the axial
end show several bars (x 400, section A — 216-218 cm); (7) Branch fragment of
Pinus cembra (Valter mire, 5 bis core section - 116,5 cm); (8a) Transverse section
of Pinus cembra wood with resin ducts and (8b) radial section of Pinus cembra
xylem with compression wood formations (Valter mire, 5 bis core section - 116,5

cm).

4.5. Pollen-inferred Temperature Reconstructions

TJuly and TJan reconstructions inferred from the composite pollen record
(Paragraph 3.6) show a warmer Holocene between 8000 and 4000 yrs cal BP,
with TJuly ca. 3 °C higher than today (1981 — 2010) and a cooling of ca. 3 °C
during the late Holocene (4000 — 850 yrs cal BP) (Fig. 19). During the early-
middle Holocene, temperature of the warmest month reached mean values of
12,1 °C (LWWA, RMSEP= 2,28°C) or 12,2°C (MAT, RMSEP= 2,08 °C). For the
same period pollen-inferred coldest month temperature was about -3,2°C
(LWWA, RMSEP= 1,51°C) and -3,3°C (MAT, RMSEP= 1,40°C). A first cooling
step occurred between about 4000 and 3400 yrs cal BP, a second one between
ca. 2900 and 2000 yrs cal. BP and a third from 1150 till the end of the record
(853 yrs cal BP). The plots of observed versus predicted January and July mean
temperatures (Fig. 18) show generally good results, but, according to the
residuals (predicted-observed values compared with observed values in Fig. 18
B, the model is found to over-estimate the warmest modern temperatures and
under-estimate the coldest modern temperatures.

Modern climate normals of the warmest (TJuly) and coldest (TJan) months at the
study site (ca. 2510 m asl), for the period 1981-2010, are 8,6 °C and -6,8 °C,
respectively.
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MAT (Modern Analogue Tecnique) scatter plots
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5. DISCUSSION

5.1. Reproducibility of pollen data

In 1988, previous authors collected samples for pollen analysis and radiocarbon
dating from a mire profile close to the study site presented here. Burga (1991)
presented a radiocarbon-calibrated pollen record. Five radiocarbon dates on bulk
sediments covered ca. 3000 yrs between 9255 yrs cal BP and 6066 yrs cal BP
(median probability). The lithostratigraphical sequence described by Burga (1991)
is coherent with the sequence presented in this study and pollen data are also
comparable, although our time resolution is much higher. Indeed, Burga’'s LPAZ 1
zone shows an early successional herb phase, rich in Artemisia, Cariophyllaceae,
Rumex/Oxyria type, Asteraceae, Cichorioideae pollen grains. This pollen
assemblage matches the composition of RUT 1-2 pollen zones (Fig. 16). Burga'’s
LPAZ 2 pollen zone shows expansion of silver fir (Abies) as observed in RUT 3-4
pollen zones. In LPAZ 2-3, high and stable Pinus percentages point to a phase of
climate optimum at an average T rise of 2-3 °C (Burga, 1991). This scenario is
comparable with our data: RUT 4-5-6-7 pollen zones (see Fig. 16 A) and the

resuts of our climate reconstructions (Fig. 19).
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5.2. Pollen evidence of Early Holocene deglacial plant
succession

The basin infilled by the buried peat sequence originated as a proglacial lake,
most probably triggered by glacier retreat before 8800 years cal BP. Here, we
discuss pollen stratigraphy during early phases of basin infill to infer stages of
plant colonization on deglaciated terrains (Fig. 20).

First pioneer herbs (Anthyllis, Astrantia, Fabaceae, Oxyria,) established on bare
terrain very quickly, but soon their pollen image disappeared (RUT 1 pollen zone:
225 to 235 cm depth). Rumex acetosella, Rumex acetosa and Trifolium badium
established later in this stage ( RUT 2a pollen zone: 226 - 223 cm depth). This is
interpreted here as a succession of ruderal affinity (sensu Grime, 1977) which
species are able to colonize deglaciated terrains via short-distance anemochory
(Erschbamer et al. 2001). Brandani (1983) regards ruderalism as an adaptation
to fluvioglacial disturbance whereas Kérner (1999) advocates seasonal climatic
disturbance. The role of ruderals in early stages of deglacial pioneering was
highlighted by recent reports on current vegetation dynamics throughout the
Rutor Glacier foreland (Caccianiga et al., 2004, 2006) with the ages of LIA
moraine ridges used to construct a simple chronosequence for the landscape.
Terrains exposed less than 68 years ago are occupied by pioneers (e.g. Oxyria
digyna, Trifolium badium and Cerastium uniflorum), which are absent from
terrains exposed more than 181 years ago (Caccianiga et al., 2006).

Pollen of dwarf shrubs is absent in the pioneer community, while expanding in the
later successional stages. A peak of Ericaceae pollen curve (p.p. max Vaccinium,
Rhododendron and Erica) at 222 cm along with blueberry wood fragments,
support an in situ Ericaceae heath. Evidences of a mid-successional dwarf
shrubs expansion (e.g. Calluna vulgaris, Vaccinium vitis-idaea, Arctostaphylos
uva-ursi) were also recognized in the glacier foreland of Rotmoostal valley
(Otztal, Austria). These species occurred during the initial grasslands stage,
which lead to the late-successional alpine grasslands establishment (e.g. Carex
sempervirens, Carex curvula) (Raffl et al., 2004). Several authors suggest that
this process needs more than 180 years (Matthews 1992, Caccianiga et al.
2001).
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We also found pollen of other plants (Umbelliferae e.g. Eryngium alpinum,
Bupleurum falcatum type and Pimpinella major type together with
Cariophyllaceae cf. Cerastium and Aster type) that took part in the early
successional colonization but persisted for at least the subsequent 300-500 yrs.

These plants do not mark a specific successional stage.

Another group of herbs displays a different successional behavior. These herbs
can be assigned, according to their modern ecology, to the colonization of wet
habitats over fine sediments. Their sharp peaks in the pollen record are in
agreement with their growing within the sedimentary basin (Gramineae pro
maxima parte cf. Nardus, Asteraceae cf. Leontodon, Sparganium, Potentilla Fig.
20, group local pond). Gramineae cf. Nardus and Cichorioideae cf. Leontodon
expanded between 8800 and 8400 yrs cal BP. Field vegetation surveys in the
Rutor highlands show a Nardus-Leontodon expanding over high altitude,
seasonally drained meadows (“Hygronardetum” according to Buia, 1963) Such
wetland plants, e.g. Nardus stricta and Potentilla palustris, are adapted to survive
in anoxic conditions by growing an entirely new root system each year from a
perennating shoot base (Armstrong, 1979; Crawford, 1989). In pristine boreal
biomes, without any sign of anthropic pasture, Nardus forms heath-meadows
along creeks or along Sparganium angustifolium-pool banks (e.g. in the
Fennoscandian timberline and Alpine biomes - Kalliola, 1972, Moen, 1990). It is
proposed as one of the primary habitats of the Nardus in the Alps, before the
onset of human impact. Sparganium angustifolium massive expansion (Fig. 20)
could have been promoted by a great seasonal contrast combined with hot
summers. Usually, this species grows in shallow waters with relatively high
hydrodynamism and is able to survive under severe and prolonged drought
stress (Ballesteros et al, 1989). All together, these plants bear a high pollen
production and thus are expected to be well represented in high altitude
palynological archives in the Alps.
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5.3. Timberline response to Holocene climatic oscillations

Timberline limits are controlled by thermal variables (Jobbagy et al., 2000), and
thus its variations have been used as a sensible indicator to past and present
climate variability. The temperature of the growing season is widely considered
the main factor affecting the position of both latitudinal and altitudinal forest and
treelines (Tranquillini, 1979, D’Arrigo & Jacoby, 1993, Kdérner, 1998, Korner &
Paulsen, 2004). In the following the timberline is understood to be the transition

zone between closed forests (density depends on the tree species and the site
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conditions) and the most advanced individuals of the forest-forming tree species
(Holtmeyer, 2009, Smith et al.,, 2003). Timberline is the most conspicuous
vegetation limit in high-mountain areas, a more or less wide ecotone that has to
be understood as a space- and time related phenomenon. In many cases the
existence of a timberline ecotone is the result of oscillations of the climate,
persistence of tall (mature) trees and regeneration under changing conditions
(Holtmeyer, 2009).

