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Abstract (ENG)

Examining sedimentary records from previous interglacial periods provides valuable insights into past
climate variability and ecosystem responses to warmer conditions. This research addresses important gaps in
our understanding of the global water cycle and ecological adaptations of vegetation to past climate changes

that could be directly compared to changes during current global warming.

This PhD thesis analysed pollen samples from the carbonated sediments from Fucino Basin in the Central
Apennines, which is an ideal location to study vegetation dynamics within a mountainous and Mediterranean
climate during the interglacial period corresponding to Marine Isotope Stage (MIS) 11 (ca. 424-367 ka). The
first stage of MIS 11 interglacial complex (MIS 11c; ca. 426-396 ka) is particularly interesting due to the fact
that it represents one of the longest and warmest interglacial phases within the last 800 ka, with approximate
mean global temperatures 0.5-0.7°C higher and sea level around 6—13 meters above pre-industrial Holocene
ones, respectively. In absence of anthropogenic influences, MIS 11c, being an orbital analogue of the late
Holocene (MIS 1), facilitates the examination of ecosystem responses to naturally warmer climates. High-
resolution palynological analyses conducted on Fucino Basin sediments reveal millennial-scale climatic
oscillations spanning from 430 ka to 388 ka, including the latter phase of MIS 12 glacial period, the Glacial
Termination V (T-V), and most of MIS 11. The Fucino F4-F5 composite record provides one of the few
independent radiometrically constrained chronologies for MIS 11, allowing direct comparisons to other regional

and global climatic and palynological datasets.

The T-V was one of the most pronounced climatic transitions of the Pleistocene, forming part of the major
climatic reorganisation known as the Mid-Brunhes Event (MBE). This event, recorded at 424.5 + 4.0 ka in
Fucino, reflects a substantial shift from a cold, arid phase, with a dominance of herbaceous and xerophytic taxa
including Poaceae, Artemisia, Amaranthaceae, Ephedra, and Hippophde and siliciclastic-dominated
sedimentation, to a warm, humid phase marked by increased Abies and a deciduous arboreal assemblage
including Quercus, Carpinus, Corylus, and Ulmus, and dominated by a calcareous sedimentation, more organic
than in the glacial. The warm and humid conditions recorded throughout MIS 11c in Fucino are consistent with
climate reconstructions from other lakes in the Mediterranean region, such as Lake Ohrid and loannina, where
similarly humid conditions are recorded. Notably, Abies dominated the surrounding vegetation in the Fucino

Basin, evidencing high regional humidity.

The Fucino Basin pollen record reveals the sensitivity of mesothermic and altitudinal taxa to insolation
fluctuations. A significant arid event occurred between 415 ka and 413 ka, dividing the two precessional cycles
that formed the MIS 11c¢ interglacial. This event, described in the palynological record for the first time, may
correspond to a global climate signal, as it aligns with lower sea surface temperatures and drier conditions in

other records from marine context.

This study also calculated pollen-based quantitative paleoclimatic reconstructions using weighted averaging

partial least squares (WA-PLS) regression. These reconstructions allow for direct comparisons with current



climate parameters, elucidating the impact of natural climatic oscillations on vegetation dynamics during MIS
11c. The results show that vegetation dynamics in the Fucino Basin was highly influenced by insolation-driven
climate variability, which contributes to a better understanding of past climate dynamics and vegetation

responses.

This PhD thesis provides both qualitative and quantitative data that are important for contextualising current
anthropogenic impacts on ecosystems by contrasting them with natural climatic and ecological trends observed
in the orbital interglacial analogue MIS 11c. These findings highlight the relevance of paleoclimatic studies in

improving our understanding of natural climate variability and its implications for future climate responses.
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Abstract (IT)

Lo studio de gli archivi documenti sedimentari dei periodi interglaciali passati fornisce importanti
indicazioni sulla variabilita climatica del passato e sulle possibili risposte degli ecosistemi a condizioni piu
calde. Questa ricerca affronta importanti lacune nella comprensione del ciclo globale dell'acqua e degli
adattamenti ecologici della vegetazione ai cambiamenti climatici del passato, che potrebbero essere direttamente

confrontati con i cambiamenti durante 1'attuale riscaldamento globale.

Questa tesi di dottorato ha analizzato campioni di pollini provenienti da sedimenti carbonatici del bacino del
Fucino nell'Appennino centrale, un sito ideale per la definizione delle dinamiche della vegetazione in un
ambiente montuoso mediterraneo durante il periodo interglaciale corrispondente allo Stadio Isotopico Marino
(MIS) 11 (ca. 424-367 ka). La prima fase del MIS 11 (MIS 11c; circa 426-396 ka) ¢ particolarmente interessante
poiche rappresenta una delle fasi interglaciali piu lunghe e calde degli ultimi 800 ka, con temperature medie
globali superiori di 0.5-0.7 °C rispetto all’attuale e livello del mare di circa 6-13 m piu elevato rispetto ai valori
dell'Olocene preindustriale. I1 MIS 11c ¢ considerato un analogo orbitale dell'Olocene e consente lo studio delle

risposte degli ecosistemi a climi naturalmente piu caldi, non essendo interessato dall'impatto antropico.

Le analisi palinologiche ad alta risoluzione dei sedimenti del bacino del Fucino rivelano oscillazioni
climatiche millenarie tra 430 ka e 388 ka, nell'intervallo compreso tra 1'ultima fase del periodo glaciale MIS 12,
la Terminazione Glaciale V (T-V), e gran parte del MIS 11. L'indagine della carota Fucino F4-F5 offre una delle
rare cronologie indipendenti con datazione radiometrica per il MIS 11, permettendo confronti diretti con i dati

climatici e palinologici provenienti da registri regionali e globali.

La T-V ¢ stata una delle transizioni climatiche piu marcate del Pleistocene e parte di una delle maggiori
riorganizzazioni climatiche note come Mid-Brunhes Event (MBE). Questa transizione, datata a 424.5 + 4.0 ka
nel Fucino, evidenzia un sostanziale passaggio da una fase fredda e arida - caratterizzata dalla dominanza di
taxa erbacei e steppici come Poaceae, Artemisia, Amaranthaceae, Ephedra e Hippophde e da sedimentazione
prevalentemente siliciclastica - a una fase calda e umida, contraddistinta dalla presenza di Abies e da
un’associazione di alberi decidui (Quercus, Carpinus, Corylus, ¢ Ulmus), con sedimentazione prevalentemente
organica ¢ calcarea. Le condizioni calde e umide registrate lungo il MIS 11c¢ nel Fucino trovano riscontro nelle
ricostruzioni climatiche di altri altri laghi della regione mediterranea, come i laghi di Ohrid e loannina. In
particolare, la dominanza di Abies nella vegetazione circostante nel bacino del Fucino testimonia un'elevata

umidita regionale.

Il record pollinico del bacino nel Fucino rivela la sensibilita dei taxa mesotermici e altitudinali alle variazioni
dell'insolazione. Un significativo evento arido, identificato tra 415 ka e 413 ka, separa i due cicli precessionali
dell'interglaciale MIS 11c. Questo evento, documentato per la prima volta in un record palinologico, potrebbe
rappresentare un segnale climatico globale, correlandosi con temperature superficiali marine inferiori e

condizioni piu aride in altri record del contexto marino.
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Le ricostruzioni paleoclimatiche quantitative, basate su analisi polliniche mediante regressione dei minimi
quadrati parziali medi ponderati (WA-PLS), consentono un confronto diretto con i parametri climatici attuali,
chiarendo I'impatto delle oscillazioni climatiche naturali sulle dinamiche della vegetazione durante il MIS 11c.
I risultati mostrano che le dinamiche della vegetazione nel bacino del Fucino sono state fortemente influenzate
dalla variabilita climatica dovuta all'insolazione, contribuendo a una migliore comprensione delle dinamiche

climatiche passate e delle risposte della vegetazione.

In conclusione, questa tesi di dottorato fornisce importanti dati qualitativi e quantitativi per contestualizzare
gli attuali impatti antropici sugli ecosistemi, confrontandoli con le tendenze climatiche ed ecologiche naturali
osservate nell'analogo interglaciale MIS 11c. I risultati sottolineano l'importanza degli studi paleoclimatici per

la comprensione della variabilita climatica naturale e le sue implicazioni per le risposte climatiche future.
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Abstract (SP)

El estudio de los registros sedimentarios de los periodos interglaciares pasados proporciona datos
importantes sobre la variabilidad climatica en el pasado y las posibles respuestas de los ecosistemas ante
condiciones mas calidas. Esta investigacion aborda importantes lagunas en nuestra comprension sobre el ciclo
global del agua y las adaptaciones ecoldgicas de la vegetacion ante cambios climaticos pasados que podrian

compararse directamente con los cambios producidos durante el calentamiento global actual.

Esta tesis doctoral investiga muestras de polen de los sedimentos carbonatados provenientes de la cuenca del
Fucino en los Apeninos Centrales, el cual es un lugar ideal para estudiar la dinamica de la vegetacion dentro de
un clima montafioso y Mediterraneo durante el periodo interglaciar correspondiente al estadio isotdpico marino
(MIS) 11 (ca. 424-367 ka). La primera etapa del complejo interglaciar MIS 11 (MIS 1lc; ca. 426-396 ka) es
particularmente interesante, debido a que representa una de las fases interglaciares mas largas y calidas dentro
de los ultimos 800 ka, registrando temperaturas globales medias de aproximadamente 0.5-0.7°C mas altas y
niveles del mar alrededor de 6-13 metros por encima de los respectivos valores del Holoceno preindustrial. En
ausencia de la influencia antropogénica, el MIS 11c¢ al ser un analogo orbital del Holoceno, facilita el estudio
de las respuestas de los ecosistemas a climas naturalmente més calidos. El anélisis palinologico realizado a alta
resolucion temporal en los sedimentos de la cuenca del Fucino revelan oscilaciones climaticas a escala milenaria
que abarcan el periodo comprendido entre 430 ka hasta 388 ka, incluyendo la ultima fase del periodo glaciar
MIS 12, la Terminacion Glaciar V (T-V), y la mayor parte del MIS 11. El sondeo Fucino F4-F5 posee una de
las pocas cronologias independientes radiométricamente constrefiidas para el MIS 11, permitiendo realizar

comparaciones directas con datos climaticos y palinologicos de registros regionales y globales.

La T-V fue una de las transiciones climaticas mas pronunciadas ocurridas durante el Pleistoceno, formando
parte de una de las principales reorganizaciones climaticas conocida como Evento de Mid-Brunhes (MBE). Este
acontecimiento, registrado en 424.5 + 4. 0 ka en Fucino, refleja un cambio sustancial de una fase fria y arida,
caracterizada por la dominancia de taxones herbaceos y esteparios como Poaceae, Artemisia, Amaranthaceae,
Ephedra, e Hippophde y por una sedimentacion dominada por material siliciclastico, a una fase calida y hiimeda,
marcada por una mayor representacion de Abies y un conjunto arboreo caducifolio Quercus Carpinus, Corylus,
y Ulmus, y dominada por una sedimentacion mas organica y calcarea. Las condiciones calidas y hiimedas
registradas a lo largo del MIS 11c¢ en Fucino concuerdan con las reconstrucciones climaticas de otros lagos del
de la region mediterranea, como el lago Ohrid y loannina, donde se registraron condiciones hiimedas similares.
En particular, Abies dominaba la vegetacion circundante en la cuenca de Fucino, lo que evidencia una elevada

humedad regional.

El registro polinico de la Cuenca de Fucino revela la sensibilidad de los taxones mesotérmicos y altitudinales
a las fluctuaciones de la insolacion. Un evento arido significativo se registra en la cuenca entre 415 ka y 413 ka,
dividiendo los dos ciclos precesionales que formaron parte del interglaciar MIS 11c. Este evento, el cual este

estudio lo describe por primera vez en un registro palinoldgico, puede corresponder a una sefial climatica global,



ya que se alinea con temperaturas superficiales del mar mas bajas y condiciones mas secas en otros registros

marinos.

También se han realizado reconstrucciones paleoclimaticas cuantitativas basadas en el polen utilizando la
regresion de minimos cuadrados parciales con promedio ponderado (WA-PLS). Estas reconstrucciones permiten
comparaciones directas con los pardmetros climaticos actuales, dilucidando el impacto de las oscilaciones
climaticas naturales en la dinamica de la vegetacion durante el MIS 11c. Los resultados muestran que la
dinamica de la vegetacion en la cuenca del Fucino estuvo muy influenciada por la variabilidad climatica debida
a la insolacion, lo que contribuye a una mejor comprension de la dinamica climatica del pasado y de las

respuestas de la vegetacion.

Esta tesis doctoral proporciona datos cualitativos y cuantitativos importantes para contextualizar los
impactos antropogénicos actuales sobre los ecosistemas, los cuales se pueden contrastar con las tendencias
climaticas y ecologicas naturales observadas en el analogo interglaciar orbital MIS 11c. Estos resultados ponen
de relieve la relevancia de los estudios paleoclimaticos para mejorar nuestra comprension de la variabilidad

natural del clima y sus implicaciones para las respuestas climaticas futuras.
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Introduction

For more than a decade, scientists have argued regarding the warmth of the current interglacial period and
its drivers. A key question remains: was the preindustrial late Holocene climate, particularly its warmth, a natural
consequence of orbital dynamics that had not yet tipped Earth into another glacial state, or did it result largely
from anthropogenic influence through early agricultural greenhouse gas emissions? (Ruddiman et al., 2016).
Understanding the importance of these factors has become increasingly crucial as the world faces with the
accelerating modern climate warming and its various effects on ecosystems, economies, and society. In
particular, the Mediterranean region is expected to experience significant warming and drying trends in the
upcoming decades (IPCC, 2013). However, there are still significant uncertainties in the understanding how the
water cycle and ecosystems will respond to global warming. In this context, paleoecological and fossil
sedimentary records can provide valuable information about climate system dynamics under different natural

conditions, revealing variability of ecosystems in response to climatic shifts.

The study of past interglacial periods serves as a valuable fossil reference for a better understanding of our
current climate change and its underlying mechanisms, identifying key factors that influence the climate system
without the human activity influence. Studying temporally long paleoecological records is crucial for
understanding recurrent climatic and paleoenvironmental changes, but also for exploring unique aspects among

them (Tzedakis and Bennett, 1995; Tzedakis, 2007; Tzedakis et al., 2009)

The Quaternary climate is distinctive by its marked cyclicity (led by the change of the Earth’s orbital
parameters; Hays et al., 1976) alternating glacial and interglacial stages. To better understand the Holocene and
the current interglacial conditions may continue to evolve, it is essential to compare it to a similar interglacial
whose climate system responded to insolation and greenhouse gases with similar trends. Marine Isotope Stage
(MIS) 11 had those conditions (with greenhouse gases (GHG) slightly bigger than nowadays) at the beginning
of the interglacial period (Berger et al., 2012; Tzedakis et al., 2022). MIS 11’s comparable orbital configurations,
particularly in terms of obliquity and eccentricity, underscore the value of this period as an analogue for the
MIS 1, with MIS llc in particular providing insights into climate behaviour without anthropogenic impact

(Berger et al., 2012; Vavrus et al., 2018).

The MIS 11 interglacial period is divided into three climatic substages, comprising two warm phases (MIS
11a and MIS 11c) separated by a cooler interval (MIS 11b) (Hrynowiecka et al., 2019). The nomenclature, used
to define these divisions, is employed in the present study, as well as in the majority of the Mediterranean
palynological research (e.g. Oliveira et al., 2016; Kousis et al., 2018; Koutsodendris et al., 2023a; Sassoon et
al., 2023). Determining the precise timing and duration of these substages in terrestrial pollen records remains
challenging due to the intrinsic difficulties associated with dating continental sedimentary sequences.

Consequently, comparisons with marine isotopic records involve a high level of uncertainty and speculation.



This challenge is increased by increased by inconsistencies in the chronological framework of marine records.

(Tzedakis et al., 1997; Koutsodendris et al., 2014).

MIS 1lc (~426-396 ka; Tzedakis et al., 2022), is characterised for being an extremely long interglacial
period, during ~30 kyrs and spanning two precessional cycles and was marked by high sea levels (~6-13 m
above present; Spratt and Lisiecki, 2016) and high atmospheric CO; concentrations (~265-280 ppm; Brandon
et al., 2020; Nehrbass-Ahles et al., 2020). Its low-amplitude precessional changes and subdued insolation
variations, a result of the 400-kyr eccentricity cycle (marked by low present eccentricity values; Loutre, 2003;

Tzedakis, 2010).

Due to its long duration, MIS 11 climate and ecosystem variability can provide a reference scenario of how
the current interglacial could evolve in absence of human perturbations. The comparable orbital configurations
(obliquity and, mainly, eccentricity) of MIS 11 and MIS 1 motivated modelling of the Earth’s climate changes.
Both periods show a similar latitudinal and seasonal distribution of the incoming solar radiation (Berger et al.,
2012; Vavrus et al., 2018). However, there are some limitations to the MIS 1-11c analogy (e.g. MIS 1lc
registered two precessional cycles while MIS 1 registered only one). This discrepancy limits the direct
comparability between the two periods but underscores the importance of examining interglacial phases

individually in the context of their orbital and environmental conditions.

At the onset of the MIS 1lc, was registered one of the largest ranges of climate variation during the
Pleistocene. This abrupt climatic change is globally associated with the MIS 12-11 transition, a horizon
recognised in marine records (e.g. Naafs et al., 2014), Antarctic ice cores (e.g. Bouchet et al., 2023), and
terrestrial climate records across the world (Bouchet et al., 2024). The Mid-Brunhes Event (MBE) marks the
limit from the previous low-amplitude to later high-amplitude glacial-interglacial cycles, with MIS 11c being
the first high-amplitude interglacial since that event. Despite relatively low levels of incoming insolation and
eccentricity (Laskar et al., 2004; Rodrigues et al., 2011; Cheng et al., 2016), MIS 1lc is considered an
exceptionally warm interglacial within the last million years (Rodrigues et al., 2011). The discrepancy between
the strong deglacial warming at the onset of MIS 11c and the weak astronomical forcing is referred to in the
literature as the “Stage 11 problem” (Imbrie et al., 1993), fundamentally challenging the orbital theory of
Pleistocene glacial-interglacial cycles (Paillard, 2001; Berger and Wefer, 2003; Tzedakis et al., 2017, 2022).
The apparent mismatch between modest insolation forcing and the significant climatic response during this
transition needs for further inquiry to better understand the mechanisms underlying these climatic complexities

(Huybers, 2006; Tzedakis et al., 2022).

Tzedakis et al., (2022) suggested that the weak forcing led to a slow deglaciation that continued well into
MIS 1lc. Independently dated records are crucial for assessing these paleoclimatic questions and identifying
short- and long-term paleoclimatic changes and their drivers (e.g. Bakker et al., 2017; Leicher et al., 2024) and
could be helpful to solve this “Stage 11 problem”.



Comparison of data from the continent/sea/ice is essential to unveil the mechanisms of interaction and
feedback between the atmosphere, cryosphere and hydrosphere and thus elucidate the causes of the millennial-
scale, Dangaard-Oeschger or NAO-like variability, or the long-term, glacial-interglacial cycles or the role of the
variation in atmospheric CO,. Likewise, these studies are very important for assessing the timing and the
regional propagation of the climate change in the northern hemisphere during certain climatic events. The study
of temporally long paleoecological records is also necessary to have the resolution necessary to understand
recurrent climatic or paleoenvironmental changes, produced with a certain periodicity (e.g., glacial-interglacial

cycles) (Tzedakis and Bennett, 1995; Tzedakis, 2007).