The current timberline limits and their inferred thermal controls in the Rutor area
can be resumed as follows. The treeline (connecting elevational standing tree
individuals, 3 m high) is formed by stone pine and culminates at 2450 - 2455 m
asl, i.e. at a modern (1981-2010 period) TJuly normal of ca. 9,3 °C. Small,
stunted and deformed stone pine individuals (krummbholz) are scattered between
2460 — 2500 m asl. First stone pine tree grooves stand at 2290 - 2300 m asl,
modern TJuly normal of ca. 10,2 °C. According to the macroscopic identification
of their annual growth units has been evaluated empirically to assess the age (at
least ~ 150 years old, see Caccianiga & Compostella, 2012). These pines mark
the historic treeline position and possibly got through the cooling period of the
latest phases of the Little Ice Age. The closed forest line marks an irregular

boundary at about ca. 2100-2150 m asl at a modern TJuly normal of ca. 11,5 "C.

In the Alpine areas subjected to continental climate, stone pine is considered the
best adapted tree to colonize the upper subalpine belt, and even the lower alpine
belt, given its decreasing need for summer heat with increasing altitude and its
frost resistance (Theurillat & Schlussel, 2000). On the other hand, it fails

competition with larch and green alder under oceanic conditions.

Gathering pollen influx thresholds for different modern vegetation types along the
altitudinal gradient can be useful for more reliable reconstructions of past
timberline shifts. In fact, pollen influx could help to overcome interpretation
difficulties caused by percentage values (Lang, 1994). Here, tentatively
calculated pollen influx for the most important species which define timberline:
Pinus cembra, along a local altitudinal transect (La Thuile valley, see Chapter 1)
crossing the timberline and ending ca. 200 m above the treeline. PAR values
show a marked decrease with altitude: in the close forest they reach 4436 + 1157

81



grains cm™ yrs™, within the upper timberline ecotone are 955 + 174 cm™ yrs™ and
about 291 + 121 cm™ yrs* in alpine meadows above the treeline. Our data are
coherent with those obtained for Pinus cembra PAR along a transect near
Zermatt (Valais, Switzerland) (van der Knaap et al., 2001) starting in the forest
and ending 500 m above treeline. Furthermore, Bortenschlager et al. (1998)
obtained similar results for Pinus cembra in western Austria (site Vent). Similarly,
Tinner & Theurillat (2003) in the central Swiss Alps used pollen percentage and
influx together with stomata and charcoal data for determining whether or not a

site was treeless.

The Rutor buried peat site is located ~ 60 m above the modern treeline. The high-
resolution pollen record obtained between 8800 and 7400 yrs cal BP allowed us
to reconstruct decadal/centennial scale timberline fluctuations during the early-
middle Holocene. At the end of the Younger Dryas a temperature rise of about 3
to 4 °C within only half a century (Schwander et al., 2000; von Grafenstein et al.,
2000) caused significant altitudinal displacements of alpine species (ca. 800 m
within 200 years, see Tinner and Kaltenrieder, 2005). Pollen data from Crotte
Basse site (Fig. 12) suggests the presence of Pinus cembra in the valley floor
from at least 13000 yrs cal BP. Likewise, at Gouillé Rion (Valais, central Swiss
Alps, 2343 m asl) Pinus cembra was present from ca. 14 000 yrs cal BP (Tinner
et al. 1996) and macrofossil findings of this species in the Valais region (Simplon,
2005 m a.s.l., c. 50 km distant) confirm its Late-Glacial and early Holocene
presence at lower altitudes (Lang & Tobolski 1985). Slightly before 8800 yrs cal
BP, in the Rutor area, a possibly glacier oscillation interfered with the forest
colonization in the glacier foreland. The latter may correspond to a cold phase
recorded at Gouillé Rion pollen record (Rion-2, Tinner et al.,2005) lasted from
9300 to 8900 yrs cal BP. Afterwards, between ca. 8800 and 8400 cal yr BP, a
local Pinus cembra steady expansion (Fig. 21) occurred. During this phase
vegetation dynamics could have been triggered mainly by the local glacier
retreat, including a primary succession within the glacier foreland (Fig. 20).
Therefore, the reliability of temperature reconstruction for this period is uncertain
(Fig. 19 - see “no analogue” rectangles). Interestingly, a cooler rapid oscillation
(2-1,5 °C) occurred at ca. 8370 yrs cal BP marked the beginning of the Abies
expansion. During these 800 years (8800-8000 yrs cal BP), Pinus cembra PAR
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values were comparable with those obtained for the modern timberline ecotone
(ca. 1000 grains cm? yrs™®: Fig. 21). Thus, the fossil site was lying in the
timberline ecotone probably characterized by a mosaic of open Pinus cembra
stands. Around 7900-7950 yrs cal BP, a temperature rise of ca. 1 °C (Fig. 21)
possibly promoted an upward shift of Pinus cembra specimens as shown by
higher fossil Pinus cembra PAR values, suggesting an increase in biomass.
Between 7950 and 3800 yrs cal BP, high Pinus cembra % and PAR values
(respectively 50-60% and 500-2000 grains cm™ yrs™?), suggest a higher than
today timberline stand lasted for ca. 4000 years. During this period Rutor fossil
sites: Buried peat site (2510 m asl) and Valter Mire (2594 m asl) continued to lie

within the timberline ecotone.

These evidences are corroborated by the the occurrence of a Pinus cembra
uncharred wood dated 5600 - 5700 yrs cal BP at 2594 m asl. This cm-sized
macrofossil cannot have been long-distance transported, thus it indicates the
presence of this species in situ. Indeed, transport of macroscopic particles
depends on saltation (driven through strong winds) and in part on (melt) water
transport. Because they are not usually transported very far from their point of
origin (Birks and Birks, 1980), macrofossil results have a high (meter to
decameter) spatial resolution. Additionally, from ca. 8000 to 4000 yrs cal BP,
pollen-inferred TJuly reconstructions (Fig. 22) show higher values (~ 3°C) than
today (1981-2010 period).
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Most paleoecological studies indicate that during middle Holocene the upper
treeline oscillated ca. 100 - 150 m from today’s position (Patzelt, 1977; Burga and
Perret, 1998, 2001; Haas et al., 1998, Tinner & Theurillat, 2003). Moreover, non-
botanical evidence points to conditions warmer than present between ca. 10,000
— 8400 and 7600 to 4000 cal. BP in the Alps (Grosjean et al., 2007; Heiri et al.,
2003, 2004; Joerin et al., 2008; von Grafenstein et al., 1998, 1999). In the Central
Swiss Alps, between 10950 and 4450 yrs cal BP the uppermost limit reached by
timberline and treeline was ca. 2420 and 2530 m, respectively, i.e., about 120 to
180 m asl higher than today (e.g. Gouillé Rion, Gouillé Loére (Fig. 23); Tinner &
Theurillat, 2003). Between 5400 and 4450 yrs cal BP timberline progressively
sank by about 300 m, while treeline was lowered only ca. 100 m. In this area the
Bronze age began at 2200 BC (ca. 4150 yrs cal BP), indicating the onset of a
new and more intensive land use system based on alpine summer farming
(Tinner & Theurillat, 2003). It seems that in the Rutor area treeline experienced
slightly higher positions (Fig. 23) while a treeline lowering occurred later, around
3800 yrs cal BP. Here, TJuly reconstructions (Fig. 22) clearly shown a climate
deterioration of ca. 3 °C, compared with the previous period, started around 4000
— 3800 yrs cal BP. Our results are in agreement with other palaeoclimate
reconstructions in the Alps, where a cooling phase occurred around 4000 yrs cal
BP with a drop in temperature of ca. 2-3 C, compared with the previous period,
is documented: e.g. Heiri et al. 2003; Illyashuk et al., 2011 (Fig. 22) and Wick et
al., 2003; Ortu et al., 2008. Knowing that the first evidences of relevant human
activities in the Rutor area occurred later, during the Roman time (see Chapter
3), this scenario suggest a local climate-driven treeline sank. Otherwise, at the
Crotte Basse site (2365 m asl), just a few km from the Rutor site, local human
disturbance (e.g. burning and grazing activities) started around 5600 yrs cal BP
producing openings in the timbeline ecotone formerly, since the Copper age (Fig.
23).
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Fig. 23 - Biosketch — treeline shifts as recorded in pollen records from the Aosta
Valley (Rutor area) and the Central Swiss Alps (Tinner & Theurillat, 2003) from
11000 yrs cal BP to modern time. The reconstruction is plotted against time and
altitude, with relevant sites between 2300 and 2600 m asl shown on the y-axis; In
red: Rutor section A, Valter mire (present study) and Crotte Basse site (Pini et al.,
submitted). In grey: Central Swiss Alps sites (Lengi Egga, Gouillé Loére, Gouillé
Rion). Continuous/ dashed line indicates the site position below/ above the
treeline during specific time intervals. Symbols (see legend) add further key
elements (e.g. human disturbance, wood/stomata occurrences) useful to integrate

the framework.

5.4. Evidence of Early-Middle Holocene prolonged glacier
contraction and Alpine climate variability

Glacial deposits in the valley floor downhill to the Rutor Glacier highlands testify

to Lateglacial advances (“La Thuile-Stage”; Charrier & Peretti, 1972; Armando et

al., 1975), also recorded in the nearby Mont Blanc area (Porter and Orombelli,

1982), but not yet directly dated. In the Holocene first three millennia, the Rutor

Glacier cleared the valley floor and retreated to the highlands. The evidence of
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primary plant succession so far discussed at Rutor buried peat site, dated to
8800 yrs cal BP, suggests that local deglaciation occurred just a few decades
earlier. The Early Holocene Venediger oscillation in Eastern Alps, currently dated
to be older than 9.2. ka cal BP (Patzelt in Nicolussi and Patzelt, 2001) may be
compared with the observed pattern at Rutor Glacier. Furthermore, high-
frequency fluctuations of solar irradiance suggest a solar-activity minima at 9400
yrs cal BP which possibly caused a substantial cooling over the Alps and Central
Europe (Muscheler et al. 2000). Similarly, a moraine of the Glacier de Tsidjore
Nouve at Arolla (Valais, Switzerland; Réthlisberger, 1976) is now dated between
9.6 and 9.3 ka cal BP (Joerin et al.,, 2006). Interestingly, a petrographic and
stable isotopic record from a cave close to the Upper Grindelvald Glacier in the
Swiss Alps suggests a glacier advance U/Th dated to 9.192 + 0.159 ka b2k
(Luetscher et al., 2011). We thus suggest that the observed deglaciation high in
the Rutor glacier catchement occurred at the very end of this Early Holocene cold

oscillation.

According to the current Alpine framework of Holocene glacier oscillations (Joerin
et al. (2006, 2008), this event took place just prior to the first Holocene warm
interval (Fig. 24). Indeed, our data suggest persisting glacier recession during the
subsequent period (8800-7400 yrs cal BP) (Fig. 24). Our paleobotanical data
suggest a warm and dry phase with a strong seasonality during the early
Holocene. At an Hemispheric scale, frequent early Holocene droughts resulted
from a maximum of summer solar radiation in the Northern Hemisphere at ca
9000 cal. BP (Kutzbach and Webb, 1993). In the northern mid latitudes
evaporation was at a maximum and, therefore, moisture availability at a
minimum. A coeval minimum of winter solar radiation resulted in colder winters.
In combination with hot summers, leading to a greater seasonal contrast than
today (Kutzbach and Webb, 1993). It is likely that these climate conditions
inhibited the expansion of Abies alba in the Alps. This forest tree is among the
most drought-sensitive tree of Europe (Asthalter, 1984; Peterken and Mountford,
1996; Webster et al., 1996). Abies alba pollen spreads at ca. 8370 yrs cal BP
(median probability of the 2 sigma calibration interval), both in the Rutor site and
in the near Crotte Basse site (2365 m asl, Fig. 12). Temperature reconstructions

show a climate cooling of about 1 - 2°C at 8375 yrs cal BP (Fig. 24). Furthemore,
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at this time, we observed the development of a peat mire (paludification) in the
Rutor buried peat sequence indicative of precipitation increase, which is
stratigraphically related to a coeval expansion of Abies pollen curve. Abies
expansion is triggered by the 8.2 ka climatic oscillation (Tinner and Lotter, 2006).
This event was recognized as the most extreme climatic anomaly in the
Greenland ice core 50 records during the Holocene (Fig. 24). The duration of
the entire 8.2 ka event in Greenland was ~ 160 yrs (between 8297 and 8136 yrs
before A.D. 2000 [b2K]) (Alley and Agustsdéttir, 2005; Thomas et al., 2007). In
central Europe, several proxy data, e.g. isotope records from lake sediments (von
Grafenstein et al., 1998, 1999) and speleothems (Boch et al., 2009) it is shown to
have lasted 100 - 130 yrs, with a reconstructed temperature depression of ~1.5 —
3 °C. Other records based on plant proxies indicate that the 8.2 ka event was the
onset of a longer lasting (until ca. 7.6 ka) cold and wet period in central Europe
(e.g., Kofler et al., 2005) and thus advantaged the expansions of Fagus and
Abies (Tinner & Lotter, 2006). However, we missed firm time constrains for this
event be represented in the archive of glacier oscillations. Only Kerschner et al.
(2006) proposed a 8.2 ka glacier advance based on exposure age dating.
Furthermore, Nicolussi & Schliichter (2012) presented evidence for such an
advance related to the 8.2 ka event based on dendrochronological analyses for
tree remains found in front of the Mont Miné Glacier (Swiss Alps). The lack of a
8,2 ka glaciological evidence in the Rutor proglacial area may be related to the
effects of the preceding long recession phase (8800 - 8400 yrs cal BP), which
constrained glacier fluctuations well above the current (2010 AD) glacier fronts.

The radiocarbon chronology obtained from the Buried peat sections (between
8800 and 7400 yrs cal BP) together with a further buried peat section dated
between ca. 7300 and 3700 yrs cal BP (Armando et al., 1975) (Fig. 24), suggest
an even longer phase of Rutor glacier recession, lasting ca. 4-5 ka yrs between
8800 and 3700 yrs cal BP. During this period the glacier fluctuations remained
within the extent of 1975 AD, or even 2010 AD. Likewise, the Rhone Glacier
remained in a position smaller than today since the early Holocene until

approximately 5 ka (Goehring et al., 2012) (Fig. 22).
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Fig. 24 - Overview of palynological and climate reconstruction from the Rutor site
compared with glacier dated advance and recession phases in the Alps. a) Rutor
selected % pollen curves; b) Rutor organic deposits in the glacier foreland (section
A — present study and Armando et al.,, 1975); c¢) Rutor pollen-inferred Tjuly
reconstruction (LWWA) d), e) Synthesis of Upper Grindelwald Glacier fluctuations
interpreted from Milchbach speleothems (Luetsher et al., 2011); f) Mer de Glace
altitudinal position (Le Roy et al., 2015); g) Peat and wood remains found in
sediments deposited at the front of retreating Swiss glaciers (Joerin et al., 2006,
2008); h) NGRIP GICCO05 delta 'O (Svensson et al.,2008). F: Frosnitz; R 1-2:
Rotmoos; L: Lobben oscillation; G6 1-2: Géschener oscill.; LIA: Little Ice Age.

6. CONCLUSIONS

The study of buried peat and minerogenic deposits from the Rutor Glacier area

allowed us to obtain new data, as listed below:

e The fossil records studied in the elevational foreland of the Rutor Glacier
(between 2510 and 2595 m asl) document to a long phase of glacier

recession between ca. 8800 and 3700 yrs cal BP.

e A continuous palynological record was obtained between 8800 and 7400
years cal BP with a mean time resolution of 28 years.

e For the first time in the Alpine literature, the palynological evidence of a
deglacial plant succession developed on pre-LIA glacial deposits was
documented. The comparison with similar post-LIA vegetation analogues in
the Alps allowed to document similarities with modern ecological primary
successions. Furthermore, the existence of this succession corroborates the

stratigraphic continuity at the base of the Rutor buried peat sequence.

e A pollen-inferred temperature record has been obtained from the highest so
far available site in the Alps. TJuly and TJan show a warmer Holocene
between 8000 and 4000 yrs cal BP, with TJuly ca. 3 °C higher than today
(1981 — 2010 period). A drop in temperature, compared with the previous
period, of ca. 3 °C started around 4000 yrs cal BP. A first cooling step
occurred between ca. 4000 and 3400 yrs cal BP, a second one between ca.
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2900 and 2000 yrs cal. BP and a third from 1150 till the end of the record (853
yrs cal BP).

e According to the comparison between fossil and modern data: e.g. PAR
(Pollen Accumulation Rate) values and July temperature, results are
consistent with an upper timberline position of ca. 300 m above its present

altitude during the middle Holocene.

e In the Rutor area a Nardus-Leontodon herb community expansion at high
altitudes forming seasonally drained meadows is proposed as one of the

primary habitats of Nardus in the Alps, before the onset of human impact

e The biological proxies discussed in the light of the current understanding of
the climatic history in the Alps highlight the following evidences:

- The evidence of a primary plant succession dated to 8800 yrs cal BP
suggests that local deglaciation occurred just a few decades earlier

- The lack of a 8,2 ka glaciological evidence in the Rutor proglacial area
may be related to the effects of the preceding long recession phase
(8800 - 8400 yrs cal BP), which constrained glacier fluctuations well

above the current (2010 AD) glacier fronts

- Abies expansion was triggered by the 8.2 ka event, locally marked by

the development of a mire, indicative of precipitation increase

Further investigations are needed to gain new palaeoecological data from high-
altitude areas, where the main driving force for vegetation dynamics is climate
variability. Moreover, to contribute to our understanding of the responses to rapid
climatic changes, new high-resolution pollen records and pollen-inferred

temperature reconstructions in the Alps may be useful.
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Since the studied mire hadn’t got a name due to its low interest in pastoral
activities, and since the nearby lake has a complex name, we prefer to assign a
unigue denomination. Therefore we have decided to name this peat archive after
its discoverer, Prof. Valter Maggi, glaciologist, an active student of the Rutor
Glacier. The name “Valter mire” is being deposited at the Office of Nature
Conservation of the RAVA.
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SUPPLEMENTARY MATERIAL A

Notes on pollen identification and light microscope pictures of fossil pollen grains

from section A (226 cm).
Notes on some specific pollen identification

According to Beug (2004), grains of Trifolium badium type (panel A) are colporate
with 3 apertures, have a prolate shape with sunken inapertural area, sub-
triangular contour in polar view, surface sculpturing psilate/ perforate and a mean

pollen size of 27,5 — 35,3 um. The tectum is eutectate, exine is 1,5 — 2 uym thick.