Fossil pollen records have been used as a source to develop quantitative paleoclimatic reconstructions during
Pleistocene (e.g. Fawcett et al., 2011; Kousis et al., 2018; Ardenghi et al., 2019; Sinopoli et al., 2019). Several
transfer functions have been employed to obtain quantitative values of temperature and precipitation from pollen
data, comparing the fossil pollen assemblages with the modern pollen distributions. The two most widely
employed techniques are the modern analogue technique (MAT; Guiot, 1990) and the weighted averaging partial
least squares (WA-PLS; Ter Braak and Juggins, 1993). The paleoclimatic quantitative reconstruction derived
from these techniques facilitate the assessment of interglacial climatic changes and their implications for
understanding natural dynamics in the context of the Quaternary climate cycles without the influence of human

impact (Ruddiman, 2003; Kleinen et al., 2014).

Mediterranean region provide a unique framework for studying glacial-interglacial cycle dynamics, due to
the intricate interaction between tectonics, volcanism, climate variability and continental lacustrine
sedimentation (Tzedakis et al., 1997). Mediterranean pollen records offer significant insights into the region’s
vegetation and climatic history, demonstrating considerable variability throughout time that reflects changes in
vegetation ecosystems due to climate oscillations (e.g. Bertini, 2010; Valsecchi et al., 2012; Desprat et al., 2013;
Peyron et al., 2013; Donders et al., 2021). The proximity of previously examined Mediterranean pollen sites
(e.g. Balkan Peninsula; Koutsodendris et al., 2019, 2023a; Donders et al., 2021) to refugial zones where climate-
sensitive plant taxa endured during cold stages (Bennett et al., 1991) makes them especially useful for climate
and environmental variability research, as migrational lags have minimal effect (Magri and Tzedakis, 2000).
Previous studies in this region have demonstrated that glacial periods were distinguished by a reduction in tree
populations and the dominance of open steppe vegetation, whereas warm and humid interglacial phases were

characterised by more wooded landscapes (Cheddadi et al., 2005; Kousis et al., 2018; Hu et al., 2024).

The Fucino Basin at ~650m above sea level, in central Italy, is the largest and, possibly, oldest and long-
lived basin of the Central Apennines intermountain tectonic depressions system (e.g. Cavinato et al., 2002),
whilst the entire lacustrine sedimentary succession of the Fucino Basin could continuously span back to 2 Ma
(Giaccio et al., 2015). The Fucino Basin contains a unique sedimentary record which contains the richest and
most continuous Mediterranean succession of well-documented and radioisotopically dated Middle to Upper

Pleistocene volcanic layers (tephras), enabling an accurate and precise age model for the last 424 ka (Giaccio



etal.,2017,2019; Monaco etal., 2021, 2022; Leicher et al., 2023, 2024), and may span the last 430 ka, recording
important climate periods as the end of MIS 12 glacial, the Termination V and most of the MIS 11.

The Fucino paleolake record (Giaccio et al., 2015) should add a nodal point between other Middle
Pleistocene paleoclimatic records like Lake Ohrid and the Tenaghi Philippon. For this study the F4-F5
composite core was used (with an overlap of 0.75m between both cores, with the objective of avoiding any gap

in the sequence), obtaining a total of 87.75m of continuous sediment accumulation (Giaccio et al., 2019).

This PhD project focusses on the palynological analysis of MIS 1lc, being a valuable reference for
understanding natural climate dynamics. The Fucino Basin, with its well-preserved lacustrine sediments and
high-resolution pollen data, offers an ideal opportunity to study vegetation dynamics and millennial- to sub-
millennial-scale hydrological variability during MIS 1lc. By comparing these data to both regional and
contemporary climate parameters, this research aims to clarify natural trends in climate variability, providing
context for assessing human impacts on current climate systems. The overall objective of this study is to know
and understand the natural trend of climate change to have a better comprehension of human influence on
present hydrological changes. With the aim to reach this main objective this PhD characterised the vegetation
dynamics in response to MIS 11 climate change through a high-resolution pollen analysis of samples obtained
from Fucino Basin. This pollen characterisation together with other available proxies from the Fucino record
provided us a reconstruction of millennial to sub-millennial scale hydrological variability. Those changes could

be directly compared with regional changed occurred at the same time and today current climatic parameters.
To achieves these described objectives, this PhD thesis is sub-divided into three main chapters:

e Chapter 1 (Vera-Polo et al., 2024) is a detailed study of the T-V and glacial-interglacial
boundary, that is considered one of the biggest climatic shifts in the past 800 ka. This chapter
focussed in the palynological analysis of Fucino record, comparing the pollen-based reconstructions
from this climatic shift with other Mediterranean record, examining the MIS 12-MIS 11c¢ boundary
in a regional context.

e Chapter 2 focused on the study of vegetation dynamics during MIS 11¢, providing millennial-
scale variability that could be related with regional to global climatic changes. This chapter includes
the entire detailed pollen record and identifies some important events that give us insights about the
evolution of the climate parameters during MIS 11. The paper will be shortly submitted to
Quaternary Science Reviews (Vera-Polo et al., submitted soon).

eChapter 3 takes the results of chapter 2 and developed a paleoclimatic quantitative
reconstruction, which was directly compared with our current climatic parameters such us
temperature and precipitation. This reconstruction was also compared with other global climatic
reconstructions, providing us more information about the general trends that affected the ecosystems,
and which could indicate only regional variability. A short paper will be submitted to Climate of the

Past.



Chapter 1: Climate and vegetation variability during Termination V

in Fucino Basin

e  Vera-Polo, P., Sadori, L., Jiménez-Moreno, G., Masi, A., Giaccio, B., Zanchetta, G., Tzedakis,
P.C., Wagner, B., 2024. Climate, vegetation, and environmental change during the MIS 12-MIS 11
glacial-interglacial transition inferred from a high-resolution pollen record from the Fucino Basin of
central Italy. Palacogeography, Palacoclimatology, Palacoecology 655, 112486.
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Abstract

Glacial Termination V (T-V) comprised a relatively rapid shift from glacial to interglacial conditions (MIS
12 glacial to the MIS 11c¢); it was one of the greatest climatic changes of the Pleistocene, and forms part of the
major climatic reorganization known as the Mid-Brunhes Event (MBE). The Fucino Basin, located in the
Central Apennine chain of central Italy, contains a continuous and well-preserved lacustrine sedimentary record
of T-V and MIS 11, dated using tephrochronology. In this paper, we report a high-resolution palynological
analysis, supported by geochemical proxies, from the lowermost section of the F4-F5 composite record, to
improve understanding of T-V in this region. This record reveals a substantial transition between MIS 12 and
MIS 1lc at 424.5 + 4.0 ka, from a very cold and dry environment indicated by the herbaceous and xerophytic
association of Poaceae, Artemisia, Amaranthaceae, Ephedra, and Hippophde, and sedimentation dominated by
inorganic siliciclastic sediments, to a warm and humid period characterised by a significant increase in Abies
and a deciduous tree association mainly formed by Betula, Carpinus, Corylus, Quercus, Ulmus, and dominated
by more organic calcareous sediments. This transition was correlated with a significant lake-level rise, with an
enhanced nutrient input into the lake between 425.0 + 4.5 ka and 424.0 + 3.9 ka, as inferred from the variance
between algae, aquatic plants, and terrestrial herbaceous taxa. Following the MIS 11c¢ temperature maximum at

424.2 £ 3.9 ka, a reduction in summer insolation occurred, provoking a significant increase in humidity that



produced the widespread development of Abies. The results from this study suggest that, at Fucino, fluctuations

in humidity are predominantly responsible for the vegetation changes observed during T-V.

Key words: pollen analysis, Mediterranean region, central Italy, glacial-interglacial cycles, MIS 12,

Termination V, MIS 11c, climate change, Mid-Brunhes Event

1.1 Introduction

The Quaternary climate is characterised by a marked periodical alternation of glacial and interglacial (G/I)
cycles, paced by Earth's orbital parameters changes (Hays et al., 1976). Studying temporally long
paleoecological records is crucial for understanding recurrent climatic and paleoenvironmental changes, such
as G/I cycles, but also for exploring unique aspects among them (Tzedakis and Bennett, 1995; Tzedakis, 2007;
Tzedakis et al., 2009).

One notably long interglacial was MIS 11c (~426-396 ka) (Tzedakis et al., 2022), which spanned two
precessional cycles and was marked by high sea levels (6-13 m above present; (Spratt and Lisiecki, 2016) and
high atmospheric greenhouse gases concentration (hovering around 265-280 CO, ppm for ~30 kyr; Brandon et
al., 2020; Nehrbass-Ahles et al., 2020). Its low-amplitude precessional changes and subdued insolation
variations, a result of the 400-kyr eccentricity cycle (marked by low present eccentricity values), make it a

partial astronomical analogue for the Holocene (Loutre and Berger, 2000; Tzedakis, 2010).

MIS 12 was characterised by one of the largest glaciations registered in Europe (Ehlers and Gibbard, 2008).
The end of this glacial period (Termination V) seems to occur when the insolation values began to rise,
coinciding with a large volume of ice covering the Earth surface (Raymo, 1997). Glacial Termination V (T-V),
which occurred between 430.5 + 1.5 and 426.0 + 2.0 ka (Cheng et al., 2016), is consequently recognised as one
of the most extreme climatic shifts in the last 900 ka of the Earth system, despite minimal astronomical forcing
(Napier et al., 2018; Giaccio et al., 2021; Sassoon et al., 2023). This large climatic change is also known as the
Mid Brunhes Event (MBE), which marks the definitive establishment of the long, high-amplitude, and saw-
tooth structured G/I cycles (Berger and Wefer, 2003). While the insolation forcing during T-V was relatively
weak (Loutre and Berger, 2000), it was associated with one of the highest-amplitude deglacial warmings (Berger
and Wefer, 2003; Rodrigues et al., 2011). This rapid climate warming provoked one of the biggest increases in
global biosphere productivity, reaching values of 10-30% higher than present-day (according to pollen data and
total organic carbon; Brandon et al., 2020). The disparity between the modest insolation forcing and the
pronounced climatic response is known as the "Stage 11 problem" (Imbrie et al., 1993). Tzedakis et al. (2022)
suggested that the weak forcing led to a slow deglaciation that continued well into MIS 11c, but constraining
the rate of the sea-level rise is challenging (Rohling et al., 2010; Vazquez Riveiros et al., 2013; Barker et al.,
2015). Independently dated records are crucial for assessing these paleoclimatic questions and identifying short-
and long-term paleoclimatic changes and their drivers (e.g. Bakker et al., 2017; Li et al., 2023; Leicher et al.,
2024) and could be helpful to solve this “Stage 11 problem”.
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The Mediterranean region, with its complex interplay of tectonics, volcanism, and thick lacustrine

sedimentary sequences provides a unique setting to investigate the dynamics of G/I cycles (Tzedakis et al.,

1997). Mediterranean pollen records provide valuable insights into the region's vegetation and climatic history.
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Fig. 1.1.- a) Geographical location of the Fucino basin (red square) in Italy. Image obtained from Google Earth. b) Simplified geological
map of the basin area. Modified from ISPRA, 1934, 1939, 1942, 1967 and Caielli et al., 2023. 1) Holocene-Upper Pleistocene calcareous
debris fans and fluvio-lacustrine conglomerates, 2) Holocene fluvio-lacustrine deposits; 3) Middle-Upper Pleistocene talus and alluvial
fans; 4) Middle Pleistocene calcareous lacustrine deposits. 5) Pleistocene moraine deposits; 6) Miocene brackish marls, sandstones,
conglomerates and calcarenites from carbonate ramp; 7) Eocene stratified limestones with Nummulites; 8) Cretaceous well-stratified
calcareous and dolomitic series from platform and margin, 9) Jurassic calcareous dolomitic banks with gastropods and brachiopods;
10) Triassic dolomitic series. 11) Historical lake margin (Holocene); 12) Fault and normal faults 13) Thrust faults. Simplified shaded
relief is used as basemap to highlight the morphological configuration of the basin. c) Seismic Line 1 (see green trace in panel b)
depicting the architecture of Plio-Quaternary continental deposits in the Fucino Basin along a W-E orientated profile, from Giaccio et
al., 2019. d) Relief around the Fucino Basin following the black trace R-1 from the panel b). Altitude in m.a.s.l.
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In addition, due to the proximity of the studied Mediterranean pollen sites (e.g., in Balkan Peninsula,
Koutsodendris et al., 2019, 2023a; Donders et al., 2021) to refugial areas (any area of any size in which a taxon
persisted at any population density during a cold stage; Bennett et al., 1991) it is postulated that there are no
significant migrational lags in the Mediterranean pollen records (Magri and Tzedakis, 2000). Because of this,
the Mediterranean region is characterised by a wide variety of landscapes, including treeless areas, woodland
and several types of forests, with the occurrence of typically Mediterranean adapted plants or mesophilous trees.
This vegetational variability allowed us to find representations of diverse climatic associations in relatively

small areas and study their response to climate changes throughout time.

The Fucino Basin, in central Italy (Fig. 1.1), is the largest and, possibly, oldest and long-lived basin of the
Central Apennines intermountain tectonic depressions system (e.g. Cavinato et al., 2002), whilst the entire
lacustrine sedimentary succession of the Fucino Basin could continuously span back to 2 Ma (Giaccio et al.,
2015). The hitherto well investigated uppermost interval contains the richest and most continuous
Mediterranean succession of well-documented and radioisotopically dated Middle to Upper Pleistocene
volcanic layers (tephras), enabling an accurate and precise age model for the last 424 ka (Giaccio et al., 2017,
2019; Monaco et al., 2021, 2022; Leicher et al., 2023, 2024), and may span the last 430 ka (e.g. Giaccio et al.,
2019).

In this study, we present a detailed pollen record from the lowermost portion of this record, spanning the end
of MIS 12 and the beginning of MIS 11. The high-resolution pollen data allow us to study millennial-scale
vegetation changes and to gain insight into the significant environmental change and climatic fluctuations that

occurred during the MBE.

1.2 Study Site: geology, climate, and vegetation

The Fucino Basin (42° 00’ N; 13° 30’ E) is situated approximately at 650 m a.s.l. within the Central Apennine
Chain (Abruzzo) and is bounded by mountain peaks such as Monte Velino (2486 m a.s.l.) and Monte Sirente
(2348 m a.s.l.). It is the largest (~900 km?) Central Apennine intermountain tectonic basin, hosting thick and
continuous Plio-Quaternary alluvial and lacustrine deposits (Cavinato et al., 2002; Giaccio et al., 2019) (Fig.
1.1). The basin opened during the post-orogenic tectonic extensional phase along the Fucino Fault System
(FFS), which has been active since the Pliocene and consists of three principal segments oriented along a 110°-
140 °N axis (Galadini and Galli, 2000; Cavinato et al., 2002; Galadini and Messina, 2004; Mondati et al., 2021).
The FFS activity and configuration, consequence of the general regional uplift, resulted in the formation of a
half-graben basin with a steep topographic slope on the basin floor (Giaccio et al., 2015; Caielli et al., 2023).
Lake Fucino formed at the lowermost part of the basin during the Early Pleistocene, occupying an area of ~140
km? and reaching a maximum water depth of 20 m, being the Italy’s third largest lake (Mannella et al., 2019),
before its artificial drainage in 1875 for agricultural purposes (Giaccio et al., 2017). The interaction between the

lake and the differential movements along the FFS controlled the sedimentary infilling of the basin. This resulted
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in a presumably continuous deposition, with a variable sedimentation rate, and influenced by the wedge-shape
sedimentary infilling forced by the basin’s half-graben geometry (Giaccio et al., 2017, 2019; Mannella et al.,
2019), of fine-grained lacustrine calcareous marls, fluvio-glacial sediments from the surrounding relief, and
several tephra layers from peri-Tyrrhenian magmatic provinces (Giaccio et al., 2017, 2019; Monaco et al., 2021,
2022; Leicher et al., 2023, 2024). As a result, Quaternary deposits of ~900 m accumulated in the depocenter,

with increasing sedimentation rates from west to east.

At present, the Fucino Basin is characterised by a Mediterranean climate with warm and dry summers (e.g.
Lionello et al., 2006) and continental characteristics, according to historical data from the regional
meteorological network (Peyron et al., 2013) and from data recollected from the nearby Borgo Ottomila
meteorological station (652 m a.s.l.). From April to October, monthly average temperatures are over 10 °C,
peaking in July and August (18 to 21 °C). From November to March, monthly average temperatures are below
10 °C, with January being the coldest month recording minimum daily temperatures from -5 to -2 °C (Mannella
et al., 2019). The WorldClim v2.1 database (Fick and Hijmans, 2017) recorded present-day mean annual
temperatures of ~10.0 °C, however, according to the information from meteorological stations, the mean annual
temperature for Fucino Basin is ~12.5 °C. The average annual precipitation ranges from 600 to 750 mm in the

plains to 900 to 1200 mm in the piedmont zone.

Due to the unique lithological and geomorphological setting of the Fucino Basin, mountain and
Mediterranean climates are represented in the same region, controlling the vegetation distribution. This makes
the central Apennines a region with a rich and diverse vegetation, characterised by a complex mosaic of
vegetation zones (Fig. S1.1) and different from that of central Europe, being more related to the vegetation of
south-eastern Europe (Blasi and Del Vico, 2012). The present-day potential natural vegetation in the area is
difficult to identify because of significant human impact and agricultural use (Frate et al., 2018). The vegetation
in the Fucino Basin is currently dominated by grasslands on the lower and flatter areas of the basin and extends
to the western side of the surrounding reliefs, due to the pluviometric shading caused by the predominantly
westerly winds (Tomassetti et al., 2003). The potential natural vegetation in this area is dominated by
hygrophilous and hydrophytic freshwater vegetation (Blasi et al., 2017) at the lowermost part of the basin. At
lower elevations at the base of the surroundings reliefs, oak forest with Quercus pubescens dominates. Mixed
woods of Ostrya carpinofolia, Quercus cerris, and Acer spp. spread in cooler and higher elevation areas (Fig.
S1.1). Communities of evergreen scrubs dominated by Quercus ilex are established in thermally favourable
areas and on lithoid outcrops. At the lower limit of the mountain plain, in the valleys and ravines, grows a mixed
forest linked to particularly riparian conditions, with Acer pseudoplatanus, Ulmus glabra, Tilia platyphyllos and
Fraxinus excelsior. The mountain bioclimatic vegetation belt is dominated by Fagus sylvatica, flanked, in some
locations as isolated stands, by Abies alba. The rich floral array of beech forests differs, depending on the type
of substrate and climatic conditions, giving the development of various plant associations (Fig. S1.1). Small
forest patches of Betula pendula, a glacial relic, complement the vegetation panorama and confirm the

importance of the basin for conservation of biodiversity. Above 2000 m forests give way to less dense
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formations, with herbaceous plants becoming the undisputed protagonist of the high mountain vegetation, which
is rich in endemic taxa and glacial relics. The alpine meadows, rocky slopes, and scree fields with a vegetation
dominated by Poaceae, Cyperaceae, and alpine herbs are adapted to alpine mountainous conditions (Blasi, 2010;

Blasi et al., 2017) (Fig. S1.1).

1.3 Materials and methods
1.3.1 The composite F4-F5 core

Two parallel holes, F4 and F5, taken approximately 3 m apart, were drilled in June 2017 in the central area
of the basin (42°00°07” N, 13°32°19” E; Fig. 1.1; Giaccio et al., 2019) with a 1.5-m-long core barrel and 0.75
m overlap between succeeding runs in both holes to continuously recover the entire sedimentary succession.
Cores F4 and F5 reached depths of 87.00 m and 87.75 m, respectively. The composite F4-F5 record was built
by establishing correlations between the lithological and physical properties of the individual cores from parallel
holes. This overlap minimized any potential gap that could have occurred between subsequent core sections
from the two holes (Giaccio et al., 2019). This study is restricted to the bottommost part of the record and
includes only the sediment succession recovered in the lowermost core barrel of the F5 hole, without the

possibility of establishing a direct correlation with the F4 core (Fig. 1.2).

1.3.2 Geochronology and age-depth modelling

The F4-F5 composite record contains at least 130 tephra layers (Giaccio et al., 2019), which allow a precise
geochronological analysis for different stratigraphical intervals spanning the last ~430 ka (Giaccio et al., 2017;
Monaco et al., 2021, 2022; Leicher et al., 2023, 2024).