Individual species of Polygonaceae have been identified using the criteria of
Leeuwen et al. (1988) and Beug (2004). Rumex acetosa (panel C) and Rumex
acetosella (panel D) can be recognized by a combination of features: i.e. colpus
length, small size, features of the endopori and colpi intruding in equatorial view.
Rumex acetosa ( P=19.0-(21.5)-25.8 ym) is mainly recognized by its short colpi
which do not intrude. Rumex acetosella (P= 20.0-(25.0) 27.0 ym according to
Leeuwen et al., 1988 and 22.5-27.5 pm according to Beug, 2004) is
characterized by its long, intruding colpi, small size and features of the endopori.
Its cytotypes may differ in minor details, but can be recognized based on the
features mentioned above.

Oxyria digyna pollen (P=20.0-(23.0)-26.0 um according to Leeuwen et al., 1988
and 20.5-29.5 uym according to Beug, 2004; panel B) closely resembles that of
Rumex acetosella. It has distinctly intruding colpi, small size and has circular
endopori. Nevertheless, there are differences and its pollen can be distinguished
by the distinct, circular endopori, distinct columellae and muri of the reticulum and

slightly larger size.
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Fig. A1 — (A) Monospecific group of four pollen grains: Trifolium badium type
(630x); (B) Oxyria digyna (1000x); (C) Rumex acetosa (1000x); (D) Rumex
acetosella (1000x).
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Manuscript 3

(In preparation)

Climate-driven vegetation dynamics during the
Mid-to-Late Holocene as recorded in an elevational
mire close to the Rutor Glacier

1. INTRODUCTION

High-elevation environments are particularly sensitive to rapid climate changes
(Gottfried et al., 2012). Reconstructions of Holocene climate variability in the
European Alps have been produced using a variety of proxies, including
palaeoecological indicators of treeline variations (Haas et al., 1998; Tinner and
Theurillat, 2003; Nicolussi et al.,, 2005; Berthel et al., 2012). Since treeline
elevation is strongly controlled by climate, especially by temperature during the
growing season (cf. Kérner 1998), past changes in treeline location have been
widely used to infer past climatic variations (Seppa & Birks 2001).
Glaciers are known to be sensitive markers of climatic changes responding
particularly to summer temperature variations (Oerlemans, 2005; Steiner et al.,
2008). Such sensitivity has been remarkably documented in the European Alps,
thanks to researches focussing on speleothems geochemistry and dating, ice
flow models, glacier front reconstructions and cosmogenic nuclides
geochronology (Luetscher et al., 2011; Goehring et al., 2011, 2012; lvy-Ochs et
al., 2009, Le Roy et al., 2015, Solomina et al., 2016).

Among the natural archives that can document both the history of vegetation and
glaciers, mires and lakes play a major role because of the multiproxy signals
(biotic and abiotic) preserved in their stratigraphic sequences. Besides natural
events, several high-altitude records in the Alps document increasing fire
frequency and land use changes since the Late Neolithic/Copper Age period, with
an intensification of alpine summer farming at the onset of the Bronze age
(Colombaroli et al., 2010; Heiri et al., 2006; Tinner and Theurillat, 2003; Tinner et
al., 1996). More high-elevation sites where anthropogenic influence could have

been negligible during the Holocene (e.g. remote high-alpine environments) are
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needed for researches aiming at understanding of the role of climate in past
vegetation changes. In this perspective, a new site (Valter mire, 2594 m asl)
close to the Rutor Glacier (western Italian Alps; Fig. 25) but located outside its
LIA maximum extent, was discovered in summer 2010. The site was chosen for

paleoecological researches for several reasons:

() its altitude, slightly above the modern treeline (2450 m asl), possibly allow
us to detect upward/downward movements of the treeline during the
middle-late Holocene, a period continuously recorded at this site;

(i)  during the Little Ice Age, the Rutor Glacier was very close to the study site
(ca. 200 m far) and thus we expected our site to be a valuable archive of

cold events that occurred during the Mid-to-Late Holocene.

Our research aims at (1) discussing if the treeline vegetation was in dynamic
equilibrium with climate during the middle-late Holocene, using also pollen-
inferred TJuly reconstructions values; (2) comparing past vegetation data with
reconstructed glacier oscillations in the Alps during the late Holocene; (3)
disentangling the effects of climate and anthropic pressure in determining treeline

position since prehistoric times.
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Fig. 25 - Shaded-relief map of the study area in the western Italian Alps showing

the location of the Mont Blanc Massif (white triangle) and the Rutor site (Aosta
Valley, big white circle). Crotte Basse (CB) site (2365 m asl) cited in the text is also
indicated (small white circle).

108



2. GEOGRAPHICAL SETTING

The Rutor Glacier foreland (La Thuile Valley, Italy; N 45°64" E 78°01’, 3450 -
2540 m a.s.l; Fig. 26), hosting several small lakes developed within depressions
filled by glacial sediments and glacial meltwater (Lac des Seracs, Lac du Rutor,
Lac Gris, Lac Vert, Lac Superieur and Lac dans la Roche). In September 2010, a
small mire near the Lac dans la Roche, named “Valter mire” (2594 m asl), was
discovered. In this context, organic sediments are valuable sources of information

to reconstruct the history of high-alpine areas, vegetation and climate dynamics.

The geology of the area is relatively homogeneous; both bedrock and moraine
deposits consist of metamorphic rocks such as arenaceous and conglomeratic
schists, or mica and garnet schists (Dal Piaz, 1992). The Rutor Glacier covers the
north-western slope of the Rutor Massif extending over an area of more than 8.5
km2. Its advance and retreat phases have been recorded since the 15" century
(Little Ice Age) because of the floods caused by its proglacial lake, and they have
been observed directly since the second half of the 19™ century. Since the mid-
19" century, the Rutor Glacier has been affected by a very strong retreat (e.g.
from 1820 to 2004 the glacier terminus retreated 2 km) leading to an ice volume
loss of about 75% (Villa et al., 2007; Villa et al., 2008). However, some minor
advances have been documented, the most important of which ended in 1926
and 1981 (Parigi et al. 1999). The Rutor moraine complex was extensively
described by several authors (Baretti, 1880; Sacco, 1917, 1934; Peretti, 1935;
Peretti and Charrier 1967; Porter and Orombelli 1985; Parigi et al.,, 1999;
Orombelli 2005).

3. MATERIALS AND METHODS

3.1. The “Valter mire”

The sediment cores analysed in this study originate from the Valter mire (2594 m
asl), located in the Rutor glacier foreland (Fig. 26 a), at ca. 500 m from the
eastern glacier tongue terminus, outside the Rutor glacier LIA maximum extent.
The mire lies at an altitude of 2594 m asl and extends over an area of about 350
m?2 (Fig. 26 b). A rather flat structural terrace at ca. 2590-2597 m asl delimits the
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mire and the nearby “Lac dans la Roche” basin (Fig. 26 b), a shallow lake at the
North-East side of the mire, ca. 2 m higher. Mostly during seasonal flood pulses
the two basins are connected by a small outflowing stream which recharges the

mire.

Treeless alpine vegetation presently grows at 2594 m asl. Around the mire,
stabilized moraine ridges and slopes mostly belonging to the LIA are covered by
grassland (e.g. Poa alpina, Agrostis rupestris), cushion plants (e.g. Silene acaulis
and Saxifraga bryoides) and dwarf-shrubs communities (Vaccinium muyrtillus,
Vaccinium uliginosum, Salix herbacea, Empetrum hermaphroditum). The treeline,

located at ca. 2450 m a.s.l., is indicated by Pinus cembra specimens.