The analytical details of the chronological control for the investigated interval were previously described by
Monaco et al. (2021). Specifically, the age model for the ~365-430 ka interval and related 95%-confidence
interval were both generated using the open-source statistical environment R (R Core Team, 2017) and the
Bacon programme (Blaauw and Christen, 2011), which was constrained by 9 tephra layers dated directly or
indirectly with the *°Ar/*Ar method (Monaco et al., 2021; Fig. 1.2).

The age model provided by Monaco et al. (2021) extrapolated the sedimentation rate between the lowermost
two tephra layers (TF-125, 414.8 + 2.2 ka and TF-126, 424.3 + 3.2 ka) towards the bottom of the sediment
succession. However, a distinct lithological change, clearly documented by the XRF Ca data (Fig. S1.2; Monaco
et al., 2021) at 97.30 m composite depth, ~5.6 cm below TF-126 marks the transition from MIS 12 glacial
sedimentation below to MIS 1lc interglacial sedimentation above (Monaco et al., 2021). As the average
sedimentation rates in the F4-F5 core during the following glacial periods MIS 10, MIS 8, MIS 6, and MIS 4-2
range between 0.12 and 0.28 mm/yr (Giaccio et al., 2019; Monaco et al., 2021, 2022; Leicher et al., 2023, 2024),

we here extrapolated a mean sedimentation rate of 0.20 mm/yr for the section below 97.30 m, with a propagated
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uncertainty of 3.5 ka to 5.0 ka, which also accounts for the range of variability of sedimentation rate (Fig. 1.2).

Overall, the resulting age-depth model provided age constraints with an overall uncertainty of + 4.2 ka, ranging

from 3.6 ka to 5.0 ka. As a result, samples ages encompassing an age range between 429.0 + 5.0 ka to 418.5 +

3.6 ka in the record are derived from this extrapolation.
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core. From 424.3 (TF-126) to the base the age model for this study was changed in
extrapolation (Monaco et al., 2021, see text for details).

1.3.3 XRF

comparison to the previous age

X-ray fluorescence (XRF) scanning was conducted on the split core halves of the F4-F5 sediment cores using

an ITRAX XRF scanner (Cox Analytical Systems, Sweden) with a line-scan camera mounted and a chromium

tube set at 55 kV and 30 mA, a dwell time of 10 seconds and a step-size of 2.5 mm. The resulting data were

processed using the QSpec 6.5 software (Cox Analytical, Sweden), and the values are presented in counts per

second, averaged at 25 cm intervals. So far, only Ca counts from the analysis were published (Giaccio et al.,

2019). The optical information obtained from the high-resolution line-scan imaging and XRF data were used to

correlate the individual overlapping core segments from F4 and FS5 sites (see Giaccio et al., 2019 for details).

14



To gain more information about the past environmental and sedimentary conditions, 13 elements of the XRF
data were used, including calculation of the following ratios, which proved to be useful for Fucino Basin.

- Zr/K: It determines grain size changes (Cuven et al., 2011). Zr is very resistant to weathering
and transport and is usually enriched in coarse sediment fractions (Wang et al., 2011; Croudace and
Rothwell, 2015), whereas K is associated with illite clays and feldspar, and is more common in fine grained
sediments (Kuhlmann et al., 2004). So, higher values of this proxy represent a coarser grain size
composition.

- Ca/Ti: We adopted this ratio because the origin of Ca, in the Fucino Basin, is ambiguous and
can be the result of in situ endogenic carbonate precipitation, or, to a minor extent, of biogenic shell
calcification such as in ostracods, or of detrital influx from the large outcrops of marine limestones
(Mannella et al., 2019). Endogenic carbonates precipitate due to the decrease of dissolved CO, from
warmer water temperatures or photosynthesis (Freytet and Verrecchia, 2002). In this context, Ca/Ti would
then mostly express authigenic carbonate precipitation without detrital input, being Ti only of clastic origin.

- Si/Ti: It is used as a proxy to determine siliceous productivity (biogenic silica) (e.g. Stansell et
al., 2010; Brown, 2011; Melles et al., 2012).

The Log ratios were used to address and minimize any core scanner detector drifts, dilution effects and
sources of irritation, providing the most robust record of relative chemical changes in the sedimentary record
and reducing interpretation risks (Croudace and Rothwell, 2015).

A Principal Components Analysis (PCA) was performed on the XRF data using the Past4 software (Hammer
et al., 2001), removing the data that corresponds with the tephra layer, in order to avoid that the geochemical
associations connected to specific sedimentation processes (e.g., erosion and productivity) may be affected (Fig.
S1.2). The PCA allows for the identification of variables (components) that capture the majority of variance

within multivariate data (Hammer et al., 2001).

1.3.4 Geochemical analyses on discrete samples

Discrete samples taken from the top of each core catcher and every 4 cm were processed for total carbon
(TC) and total inorganic carbon (TIC), and stable carbon and oxygen isotopes (see Mannella et al., 2018 for
details). TOC was calculated from the difference of TC and TIC and used for this study, along with 3'30 for the

paleoclimatic interpretations.

1.3.5 Pollen analysis

The palynological study focuses on T-V and the G/I transition within the deepest part of the F4-F5 record
(drive F5-58). The age model modified from Monaco et al. (2021) (Fig. 1.2) was taken into consideration when
selecting samples for this study. The sampling strategy involved three distinct intervals: 4-cm intervals (the

bottommost 44 cm), 2-cm intervals (the overlying 28 cm), and 1-cm intervals (the uppermost 35 cm), excluding
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Fig. 1.3.- Detailed percentage pollen diagram from the F4-F5 record. Total pollen concentration is shown in the first curve of the
uppermost diagram (3a) followed by trees and shrubs. Red dots in pollen concentration curve indicates the samples that didn t reached
the 300 pollen grains counts. Dark-green: coniferous trees; yellow-green: deciduous trees; yellow: sclerophyllous trees; orange-red.:
shrubs. In the lowermost diagram (3b) are displayed: herbaceous: pale-yellow, aquatic: turquoise; algae. light-green; spores: orange;
other Non-Pollen Palynomorphs (NPP): black and the cluster analysis done by CONISS (Grimm, 1987). The boundary between MIS 12
and MIS 11 suggested by Lisiecki and Raymo (2005) is shown by the blue and beige boxes at ~424 ka. The red line indicates the Glacial-
Interglacial boundary suggested by pollen zones (PZ) and CONISS analysis for the F4-F5 composite record. The light grey shading in
the pollen percentages represents an exaggeration of the abundance x35.

the tephra layers. This approach was used to compensate the presumed changes in sedimentation rates, with the
aim of achieving a high-resolution record for the studied period. Consequently, a total of 66 samples were
obtained, with a range of temporal spacing between samples of ~50 and ~215 years, resulting in an average
temporal resolution of ~200 years between individual samples. After freeze drying, the samples were treated
with hydrochloric acid (HCI, 37%) to remove carbonates, hydrofluoric acid (HF, 48%) to remove silicates, and
sodium hydroxide (NaOH, 10%) to eliminate the cellulose fraction with the goal of concentrating the organic
matter. A tablet of Lycopodium spores was added to each sample to calculate pollen concentrations.
Subsequently, the samples were sieved using a 10 um nylon sieve to remove particles smaller than pollen grains,
including clays. The remaining material was mounted on microscope slides using glycerine. Palynomorph
identification was performed under transmitted light microscopy at 400x magnification. Most of the samples
showed abundant pollen grain concentrations, allowing the identification of a total of 300 terrestrial and aquatic

pollen grains per sample. However, eighteen samples, from the lowermost interval (between 98.02-97.27 m
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Fig. 1.4.- Principal Component Analysis (PCA) of pollen
percentage and Non-Pollen Palynomorphs (NPP) results. (a)
Pollen scatter biplot using the PC1 and PC2 with its paleoclimatic
interpretation. (b) NPP scatter biplot using the NPP-PC1 and NPP-
PC2 with its interpretation. (c) Pollen PCI1 is interpreted as the
variation in humidity with yellow colour representing the drier
period and blue colour the humid one. (d) Pollen PC2 is interpreted
as the change in temperature with orange colour (representing the
warmest periods) and blue colour (for the colder ones). (e) NPP-
PC1 interpreted as the productivity in the lake during the studied
period. f) NPP-PC2 inverted interpreted as the lake depth. The
analyses were carried out using PAST 4.11 (Hammer et al., 2001).
Pollen and NPP taxa with an abundance lower than 1% and with
loadings lower than 0.025 were removed from (a) and (b) diagrams
in order to enhance readability.

composite depth; Fig. 1.3a), were characterised by
such low pollen concentrations that counts of 300
pollen grains were not possible. These samples
provided between 170 and 266 pollen grains, being
mostly above 200. Overall, the pollen quantities
proved to be sufficient for making a broadly
environmental interpretation (Djamali and
Cilleros, 2020).
Pollen grains identified as cf. Juniperus (Fig.
1.3) may include some grains of other
Cupressaceae such as Cupressus, as well as those
of Taxus. The last two were not observed in the
samples, but we cannot exclude their presence in
some of the pollen samples, considering the poor
state of preservation of those pollen grains,
primarily in the MIS 12 glacial samples, when
Juniperus ss. was rather abundant.

The percentages of the different pollen taxa
were calculated and represented using the Tilia
Software, version 2.6.1 and an objective zonation
of the pollen data was performed using CONISS
cluster analysis (Grimm, 1987; Fig. 1.3). This

software was used to compute the concentration of
pollen grains in samples (Fig. 1.3a), considering the
mass quantity (~2 g per sample) and the number of
Lycopodium spores added and counted for each
sample. The percentage of Non-Pollen
Palynomorph (NPP) was calculated in relation of
the total sum of the total pollen amount plus the total

NPP.

In addition, a PCA was performed on both pollen and NPP percentage data. For comparison, the PCA was

conducted to reduce the dataset to two variables (the first two components) (Fig. 1.4).

According to former studies (e.g. Joannin et al., 2011; Bertini et al., 2015; Camuera et al., 2019) and to PCA

results (Fig. 1.4), pollen grains were grouped into ecologically-significant specific vegetation categories such

as xerophyte/steppe taxa (4Artemisia, Amaranthaceae, Ephedra, Hippophaé), altitudinal taxa (Abies, Betula,

Cedrus, Fagus, Picea, Tsuga), and mesothermic taxa (Acer, Alnus, Buxus, Carpinus betulus, Carpinus
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orientalis/Ostrya, Carya, Celtis, Cistaceae, Corylus, Ericaceae, Fraxinus, Hedera, Juglans, Olea, Pistacia,
Phillyrea, Pterocarya, Quercus total, Salix, Tilia, Ulmus, Zelkova) (Figs. 1.3 and 1.5). Due to their low
abundance, the correlation analysis, and according to PCA results (Fig. 1.4a), the Mediterranean/sclerophyllous
taxa (Cistaceae, Fraxinus, Olea, Pistacia, Phillyrea and Quercus evergreen) were included in the group of
mesothermic taxa (Fig. 1.5). The aquatic plants were excluded from the total sum of pollen. These categories
have been shown to be successful as trustworthy climatic proxy indicators in the Mediterranean region

(Altolaguirre et al., 2020).
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Fig. 1.5.- Terrestrial pollen data grouped into the different paleoecological associations and the different Pollen Zones (PZ) and Glacial-
Interglacial F4-F5 boundary (red line) as reference. The boundary between MIS 12 and MIS 11 suggested by Lisiecki and Raymo (2005)
(LR04) is shown by the blue and beige boxes at ~424 ka. The taxa lists are reported in the text.

1.3.6 Quantitative paleoclimatic reconstruction

A paleoclimatic quantitative reconstruction (mean annual precipitation and temperature) of the Fucino Basin
pollen data was done using the C2 software (Juggins, 2007), integrating the Eurasian Modern Pollen Database
(EMPDv2) and the paleoclimatic parameters from WorldClim v2.1 database (Fick and Hijmans, 2017) (Figs.
1.6, S1.3, S1.4 and S1.5). This comparison was made using a non-linear unimodal technique, Weighted-
Averaging Partial-Least Squares (WA-PLS) regression. This type of model assumes that plant species have their

maximum abundances in different climate niches and that niche breadth drives the species environmental
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Fig. 1.6.- Comparison of the pollen Principal Component Analysis (PCA)

interpretation and the Weighted-Averaging Partial-Least Squares (WA-PLS) 2C were obtained, which determines the
reconstruction. a) Humidity reconstruction from Pollen PCIl. The dashed line Lo .
separates the positive (humid) and the negative (dry) values. b) Precipitation reliability of each of the reconstructions
reconstruction from the WA-PLS method. c¢) Temperature variation from Pollen PC2. . . .

The dashed line separates the positive (warm) and negative (cold) values. d) (Flg‘ S1.3). The closer this value is to 1,
Temperature reconstruction from the WA-PLS method. The dashed lines of b and d
are the absolute values estimated by the WA-PLS reconstruction and the continuous
smooth line represent the mean values calculated by the LOESS modelling with a Juggins, 1993). One difference between
value of 0.2. Glacial-Interglacial F4-F5 pollen boundary (red line) and the boundary

between MIS 12 and MIS 11 suggested by Lisiecki and Raymo (2005) (LR04)) is the quantitatjve WA-PLS and the
shown by the blue and beige boxes at ~424 ka.

the more reliable it is (Ter Braak and

qualitative PCA is that the WA-PLS
assumes that the parameters to be estimated are fixed and the data are random observations from some
population (Ilvonen et al., 2022), whereas the PCA uses arbitrary initial site scores without environmental

parameters (Ter Braak and Juggins, 1993).

We also estimated the relative lake-level changes (Fig. 1.7) taking the formula used in Camuera et al. (2019):
Algae total/(Algae total + Aquatic plants + Poaceae). However, this “lake level” qualitative estimation, primarily
based on the amount of algae, also depends on trophic conditions of the lake waters and changes in lake bottom
morphology.

The Past4 software (Hammer et al., 2001) was employed to determine the correlation between the
reconstructions and the pollen data by an univariate correlation analysis, resulting in two statistical values for
each pollen and reconstruction, the correlation value (R; a value between 1 and -1 representing a positive or an
inverse correlation between the variables) and the statistical significance (p; a value near 0 means that the

correlation between the variables is statistically significative, being negligible values higher than 0.05). Every
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value of R shown in this study has statistical significance. This software was used also for smoothing the

reconstructed precipitation and temperature signals (Fig. 1.6) by LOESS modelling with a value of 0.2.
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Fig. 1.7.- Comparison of (a) summer and winter insolation at 42°N (Laskar et al., 2004) (b) 6180 from discrete samples, (c) Total
Inorganic Carbon (TIC) (black) and Total Organic Carbon (TOC) (green) from discrete samples, (d) Zr/K, (e) Si/Ti, (f) Ca/Ti
geochemical log-ratios from XRF scanning (dashed lines depict the actual values, while the continuous lines represent the mean
average value for every 5 data points), (g) lake level according to Camuera et al. (2019) formula and (h) pollen associations
percentages of the F5-58. Glacial-Interglacial F4-F5 pollen boundary is marked by the red line and the boundary between MIS 12
and MIS 11 suggested by Lisiecki and Raymo (2005) (LR04) is shown by the blue and beige boxes at ~424 ka. The TF-126 is indicated
by the light-grey box.
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1.4 Results
1.4.1 Geochemistry

The XRF analysis provided 462 data points showing substantial changes at the T-V (Fig. S1.2). The age-

related fluctuations of the elements can be separated into three intervals:

1) Prior to 424.9 + 4.4 ka: Si, K, Ti, Fe, Rb and Zr have high constant values, whereas Ca has
lower values (Fig. S1.2). The Log(Si/Ti) follows the same pattern as the Log(Ca/Ti) but the fluctuations
have a higher amplitude (Fig. 1.7).

2) Between 424.9 + 4.4 and 423.8 + 3.8 ka: A transition occurs in which the high values of Si, K,
Ti, Fe, Rb and Zr decrease (reverse trend in Ca). During this period, the minimum in Ca and maxima in
siliciclastic elements (Fig. S1.2) is caused by the deposition of tephra TF-126 (Monaco et al., 2021).

3) After 423.8 + 3.8 ka: the concentrations of Ca persist at elevated levels, exhibiting a slight
upward trend, whereas Si, K, Ti, Fe, Rb, and Zr demonstrate a marked decline reaching their respective

minima. The Log(Zr/K) increased, maintaining relative constant values along this period (Fig. 1.7).

The PCA separated the XRF data into two groups. Positive PCA values correspond to Ca and negative values
to siliciclastics (Fig. S1.2). From ~429 to ~425 ka the siliciclastic input increases with respect to the rest of the

studied MIS 12. During MIS 11c, the terrigenous input was substituted for Ca-rich sediments.

The TIC from the discrete samples shows an increase between 424.9 + 4.5 and 423.8 + 3.8 ka very similar
to the XRF Ca data (Fig. 1.7). During the glacial period (before ~424.5 + 4.0 ka), TIC values are around 5%
and increase after G/I transition to 8-9%, which corresponds to ~70% calcite. TOC shows a similar trend, with
values below 1%, during the glacial and values exceeding 2% after the transition This patter is also shown in
880, with more negative values until ~425 ka and less negative but fluctuating values after the transition (Fig.

1.7).

1.4.2 Pollen analysis

Microscopic examination of the samples from the F4-F5 sedimentary record revealed the good preservation
of palynomorphs, with the identification of 58 pollen and 13 NPP taxa. The lower 34 samples (corresponding
to MIS 12) are characterised by a high detrital content and have much lower pollen concentrations (~5300 pollen
grains/g as average concentration value) than the upper 32, carbonate-rich samples (corresponding to MIS 11c,

with ~168000 pollen grains/g as average concentration value) (Fig. 1.3a).

Herbs such as Poaceae, Artemisia, Amaranthaceae, and Asteraceae (mainly Asteroideae) dominated the
terrestrial landscape during MIS 12 (Fig. 1.3). The rare forest taxa that characterised the surroundings of the
Fucino Basin during the MIS 12 glaciation were primarily Pinus and cf. Juniperus, with some deciduous species

such as Quercus and Salix. After T-V, open vegetation was completely replaced by forest species, primarily
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deciduous trees, such as Quercus, Betula, Carpinus, Corylus, Ulmus, Acer and Abies. Within the lake,

Pediastrum and Botryococcus algae also increased during the beginning of MIS 11c¢ (Fig. 1.3).

The PCA of the pollen data shows that PC1 represents 81.9% of the total variance of the data, whereas PC2
represents 8.9%. Most taxa have low loadings (less than + 0.05) except for Abies, Carpinus orientalis/Ostrya,
Carpinus betulus, Corylus, Ulmus, Asteroideae, cf. Juniperus, Amaranthaceae, Pinus, Artemisia, and Poaceae.
The positive scores from PC1 correspond to deciduous forest, warm-temperate taxa and 4bies, and the negative
ones corresponds to herbaceous taxa, Pinus and aquatics (Fig. 1.4a). Positive values of pollen PC1 mostly
occurred after ~425 ka (Fig. 1.4¢). The negative pollen PC2 group included herbaceous taxa and 4bies. Positive
pollen PC2 groups the deciduous forest (Fig. 1.4a). Most of the values for PC2 were negative, but positive

values showed a distinct maximum between ~425 and ~422 ka (Fig. 1.4d).

In addition, a PCA was performed on the NPPs. The NPP-PC1 represents 67.6% and the NPP-PC2, 27.8%
of the variances. The analysis separates three main groups defined by Pediastrum (positive NPP-PC1 and
positive NPP-PC2), Botryococcus (positive NPP-PC1 and negative NPP-PC2) and the third group dominated
by spores (negative NPP-PC1) (Fig. 1.4b). The evolution of NPP-PC1 over time seems to be related to pollen
PC2 with a centennial-scale delay between their maxima and minima (Fig. 1.4e). The NPP-PC2 shows two main

different periods, more stable values, and more abrupt changes, with a boundary at 424.5 + 4.0 ka.

According to CONISS analysis on pollen data, the pollen diagram was divided into 7 pollen zones (PZ)
(Figs. 1.3 and 1.5).

1.4.2.1 PZ-1 (between 428.9 + 5.0 ka and 427.2 £ 5.0 ka; 98.10-97.76 m)

Herbaceous plants were mainly represented by Poaceae (19.3-31.5%). Steppic taxa predominated, mainly
represented by Artemisia (8.6-23.5%) and Amaranthaceae (3.4-11.1%). Conifer taxa were dominated by Pinus
(17.7-27.1%) and cf. Juniperus (1.7-10.4%). Deciduous tree forest was composed of Quercus deciduous type
(1.1-4.1%) and Salix (0.3-3.4%), including some small peaks of Acer (0.0-2.3%) and Ulmus (0.0-1.0%). This
subzone had the major representation of aquatic and hygrophilous taxa of all the samples analysed in this study

(Cyperaceae: 1.0-4.9%; Potamogeton: 0.8-3.0%; Typha: 0.0-2.3%).

NPPs rarely occur during this zone.

1.4.2.2 PZ-2 (between 427.2 £ 5.0 ka and 426.6 = 5.0 ka; 97.76-97.63 m)

During this period, the steppe taxa decreased drastically and mesothermic taxa colonised the area. There was
also an increase in altitudinal taxa, mainly dominated by Abies (3.8-10.5%). The tree forest, dominated by Pinus
(16.5-35.3%), Olea (0.0-7.5%), Salix (1.9-3.0%) and Corylus (0.0-3.0%), was more abundant than the

herbaceous vegetation. The highest spore concentration occurred in this zone (0.6-6.7%).
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1.4.2.3 PZ-3 (between 426.6 £ 5.0 ka and 425.1 £4.5 ka; 97.63-97.33 m)

Among herbs, Poaceae dominated this period (17.4-38.9%), followed by the steppe plants Artemisia (10.9-
26.2%) and Amaranthaceae (2.6-15.7%). The tree population was dominated by Pinus (9.3-20.0%) and Abies
(1.3-5.1%). The abundance of algae increased. Quercus deciduous type decreased during the second half of the

zone. There were some levels, mainly at the end of the zone, where dinoflagellate cysts occurred.

During PZ-2 and PZ-3 a surprising increase in grains of Olea and Quercus evergreen type was found (Fig.

1.3). We cannot exclude the possibility of reworked pollen for these zones.

1.4.2.4 PZ-4 (between 425.1 = 4.5 ka and 423.9 = 3.8 ka; 97.33-97.22 m)

PZ-4 characterises a transitional period, with the substitution of the steppic (4.0-26.2%) by mesothermic
(6.7-61.0%) plants, composed by Ulmus (0.0-18.0%), Quercus deciduous type (1.2-17.3%), Acer (0.3-12.0%),
Corylus (0.0-7.7%) and Tilia (0.0-6.0%). Whereas the deciduous forest increased substantially, the herbs started
to disappear in a more gradual way. The change was marked in terrestrial vegetation by a peak of Abies (27.6%)

and, in the aquatic environment, by an increase in Pediastrum.

The demarcation between the glacial MIS 12 and the interglacial MIS 11c pollen boundary was established
in the middle of this PZ at 424.5 + 4.0 ka and using a value higher than 75% Arboreal Pollen (AP) according to
Allen et al. (2000) and to the Fucino terrestrial pollen CONISS results.

1.4.2.5 PZ-5 (between 423.9 + 3.8 ka and 422.3 £ 4.0 ka; 97.22-97.14 m)

PZ-5 shows a significant increase in pollen concentration. Altitudinal taxa (26.3-54.3%) dominated by Abies
(24.7-51.3%) were the most representative, followed by mesothermic taxa (27.0-49.0%). Carpinus is abundant

in this zone as well as in the following PZ-6 and PZ-7, maintaining constant values through time (~8-10%).

Algae were very abundant with Botryococcus peaking slightly later than Pediastrum.

1.4.2.6 PZ-6 (between 422.3 + 4.0 ka and 420.4 £ 3.7 ka; 97.14-97.05 m)

The forest was dominated by 4bies (39.7-69.0%), which further increased in this zone. The deciduous forest,
represented by Carpinus orientalis/Ostrya (4.7-13%), Corylus (1.3-6.7%), Ulmus (1.3-5.0%), and Quercus

deciduous (0.7-5.7%), was also an important component. Steppic taxa were almost absent (0.0-1.3%).

Algae suffered a decrease compared with the previous PZ-5, but they were still abundant.
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1.4.2.7 PZ-7 (between 420.4 £ 3.7 ka and 418.6 £3.6 ka, 97.05-96.95 m)

The Abies population remained domain in the forest (34.7-57.8%), however, it experienced a decrease
compared with PZ-6. The highest value of Carpinus orientalis/Ostrya was reached (3.7-18.3%), followed in
abundance by Quercus deciduous (3.7-9.0%), Carpinus betulus (3.3-7.3%), Corylus (1.7-6.3%), and Ulmus
(1.3-6.3%). In this zone, Botryococcus (1.6-6.4%) and Pediastrum (2.2-15.8%) alternate.

1.4.3 Temperature and precipitation reconstructions

The mean annual precipitation and temperature reconstructions, with coefficients of determination (R”) of
0.51 and 0.81, respectively, were obtained with the WA-PLS method (Fig. S1.3). The annual precipitation began
to rise at 425.2 £ 4.6 ka from ~650 mm and peaked with a short interruption around 420.0 £+ 3.6 ka, with
estimated values near 1200 mm (Fig. 1.6). The same patterns are observed through time with pollen PC1
(interpreted as a variation in humidity; Fig. 1.4c), but with two main differences, (1) the peak observed by the
PCA at 424.9 + 4.4 ka is not that obvious in the quantitative precipitation reconstruction and (2) the peak at
426.9 £ 5.0 ka is overrepresented in the quantitative reconstruction, due to the low pollen concentration and the
appearance of Abies in this sample. Both reconstructions are highly correlated with Abies population
(Rpca=0.98; Rwa-rrs=0.91), and Alnus (Rpca=0.74; Rwa-rLs=0.71), Carpinus (Rpca=0.87; Rwa-rrs=0.80) and
Corylus (Rpca=0.67; Rwa-rs=0.74) association and inversely correlated with the steppe taxa (Rpca=-0.89; Rwa-
pLs=-0.93).

Several drawbacks of the temperature reconstructions could result in unreliable estimations. PC2 explains a
very low variance value (8.9%) of pollen data and the positive values correlate with the species forming the
deciduous forests, although they do not show the same trend on the graphic representation. PC2 shows a distinct
maximum at 424.2 + 3.9 ka, which corresponds with the beginning of the interglacial. However, PC2 values
decreased after this maximum, inferring temperatures similar to those of the glacial period during the rest of
MIS 1l1c (Fig. 1.6). Regarding the WA-PLS temperature reconstruction, it exhibits a positive correlation with
groups such as A/nus (Rwa-rrs=0.59), Corylus (Rwa-rLs=0.66), Celtis (Rwa-rs=0.63), and Ulmus (Rwa-rrs=0.46),
and a negative correlation with steppe (Rwa-rLs=-0.59) and herbaceous groups. Moreover, the low concentration
of pollen during MIS 12 (~429-425 ka; Fig. 1.3a) hampers reliable quantitative reconstruction. After the onset
of the interglacial period, WA-PLS reconstructed temperatures show an opposite trend compared with the
precipitation. A first increase in temperatures occurred at around 425.4 &+ 4.9 ka from a mean estimated value of
~10 °C to a maximum of ~13 °C at 420.7 £ 3.6 ka, but the mean values decreased when estimated precipitation

values increased (Fig. 1.6).
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1.5 Discussion: Climate and lake level reconstruction in the Fucino area
1.5.1 General remarks

The tephrochronologically independently dated high-resolution Fucino pollen record provides significant
regional information about vegetation and climate variations during the interval 429.0 + 5.0 ka to 418.5 £ 3.6
ka, encompassing the T-V (430.5 = 1.5 ka to 426.0 + 2.0 ka; Cheng et al., 2016) and the MIS 12-MIS 11
boundary (424.0 = 4.0 ka; Lisiecki and Raymo, 2005) and the early stage of the MIS 11c interglacial. At present,
the Fucino basin (with an altitude of 650-680 m a.s.l.) is located in an area dominated by grasslands and
deciduous forest with old-growth beech forest near the timberline and some conifer patches isolated at higher
altitudes. Currently, the Fucino Basin is subjected to intense anthropogenic activity, particularly agriculture,

which has significantly altered the composition of the natural/potential vegetation.

Previous studies (e.g. Joannin et al., 2011; Bertini et al., 2015; Camuera et al., 2019) have demonstrated that
the abundance of temperate forest taxa serves as a valuable indicator of temperature and precipitation changes
over time. In our study, we utilised deciduous and temperate-adapted forest species, such as Quercus, Ulmus,
Acer, Corylus, and Pterocarya, as proxies for temperature (Fig. 1.4a) (e.g. Joannin et al., 2008). Notably,
Quercus species have proven to be excellent proxies for distinguishing warm-humid from cold-arid paleoclimate
phases (e.g. Denk et al., 2001; Joannin et al., 2008). Abies can also serve as proxy for precipitation and humidity
(Alba-Sanchez et al., 2010), although disentangling temperature from precipitation signals can be challenging
for certain species (Fig. S1.4). Previous palynological investigations indicate that increases in Abies abundance
typically occur after the thermal maximum of interglacial periods and during a post-temperate phase, often
associated with decreased summer insolation resulting in cooler conditions within overall still humid conditions
(e.g. Tzedakis, 2007). Additionally, the abundance of herbaceous and steppic xerophytic plants (such as
Artemisia, Ephedra, Hippophde, and Amaranthaceae) can be utilised as indicators of cold and arid conditions

(e.g. Fauquette et al., 1998; Tzedakis, 2007).

The XRF Ca values follow the same trend as the altitudinal taxa and estimated lake-level changes, whereas
siliciclastic elements show variations similar to xerophytes (Figs. 1.7 and S1.2). The altitudinal taxa show some
delay with respect to the Ca values, because Ca seems to be related with the lake productivity and the increase
in the lake level. The lake productivity started to increase at the same time deduced by the rise in mesothermic
taxa indicating the increase in temperature and, as consequence, enhanced eutrophication of the lake waters. At
~424.3 £ 4.0 ka, the altitudinal taxa indicate an increase in precipitation, which is also shown in the quantitative

precipitation reconstruction (Figs. 1.6 and 1.7).

The abundance of algae (Botryococcus, Pediastrum, Spirogyra, Zygnema) is conditioned by lake level and
shore surface area (Jiménez-Moreno et al., 2023), providing information about lake depth, availability of
nutrients in the lake, and productivity. Pediastrum is a colonial green alga that indicates, for example, deeper
lake water conditions (Fig. 1.4b and f; Nielsen and Serensen, 1992; Anderson et al., 2020; Jiménez-Moreno et

al., 2023) or eutrophication of the lake waters (Xiang et al., 2021). Botryococcus is a colonial green microalga
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growing in shallower water but is also affected by nutrient conditions (Fig. 1.4b and e; (Guy-Ohlson, 1992;
Jiménez-Moreno et al., 2023). The Log(Si/Ti) and Log(Ca/Ti) help to corroborate the productivity data provided
by the algae community, as they are mostly the product of the activity and abundance of siliceous algae and
calcite precipitation in the lake related to water temperatures, nutrient availability, and lake productivity,
showing similar variations through time. During the dry and cold glacial MIS 12, the algae abundance was very
low (Fig. 1.4). With the beginning of the interglacial period, the occurrence of algae increased, which matches
with increasing TOC and TIC values, representing organic matter and authigenic calcite precipitation due to
increasing lake productivity and temperatures. Strong variations in Pediastrum and Botryococcus values may
indicate lake-level fluctuations, which are probably relatively low in magnitude (few meters only) but have a

distinct impact on algae occurrences and nutrient conditions.

1.5.2 MIS 12 glaciation, T-V and beginning of MIS 11¢ (PZ-1 — PZ-5)

The full MIS 12 glacial condition are documented in Fucino F4-F5 sediment core between 429.0 + 5.0 ka to
427.0 £ 5.0 ka, when vegetation was dominated by xerophytic and herbaceous taxa and Pinus, indicating cold
and dry climate conditions, as confirmed by the steppic taxa association (Figs. 1.4a and 1.5). The mean
temperature value reconstructed for this period in Fucino Basin was less than 10 °C with a mean annual
precipitation between 600 and 700 mm (Fig. 1.6). The Fucino estimated temperature and precipitation values
show similar trends compared to Lake Ohrid mean annual temperature and precipitation (Kousis et al., 2018)
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Fig. 1.8.- Comparison of pollen records from (a) Iberian Margin (U1386 site; Hes et al., 2022), (b) Alboran Sea (ODP-976 site; Sassoon
et al., 2023), (c) Fucino Basin (F4-F5 record; this study), (d) Lake Ohrid (Kousis et al., 2018; Koutsodendris et al., 2020), and (e)
Tenaghi Philippon (Koutsodendris et al., 2023a, 2023b). Dark-green: Abies population; Green: altitudinal taxa without Abies, Brownish-
green: Mediterranean taxa; Yellow-green: mesothermic taxa; Red: steppic taxa. The red line indicates the MIS 12-11c limit defined by
their respective studies. The grey box correlates the PZ-2 defined in Fucino Basin. The dashed line correlates the beginning of the
altitudinal taxa increase (for the continental eastern records) and the beginning of the Mediterranean taxa increase (for the marine
western records).

26



Mean Annual Temperature

SST(°C) MAT (°C) MAAT (oC) . N
oo, FL\::‘.: gilzscs&cd)y) ATee Tenaghiphi“ppon and Tenaghi Philippon mean

LT HEAAN L annual air temperature (Ardenghi

19 et al, 2019), being the Lake
:(:: Ohrid the coldest reconstruction
w22 because of its slightly higher
] altitude and continentality (Fig.
o 19).

Zj: f ( f f Throughout the glacial period,
128 the lake level and Ilake
] productivity were at a minimum

430
— —— (Fig. 1.7). Low Log(Zr/K) and

MIS 11c

Age (ka)

MIS 12

IU IZ 14 '\6 '\E ZO 500 EDD WGOD '\ZGD 400 EGG EDD 1000 1200
Mean Annual Precipitati T . . .
UK'37 - SST () A pLe 2 O AP (mim) siliciclastic elements during this
MD03-2699 Fucino (this study) Lake Ohrid ) .
period (Fig. 1.7 and S1.2)

: ; B s el indicate  restricted  erosion  of

fine-grained materials and inflow

MD03-2699

into the lake, which matches with

high abundances of steppic taxa
Fig. 1.9.- Comparison of quantitative reconstructions of Sea Surface Temperature (SST) and
continental temperatures and precipitation. a) North Atlantic SST from an alkenone based
reconstruction (Naafs et al., 2013, 2014). b) Iberian margin SST from alkenones (U% index)
(Rodrigues et al., 2011). ¢c) Mean Annual Temperature from Fucino Basin using the WA-PLS
method from pollen data (Fig. 1.6; this study). d) Mean Annual Precipitation from Fucino .
Basin using the Weighted-Averaging Partial-Least Squares (WA-PLS) method firom pollen The transition from MIS 12 to
data (Fig. 6, this study). e) Lake Ohrid Mean Annual Temperature (MAT) using the Modern . . .
Analogue Technique from pollen data (Koutsodendris, 2020). f) Lake Ohrid Mean Annual MIS Tlc, involved an increase in
Precipitation (MAP) using the Modern Analogue Technique from pollen data (Koutsodendris,
2020). g) Tenaghi Mean Annual Air Temperature (MAAT) calculated by GDGTs (Ardenghi et
ql., 201?), h) Locatl'.on of the sites. The red line marks the MIS 12-MIS 11c¢ boundary defined ingolation levels raised (Laskar et
in the different studies.

and implies moderate to low

precipitation.

global temperatures as summer

al., 2004; Bouchet et al., 2023).
This rapid climatic shift drove one of the biggest increases in global biosphere productivity (Brandon et al.,
2020), changing dramatically the terrestrial vegetation cover, leading to the replacement of the steppic landscape
by a dominant forest all along the Mediterranean region. This can be observed in the pollen data from the Iberian
Margin (Hes et al., 2022), Alboran Sea (Sassoon et al., 2023), Lake Ohrid (Kousis et al., 2018) and Tenaghi
Philippon (Koutsodendris et al., 2023a) (Figs. 1.8 and 1.9).

At Fucino, a humid event (PZ-2) occurred between 427.0 + 5.0 ka and 426.6 + 5.0 ka, indicated by a tree
forest increase and steppic taxa decrease (Fig. 1.5). Also, the Log(Si/Ti) and Log(Ca/Ti) values increased,
indicating higher temperatures and more rainfall. The peaks would correspond with an increase in lake
productivity (more algae) and calcite precipitation triggered by warmer temperatures, more nutrients and more
Ca ion supply for the catchment (e.g. Wagner et al., 2019). This humid event seems also to have occurred in the
Alboran Sea pollen record and is shown by an increase in altitudinal taxa and a slight reduction of steppic taxa

(Sassoon et al., 2023) and at Lake Ohrid (Kousis et al., 2018; Koutsodendris et al., 2019; Donders et al., 2021)
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(Fig. 1.8), and could point to a wider regional climatic event. Following this event, the Olea percentage
increased. This species is associated with warmer conditions, but in our study, it appears at the end of the glacial
period, which could be the result of reworking and their percentage exaggeration due to low pollen
concentration. Other mesothermic taxa increased during this event, but mostly due to enhanced humidity (Figs.
1.6 and S1.2). This is interpreted from the composition of the vegetation, mainly composed of deciduous taxa,
with greater needs for water. Therefore, this record confirms the importance of relative humidity (precipitation
versus evapotranspiration) in shaping the vegetation in the Mediterranean region, where climate is primarily
influenced by temporal and seasonal precipitation variability (Ilvonen et al., 2022). The minimum temperature
value reconstructed may correspond to the highest percentage of Pinus (Pinus total) during this zone (according
to EMPDv2; Davis et al., 2020), which occurs in areas with mean annual temperatures below 10°C (Fig. S1.4).
These cold conditions may have influenced the relationship between evapotranspiration and precipitation,
favouring the increase in humidity. The Log(Zr/K) value increases during this time as well as those “warm”
pollen occurrences in the record, indicating an increase in erosion (Fig. 1.7), which agrees with the high

precipitation values estimated from the quantitative reconstruction (Figs. 1.6 and 1.9).

The steppe taxa resume their dominance in the area following this event ending at 426.8 + 5.0 ka, indicating
further cold and arid conditions during the end of T-V (Fig. 1.5). Analysing the variation of xerophytic taxa
during the end of the glacial period, some variability can be elucidated, with a slightly warmer and wetter period
between two colder periods (with higher values of steppic taxa) following a “W” pattern characteristic of the
Heinrich type events (Ht) (Singh et al., 2023). This Ht could correspond with the Ht4 identified by Rodrigues
et al. (2011) at Iberian Margin with low Sea Surface Temperature (SST) values registered for this time (Fig.
1.9). The Ht are associated with SST cooling and reduction in Atlantic Meridional Overturning Circulation
(AMOC), favouring the southward displacement of the Polar Front to the mid-latitudes of the North Atlantic
(Lopez-Martinez et al., 2006; Rodrigues et al., 2011, 2017; Singh et al., 2023) and they are associated within
the beginning of terminations stages (e.g. Cheng et al., 2009). However, it is unclear if these terminal Ht are
‘required’ to start a termination, or if they are the result of the deglacial collapse of glacial ice sheets, and as
such, consequences rather than causes of the glacial-interglacial changes (Hodell et al., 2008; Vazquez Riveiros
et al., 2013). The Ht4 was the most extreme cold event registered in the SST at the Iberian Margin (Rodrigues
et al., 2011), indicating the beginning of the T-V. This event has also been identified in the North Atlantic (Naafs
et al., 2014), showing that it is of global importance (Hodell et al., 2008). We observe those temperature-
humidity changes in the pollen record being able to define the duration of T-V just after the PZ-2 until the initial
part of the PZ-4 (Figs. 1.3 and 1.5) for the Fucino pollen record.