3.2. Corings and lithostratigraphical analysis

The Valter mire was manually drilled by gouges and russian corers down to a
depth of 180 cm. Lithostratigraphic logs were acquired for 3 cores (5-bis, 5-penta
and 5-lap; Fig. 26 b) aligned along a W — E transect (Fig. 28). The 5-bis and 5-
penta cores are about 10 cm higher than the 5-lap core section due to the
presence of a coarser clastic level missing at the 5-lap core top. Two additional
surveys enabled a better understanding of the lateral stratigraphic development
of the basin (tbv-6 p and tbv-6, Fig. 31). The 5-bis, 5-penta and 5-lap cores were
logged for thermogravimetry: 470 volumetric samples were taken every cm/ 5
mm, weighted and progressively heated at 105 "C, 550 'C and 980 °C to
estimate water, total organic matter + sulphides (TOM+s) and the silicoclastic
component + oxides contents (RES) (Fig. 28; Gustafsson et al., 2001).
Carbonate fractions including sulphides and sulphates (CaCO3+ss) were
determined stoichiometrically (Dean, 1974). The 5-lap core was also logged for
magnetic susceptibility measured with a Bartington MS2 susceptimeter equipped
with a MS2E sensor operating on a 2 kHz frequency. 89 measures were taken

every cm and repeated twice (Fig. 28).

The 5-lap and 5-penta cores were selected for a detailed palynostratigraphic
study due to their robust radiocarbon chronology and lithostratigraphical

correlation (Fig 27).
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Fig. 26 - (a) Digital Terrain Model of the Rutor glacier foreland, view from NW.
Continuous red line: 2008 glacier extent;, red dotted line: LIA extent. Studied sites
are shown: Buried peat sections (A, B, C; 2510 m asl) and the Valter mire (2594 m
asl). (b) Valter mire: coring sites positions are indicated (5L= 5-lap, 5P= 5-penta,
5B= 5-his).
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3.3. Radiocarbon chronology

Seven *C AMS dates were obtained from fibrous-rich bulk sediment, a wood
sample and insect fragments. Radiocarbon dates are presented in Table 7. A
wood sample identified as Pinus cembra (see Chapter 2, Fig. 17) yielded a
radiocarbon age of 4895 = 35 yrs BP (5-bis core section, 116,5 cm). Insect
fragments (Carabid beetles) from the 5-lap core section (97-99 cm) yielded a
radiocarbon age of 4085 + 35 yrs BP. Bryophytes bulk samples from 5-lap and 5-
penta core sections were used to obtain further 5 dates (Table 7). Radiocarbon
dates were calibrated using Calib 7.0.2 (Stuiver et al. 2013) based on the IntCal
13 calibration curve (Reimer et al., 2013). The chrono-stratigraphic correlation
between 5-lap and 5-penta cores allowed the development of the Valter mire
pollen record, covering the period 7300 — 850 yrs cal BP between 120 cm and 18
cm (Fig. 29). The chronology of the lowermost part of this record has been
checked by fine biostratigraphical matching with a reference succession (Crotte
Basse, 2365 m asl; Pini et al., submitted) situated at 8 km distance in the same
region and then matched with the buried peat section A (“Rutor composite pollen

record” in Fig. 29, see also Chapter 2).

3.4. Palynological analysis

34 samples were taken from the 5-lap and 5-penta core sections between 18 and
120 cm for palynological analysis (Fig. 29). All samples were treated according to
standard methods (including HF and acetolysis) at the Lab. of Palynology and
Palaeoecology of CNR-IDPA in Milano, after adding Lycopodium tablets for
pollen and slide micro-charcoal concentration estimations (Stockmarr, 1971).
Identification was carried out at x400, x630 and x1000 magnifications under a
Leica DM-LB light microscope. Pollen identification followed Moore et al. (1991),
Punt and Blackmore (1976-2009), Reille (1992-1998), Beug (2004) and the CNR
palynological collection. Non-pollen palynomorphs were named after van Geel
(1978) and van Geel et al. (1981), fossil conifer stomata after Trautmann (1953).
Pollen diagrams were drawn using Tilia ver. 1.7.16 (Grimm, 1991-2011) and
Corel Draw X6 for further graphic elaborations. The pollen sum used for %
calculations includes trees, shrubs, chamaephytes and all upland herbs except

Gramineae, with a mean pollen count of 496+80 pollen grains. Pollen zonation
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was obtained by a constrained incremental sum of squares cluster analysis,

using the Cavalli Sforza’s chord distance as dissimilarity coefficient (CONISS,

Grimm, 1987). Clustering was restricted to taxa whose pollen reached over 2%.

3.5. Statistical analysis

Principal component analysis (PCA) was used to explore the major differences in

pollen composition in the Valter mire pollen record and their relationship with

modern pollen data. PCA was applied on SQRT-transformed pollen percentages.

Taxa with less than 2% in pollen percentages at any sample were excluded from

these calculations. A predominantly linear responses of species to gradients was

assumed (axis length = 1,4 standard deviation units) (ter Braak and Prentice,

1988). All ordination analysis were carried out with the program R x64 3.0.3

package Vegan version 2.2-1 (Oksanen et al, 2015).

95%
Sample  Core sample - erial : “C Age calibration Median
depth Tecnique -
acronym acronym dated BP range (cal probability
(cm)
BP)
Poz-52088 5 penta 32-33 peat AMS 940 = 30 792-924 853
Poz-56168 5 penta 35 peat AMS 1220 £+ 30 1063-1188 1146
Poz-66619 5 lap 25-25,5 peat AMS 1565 +30 1391-1531 1467
Poz-66618 5 penta 48-49 peat AMS 1905+ 30 1776-1904 1852
Poz-66620 5 lap 59,5-60 peat AMS 2705+ 30 2757-2855 2804
Poz-52087 5 lap 97-99 insects AMS 4085 + 35 4512-4654 4588
Pinus
Poz-52086 5_bis 116,5 cembra AMS 4895 + 35 5586-5664 5627
wood

Table 7 - Radiocarbon dates obtained for the Valter mire stratigraphic sequence.
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4. RESULTS

4.1. Age-depth model and mean sedimentation rates

The 5-lap and 5-penta core sections, drilled ca. 25 cm apart, were
stratigraphically correlated. Six radiocarbon dates (Fig. 27), allowed to develop
the age-depth model used for pollen diagram time plot (Fig. 29). Between 120 -
72 cm depth, the estimated mean sedimentation rate is about 0,1 mm/year;
pollen concentration shows high values (~ 200.000 grains/cm?). Between 72 — 22
cm depth, mean sedimentation rate reaches 0,23 mml/years; lower values of
pollen concentration (~ 100.000 grains/cm?®) recorded here can be referred both
to higher sedimentation rates and to a reduced pollen influx. This pattern fits with
the lithostratigraphical variations along the sequence, showing that at 72 cm
depth gyttja is replaced by peat, which accumulates faster than the organic mud.
The continuity of the organic sequence is interrupted at 22 cm due to a fine sand
layer, 2-cm thick, visible in the 5-penta and 5-bis core sections and missing in the
5-lap lithostratigraphic record (Fig. 28). A thin bulk sample at the base of this
layer yielded an age of 1220 + 30 years BP (1063 — 1188 yrs cal BP, 1146 yrs cal
BP median probability). Afterwards, peat deposition resumed until 940 + 30 years
BP (792 - 924 yrs cal BP, 853 yrs cal BP median probability), when sandy gravels
deposits buried the mire.
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Stratigraphical Stratigraphical

cm 5 penta Depth (cm) 5lap Depth (cm)

description description

cm

Sandy gravel, 0 ) )

local pebbles (3 - 6 cm) 7 Silty sand with

(sediments locally oxidised) n 0-14 local pebbles (0,5 - 1 cm)
10 ™ (sediments locally oxidised)

T 14 -18 Deformations involving

Fibrous-rich peat 20 organic rich levels

Fine sands B (solifluction?)
30 1

Reddish-brown fibrous-rich 40
peat, from medium to low 7

Reddish-brown fibrous-rich
peat, from medium to low

degree of decomposition, 50 1 18 -72 degree of decomposition,
rich in Cyperaceae and 1 rich in Cyperaceae and
bryophytes

bryophytes 60

Alternating brown peat and 70
organic mud (gyttja) —

levels 80 -
7 Alternating brown peat and
90 72 -125 organic mud (gyttja)
— levels with very few
100+ macroremains
- (insect fragments)
110
120: Light brown organic mud
R (gyttja) with sporadic peat
130 125135 levels, wood fragments
140 7 are rare, sharp lower limit
- 138 - 146 Pebbles (3-5cm)
150
160: | 146 - 178 Fine sands
1707 ]
T v 178 - 180 Gravel
180 - -

Fig. 27 - Lithostratigraphical description of the core sections 5-lap and 5-penta,
chosen as ‘master’ cores for palynological analysis. Radiocarbon dates are
shown. The two cores have been correlated on the base of chronostratigraphical

and palynological data.