After the T-V there was an initial succession when the steppe percentage began to decrease, a peak of
mesothermic taxa was reached at 425.0 + 4.5 ka, followed by a peak of altitudinal taxa (primarily 4bies; Fig.
1.5). With a higher amplitude, the same transition can be observed between 424.2 + 3.9 ka and 420.6 + 3.9 ka,
with mesothermic vegetation increasing and reaching a peak related to the increase and maxima in summer

insolation (Fig. 1.7), the xerophytes then reached their minimum, and finally, the mesothermic vegetation was
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replaced by altitudinal taxa, which became dominant. The duration of the warmer period could be evidenced by
the pollen PC2 maxima but is not reliable in intensity (Fig. 1.4d and Fig. 1.6¢). The increase in the Log(Zr/K)
indicates sedimentation of coarser material, which means a higher transport energy, probably related to more
rainfall and higher activity of the inlet streams. This detrital influx increased in a opposite pattern compared to
xerophytes, whereas the lake level and its productivity (Log(Ca/Ti), Log(Si/Ti) and NPP PC1) increased
abruptly (Figs. 1.4e and 1.7).

During this climatic transition, the mesothermic taxa occurring at Fucino were mainly composed by Quercus
deciduous, Ulmus, Acer, and Tilia, which are more related to warmer and more humid conditions than the
previous steppic taxa. Subsequently, those deciduous taxa were replaced by Carpinus, Carpinus
orientalis/Ostrya, Corylus, Celtis and Alnus, which are related to more humid conditions (according to the PCA)
(Fig. 1.4a) (Denk et al., 2001). A similar substitution of the deciduous taxa occurred in Lake Kopais (Southeeast
Greece; Okuda et al., 2001) and at Lake Ohrid (Kousis et al., 2018). This confirms the typical G/I cycle described
by Tzedakis, (2007) and Jiménez-Moreno et al. (2013), where the transition period into the interglacial is
warmer and drier, followed by a more humid forest in the temperate phase of the interglacial. Lake Ohrid seems
to exhibit a more similar vegetation evolution to Fucino than to other Mediterranean records, with a similar
beginning of the T-V with the decline of the steppic taxa and their replacement by mesothermic taxa (Fig. 1.8).
The quantitative reconstructions for this transition estimated an increase in precipitation values, corroborating
the wetter climate for Fucino Basin and Lake Ohrid than other Mediterranean pollen records, such as Tenaghi
Philippon and Alboran Sea, where the altitudinal taxa did not have enough representation. The rise in Fucino
lake’s level, the increase in humidity and great abundance of altitudinal taxa may have been caused by the
deglaciation of the mountain glaciers around the Fucino basin (Cheddadi et al., 2005; Giaccio et al., 2019). The
comparison of the mean annual temperatures estimations with other Mediterranean records shows that Lake
Ohrid temperatures were lower than at Fucino during the glacial period, but after the T-V both regions reached

similar temperature values (Fig. 1.9).

1.5.3 MIS 11c¢ (PZ-6, PZ-7)

Compared with other paleoclimatic estimations following the T-V, such as the SST from Iberian Margin
(Rodrigues et al., 2011) or North Atlantic SST (Naafs et al., 2014), where temperatures increased from ~13 °C
to ~17 °C (Fig. 1.9) relatively abruptly the estimated temperatures in the Fucino Basin continental record
increased more gradually from ~9.5 °C to a maximum of 13.0 °C (Fig. 1.6). Estimated temperatures in Lake
Ohrid (Kousis et al., 2018) increased from ~1.5 °C to a 10 °C at around 423 ka (Fig. 1.9), showing a more drastic
change in temperatures during this time. The temperatures reconstructed from Tenaghi Philippon (Ardenghi et
al., 2019) did not experience such an abrupt change, depicting a temperature difference from the beginning to
the end of T-V of ~2.5 °C, a temperature range similar to the Fucino Basin reconstructions. Precipitation during

MIS 11c in Fucino Basin increased gradually reaching annual values near 1200 mm at around 421.0 &+ 4.2 ka
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(Fig. 1.6). This increase in precipitation to similar values is also observed in Sulmona Basin (Italy; Regattieri et
al., 2016). It could be explained by the orographic effect, reaching higher precipitation values at the summit
areas of the mountain’s drainage basins (Regattieri et al., 2016). The records form Fucino Basin and Lake Ohrid
also indicate similar estimated precipitation patterns (Fig. 1.9), with MIS 11c being one of the highest estimated
values recorded in Lake Ohrid over the last 800 ka (Wagner et al., 2019). An increase in the pollen concentration,
with Abies being the dominant pollen taxon, occurred during this interglacial (e.g. Brandon et al., 2020), coupled

with an elevated sedimentation rate and diminished terrigenous input.

The altitudinal taxa during MIS 11c¢ in Fucino Basin exhibit a consistent increase, culminating in a peak of
Abies of about 69% at 420.5 £ 3.8 ka. This trend follows, with some delay due to the vegetation response to the
external climatic parameters, the summer insolation through time (Fig. 1.7) and can also be observed at Lake
Ohrid (Fig. 1.8). Abies populations are in general restricted to moist mountainous habitats (Alba-Sanchez et al.,
2010), but such a high percentage of Abies has never been observed previously in other pollen records from in
Europe during an interglacial. The increase of Abies at the beginning of the interglacial is less than 20% and
30% at Tenaghi Philippon (Pross et al., 2015) and at Lake Ohrid (Kousis et al., 2018) respectively, as Abies
pollen grains cannot be transported for long distances by the wind due to their large pollen size, and hence their
occurrence in the fossil record indicates proximity to the pollen source (Erdtman, 1969; Moreno-Amat et al.,
2017). This means that Abies constituted the main forest species up to high altitudes in Fucino Basin during the
MIS l1lc interglacial. Previous studies on the present-day Abies ecology show that Abies growing at lower
elevations has a much broader ecological amplitude (including pioneer characteristics and drought tolerance)
than those growing at higher elevations (Dobrowolska, 1998; Burga and Hussendorfer, 2001; Schmidl et al.,
2005; Kozédkova et al., 2011), which could explain why Abies is so abundant in the Fucino Basin during the
MIS 11c interglacial. However, Abies is less abundant in other records, which could indicate that the abundance

is strongly influenced by the local orography and less by precipitation.

The comparison of the central Mediterranean pollen records shows an abrupt increase of Mediterranean taxa
just after the T-V, which is only marginally represented at Fucino Basin and Lake Ohrid (Fig. 1.8). We can
conclude from this observation that the Mediterranean region experienced an increase in temperatures and an
abrupt change in vegetation during the G/I transition, but the central longitudinal Mediterranean area was more
influenced by the balance of precipitation and evapotranspiration, with high precipitation values at that time

(Figs. 1.8 and 1.9).
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1.6 Conclusions

The palynological record from the Fucino F4-F5 sediment core interval, independently dated between 429.0
+ 5.0 ka to 418.5 + 3.6 ka, permitted us to reconstruct vegetation and environmental changes over the late MIS
12 glacial, the glacial Termination V (T-V), and the early MIS 11c interglacial, one of the major changes of
Quaternary Earth’s climatic system history.

The MIS 12 in Fucino Basin was characterised by a very dry and cold climate evidenced by the abundant

steppic taxa.

Centennial-scale variability seems to characterise the Fucino pollen record in glacial MIS 12, with Heinrich-
type events identified withing the course of the T-V and highly variable mean-annual temperature and
precipitations, which were 10.0-9.5 °C and 700-650 mm, in average. In comparison with other Mediterranean

pollen records, this reveals a large regional variability.

A relative humid event occurred between 427.0 + 5.0 ka and 426.6 = 5.0 ka and led, to a decrease in steppic

taxa and an increase in tree forest from less than 20% to almost 90%, despite minimal astronomical forcing.

The onset of warmest, interglacial conditions at Fucino, demarcated by the increase in mesothermic taxa, is
independently-dated to 424.5 + 4.0 ka, which corresponds with the MIS 12/11 transition at 424 + 4.0 ka in the
benthic §'%0 record.

During the MIS 11c interglacial, the mean-annual temperatures and precipitations were lesser variable,
compared with MIS 12 glacial period. The temperatures reached their maximum of ~12.5 °C during the early
stage of the MIS 1l1c interglacial at 423.5 + 3.8 ka, to then gradually decreased to ~10.0 °C at 418.5 + 3.6 ka,
while precipitations increased more gradually from ~800 mm/yr at the very beginning of the MIS 1lc to a
maximum of 1200 mm/yr at 421.0 + 4.2 ka.

Overall, during the studied interval, the observed variability of the vegetation of the Mediterranean region
was mainly controlled by a change in the hydrological regime and balance, which, in turn, was led by oceanic-

atmospheric and precipitation/evaporation dynamics, despite minimal astronomical forcing.
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Chapter 2: Vegetation dynamics during MIS 11 in Fucino Basin

e  Vera-Polo, P., Sadori, L., Jiménez-Moreno, G., Masi, A., Giaccio, B., Zanchetta, G., Tzedakis,
P.C., Wagner, B.. Vegetation and climatic evolution during the MIS 11 interglacial deduced from the

first high-resolution and independently dated pollen record of the Fucino Basin, central Italy.
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Abstract

The period between 426 ka and 396 ka, which is part of the Marine Isotope Stage 11 (MIS 11, ca. 424-367),
is considered an orbital analogue to the Holocene without human-induced impacts and is designated as MIS 11c
in marine records. Here, we present high-resolution pollen and geochemical data from the tephrochronologically
constrained Fucino record, Central Apennines, allowing a detailed characterization of local and regional
paleoenvironmental and paleoclimatic changes between 427-389 ka, covering the latest part of MIS 12 and most
of MIS 11. This record is characterised for having one of the few radiometrically constrained chronologies of
MIS 11. The abrupt climatic transition from cold and dry conditions of MIS 12 to a warm and humid interglacial
climate occurred at ~424.5 ka at Fucino. It is evidenced by a shift from herbaceous and steppe vegetation to
mesothermic and altitudinal forests. Notably, Abies species dominated the vegetation of the surroundings of the
Fucino Basin during MIS 1lc, indicating humid conditions, corroborated by a relatively high lake level
estimation. Similar humid conditions for the MIS 1lc interglacial have been documented in other central
Mediterranean sites at similar altitudes, such as Lake Ohrid and Ioannina. The Fucino Basin high-resolution
pollen record shows that the mesothermic and altitudinal taxa were highly influenced by insolation fluctuations,
allowing to distinguish regional- from global-scale climate changes during MIS 1lc interglacial, which was
periodically interrupted by drier and colder events. One of those drier evets happened in Fucino between 415
ka and 413 ka. This event, firstly described in lacustrine pollen records, separates the two MIS 11c precessional
cycles and could be globally correlated with a decrease in sea surface temperatures and drier periods identified

in other lacustrine pollen records.

Key words: Pollen record, Central Italy, Climatic change, MIS 11, Mediterranean region, Glacial-

Interglacial cycle
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2.1 Introduction

The study of past interglacial periods serves as a valuable fossil reference for a better understanding of our
current climate change and its underlying mechanisms, identifying key factors that influence the climate system

without the human activity influence.

The interglacial period MIS 11 (ca. 426-367 ka; Ardenghi et al., 2019) with its substage (MIS 11c¢, ~426-396
ka) is suggested to be the most appropriate climate analogue for the past 500 kyr of the Holocene period
(Tzedakis, 2010; Candy et al., 2014), due to its similar orbital configurations (McManus et al., 2003; Ardenghi
et al., 2019), its weak precessional variations (Berger and Loutre, 2003) and large magnitude glacial
terminations (EPICA Community Members, 2004; Tzedakis, 2010), but without human induced impacts (Loutre
and Berger, 2000; Cheddadi et al., 2005; Tzedakis et al., 2022; Sassoon et al., 2023). It stands out in comparison
with other Quaternary interglacials because it occurred after one of the most extreme climate changes, known
as the Mid-Brunhes Event (MBE) (Rodrigues et al., 2011; Tzedakis et al., 2022), following one of the most
severe cold and arid glacial periods (MIS 12) of the last 800 ka (Hu et al., 2024), with a significant expansion
of the ice sheet and the deposition of till deposits across northern Europe (Ehlers and Gibbard, 2008; Ardenghi
et al., 2019; Tzedakis et al., 2022).

MIS 11 is traditionally subdivided into three climatic substages, two warm stages (MIS 11a and MIS 11c)
separated by a colder one (MIS 11b) (Hrynowiecka et al., 2019). This nomenclature is adopted by this study
and most of the palynological studies in the Mediterranean region (e.g. Oliveira et al., 2016; Kousis et al., 2018;
Sassoon et al., 2023; Koutsodendris et al., 2023a). In terrestrial pollen records, determining the exact chronology
and duration of these substages based on vegetation change is challenging, because of the intrinsic difficulties
in the dating of continental sedimentary successions. Additionally, the direct comparison to marine isotopic
records thus is highly uncertain and speculative (Tzedakis et al., 1997; Koutsodendris et al., 2014), due to the

different chronological methods used and their intrinsic uncertainties.

The MBE separates the earlier low-amplitude from the later high-amplitude Glacial-Interglacial (G/I) cycles,
being MIS 1lc the first high-amplitude interglacial. MIS 1lc is also considered unusually warm for the last
million years (Rodrigues et al., 2011), despite the low values of incoming insolation and eccentricity (Laskar et
al., 2004; Rodrigues et al., 2011; Cheng et al., 2016). The discrepancy between the high-amplitude deglacial
warming at the beginning of the MIS 1lc interglacial and the weak astronomical forcing is known in the
literature as the “Stage 11 problem” (Imbrie et al., 1993), questioning the orbital theory of Pleistocene G/I cycles
in a fundamental way (Paillard, 2001; Berger and Wefer, 2003; Tzedakis et al., 2017, 2022). The mismatch
between modest insolation forcing and the pronounced climatic response during this transition needs further
investigation to uncover the mechanisms behind such climatic complexities (Huybers, 2006; Tzedakis et al.,

2022).

The complex interplay of tectonics, volcanism, climate variability and lacustrine sedimentations in

Mediterranean region offers a unique setting to investigate the dynamics of the G/I cycles (Tzedakis et al.,
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1997). Mediterranean pollen records provide important insights into the region's vegetation and climatic history,
because they show significant variability over time, representing the change of vegetational ecosystems as a
response to climate variations (e.g., Bertini, 2010; Valsecchi et al., 2012; Desprat et al., 2013; Peyron et al.,
2013; Donders et al., 2021). The proximity of the previously studied Mediterranean pollen sites (e.g. Balkan
Peninsula; Koutsodendris et al., 2019, 2023a; Donders et al., 2021) to refuge areas in which climate sensitive
plant taxa persisted during cold stages (Bennett et al., 1991) makes them very interesting to investigate climate
and environmental variability, as they are characterised by no significant migrational lags (Magri and Tzedakis,
2000). Previous studies from this area revealed that glacial periods were characterised by reductions in tree
populations and environments dominated by open steppe vegetation, whereas warm and humid periods,
corresponding to interglacial phases, were marked by more forested landscapes (Cheddadi et al., 2005; Kousis

et al., 2018; Hu et al., 2024).

The Fucino Basin, located in central Italy, serves as a crucial nodal point within the Middle Pleistocene
paleoclimatic records. The Fucino lacustrine sequence is particularly significant, as it offers a central
Mediterranean reference point with an independent radioisotopic chronology and uniquely encompasses the
MIS 12-MIS 11 interval (Monaco et al., 2021). Here we extend the high-resolution pollen and geochemical
investigations of the Termination V (T-V), i.e. the transition from MIS 12 to MIS 11, in the Fucino sediments
(Vera-Polo et al., 2024) to nearly all the MIS 11, in order to get a better understanding of short-term climate

change during the best known analogue of the Holocene.

2.2 Study Site: Fucino Basin
2.2.1 Geology

The Fucino Basin (Abruzzo; 42° 00' 00" N; 13° 30' 00" E) is located at 650 m above sea level (m a.s.l.) and
is surrounded by the Central Apennine’s highest peaks such as Monte Velino (2486 m a.s.l.) and Monte Sirente
(2348 m a.s.l.), which hosted mountain glaciers during glacial periods (Giraudi and Giaccio, 2015). It is one of
the largest inter-Apennine tectonic depressions (~900 km?) developed during the Plio-Quaternary extensional
phase within the earlier fold-and-thrust belt system (Cavinato et al., 2002). The extensional tectonics primarily
acts along a N110°-140° axis high angle faults (Galadini and Galli, 2000; D’ Agostino et al., 2001; Galadini and
Messina, 2004; Patacca and Scandone, 2007; Giaccio et al., 2019; Mondati et al., 2021). Lake Fucino formed
during the Late Pliocene - Early Pleistocene along the depression’s lowermost part, covering approximately 140
km? with a maximum water depth of 20 m, and was Italy’s third largest lake (Mannella et al., 2019; Caielli et
al., 2023) (Fig. 1.1). The differential movements along the Fucino Fault System (FFS) (active since the
Pliocene), resulted in the formation of a half-graben basin with rising sedimentation rates from West to East and
an 900 m-thick succession of Plio-Quaternary fluvial sediments and fine-grained lacustrine carbonated deposits
in the depocenter (Galadini and Galli, 2000; Cavinato et al., 2002; Galadini and Messina, 2004; Giaccio et al.,
2017, 2019; Mannella et al., 2019). These sedimentary deposits partly originated from the erosion of the

36



Triassic-Miocene carbonate sequences that form the basin’s bedrock and the surrounding high relief (ISPRA,
1934, 1939, 1942, 1967; Mondati et al., 2021; Caielli et al., 2023). More than 130 of tephra layers from peri-
Tyrrhenian volcanoes explosive activity occur within the fine-grained fluvio-lacustrine Fucino Basin
sedimentary sequence and serve as precise chronological markers for the last 430 ka (Giaccio et al., 2017, 2019;
Monaco et al., 2021, 2022; Leicher et al., 2023, 2024). Lake Fucino was definitively artificially drained in 1875

for agricultural purposes (Giaccio et al., 2017).

2.2.2 Climatic setting

The complex orography of the Fucino Basin and is surrounding and a considerable influence of the
Mediterranean Sea determine the current climate conditions in the area (Silvestri et al., 2022). The Fucino
Basin’s climate is typically Mediterranean (warm and dry summers and cold and humid winter; Lionello et al.,
2006) with continental characteristics, according to historical regional data from the meteorological network
(Peyron et al., 2013) and data acquired from the nearby Borgo Ottomila meteorological station (652 m a.s.l.).
According to this meteorological station (https://en.climate-data.org/europe/italy/abruzzo/borgo-ottomila-
1068722/, last access: 02 October 2024), monthly average temperatures exceed 10° C from April to October,
reaching maximum temperatures of 18 to 21° C in July and. From November to March, monthly average
temperatures are below 10° C, with January being the coldest month. The mean annual temperature for Fucino
Basin is ~11.1 °C. Annual precipitation averages 600 to 750 mm in the lowlands and 900 to 1200 mm in the

piedmont zone August (average temperature data from 1991 to 2021).

2.2.3 Potential natural vegetation distribution

The climatic and geographical settings of the Fucino Basin and its catchment result in complex vegetation

zone distributions, which are today biased by human perturbances (Frate et al., 2018).

Grasslands occur in the basin's lower and flatter areas, extending to the western side of the surrounding
reliefs due to pluviometric shading from the main E-W wind pattern (Tomassetti et al., 2003). The potential
natural grassland in this area consists mainly of hygrophilous and hydrophytic freshwater plants in the basin's
lowest areas (Blasi et al., 2017). In the lower elevation areas (below 1000 m a.s.l.) of the mountainous relief,
the vegetation is dominated by Quercus pubescens oak forests. In low elevation cooler areas, these woods are
composed of mixed taxa such as Ostrya carpinofolia, Quercus cerris, and Acer spp. Evergreen scrub
communities, dominated by Quercus ilex, flourish in thermally favourable areas over lithoid outcrops. In
restricted and humid areas such as valleys and ravines, the lower mountain forests are mainly composed of Acer
pseudoplatanus, Ulmus glabra, Tilia platyphyllos, and Fraxinus excelsior, indicating particularly humid
conditions. Fagus sylvatica dominates the mountain bioclimatic belt (between 1000 and 1750 m a.s.l.),

frequently appearing alongside Abies alba. The beech forest flora varies according to the type of substrate and
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temperature, resulting in distinct associations. The occurrence of the relict Betula pendula in the mountain belt,

highlight the basin's biodiversity conservation relevance. Above 2000 m a.s.l., woodlands give way to sparser

formations where herbaceous plants, mostly endemic species and glacial relics, dominate the high mountain

vegetation. Alpine meadows, rocky slopes, and scree fields are predominantly composed of Poaceae,

Cyperaceae, and alpine herbs adapted to the harsh climatic conditions (Blasi, 2010; Blasi et al., 2017). These

vegetation zones are influenced by several factors that differ from those of central Europe, being more similar

to the vegetation distribution of south-eastern Europe (Blasi and Del Vico, 2012).

2.3 Materials and methods

2.3.1 F4-FS5 core: drilling site and characteristics and investigated interval

B Age (ka)
fm 17107 360 370 380 300 400 410 420 430 440
: 80 -
— — Oq—gTF-85 365814 This study g
81 g
R 13 %
- 82 &
8 & 21 2
2 ] 8 \ H
- w 37 % 3
sl = \ -
= 241 %
s 2 \
[ %
—_ o 5 %
Ess] g I \
- — E A
T
[ = = TF-98 390.4% 4.0
E g8 1_ g 3—
2 28
284 3
o
e =2g]1 2 °1
P BV EEF
2914~ o - -404.7£50
E 1 on
8] 2
§127
3] = 4
1 FF-H15/TF-116: - --406:4 £221406 524 -
e ufE e TF-A17 408.5£1.2
- ._14-: E CTF-118 .407.0 242
b TF-110 [—
So T es = TF-125 414.8'+ 2.2
=t E TF-126 424,32 3.2
% iz
161 .
97 Age-depth model
5
98 ‘\\ Monaco et al. (2021) \ Vera-Polo et al. (2024)
‘.

Fig. 2.1.- Bayesian age-depth model from the 18 m of the composite F4-F5
record modified after Monaco et al. (2021). The yellow rectangle indicates the
investigated interval in this study, meanwhile the green one represents the data
presented in Vera-Polo et al. (2024). The pink marks are the tephra layers
identified in the sedimentary record. The age model corrected (blue lines) from
424.343.2 (TF-126) to the bottommost part of the record (already presented in
Vera-Polo et al., 2024), is represented in comparison to the previous age
extrapolation (dashed red line) from Monaco et al. (2021). An example of the
correlations between the individual cores F4 and F5 (from TF-116 to TF-107
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boxes over the core-scanner image indicates the section where the pollen
samples were obtained.
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Two parallel holes (F4 and F5
boreholes) were drilled with a 1.5 m-long
core barrel in June 2017 (Giaccio et al.,
2019), about 3 m apart from each other. In
order to recover the entire sedimentary
succession and to minimise potential gaps
coring start of each run was set to 0.75 m
overlap between succeeding sections in
both holes. The composite F4-F5 record is
located in the central area of the basin (42°
00’ 07” N; 13° 32° 19” E) (Fig. 1.1),
reaching depths of 87.00 m and 87.75 m,
respectively. The composite F4-F5 record
was  built the and

using optical

geochemical information after core

opening and core scanning for the
correlation of the different cores (Fig. 2.1)
(Giaccio et al., 2019). Sediment expansion
after core recovery and splicing of
individual core segments resulted in a
98.00 m long composite core of which the

interval from ~87.30 m to 97.00 m 1s used

for the present study (Fig. 2.1)



2.3.2 Geochemical analyses on discrete samples

The core was sampled each 4 cm from the top of each individual core. A total of 268 discrete samples were
analysed for total carbon (TC), total inorganic carbon (TIC), and stable carbon and oxygen isotopes (see
Mannella et al., 2018 for details). TOC was determined as the difference between TC and TIC and represents
the proportion of organic matter in the sediments. The geochemical data from discrete samples presented in this

study was formerly presented in Mannella et al., (2018) for MIS 11.

2.3.3 XRF scanning

The F4-F5 sediment cores were scanned using X-Ray Fluorescence (XRF) on one of the split core halves of
the F4-F5 sediment cores using an ITRAX XRF scanner (Cox Analytical Systems, Sweden) with a line-scan
camera mounted and a chromium tube set at 55 kV and 30 mA, a dwell time of 10 seconds and a step-size of
2.5 mm. The acquired data was processed using the QSpec 6.5 software (Cox Analytical, Sweden), with the
results expressed in counts per second (cps), averaged at 25 cm intervals. They complement the dataset from
the interval between ~418-429 ka, which was previously presented in Vera-Polo et al. (2024). According to this

study, Ca, Si, Ti, K, and Zr are the predominant geochemical components.

In order to minimize any core scanner detector drifts, dilution effects and sources of irritation, element log-
ratios were used for interpretation of relative chemical changes in the sedimentary record (Croudace and
Rothwell, 2015; Bertrand et al., 2024). We selected Zr/K, Ca/Ti and Si/Ti ratios to estimate changes in grain
size composition, calcite precipitation and biogenic silica accumulation, as they have proven to be reliable for
estimating hydrological, sedimentary and environmental variations over time in the Fucino Basin (Vera-Polo et

al., 2024).

In order to reduce the noise in the different ratios, to observe the general trend and evolution and to improve
the reading and interpretation of the results obtained from calculating the Log-ratios, a smoothed curve has been
generated using the locally estimated scatterplot smoothing (LOESS) method with a span value of 0.02 by

means of the Past4 software (Hammer et al., 2001).

In addition, a Principal Component Analysis (PCA) was performed on the XRF data using the Past4 software
(Hammer et al., 2001). The PCA allows the identification of the variables (components) that capture the majority

of variance within multivariable data (Hammer et al., 2001).

2.3.4 Age-depth modelling and geochronology

More than 130 tephra layers deposited during the last ~430 ka from the backbone of the age-depth model of
the composite F4-F5 record (Giaccio et al., 2019). Many of the tephra layers have been correlated with proximal
records or with the direct *°Ar/*’Ar dating (Monaco et al., 2021, 2022; Leicher et al., 2023, 2024).
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The analytical details of the interval studied here were previously published by Monaco et al. (2021) yielding
an age model with a 95%-confidence for the 365-430 ka interval generated using the open-source statistical

environment R (R Core Team, 2017) and the Bacon program (Blaauw and Christen, 2011).

The age model of a short interval from the lowermost and oldest (>424.3 + 3.2 ka) F4-F5 sedimentary record
was subsequently modified by Vera-Polo et al. (2024). This was done taking into account a marked lithological
change, clearly identified by the Ca results from the XRF data at 97.30 m composite depth (~5.6 cm below TF-
126), which marked the limit between the interglacial MIS 11¢ and glacial MIS 12 (Vera-Polo et al., 2024).

The resulting age of the investigated interval (~87.30-97.00 m) spans from 418.5 + 3.6 ka to 388.3 = 3.2 ka,
so adding further ~20 kyr of history of the previously investigated interval between 429.0 + 5.0 ka to 418.5 +
3.6 ka (Vera-Polo et al., 2024). The overall uncertainty of the modelled ages is = 2.3 kyr, arranging between +
1.2 and +4.0.
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Fig. 2.2.- a) Detailed percentage pollen diagram from F4-F5 composite record against age and depth. Total pollen concentration, trees
and shrubs (indicating their ecological group. b) Herbaceous, aquatics and NPP. In both diagrams are shown in the right side the Pollen
Zones and sub-Zones and the CONISS analysis. The dark grey shading in the pollen diagrams represent a x5 abundance exaggeration.
The light grey shading and dashed lines across the diagrams are visual helps that indicates the main Pollen Zones and sub-Zones
respectively. The red line across the diagrams separates the glacial and interglacial period, defined in Vera-Polo et al., (2024). (Dark-
green: coniferous trees; Yellow-green: deciduous trees; Yellow: sclerophyllous trees; Orange-red: shrubs; Pale-yellow: herbaceous;
Turquoise: aquatic, Light-green: algae; Orange: spores; Black: other NPP).
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2.3.5 Pollen analysis

A total of 216 samples were studied for palynological analysis in 9.7 m of the composite F4-F5 record. The
age model published by Monaco et al. (2021) was used to set the spacing between samples to compensate the
estimated variations in sedimentation rates, with the aim of obtaining the highest possible resolution for the
studied period between ~429 and ~388 ka. Therefore, the maximum resolution achieved was from the
bottommost part of F4-F5, sampling every 2-cm for the section concentrated between 97.7-97.4 m composite
depth and 1-cm for the consecutive 50 cm, reaching an age resolution between 200 and 100 years. The rest of

the core was sampled at intervals of ~4-cm achieving an average resolution of ~120 years.

A classical treatment for pollen analysis was used to concentrate the pollen grains for each sediment sample
(Faegri and Iversen, 1975). It was extracted ~2 g of sediment from the core for each sample and added 1
Lycopodium spore tablet to each one to calculate the concentrations. The samples, after being dehydrated by
freeze-drying for 24h, were treated with hydrochloric acid (HCI, 37%) to remove carbonates, hydrofluoric acid
(HF, 48%) to remove silicates, and sodium hydroxide (NaOH, 10%) to eliminate the cellulose fraction with the
aim of concentrating the organic matter. After the chemical treatment, the samples were sieved using a 10 um
nylon sieve to remove clays and particles smaller than pollen grains. The remaining material was mounted on
microscope slides by adding glycerine and examined under a transmitted light microscope at 400x
magnification. Most of the samples showed a high concentration of pollen grains, counting a total of 300 pollen
grains as average for most samples. The classification of this quantity of pollen grains has proved to be sufficient
for making a broad paleoenvironmental interpretation (Djamali and Cilleros, 2020). In addition, Non-Pollen

Palynomorphs (NPP) were identified to assist the paleoenvironmental interpretations.

The pollen data were integrated into the Tilia Software 2.6.1 to calculate percentages and graphically
represent the different pollen taxa, and to establish an objective zonation of the terrestrial pollen data performed
by CONISS cluster analysis (Grimm, 1987; Fig. 2.2). The NPP percentage was calculated with respect to the
total pollen amount plus the total NPP using this software, however, the NPP data was not used for the CONISS
cluster analysis. This software was used to compute the concentration of pollen grains in samples (Fig. 2.2a),
considering the mass quantity (~2 g per sample) and the number of Lycopodium spores added and counted for

each sample.

In addition, a PCA was performed on pollen and NPP percentage data for statistical comparison of the
variables with respect to each other, selecting only the first component (PC1) for pollen data and the first two
components (PC1 and PC2) for NPPs to summarise the data (Fig. 2.3). This selection of components was done

using the percentage of variance that resulted from the PCA analysis.
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Based on previous studies (e.g. Joannin et al., 2011; Bertini et al., 2015; Camuera et al., 2019; Vera-Polo et
al., 2024) and the PCA results from this study (Fig. 2.3), the different pollen taxa were organised into three
ecologically meaningful vegetation groups. These groups have been demonstrated to serve as reliable climate
indicators for the Mediterranean region. (Altolaguirre et al., 2020; Camuera et al., 2021). Those groups are
xerophytes/steppic taxa (Amaranthaceae, Artemisia, Ephedra, Hippophaé), altitudinal taxa (Abies, Betula,
Cedrus, Fagus, Picea, Tsuga), and mesothermic taxa (Acer, Alnus, Buxus, Carpinus betulus, Carpinus
orientalis/Ostrya, Carya, Celtis, Cistaceae, Corylus, Ericaceae, Fraxinus, Hedera, Juglans, Olea, Phillyrea,
Pistacia, Pterocarya, Quercus total, Salix, Tilia, Ulmus, Zelkova) (Fig. 2.4). Due to their low abundance and the
correlation analysis from PCA results, the Mediterranean/sclerophyllous taxa (Cistaceae, Fraxinus, Olea,
Pistacia, Phillyrea and Quercus evergreen) were included into the mesothermic taxa group (Figs. 2.2 and 2.4).

The aquatic plants (Nuphar, Potamogeton and Typha) were excluded from the basis pollen sum.
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Fig. 2.3.- PCA results from X-Ray Fluorescence (XRF), Pollen and Non-Pollen Palynomorph (NPP) data. a) XRF PCI correlation
between the geochemical elements. Green bar represents the elements related with organic input, meanwhile light orange bars
represent the siliciclastic input. b) XRF PCI variation plotted in time, with the same colour scheme than panel a. c) Pollen PCI
correlation between the different pollen species identified. Blue bars associated the positive values of the PCI which are associated
with humid conditions. The yellow bars associated the negative values which correspond with taxa related with dry conditions. The
pollen taxa plotted in this graph represented more than 0.5 % in the total of the samples and more than +0.025 loadings of the total
variance to enhance readability. d) Pollen PCI1 variation plotted in time, with the same colour scheme than panel c. e) NPP PCI
correlation associated with productivity variations in the lake (more productivity is related with the more positive values). f) NPP PC1
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and pollen PCAs changes (see text for interpretation). The red line indicates the glacial-interglacial boundary in Fucino Basin.
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Relative lake-level changes were estimated by combining algae and pollen data, according to Camuera et

al. (2019): Algae total/(Algae S
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the right side of the diagrams. The red line marks the glacial-interglacial boundary. The taxa

lake bottom morphology. lists are reported in the text and in Fig. 2.2.

2.4 Results
2.4.1 Geochemistry of discrete samples and XRF data

The age-related fluctuations in the geochemistry of the 268 discrete samples and the XRF scanning dataset

allow the identification of 9 distinct phases (Fig. 2.5):

1) Prior to 97.35 m depth (425.2 £ 4.5 ka): the terrigenous elements (Al, K, Ti, Fe, Zr) dominated (Figs.
2.3 and 2.5). The Log(Si/Ti) showed more variability, with a modest increasing trend, than the other geochemical
proxies. The TOC values were lower than 1% during most of this period, meanwhile the abundance of TIC was
around 4%.

2) Between 97.35 and 97.18 m depth (425.2 £ 4.5 ka to 423.3 + 3.8 ka), a transitional phase is observed,
marked by increasing values in all geochemical proxies. At 424.8 + 4.4 ka, Ca replaced terrigenous elements
(Fig. 2.3b), with Log(Ca/Ti) showing presented the most abrupt increase of the record. TOC exhibits a maximum
of 4.5% at 423.6 + 3.7 ka. After this maximum, TIC presented an abrupt increase similar to Log(Ca/Ti) but at
the end of this period.

3) Between 97.18-96.81 m depth (423.3 + 3.8 ka and 416.0 + 2.7 ka): Log(Si/Ti) exhibited the largest
oscillations with a modest upward trend. Those oscillations were similar to the ones showed in Log (Ca/Ti), but
with higher amplitude. TIC and TOC maintained constant values of 8 and 2%, respectively.

4) Between 96.81-96.37 m depth (416.0 + 2.7 ka and 412.4 £ 2.8 ka): the geochemical composition was
largely siliciclastic, with a decrease in every value of the calculated ratios and TOC. The minimum value

registered in the geochemical proxies correspond to the TF-125 tephra layer (Monaco et al., 2021).
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XRF scanning (dashed lines depict the actual values, while the continuous smoothed lines represent the mean value calculated by LOESS
method with a span value of 0.02), (f) lake level according to Camuera et al. (2019) formula, and (g) pollen associations percentages of

F4-F5 sediment record and pollen zones (PZ) as reference. The red line indicates the glacial-interglacial boundary. The dashed lines

mark the different XRF log-ratios phases.
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5) Between 96.37-93.73 m depth (412.4 = 2.8 ka and 405.8 + 1.5 ka): Log(Ca/Ti), Log(Z1/K) ratios, TOC
and TIC reached the same values as the previous period between 423.3 + 3.8 ka and 416.0 + 2.7 ka. The
minimum values that we observe in log-ratios at 410.0 + 1.9, 408.3 + 1.2, and 406.5 + 1.3 ka correspond to
tephra layers. Log(Si/Ti) reached it maximum value at 407.6 + 1.3 ka.

6) Between 93.73-92.16 m depth (405.8 £ 1.5 ka and 402.3 = 2.3 ka): Log(Ca/Ti) and Log(Si/Ti) followed
an opposite trend from the beginning of this period compared to the Log(Zr/K). Since the beginning of this
period all proxies seem to depict a decreasing trend until the end of the record. TOC values reached their
minimum at ~1%, maintaining this value until the end of the studied record. Log(Ca/Ti), Log(Si/Ti) and TIC
decreased compared to the previous period, reaching a minimum at 404.6 = 1.9 ka.

7) Between 92.16 and 90.65 m depth (402.3 £ 2.3 ka to 398.7 + 2.8 ka), two distinct phases are visible,
separated by the TF-106 tephra layer at 398.9 & 2.8 ka. The first phase is characterized by higher variability in
the proxies, while the second phase shows a more consistent decreasing trend.

8) Between 90.65-88.37 m depth (398.7 = 2.8 ka and 391.7 £ 3.2 ka): a bimodal stage is observed with
two maximum values in Log(Ca/Ti), Log (Si/Ti) and TIC at 393.9 + 3.1 and 392.0 + 3.2 ka.

9) After 88.37 m depth (391.7 £ 3.2 ka) until the end of the studied record: Log(Ca/Ti), Log (Si/Ti) and
TIC values decreased and stabilised. The values from Log(Zr/K) depict a first increase, followed by a

subsequent decrease at 389.4 + 3.1 ka.

Generally, Log(Si/Ti) and Log(Ca/Ti) show similar fluctuations through time, with a slightly higher
amplitude of Log(Si/Ti). After 405.8 + 1.5 ka we can observe a change in the relationship between the log-ratios

related to productivity and organic matter with Log(Zr/K), becoming opposite since this moment.

2.4.2 Pollen analysis

The microscopic examination of 216 palynological samples from the F4-F5 sedimentary record revealed the
overall good preservation of palynomorphs, with the identification of 60 pollen and 14 NPP taxa. The lower 34
samples showed high abundance of steppic and herbaceous taxa (such as Poaceae, Artemisia, Amaranthaceae
and Asteroideae) and lower pollen concentrations (~6300 pollen grains/g as mean value). The rest of the
analysed samples presented higher abundance of Arboreal Pollen (AP) taxa (mainly dominated by Abies and
deciduous trees such as Quercus, Ulmus, Carpinus, Celtis, Corylus, Pterocarya and Fagus) and higher pollen
concentration values (~120150 pollen grains/g as mean value). During the AP abundance phase, we can observe
three main oscillations alternating open vegetation and altitudinal taxa, whereas the mesothermic maintain more

stable percentage values throughout time (Table 2.1).