4.2. Lithostratigraphic assessment of the Valter mire

The 5-lap, 5-penta and 5-bis core sections provide evidence of different phases
of sedimentation (Fig. 28). The deepest stratigraphical unit was reached by the 5-
lap drilling (146 — 180 cm, Fig. 27). Homogeneous fine sands filled the basin; the
detrital component of this unit was roughly estimated by the LOI silicoclastic
residue and by magnetic susceptibility. Here, micas and magnetite abraded from
the crystalline rocks mark meltwater fine sands with susceptibility peaks over 10
— 15 unit SI, together with a silicoclastic residue about 90% and organic matter
content at its minimum (~ 1% of dry sediment; Lithozone LdIR 1 in Fig. 28). Low

and stable values of CaCO3+ss (ca. 4%) characterize the meltwater input in the
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basin. The sharp contact (138 — 146 cm, Fig. 28) between this unit and the
following organic mud, documented the final event of meltwater supply in the Lac
dans la Roche basin. Angular pebbles mark this boundary and they might
suggest an increase in slopes instability and related rock movements around the
basin. Hiatuses or erosional events at this limit surface cannot be excluded.
Afterwards, changing in climate conditions could have promoted the development
of a shallow water lake. Between 125 and 138 cm, organic mud (gyttja) deposits
occurred. The increase of total organic matter content, ranging between 35 - 70%
of the dry sediment weight, point to the development of a limnic environment with
expansion of local vegetation. Lower values of CaCO3+ss (ca. 3 - 4% of dry
sediment weight) characterize this phase, along with a progressive decrease of
magnetic susceptibility values down to 1 — 5 unit Sl. Alternating brown peat and
organic mud levels (72 — 125 cm) documented the ongoing paludification process
in a close basin as shown in the gradual increase of the TOM+s up to 90% of dry
sediment weight. During this phase, magnetic susceptibility settled around low
and stable values (between 0 and 1 unit SlI). Remarkably, around 50 - 55 cm
(Lithozone LdIR 2 in Fig. 28) in the 5-lap core section three marked peaks are
recorded as for carbonates and silicoclastic residue content. Such events are
missing in the 5-bis and 5-penta records and in the susceptibility curve too. It is
reasonable to assign a local signature to those abrupt changes in geochemical
composition, possibly due to the proximity of the 5-lap core section to the Lac
dans la Roche outflow stream. After a long phase of stable susceptibility values,
a firs peak (~5 unit Si) occurred at 22 cm (Lithozone LdIR 3 in Fig. 28). This
event was recorded as a geochemical variation in all core sections, especially in
5-bis and 5-penta core sections, where it is marked by a detrital fine level.
Afterwards, peat deposition continued for about 3 cm, until a new lithological and
geochemical abrupt change starting at 18 cm. Between 18 and 0 cm (Lithozone
LdIR 1 in Fig. 28), sandy gravels with local pebbles (e.g. 5-penta core section)
buried the mire. Magnetic susceptibility reaches high values (10 -15 unit Sl) along
with silicoclastic residue about 90% and total organic matter content at minimum
values (~ 2 - 3% of dry sediment weight). Above this detrital unit, modern
vegetation established and allowed a recent minor organic matter supply, as
shown at the top of the 5-penta and 5 lap core records.
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Fig. 28 - Integrated lithostratigraphy and chronology of the core sections 5-lap, 5-
bis, 5-penta (Valter mire). Lithostratigraphic proxies are shown: % TOM+s, % RES
and % CaCO3+ss (see Material and methods). Those values are calculated as %
of the dry sediment weight. Magnetic susceptibility profile is presented (5-lap core
section- black curve), too. Light blue rectangles highlight lithozones

and correlations along the W-E transect (LdIR 1-2-3-4).
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4.3. Vegetation history and landscape reconstruction

The Valter mire pollen record was matched with the pollen record obtained from
the buried peat section A, located in the outwash plain of Rutor Glacier (Fig. 26
a, see also Chapter 2). The matching between the two pollen records was
checked by fine biostratigraphical correlation producing an almost complete
record named “Rutor composite pollen record” for the last 8800 years. Pollen
data are shown in Fig. 29, where a selection of taxa is presented. The lowermost
part of the diagram (8800 - 7400 yrs cal BP; from RUT 1 to RUT 7 pollen zones)
is extensively treated in Chapter 2 (paragraph 4.4). Concerning the upper part,
between 7300 — 850 yrs cal BP (from 120 to 18 cm), pollen data are discussed
below.

The entire Valter mire organic sequence is polliniferous and can be subdivided

into 3 pollen zones.

The lower pollen zone (RUT 8), spanning between 7300 and 3700 yrs cal BP, is
characterized by the overall dominance of Pinus cembra pollen (~ 60%) as
already recorded in the RUT 7 pollen zone. Stable and high Pinus cembra %
values coupled with the high PAR (ca. 1500 grains cm™ yr?), suggest that the
Valter mire was lying in the timberline ecotone. This hypothesis is corroborated
by the finding of a Pinus cembra uncharred wood at 116,5 cm depth (5-bis core
section) dated to 5600 - 5700 yrs cal BP and indicating the presence of Swiss
stone pine trees at the site. Around 4800 yrs cal BP (RUT 8-a subzone) the
record shows the first occurrence of Plantago lanceolata; the first Cerealia pollen
grain occurs at ca. 4200 yrs cal BP. Ulmus and Tilia percentages decrease
during this zone, possibly indicating a forest contraction at lower altitudes.
Heliophilous shrubs (e.g. Juniperus, Vaccinium and Rhododendron) expanded.
At 4000 yrs cal BP, the anthropogenic indicators curve, including: Cerealia,
Humulus/Cannabis type, Plantago lanceolata type, Plantago media type,
Plantago major type, Trifolium repens type, Urtica, Ranunculus acris type and
Rumex acetosa type, reaches a percentages of 2%. As for the local vegetation,
the occurrence of aquatic communities, including algae such as Botryococcus
and sporadic Pediastrum, suggests the persistence of shallow lake conditions.

The high values of the total microcharcoal concentration curve, up to 25.000
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part./cm?, are mirrored in peaks of the Pinus cembra curve and may reflect the
abundance of biomass availability, which in turn increased regional fire frequency

during this period.

Since the beginning of the RUT 9 zone (80 cm depth) a decrease of Pinus
cembra is mirrored by the expansion of Picea abies occurred around 3600-3700
yrs cal BP together with Alnus viridis. At that time, the dwarf shrub Vaccinium
expanded. The occurrence of a Juniperus stomata (65 cm depth) suggests the
presence of this species in situ. At 3600 yrs cal BP, Gramineae and
Cichorioideae expanded. Among other herbs is noteworthy the occurrence of
Hypericum and Geum type. The anthropogenic indicators curve reaches a value
of ca. 3%, similar to the modern one at the studied site (~ 2,5%). These values
suggest that at that time the human impact in the area surrounding the site was
negligible. Furthermore, the steady microcharcoal concentration decrease seems
to be correlated with a drop in Pinus cembra percentages. The occurrence of
coprophilous fossil spores of Sporormiella in a single sample (77,5 cm depth)
with low values (1,3% of the total pollen and spores sum), suggests a possible
presence of local wild herbivores. Around ~3000 yrs cal BP the decline of
Rhododendron curve is followed by the expansion of Salix. In the RUT 9-a
subzone, a peak of algae (Botryococcus) around 75 cm depth, marks the last
evidence of limnic conditions in the basin. Indeed, this event was followed by the
expansion of telmatic plants (e.g. Cyperaceae) indicating the mire development.
This process is also highlighted by the expansions of Neorabdocoehla oocytes

and Glomus mycorrhizae.