The algae (mainly Botryococcus and Pediastrum) exhibit two major phases. During the first phase (from
428.0 £5.0 to 424.5 £ 4.0), represented by the 36 first samples, algae were very low in abundance. After 424.5
ka, their abundance increased abruptly following a pattern comparable to that altitudinal vegetation. However,

the trend changed from ~403.0 ka onwards becoming more similar to changes in herbaceous vegetation.
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At shorter timescales and according to the CONISS cluster analysis developed on the terrestrial pollen data,

the pollen diagram can be divided into 7 pollen zones (PZ) (Figs. 2.2 and 2.4; see Vera-Polo et al. (2024) for a

detailed visualization of PZ-1 until the beginning of PZ-2c):

PZ Zone description
. ) Herbaceous and steppic taxa are mainly represented by Poaceae
Eegtﬁrﬂigt(skg)@gg&éig907'_622 60150 | (239 %), Artemisia (133 %) and Amaranthaceae (6.4 %). Tree
la Og e ’ ’ ’ ’ forest is represented by Pinus (22.6 %), Abies (3.4 %), Salix (2.1 %)
N® samples: 12 and Quercus d. (1.7 %). Potamogeton (1.6 %) prevail th
Pollen conc. (pollen grains/g): 5850 g A ’ g 0 7o) prevails among the
aquatic taxa.
Poaceae (24.5 %), Artemisia (13.8 %), and Amaranthaceae (7.3 %)
Depth limits (m): 97.65 — 92.27 still dominated the PZ. This zone started with a maximum peak of
b Age limits (ka): 426.9 5.0 -424.5+4.0 | Abies (27.6 %) and mesothermic taxa (39.0 %). Pinus (15.7 %)
N° samples: 24 abundance decreased. Deciduous forest was represented by Quercus
Pollen conc. (pollen grains/g): 6540 d. (2.1 %) and Ulmus (1.4 %). Herbaceous abundance gradual
decreased since 425 + 4.5 ka.
. ) Herbaceous taxa were replaced by deciduous forest dominated by
2e‘;tﬁ£glslt(sk§)‘?)429}52h907'72223 ouag | Ulmus (15.6 %), Quercus d. (15.4 %), Acer (8.4 %). Corylus (6.0 %)
2a N"gsampleS' 4 ’ ’ ’ ’ ’ and Tilia (4.4 %). Betula (5.9 %), Quercus e. (2.4 %), and Fagus (1.1
Pollen conc. (pollen grains/g): 32450 %) were rather abundant.
) ) Pediastrum (8.8 %) was the dominant NPP.
Depth limits (m): 97.22 — 97.08 Abigs (40.9 %) abrqptly increased, which fol'lowed an upward treond.
Age limits (ka): 423.9 = 3.8 —421.0 £ 42 Dec@uous vegetation, composed by Carpinus o./Ostrya (7.5 %),
2b N° samples: 13 Carpinus b (5.9 %). Celtis (2.3 %), and Alnus (1.4 %) suffered a
’ . decrease.
Pollen conc. (pollen grains/g): 167540 Botryococcus (11.6 %) replaced Pediastrum (7.2 %).
Depth limits (m): 97.08 — 96.69 Non-Arboreal Pollen (NAP) is nearly inexistent. The forest is
2 Age limits (ka): 421.0+4.2-4154+2.5 mainly composed by Abies (50.2 %), Pinus (9.8 %), Carpinus
N° samples: 26 0./Ostrya (8.3 %), Quercus d. (5.8 %), Carpinus b. (4.5 %), Ulmus
Pollen conc. (pollen grains/g): 266600 (4.4%), and Corylus (2.8 %).
Depth Timits (m): 96.69 — 96.50 Altitudinal' taxa (25.9 %) suffereq a great decrease. 1:/Iesothermic
Age limits (ka): 415.4 2.5 413.7+2.7 taxa prevails, composed by Carpinus o./Ostrya (12.4 %), Quercus
2d N° samples: 3 d. (10.4 %), Carpinus b. (4.0 %), Alnus (3.8 %), Corylus (3.4 %),
Pollen con<; (pollen grains/g): 106580 Acer (3.1 %), Ulmus (2.9 %), and Zelkova (2.1 %).
' ) Pediastrum (4.3 %) abundance increased.
Depth limits (m): 96.50 — 96.10 Abies (50.3 %) resume its dominance. Aquatic taxa increased,
2e Age limits (ka): 413.7+2.7—-410.2+ 1.9 | mostly composed by Potamogeton (1.6 %).
N° samples: 6 Algae showed an alternation between Botryococcus (6.0 %) and
Pollen conc. (pollen grains/g): 133530 Pediastrum (5.0 %).
Depth limits (m): 96.10 — 94.32 Abies (40.4 %) decreased. Fagus (2.9 %) started to be notable since
3a Age limits (ka): 410.2+1.9-406.7+ 1.3 this PZ. Poaceae (4.2 %) abundance increased. Mesothermic taxa
N° samples: 21 was composed by Ulmus (4.1 %), Quercus d. (3.9 %), and Carpinus
Pollen conc. (pollen grains/g): 135120 0./Ostrya (2.8 %). Buxus (1.9 %) appeared.
Depth limits (m): 94.32 — 93 36 Abz:es r.eached a maximum (74.3 %). at 406.1 = 1.4. Buxus (2.6 %)
Age limits (ka): 406.7 £ 1.3 — 405.1 + 1.7 maintained constant abundance. Deciduous polleq taxa were formed
3b by ) by Pterocarya (6.9 %), Quercus d. (5.5 %), Carpinus o./Ostrya (1.9
N° samples: 14 N N N
Pollen conc. (pollen grains/g): 132510 /0), Alnus (1.6 %), and Ulnus (1.5 %).
) ) Botryococcus (9.8 %) dominated the NPP abundance.
Depth limits (m): 93.36 — 92.30 Abies (29.4 %) showed a decreasing trend. Altitudinal taxa showed
3c Age limits (ka): 405.1 £ 1.7 —-402.7+ 2.3 more diversity: Fagus (4.8%), Betula (1.5 %), and Picea (1.2 %).
N° samples: 8 Artemisia (2.4 %) started to increase.
Pollen conc. (pollen grains/g): 67780 NPPs are nearly inexistent during this period.
Depth limits (m): 92.30 — 90.81 Important substitution from forest to steppic taxa and other
4 Age limits (ka): 402.7 £2.3-399.0 + 2.8 | herbaceous (NAP: 33.4 %). Hygrophilous taxa are mainly
N° samples: 7 represented by Cyperaceae (1.4 %) and Potamogeton (1.2 %).
Pollen conc. (pollen grains/g): 38600 Algae (16.4 %) increased.
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S5a

Depth limits (m): 90.81 — 90.21

Age limits (ka): 399.0 £ 2.8 —397.5+ 3.0
N° samples: 7

Pollen conc. (pollen grains/g): 114980

Abies (47.7 %) increased abruptly. Picea (1.2 %) appeared at the
beginning of this PZ. Mesothermic taxa (25.5 %) increased.
Herbaceous, mainly represented by Poaceae (2.6 %), decreased.

5b

Depth limits (m): 90.21 — 89.57

Age limits (ka): 397.5+3.0-395.5+3.2
N° samples: 16

Pollen conc. (pollen grains/g): 99940

Altitudinal taxa abundance decreased but its diversity increased,
being composed by Abies (40.6 %), Fagus (12.2 %), and Picea (1.8
%).

5c

Depth limits (m): 89.57 — 89.01

Age limits (ka): 395.5+3.2-393.7+3.2
N° samples: 14

Pollen conc. (pollen grains/g): 52910

Abies (52.3 %) dominated the PZ. Poaceae (8.4 %) started to gain
importance.
Botryococcus (7.0 %) increased abruptly at the end of the PZ.

Depth limits (m): 89.01 — 88.02
Age limits (ka): 393.7+£3.2-390.6 £ 3.2

Open vegetation abundance increased being composed by Poaceae
(17.2 %), Artemisia (2.6 %), Amaranthaceac (2.4 %), and

N° samples: 23
Pollen conc. (pollen grains/g): 104010

6 N° samples: 18 Asteroideae (1.4 %). Botryococcus (12.2 %) and Pediastrum (8.9 %)
Pollen conc. (pollen grains/g): 40840 abundances increased.
Depth limits (m): 88.02 — 87.23 Abies (50.0 %), Picea (5.0 %), and Fagus (4.3 %) dominated this
7 Age limits (ka): 390.6 + 3.2 —388.3 +3.2 | period. Quercus d. (5.8 %), Pterocarya (3.4 %), Ulmus (2.3 %), and

Acer (2.0 %) abundances increased.
Algae (7.4 %) percentage decreased.

Table 2.1.- Main vegetational characteristics of Fucino F4-F5 composite record pollen zones (PZ). The percentage displayed after the
species is the mean value (except if the text specifies a maximum or minimum value) The zones are visually displayed in Figs. 2.2 and
24.

2.4.3 PCA results

PC1
Correlation

Qualitative PCA analysis (Ter Braak and Juggins,

g (5m08 s vmnee] & 9325 % aranee]
1993), allows the observation of the general trend of B 08 | o
the evolution of past environmental conditions of the 05 1
G/l dynamics. PCAs were carried out on the s al
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We only considered the PC1 component off the

Artemisia
Poa
Cani /Ostrya [l
[E[e
Ui
N Abies
(=] (=3 I3
= g >
[
uimus
Qu deciduous
(| Fag
Artemi

XRF PCA, because it represents the 98.9% of total s |
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the elements into two separate groups. Positive XRF o

Fig. 2.6.- PCA correlations for XRF and Pollen data. The pollen
taxa shown occur with abundances higher than 2% in the record to
enhance readability. a) PC1 for the period after 402.35 ka. It shows
positive correlation between herbaceous plants and Ca, and
negative correlation between altitudinal plants (mainly represented
by Abies) and siliciclastic geochemical elements. b) PCI for the
period before 402.35 shows positive correlation between altitudinal
taxa and deciduous trees with Ca, meanwhile negative correlations
occur between herbs and siliciclastic material. (Green: organic

PC1 values corresponds to Ca and the negative ones

to siliciclastics elements (Fig 2.3a).

The PCA of the pollen data shows that PCI
represents the 74.8% of total variance of the pollen

data, which separates the pollen into two groups:

material;  Light-yellow: herbaceous plants; Yellow-green:
positive values correspond to deciduous and water deciduous trees; Dark-green: altitudinal taxa; Brown: siliciclastic
material).

demanding forest species, and negative values are
associated to herbaceous and xerophytic species, associated with dry conditions. The PCA of the NPP gives us

information about the lake productivity (NPP PC1) and the relative lake depth (NPP PC2). The NPP PC1 is
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interpreted to be a proxy for productivity (which represents the 72.5% of the total NPP values variance)
considering the abundance of algae in the samples. The NPP PC2 (25.4% of total variance) was interpreted as
a proxy for lake depth as Botryococcus is associated with shallower lake water (negative values) than

Pediastrum (positive values) (Guy-Ohlson, 1992; Nielsen and Serensen, 1992; Jiménez-Moreno et al., 2023).

The comparison of all the PCAs, shows two main periods, before and after 402.4 + 2.3 ka. Additionally,
another PCA was calculated for those two periods including in the analysis all the data available (Fig. 2.6).
Before this point, XRF PC1 and pollen PC1 are directly correlated, increasing the carbonate material when the
humid periods occurred. After that the tendencies abruptly changed inverting this correlation, being the XRF
PC1 more similar to NPP PC1 and pollen PC1 being inverted, correlating the “dry components” with more

abundance of carbonate material.

2.5 Discussion
2.5.1 Proxies’ interpretation

The high-resolution Fucino pollen record provides significant information about vegetation and climate
variations during the interval 429.0 + 5.0 ka to 388.0 = 3.3 ka, encompassing several important climate changes
including the T-V (430.5 + 1.5 ka to 425.0 £ 2.0 ka; Cheng et al., 2016; Gonzalez-Lanchas et al., 2022), the MIS
12-MIS 11 boundary (424.0 + 4.0 ka; Lisiecki and Raymo, 2005), and great part the MIS 11 interglacial (424.0
+ 4.0 ka to 367 &+ 3.0 ka; Prokopenko et al., 2010; Railsback et al., 2015; Regattieri et al., 2016; Kousis et al.,
2018; Ardenghi et al., 2019; Tzedakis et al., 2022; Sassoon et al., 2023).

The basin's surrounding vegetation has changed through time as a result of local and regional temperature
and humidity variations. Previous studies (e.g. Joannin et al., 2011; Bertini et al., 2015; Camuera et al., 2019)
have demonstrated that the abundance of temperate forest taxa serves as a valuable indicator of temperature and
precipitation changes over time. In our study, we utilised deciduous and temperate-adapted forest species, such
as Quercus, Ulmus, Acer, Corylus, and Pterocarya (e.g. Joannin et al., 2008). Notably, the Quercus abundance
has proven to be an excellent proxy for distinguishing warm-humid from cold-arid paleoclimatic phases (e.g.
Denk et al., 2001; Joannin et al., 2008). The presence of Pterocarya in the record indicates restricted warm
temperatures values (mean annual temperatures of 7.6 °C), which can give us an approximation of the
temperatures when this taxon is rather abundant (Svenning, 2003). On the other hand, Abies can be used as a
direct proxy for precipitation and humidity conditions (Xiang et al., 2007). Previous palynological studies
indicate that increases in Abies abundance typically occur after the interglacial thermal maximum and during a
post-temperate phase, commonly associated with decreased summer insolation, indicating cooler but overall
humid conditions (Tzedakis, 2007). Due to their big size, Abies pollen grains cannot be transported for long
distances by the wind, and hence their occurrence indicates proximity to the pollen source (Erdtman, 1969;
Pidek et al., 2013; Moreno-Amat et al., 2017). This means that the variation through time of this pollen curve

indicates local variation of the climatic conditions. The abundance of herbaceous and steppic xerophytic plants
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(such as Amaranthaceae, Artemisia, Ephedra and Hippophde) is associated with arid and likely cold conditions

(e.g. Fauquette et al., 1998; Tzedakis, 2007).

The presence of algae species like Botryococcus, Pediastrum, Spirogyra, and Zygnema indicates lake depth
and productivity (Jiménez-Moreno et al., 2023). Pediastrum, a colonial green alga, can signal eutrophication or
changes in lake depth depending on the species (Fig. 2.3g and h; Nielsen and Serensen, 1992; Anderson et al.,
2020; Xiang et al., 2021; Jiménez-Moreno et al., 2023). Similarly, Botryococcus grows in shallow waters but is
also influenced by nutrient availability (Fig. 2.3e and f; Guy-Ohlson, 1992; Jiménez-Moreno et al., 2023). Small
lake-level fluctuations likely affected algae populations and nutrient levels, leading to significant changes in

Pediastrum and Botryococcus.
Geochemical log-ratios can be interpreted as follows:

o Zr/K: reflects grain size. Zr resists weathering and is common in coarse sediments, while K is linked to
finer clays and feldspars (Cuven et al., 2011; Wang et al., 2011; Wu et al., 2020). Higher Zr/K values
indicate coarser sediment composition.

e Ca/Ti: the source of Ca in the Fucino Basin is unclear and can be either endogenic (carbonate
precipitation, biogenic shell calcification in ostracods. ..) or product of detrital influx (from the abundant
Miocene-Mesozoic marine limestones outcropping nearby; Fig. 1.1) or a mixture of both (Mannella et
al., 2019). Endogenic carbonates form as a result of lower dissolved CO; levels caused by warmer water
temperatures or photosynthesis (Kylander et al., 2011). Ti is tied to terrigenous material via runoff, can
also be concentrated in tephra layers. High Ca/Ti values likely point to authigenic carbonate
precipitation without detrital influx (Bertrand et al., 2024).

o Si/Ti: this ratio determines siliceous productivity (biogenic silica) (e.g Stansell et al., 2010; Brown,

2011; Melles et al., 2012; Bertrand et al., 2024), as it separates the biogenic Si from the detritic Ti.

The Log(Si/Ti) and Log(Ca/Ti) help to corroborate the productivity data provided by the algae community,

showing similar variations through time (Fig. 2.5).

2.5.2 Glacial period: MIS 12

Full glacial cold and dry climate conditions occurred in Fucino Basin between 428.9 + 5.0 ka and 426.7 +
5.0 ka (PZ-1a; Table 2.1), conditioning a vegetation dominated by xerophytic and herbaceous plants and Pinus,
also corroborated by the occurrence of Hippophaé at this time, a typical glacial taxon (e.g. Krupinski, 1992).
During the dry and cold MIS 12 glacial, the algaec abundance was very low (Fig. 2.4) as well as TOC, TIC,
Log(Si/Ti), and Log(Ca/Ti), indicating the low productivity and the lowest lake level registered for this record.
During this time, the main sedimentary input was siliciclastic fine-grained material, corroborated by Log(Z1/K),
which indicates restricted erosion due to low precipitation and dry conditions. The abundance of steppic taxa

also implies moderate to low precipitation. The 8'*C (which is sensitive to temperature and precipitation
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variations; McDermott, 2004) and 8'*O (sensitive to precipitation) from Basura cave (northern Italy) also
registered cold-arid paleoclimatic conditions during MIS 12 (Hu et al., 2024). At the end of this period, a small
brief humid event occurred in Fucino (Vera-Polo et al., 2024), characterised by a tree forest increase and steppic

taxa decrease at 426.7 + 5.0 ka.

After this event, the steppe taxa resume their dominance in the area, indicating the continuation of cold-arid
conditions during the rest of the glaciation. A variation on steppic abundances can be observed (PZ-1b; Table
2.1), with a slightly warmer and wetter period between two colder periods with higher abundances of steppic
plants, following a “W” pattern characteristic of the Heinrich type events (Ht) (Singh et al., 2023). This Ht could
correspond with the defined Ht4 identified at the Iberian Margin at the end of the MIS 12 glacial period by
Rodrigues et al. (2011), associated with a Sea Surface Temperature (SST) cooling and reduction in the Atlantic
Meridional Overturning Circulation (AMOC), favouring the southward displacement of the Polar Front to the
mod-latitudes of the North Atlantic, producing colder conditions (Lopez-Martinez et al., 2006; Rodrigues et al.,
2011, 2017; Singh et al., 2023). The Ht are associated with the beginning of the termination stages (Cheng et
al., 2009), so we can assume that the T-V stage started at that time. However, it is uncertain if the Ht are
necessarily “required” to initiate a termination, or if they are the outcome of deglacial collapse of ice-sheets,
and hence consequences rather than causes of these important climatic changes (Hodell et al., 2008; Vazquez

Riveiros et al., 2013). The Ht4 is described as one of the most extreme Ht between MIS 15 and MIS 9 (Rodrigues
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Fig. 2.7.- Comparison of pollen records from Iberian Margin (U-1385 site; Oliveira et al., 2016), Alboran Sea (ODP-976 site; Sassoon
et al., 2023), Fucino Basin (F4-F5 composite record; this study), Lake Ohrid (Kousis et al., 2018, Koutsodendris, 2020), and Tenaghi
Philippon (Koutsodendris et al., 2023a, 2023b). The blue and orangish boxes at the right of the panel depict the limits between the
different MIS according to Railsback et al. (2015) from the record LR04 (Lisiecki and Raymo, 2005). Blue boxes correlated cold-dry
periods. Dashed lines correlate the Mid-MIS1Ic event. Pink line between Fucino and Lake Ohrid indicates the same tephra layer from
Vico a. Red: Steppic taxa; Yellow-green: Mesothermic taxa; Orange.: Mediterranean taxa,; Green: Altitudinal Taxa (Abies excluded);

Dark-green: Abies.
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et al., 2011), because its occurrence implies the change of climatic conditions from one of the most extreme
glacial interval (MIS 12) to the first high-amplitude interglacial (MIS 11c) (Rodrigues et al., 2011; Hu et al.,
2024).

After the Ht4 (at 425.3 + 4.7 ka), in Fucino Basin there was an increase in mesothermic taxa abundance
followed by a peak in altitudinal taxa (mainly Abies; Fig. 2.2), indicating that the temperature slightly increased,
generating an increase in deciduous forest in the Fucino area, just before the G/I boundary. Also, the Log(Si/Ti)
and Log(Ca/Ti) values increased, indicating higher productivity in the lake waters. This increase would
correspond to more algae and calcite precipitation triggered by warmer temperatures, more nutrients and more

Ca ions supply from the catchment area (Wagner et al., 2019).