The RUT 10-a subzone shows the increase of Picea abies pollen and the steady
reduction of Pinus cembra pointing to a treeline lowering. Since ca. 2400 yrs cal
BP a possibly intensification of human activities in the region is marked by the
increase in the anthropogenic indicators curve (max ca. 7%), however Plantago
lanceolata values continued to be lower than 2% and only sporadic grains of
Cerealia occurred. Furthermore the total microcharcoal concentration curve
shows the lowest values recorded in all pollen record. During this phase, a
continuous % curve of fungal spores (e.g. Sordariaceae) might suggests the
occurrence of rotten wood possibly linked to a woodland recession at lower
altitudinal belts. Low percentages of the dung spore Sporormiella (between 0,1 —
120



1%) allow to excluded local megaherbivores grazing activities. During the
subsequent RUT 10-b phase, a generalized fall in percentages involved all
coniferous taxa, mirrored by the rise in microcharcoal concentration (especially
the large size class: 50<D>250 ym) and higher values of the anthropic indicators
(up to 7%). This phase, lasted for few centuries during the Roman period
(between 1800 and 1400 yrs cal BP), suggesting an increase in land use and fire
activities in the region. Around 1200 yrs cal BP, the first occurrence of sporadic
pollen grains of Castanea sativa documents the introduction of this tree in the
region. Around ca. 850 yrs cal BP, a huge expansion of upland herbs pollen,
namely Gramineae and Cichorioideae, supports the local development of telmatic
meadows dominated by Nardus stricta and Leontodon cf. helveticus. This
process might be related to a change in the local drainage system due to the
burial of the former mire by minerogenic deposits (LdIR 3 lithozone, Fig. 28). At
this time, an expansion in cultivated areas on the valley floor is possibly marked
by a rise in Cerealia pollen percentages (~4%). Afterwards, the mire was buried
by fluvioglacial coarse gravel deposits. Nowadays, telmatic meadows are
dominated by the above-mentioned species strongly adapted to the seasonal
hydrological cyclicity. Furthermore, the presence of single pollen grains of
Castanea sativa, Juglans nigra and Juglans regia in the modern pollen rain
spectra, documented the introduction of these new trees on a large scale in the

valley floor.
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4.4. Fossil and modern pollen rain comparison

PCA scatter plot (axes 1 and 2), allows to analyze fossil pollen data of the “Rutor
composite pollen record” and to compare them with the modern pollen rain at the
site (Fig. 30). Analysis reveals long-term dynamics driven by natural processes.
The first two axes explain ca. 50% of the total variance (axis 1: 34,02% and axis
2: 15.74%). A gradient from the oldest to the youngest fossil sample is shown on
axis |, moving from RUT 1 - 2- 3 pollen zones (pink circles, spanning from 8800
to 8400 yrs cal BP; Fig. 30) to the more recent samples of RUT 10 pollen zone
(blue squares, from 2300 to 853 yrs cal BP; Fig. 30). Major vegetation types are
shown to be clearly distinguished by their fossil pollen spectra, with some
overlapping between 8400 and 3800 yrs cal BP. The oldest pollen zones (RUT 1-
2, pink circles; Fig. 30) result well separated from all other samples. Here, pollen
data bear the evidence of a primary succession testifies to an ecological
mechanism of colonization and establishment of early successional plants (e.g.
Oxyria, Rumex acetosella, Trifolium badium) in the Rutor Glacier foreland around
8800 yrs cal BP. The intermediate group is defined by the pollen of conifer forests
(Pinus cembra, Pinus sylvestris/mugo and Abies alba) as well as broad leaved
forest pollen deriving from lower altitudinal belts (Ulmus, Tilia and Corylus).
Finally, the younger group corresponds to pollen spectra with high amounts of
Picea and Alnus viridis. PCA 2 might reflect a humidity gradient from dry to
moister conditions. One extreme of PCA axis 2 this is marked by drought-tolerant
herbs such as Artemisia, Cichorioideae and Anthemis type, while the species at
the opposite extreme is the drought-sensitive Abies alba. Composition of modern
pollen rain recorded at the Valter mire (Fig. 30; surface sample) differs
significantly from the older samples of fossil record and seem to be consistently
similar to spectra from the uppermost and youngest pollen zone (RUT 10),
slightly differing in that it indicates somehow drier and more open forest
conditions. The modern pollen rain spectra (see the surface sample at 0 cm
depth in Fig. 29), shows lower percentages of Pinus cembra compared with
those recorded in the uppermost pollen zone (RUT 10). Furthermore, only
sporadic grains of Abies are found in the modern pollen rain at the Valter mire. In
the fossil record Abies pollen decrease occurred at the onset of the Middle Age,

after a climatic deterioration set in the Late Iron Age and a subsequent period of
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increasing fire disturbance (Roman time). Differently, comparable pollen

percentages characterize modern Picea % values with those predating the Little

Ice Age.
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Fig. 30 - PCA scatter-plot based on pollen composition (%) of fossil samples
from the “Rutor composite pollen record” (see Fig. 29) and comparison

with modern pollen rain spectra (Surface sample) from Valter mire.

5. DISCUSSION

5.1. Holocene Rutor Glacier oscillations before the Little Ice
Age

The studied mire lies ca. 500 m far from the present-day Rutor Glacier eastern
lobe. A sharp ridge, culminating at 2670 m asl, edges ~ 50 m over the modern
glacier tongue terminus. Its steep slopes obstructed the E-SE to W-NW-oriented
glacial flow during the advance phases. Then, N-facing slopes connected the
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peak (2670 m asl) with a flat terrace at ca. 2590-2597 m, where the Valter mire is
hosted (Fig. 31). Its favorable position allowed for a continuous and undisturbed

organic deposition during the middle and late Holocene.

During this period and up to 1140 yrs cal BP, the Rutor Glacier experienced a
period of small ice extent (Fig. 31-A), fluctuating on a scale comparable or even
smaller than today, as documented by studies on other alpine glacier systems.
This period of generally glacier-hostile climatic conditions is documented at
several of the larger glaciers in the Alps (Porter and Orombelli, 1985; Burga,
1991, 1993; Baroni and Orombelli, 1996; Orombelli and Mason, 1997; Hormes et
al., 2001, 2006; Joerin et al., 2006, 2008). After ca. 5-6 Ka years of undisturbed
organic deposition, the Valter mire was buried by detrital deposits containing
mostly fine sand at ca. 1220+30 yrs BP, median probability: 1146 yrs cal BP (762
- 887 yrs cal. AD). This event is lithostratigraphically documented in all core
sections (ca. 1 cm thick minerogenic layer in 5 bis and 5 pent core sections) and
also bears a clear geochemical signal (Fig. 28; LdIR 3 lithozone). As shown in
Fig. 31-B, it could possibly be interpreted as a distal fluvioglacial supply due to a
glacier highstand in the immediate vicinity of the edge culminating at 2670 m asl.
Other glaciers in the Western Alps have also provided evidence of an early 9™
century AD advance, for example at the Lower Grindelvald Glacier (dendro-dates
spanning from 823 to 836 AD are reported by Holzhauser and Zumbduhl, 1996,
2003) and at the Rhone Glacier, where an advance up to a position ~300 m
exceeding the 1856 AD moraine occurred just after 1260+65 BP (650 - 940 yrs
cal AD), likewise to be ascribed to this period (Zumbuhl and Holzhauser, 1988).
Furthermore, in the Mont Blanc Massif there is sparse evidence of a prominent
9"-century AD advance, including **C and dendro-dating of logs at Brenva and
Argentiere Glaciers (Orombelli and Porter, 1982; Le Roy, 2012).

At the study site, this event is followed by resuming peat deposition for ca. 300
yrs (between ca. 800 AD and 1100). At this time, a phase of moderate Rutor
Glacier retreat possibly occurred. Consistently, a general retreat of glacier termini
for the late 9" to 11™ centuries is also suggested by the sediment record of Lake
Blanc Huez in the Western French Alps (Simonneau et al., 2014), and the
youngest artefacts from the alpine Schnidejoch Pass indicating that it was
possible to cross it at that time (Hafner, 2012). Afterwards, increased Rutor
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Glacier extent possibly reached/overtook the edge at 2670 m asl and a meltwater
stream draining out of the Rutor Glacier reached the Valter mire. Here,
fluvioglacial deposits buried the site (coarse gravel sediments visible in 5 bis and
5 penta core sections) (Fig. 31-C). A radiocarbon age of 94030 yrs BP, median
probability: 853 yrs cal BP (1026 - 1158 yrs cal. AD), made on a 1 cm thick bulk
sample underlied fluvioglacial deposits, is possibly close to, or slightly earlier than
the onset of the burial event. These fluvioglacial deposits covered most of the
mire surface, damming a small flood basin system in the eastern zone of the mire
(Fig. 31-C). The latter possibly received lateral flow from Lac dans la Roche,
documented by a fine-grained deposit at the top of 5 lap core section (Fig. 27).
The onset of this glacier-friendly phase falls during the beginning of the Late
Medieval Age. Other studies documented to a cooling phase interrupting the
Medieval Climate Anomaly (MCA) during the 12" century AD. For example, in the
Mer de Glace record a large advance is constrained around 1178 AD (Le Roy et
al., 2015) (Fig. 32). Similarly, in the Lys Glacier foreland (Aosta Valley, Pennine
Alps) a complex sequence of alternating organic/detrital layers documented a
pronounced glacier position at least from ca. 1095 AD (960+30 yrs BP; median
probability: 856 yrs cal BP) (Ravazzi, 2011). In the Alps, other sites where Late
Medieval advance has been dendro-dated (dendrodates for Swiss glaciers are
taken from Holzhauser, 2010) include Ferpecle Glacier (1125 AD; Rdéthlisberger
et al.,, 1980), Lower Grindelvald (1137 AD; Holzhauser and Zumbuhl, 2003),
Gepatsch (1172 AD; Nicolussi and Patzelt, 2001) and Gorner (1186 AD;
Holzhauser, 2010). At Great Aletsch, a maximum age of 1100 AD constrained
this advance (Holzhauser, 1984: 237-243; Holzhauser et al., 2005).

After this first burial event, the upper part of the record shows alternating detrital
levels interrupted by thin organic, locally oxidized, deposits until the top of the
core (see Fig. 28, 5 penta core section). The lack of radiocarbon dates within this
interval do not allow a clear chronostratigraphical interpretation for the more
recent events. Nevertheless, it is evident that the debris flow activity continued,
even if unevenly, during the Little Ice Age. Orombelli (2005) documented the
existence of a LIA — meltwater stream coming out from the eastern lobe of the
Rutor Glacier (at ca. 2670 m asl) and reaching Lac dans la Roche and Lac du

Ruitor (Fig. 26 a). Historical documents testify to max LIA advance occurring
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between 1751 and 1864 AD, possibly in phase with the 1820 advance shown by
other Aosta Valley glaciers (Sacco, 1917). Furthermore, Rutor Glacier is sadly
famous for the catastrophic floods of the S. Margherita marginal lake which have
occurred repeatedly since 16™ century, when the glacier barring the west side of
the lake was no longer able to hold the water pressure (Le Roy Ladurie, 1967;
Baretti, 1880). More recently, the maximum extent reached by the Rutor Glacier
during the LIA was reconstructed on the basis of a geomorphologic survey of
marginal morains, drift limits and erosional trimlines. At LIA maximum the glacier
was 27% larger than the 1991 extent and its terminus was 370 m lower than in
1991 (Orombelli, 2005). Moreover, the Equilibrium Line Altitude changed from
2775 m in the Little Ice Age maximum to 2850 m in 1991 (Villa et al., 2007).
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5.2. The end of the Climatic Optimum: Pinus cembra decline
and Picea expansion under unstable climatic conditions

In the Rutor area at least from 8800 until ca. 4000 yrs cal BP, high treeline
altitudes, high summer temperatures and small glacier extent were documented
(see also Chapter 2). After 4000 yrs cal BP, regional vegetation composition
changed significantly. Pinus cembra and Abies alba gradually reduced their
extent while Picea abies and Alnus viridis became dominant. Spruce forests
expanded after 3600 cal. BP, in agreement with the Crotte Basse pollen record,

just a few km from the Rutor area (Pini et al., submitted).

During this phase, treeline steadily decreased, as can be inferred from lower
Pinus cembra percentages and PAR values <500 grains cm™ yrs™. Starting from
~3800 yrs cal BP, the increase of Gramineae and Cichorioideae suggest the
expansion of alpine meadows. Furthermore, at ca. 3000 yrs cal BP the decline of
Rhododendron pollen curve is followed by the expansion of Salix. These taxa
may be considered excellent indicators of subalpine/alpine belts. Indeed, modern
data document that Rhododendron ferrugineum has a consistent pollen—
vegetation altitudinal pattern restricted to the timberline ecotone, while the dwarf
shrubs Salix herbacea and Salix foetida are present and locally more abundant
above the treeline. These evidences (see Chapter 1), document the transition

from treeline ecotone to treeless conditions at the study site.

Starting from ca. 4000 yrs cal BP, TJuly show a decrease of ca. 3 °C compared
to the previous warmer period (8000 — 4000 yrs cal BP) (Fig. 32). Our data are in
agreement with other palaeoclimate reconstructions in the Alps. Indeed, a cooling
phase started around 5000 — 4000 yrs cal BP and leading to a temperature drop
of ca. 2-3 °C is elsewhere documented (Heiri et al. 2003; Wick et al., 2003; Ortu
et al., 2008; llyashuk et al., 2011). Different studies suggest that Picea abies and
Alnus viridis may have been favoured by cooler and moister climatic conditions
(Heiri et al., 2006; Lotter et al., 2006; Valsecchi and Tinner, 2010). The global
climate system experienced a drastic reorganization during this time period.
Other proxy data from the Alps reveal glacier advances and timberline
depressions after ca 4500 yrs cal BP related to the development of cooler, wetter

and more oceanic climate conditions (Leeman and Niessen, 1994; Haas et al.,
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1998; Tinner and Theurillat, 2003). Our data has a good correspondence with the
Mer de Glace (Mont Blanc Massif, French Alps) altitudinal variation curve during
the late Holocene (Le Roy et al., 2015). Indeed, the most prominent glacier
advances fit with lowering in pollen percentages of coniferous taxa (e.g. Pinus
cembra, Picea) as well as the minima in Tjuly reconstruction for the Rutor area
(see light blue rectangles in Fig. 32). Furthermore, the modeled Rhone Glacier
(Switzerland) oscillations point to reduced ice extent in a position smaller than
today until approximately 5 ka. After 5 ka, the Rhone Glacier was larger than
today, but smaller than its LIA maximum extent (Goehring et al., 2012) (Fig. 32).
Similarly, reconstructed surface elevations of the Ober Grindelwald Glacier
(Luetscher et al., 2011) highlights a change in extent towards larger glacier just
before 4 ka. These data are in agreement with observations of prolonged glacier
advances throughout the Alps after 3 - 4 ka (Holzhauser et al., 2005; Ivy-Ochs et
al., 2009).
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5.3. Human activities in the Rutor area: the Roman period

First sporadic occurrences of Plantago lanceolata pollen grains (<1%) are dated
ca. 4800 yrs cal BP while first single pollen grain of Cerealia was documented at
4200 yrs cal BP. These values are consistent with a long-distance transport from
the valley floor. The anthropogenic indicators curve (including e.g. Cerealia,
Plantago lanceolata, Urtica, Rumex acetosa type) became almost continuous at

ca. 4000 yrs cal BP showing values comparable to the modern ones at the
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studied site (ca. 2,5%). Considering the modern negligible human activities at
high altitude in the Rutor area, a similar scenario can be supposed during the
Bronze age. A steady decrease in microcharcoal concentration occurred since
ca. 4000 yrs cal BP, possibly is related to the burnable biomass decrease due to
the treeline drop. Our record bears no evidences supporting a forest clearing
induced by anthropic fire activity during the Bronze age or earlier. Since the onset
of the Late Iron age (ca. 2400 yrs cal BP) anthropogenic indicators curve up to
5% (e.g. Plantago lanceolata <2%) couples with a minimum in microcharcoal
concentration, suggest a long distance transport, possibly from lower altitudes.
Low percentages of the dung spore Sporormiella (between 0,1 — 1%) allow to
excluded local megaherbivores grazing activities. Moreover, during the Late Iron
age (ca. 2400 — 2000 yrs cal BP) a cooler centennial oscillation of about 1 -1,5 °'C
(Tjuly) has been reconstructed (Fig. 32). Afterwards, during the Roman time and
the Early Middle Ages an increase in microcharcoal concentration (Fig. 32)
indicating enhanced fire activity possibly linked to a remarkable drop in
coniferous pollen curves (e.g. Picea abies and Pinus cembra). Archaeological
data suggest that the I™ century was an important period for the establishment of
mining and metallurgy-related activities (e.g. in the Savoie department), with
expansion continuing through the II™ and IV" centuries (Rémy et al., 1996;
Maréchal J-R., 1960). Changes in plant cover documented in our pollen record
during this period might be correlated with a pattern of increased land use in the

region.

6. CONCLUSIONS

The Rutor area, at least from 8800 until ca. 4000 yrs cal BP, experienced high
treeline altitudes, high summer temperatures and small glacier extent. After 4000
yrs cal BP, regional vegetation composition changed significantly, since Pinus
cembra and Abies alba gradually declined and Picea abies and Alnus viridis
became dominant. According to the reconstructed pollen-based July temperature
the most significant climatological signal during the middle and late Holocene has
been represented by a decrease of ca. 2-3 °C from ca. 4000 yrs cal BP. This
cooling trend is in agreement with observations of prolonged glacier advances

throughout the Alps during the late Holocene (Goehring et al., 2012; Luetscher et
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al., 2011). After 3800 yrs cal BP, the treeline (Pinus cembra) steadily decreased
while spruce forests expanded in the lower altitudinal belts after 3600 cal. BP. A
good correspondence is observed between Rutor July temperature cooling
oscillations centered at ca. 3400, 2700, 2150 and 1100 yrs cal BP, with most
prominent glacier advance at the Mer de Glace (Mont Blanc Massif, French Alps;
Le Roy et al., 2015). These events correspond to declines in pollen percentages
of conifer taxa (e.g. Pinus cembra, Picea abies). Locally, evidences of a Rutor
Glacier advanced position occurred around ca. 1140 and 850 yrs cal BP (median

probability).

The human activity in this area was negligible for most of the Holocene, changes
in timberline ecotone appear to be related to climate changes. It is likely that only
during more recent times human activities amplified the effect of climatic

changes.
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