2.5.3 Interglacial period: MIS 11
2.5.3.1 The early MIS 1llc (424.5 £ 4.0 ka - 415.4 £ 3.5 ka)

The pollen boundary between the glacial MIS 12 and the interglacial MIS 11c can be placed at 424.5 £ 4.0
ka in Fucino Basin (Fig. 2.7), using a value higher than 75% of arboreal pollen (AP) according to Allen et al.
(2000) and to the Fucino terrestrial pollen CONISS results. A considerably increase in mesothermic taxa,
dominated by deciduous and water demanding forest species such as Quercus deciduous type, Ulmus, Acer,
Corylus and Tilia (from this point on this association will be referenced as Quercus association; PZ-2a; Table
2.1), occurred after the G/I boundary. This could be interpreted as a great increase in humidity. Additionally, a
great increase in nutrient input to the lake occurred, evidenced by the high percentage of TOC that occurred at
that time. The precipitation increased abruptly in central Italy then, reaching estimated annual values of ~1200
mm (Regattieri et al., 2016; Vera-Polo et al., 2024). This generated an increase in the lake level during the
interglacial, which likely added up to the water influx from the melting of the local mountain glaciers.
Furthermore, an increase in pollen concentration occurred during this interglacial at global scales (Brandon et
al., 2020). At Fucino, the increase in mesothermic taxa was followed by the dominance of altitudinal taxa, with
Abies as the main representative species, until the end of the MIS 11 record (Fig. 2.2), coupled with an elevated

sedimentation rate and diminished terrigenous input in the lake.

The occurrence of Betula and the appearance of mesothermic taxa like Quercus, Ulmus, Acer and Tilia,
which are deciduous taxa need greater quantities of water, during the G/I boundary confirms the increase in both
temperature and precipitation (controlling the relative humidity: balance between evapotranspiration and
precipitation) shaping the vegetation in the Mediterranean area (Ilvonen et al., 2022; Vera-Polo et al., 2024).
The G/I transition in the Lake Ohrid pollen record is represented by the expansion of Pinus and Betula and the
presence of Salix and Hippophaé, which are light demanding taxa and can grow on nutrient-poor soils
(consequence of the arid conditions during MIS 12; Kousis et al., 2018). The transition to more humid conditions
was also registered in northern Italy, identifying the G/I boundary at 427.0 + 2.0 in the isotopic Basura cave
speleothem record (Hu et al., 2024; Fig. 2.8). The difference between the G/I boundary between Fucino and
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Fig. 2.8.- a) Summer insolation at 42°N and b) 65°N (Laskar et al., 2004). c) Eurasian atmospheric surface air temperature relative to
present values (Bintanja and van de Wal, 2008). d) Eurasian ice volume relative to present (Bintanja and van de Wal, 2008). e) 6'3C
and f) 680 from Basura Cave speleothem (N Italy; Hu et al., 2024). g) Log(Ca/Ti) and h) pollen record from Fucino Basin (this study.)
i) North Atlantic Sea Surface Temperature (SST) (Naafs et al., 2013a, 2014). j) Iberian Margin SST (Rodrigues et al., 2011). k) §'50
from Sanbao Cave (China; Cheng et al., 2016). 1) Antarctic EDC 0D and m) CO: (Bouchet et al., 2023). The different records are
represented from North (top) to South (bottom). The blue boxes correlate cold-dry periods. The Heinrich type events (Ht) were identified
in j and correlated with the rest of the records. The red line indicates the limit between MIS 12 glacial and MIS 11 interglacial defined
by each author from each record. The dashed line correlates the Mid-MIS 11c event that separates the MIS 11c interglacial into two
other sub-periods. Dashed lines in c, i and j mark the present value. At the bottom are represented the MIS stages limits defined by
Railsback et al. (2015) over the LR04 record (Lisiecki and Raymo, 2005).
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Basura cave could be due to the chronology uncertainties, being each record dated from different methods. The
comparison of Fucino Basin record with other Mediterranean pollen records also shows the substitution of
xerophytic vegetation for mesothermic taxa at the G/I boundary (Fig. 2.7). The altitudinal taxa played a more
important role in this transition in the central region of the Mediterranean area (e.g. Lake Ohrid, loannina, this
study), than in the eastern and western Mediterranean, where the Mediterranean forest is more abundant
(Tzedakis, 1993; Tzedakis et al., 2001; Kousis et al., 2018; Hes et al., 2022; Koutsodendris et al., 2023a; Sassoon
et al., 2023; Fig. 2.7). This could be consequence of the altitude and latitude of the compared sites, registering
Lake Ohrid and Fucino Basin slight colder and more humid conditions during the interglacial period (Kousis et

al., 2018).

At global scale, the climate changed to warmer and more humid conditions at 423.1 £ 1.3 ka in the
subtropical and mid-latitude North Atlantic (Hu et al., 2024). This coincided with the beginning of an interglacial
phase of the AMOC, enabling North Atlantic Deep Water to ventilate the deep Atlantic Ocean resulting in
unusually high northward heat transmission from subtropical latitudes. This scenario is consistent with the
warming observed in the eastern North Atlantic, Eirik Drift, and southern Greenland during MIS 11c¢ (Rodrigues
etal., 2011; Hu et al., 2024).

At the beginning of MIS 1lc in Fucino Basin, mesothermic deciduous tree taxa display a vegetation
succession starting by Quercus association at 424.5 + 4.0 ka, followed by Carpinus betulus, Carpinus
orientalis/Ostrya, and Celtis from 423.9 + 3.8 ka to 415.4 + 2.5 ka (indicating a slightly cooler phase; Desprat
et al., 2005) (from this point on this association will be referenced as Carpinus association), then Alnus, Salix
and Zelkova (from this point on this association will be referenced as A/nus association) appeared between 415.4
+ 2.5 ka and 405.1 + 1.7 ka and finally Pterocarya in a late phase of the interglacial. The appearance of each
association through time doesn’t imply that the previous associations disappeared. This sequence of appearance
was also observed in other records from the same age (e.g. Okuda et al., 2001; Desprat et al., 2005; Kousis et
al., 2018). The Quercus association appeared in the first insolation maxima that occurred at the beginning of the
interglacial. After that moment, the summer insolation values started to decrease, generating a decrease in
temperatures, producing the increase in the Carpinus association at 423.9 = 3.8. Since this moment, Abies

increased abruptly its abundance, indicating an increase in the precipitation values.

The pollen records from South to Central Europe, including Fucino, exhibited a unique tree composition for
MIS 11, presenting a strong expansion of Abies associated with the presence of Pterocarya and Buxus during
the warmer periods (e.g. Tzedakis et al., 2001; Desprat et al., 2005; Koutsodendris et al., 2010; Kousis et al.,
2018).

If we compare the beginning of the interglacial period in the Mediterranean pollen records (Fig. 2.7), we can
observe that the increase in temperatures triggered an increase in Abies at Fucino Basin, Lake Ohrid and
Ioannina and the increase in mesothermic taxa at western and eastern Mediterranean (Tenaghi Philippon,

Alboran Sea and Iberian Margin). The abundance of altitudinal taxa at Fucino, Lake Ohrid and Ioannina pollen
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records could be related to more humid conditions due to the relative higher altitudes and/or latitudes at which

they are located (650, 693 and 469 m a.s.l. respectively; Fig. 2.7).

2.5.3.1.1 Mid-MIS lic Event (415.4 = 3.5 ka and 413.7 £3.2)

An important decrease in the abundance of altitudinal taxa occurred in the Fucino Basin during MIS 11¢
between 415.4 + 3.5 ka and 413.7 + 3.2 ka that corresponds to the Mid-MIS 11c¢ event. This event is associated
with a decrease in the summer insolation, which separates the two precessional-cycles insolation maxima that
characterised MIS 11c. This event has previously been described with a reduction of the SST due to the
insolation variability with a duration of ~3 kyrs (Rodrigues et al., 2011; Naafs et al., 2014), but has never been
described in pollen records. This event is not so obvious in other Mediterranean pollen records but could
correspond to a shorter duration change in vegetation dynamics between the first insolation maxima and the
second insolation cycle (Fig. 2.7). The insolation second cycle reached it maxima at ~405.0 ka, presenting higher
temperatures and precipitation values across the globe, producing the vanishing of glacial sheets in Eurasia
(Bintanja and van de Wal, 2008). Those climatic characteristics can also be observed in Fucino pollen record,

since the Mid-MIS 11c event until the beginning of MIS 11b (Figs 2.7 and 2.8).

In Fucino, a significant and abrupt decrease in altitudinal taxa, TOC, TIC, Log(Z1/K), and Log(Ca/Ti) can
be observed during the Mid-MIS 11c event (Fig. 2.5). This can be interpreted as a decrease in precipitation,
producing a decrease in the sedimentary input into the basin (low Log(Zr/K) values), probably related to a
minimum of summer insolation (Fig. 2.5). A comparison of Fucino with Lake Ohrid pollen records shows the
decrease in altitudinal taxa and an increase in mesothermic taxa, especially in Mediterranean taxa, at this
moment (Fig. 2.7). Also, the Fucino tephra layer TF-125, corresponding to a pyroclastic deposit from Vico a
eruption (415.5 £ 2.5 ka, Fucino modelled age Monaco et al., 2021; 414.8 = 2.2 ka “°Ar/*°Ar age, Pereira et al.,
2020), which allows a direct correlation with Lake Ohrid record, which contains the same tephra layer, OH-DP-
1700.6, dated according to Ohrid Modelled age, to 414.75 &+ 3.2 (Leicher et al., 2021; Fig. 2.7).

The Mid-MIS 11c¢ event produced an increase in altitudinal taxa at Tenaghi Philippon, indicating higher
precipitation levels during the second precession maxima (Koutsodendris et al., 2023a). This event was longer
in duration at Lake Ohrid and Fucino, generating an increase in the Mediterranean vegetation abundance and a
reduction in the altitudinal taxa (Fig. 2.7). A decrease in precipitation is also recorded in the Basura and Sanbao

speleothem record during the Mid-MIS 11c¢ event (Cheng et al., 2016; Hu et al., 2024; Fig. 2.8).

This event seems to be highly correlated with the summer insolation, either weak during this time compared
with other interglacial periods as MIS 5 (Laskar et al., 2004). Although, in other records is defined as a decrease
in temperatures, the Fucino pollen record shows that it was more related to drier conditions, as only hygrophilous
species such as Abies reduced their abundance, being replaced by mesothermic taxa and lacking steppic and

herbaceous cold indicators.
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2.5.3.1.2 The end of the MIS 1ic (413.7 £ 3.2 ka— 402.7 + 2.3 ka)

After the event at 413.7 + 3.2 ka, altitudinal taxa resume its dominance in Fucino Basin. There was a
maximum peak of Abies abundance at 405.9 + 1.4 ka, coinciding in time with the interglacial thermal maximum
registered in the North Atlantic SST (Fig. 2.8; Voelker et al., 2010; Rodrigues et al., 2011). This maximum could
also correspond with the full interglacial conditions in northern Italy at ~408.5 ka (Hu et al., 2024).

Just after the insolation maxima, a cold-dry event that produced a decrease in altitudinal taxa (PZ-3b, c; Fig.
2.2; Table 2.1) occurred, probably related to the previously described “Older Holsteinian Oscillation” (OHO)
(Oliveira et al., 2016; Kousis et al., 2018). The forest contraction related to the OHO can also be observed in
the Iberian Margin, Alboran Sea, Lake Ohrid and Tenaghi Philippon with a decrease in mesothermic taxa
abundance (Fig. 2.7). Fagus occurrence started to be important during the OHO cold phase, however the
summer temperatures were still high, evidenced by the presence of Buxus (Desprat et al., 2005) (also evidenced
by the pollen PC2 results; Fig. 2.3). The U1385-11-fel event identified by Oliveira et al. (2016) in the Iberian
Margin show that the OHO may have been associated with drier rather than cooler conditions and related to
positive North Atlantic Oscillation (NAO), affecting the distribution of the Westerlies and, as consequence, the
precipitation across Europe (Fig. 2.7; Kousis et al., 2018). After the OHO occurred, the pollen records across
the Mediterranean area showed a diminution of the mesothermic taxa abundances, indicating colder

temperatures.

Since the end of the OHO event, at 403.7 + 2.0 ka, the Fucino lake level and its productivity decreased. Abies
decreased in a late phase of the interglacial the reaching a minimum at 400.4 + 2.5. However, Fagus and
Pterocarya forest species increased (depicting a similar pattern through time like the vegetation succession

described at the Iberian Margin; Desprat et al., 2005).

2.5.3.2 The MIS 11b-a stages (402.7 £ 2.3 ka — 388.3 = 3.2 ka)

A colder and drier period is observed between 402.7 £ 2.3 ka and 399.0 + 2.8 ka, when the herbs and steppic
taxa dominated at lower elevation. This period could be related to a decrease in seasonality and summer
insolation (Fig. 2.5) during MIS 11b, when the global temperatures decreased until reaching a minimum during
the interglacial (Bintanja and van de Wal, 2008; Bouchet et al., 2023; Fig. 2.8). A diminution in precipitation
values deduced by an increase in 8'%0 is also registered at Sanbao Cave (China), confirming that this decrease
in summer insolation had global implications (Cheng et al., 2016; Fig. 2.8). Since this moment, the Fucino
paleolake suffered an abrupt change documented by the PCA correlation, when Ca was more correlated to
herbaceous and steppic taxa, indicating colder and drier periods (Fig. 2.6). The Ca input at that time seems to
be exclusively associated with algae productivity related to drier conditions rather than input from Ca ion

caption in warmer conditions in the lake (Fig. 2.3 and 2.6).

After 399.0 £ 2.8 ka, in a context of decreasing summer insolation, the Fucino mesothermic pollen taxa

displayed the same association succession previously described at the beginning of the MIS 11c¢ interglacial, but
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completed in a shorter period of time, with the sequence of Quercus, Carpinus and Alnus associations in less
than 2 kyrs duration (PZ-5a; Table 2.1). Since this moment it could be described as the beginning of the MIS
11a stage. The coldest conditions during this period were reached between 397.5 + 3.0 ka and 395.5 £ 3.2 ka
(PZ-5b; Table 2.1), when Fagus reached peak values. The Alboran Sea record indicates colder conditions during
this time, in which the mesothermic and Mediterranean taxa suffered an important decrease, being substituted

by steppe and altitudinal taxa (Sassoon et al., 2023).

Another cold event occurred at 393.7 + 3.2 ka, just after the insolation minimum when the values started to
increase again. This cold event could be correlated to Ht3 described by Gonzalez-Lanchas et al. (2022) in the
Alboran Sea and by Rodrigues et al. (2011) in the Iberian Margin as a SST reduction, also observed in North
Atlantic SST (Naafs et al., 2014; Fig. 2.8). Although, steppic and altitudinal taxa followed the typical “W”
pattern distribution described in Singh et al. (2023). This Ht also affected the algae concentration in the lake,
shown by the increase in eutrophic water conditions due to the decrease in the lake levels during drier conditions.

The Ht3 is also observed in Lake Ohrid, with a similar vegetation composition as Fucino pollen record.

The youngest part of the studied Fucino pollen record between 391.0 + 3.2 and ~388.3 + 3.2 ka show a
similar evolution as the registered after MIS 11b at 399.0 + 2.8 ka. However, a difference between these two
periods is that mesothermic taxa abundance is slightly lower than the period comprehended between 399.0 £
2.8 and 394.5 £ 3.2 ka colder conditions. Additionally, the precipitation increased during that time, deduced by
the enhanced fluvial siliciclastic input evidenced by Log(Zr/K), and the dominance of altitudinal taxa. This
increase in precipitation at similar age can be also observed in northern Italy, evidenced by a decrease in 8'0

values at Basura cave (Hu et al., 2024).
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2.6 Conclusions

The palynological record from the Fucino F4-F5 composite record, independently dated between 429.0 +
5.0 ka and 388.3 £ 3.2 ka, permitted us to reconstruct vegetation and environmental dynamics over the late MIS

12 to the beginning of MIS 11a.

MIS 12 in Fucino Basin was characterised by a very dry and cold climate, evidenced by the dominance of

steppic taxa and low lake levels.

The change from the MIS 12 glacial to the MIS 11 interglacial is detected in Fucino at 424.5 + 4.0 ka, with
a significant increase in forest taxa and sedimentological properties indicating warming and more humid
conditions. High lake levels and lake productivity occurred during the MIS 11 interglacial but there were

significant lake level fluctuations depending on climate conditions.

Millennial-scale variability is noticed in the studied pollen sequence and allowed the characterisation of
several climatic events through time, such as Ht4 and Ht3 at 426.0 + 5.0 ka and at 393.7 £ 3.2 ka, respectively.
In addition, the Mid-MIS 11c event was identified in the Fucino pollen record between 415.4 = 3.5 ka and 413.7
+ 3.2 ka. This event seems to also occur in other Mediterranean pollen records and was characterised by drier

climatic conditions separating the two MIS 11¢c warm-humid precessional cycles.

The Fucino pollen record also shows a dry period, deduced by the decrease in forest abundance, during MIS
11 and centred at 405.5 + 1.6 ka, which could be related to the OHO that occurred before MIS 11b colder

conditions.

The vegetation changes in Fucino seem to be related to the variations in summer insolation, controlling the

humidity and temperature in the study area during the interglacial period.

This study shows regional differences in the vegetation dynamics associated to climate change during MIS
12 and MIS 11 due to dissimilar altitudinal and latitudinal setting, being the central Mediterranean site different,
with high Abies representation and less abundance of Mediterranean taxa, compared to the records located at

the eastern and western Mediterranean area.
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Chapter 3: Quantitative paleoclimatic reconstruction of MIS 11 in

Fucino Basin

e  Vera-Polo, P., Sadori, L., Jiménez-Moreno, Camuera, J., G., Masi, A., Giaccio, B., Zanchetta,
G., Tzedakis, P.C., Wagner, B.. Pollen-based temperature and precipitation quantitative reconstructions

of MIS 11 interglacial from the Fucino Basin (central Italy).
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Abstract

Pollen-based paleoclimatic reconstructions offer insights into historical climate variability and provide
quantitative data that can be directly compared with present-day climatic conditions. The Quaternary period,
known for its significant climatic variability, is marked by alternating glacial and interglacial cycles. Among
these, Marine Isotope Stage (MIS) 11c¢ stands out as a notable interglacial period, considered an orbital analogue
to the Holocene (MIS 1) due to similar conditions without the influence of human activities. In this study, we
present a detailed quantitative paleoclimatic reconstruction for the MIS 11c period based on pollen data from
the Fucino Basin. Using the weighted averaging partial least squares (WA-PLS) method, we reconstruct past
climate conditions to examine regional and global climatic changes as reflected in vegetation dynamics during
MIS 1lc. Our analysis reveals that vegetation in the Fucino region was highly sensitive to variations in
insolation, reflecting climate shifts on millennial scales. Notably, we identified the Mid-MIS 11c event, a
significant climatic shift that split MIS 11c into two distinct phases, each corresponding to a precessional cycle
characterized by a peak in insolation. Overall, our findings indicate that during the MIS 11c interglacial, the

Fucino Basin experienced warmer temperatures and slightly drier conditions compared to the present climate.

Key words: Quantitative reconstruction, Pollen-based reconstruction, Climatic change, MIS 11,

Mediterranean region, Glacial-Interglacial cycle
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3.1 Introduction

Fossil pollen records have been used around the world (and particularly in the Mediterranean region) during
the Pleistocene as a source to develop quantitative paleoclimatic reconstructions for (e.g. Seppa et al., 2004;
Fawcett et al., 2011; Kousis et al., 2018; Ardenghi et al., 2019; Sinopoli et al., 2019). Several transfer functions
have been employed to obtain quantitative values of temperature and precipitation from pollen data, comparing
the fossil pollen assemblages with the modern pollen distributions (e.g. Seppa et al., 2009; Xu et al., 2010; Liang
et al., 2020; Wei et al., 2021; Zhao et al., 2021). The two most widely employed techniques are the modern
analogue technique (MAT; Guiot, 1990) and the weighted averaging partial least squares (WA-PLS; Ter Braak
and Juggins, 1993). The paleoclimatic quantitative reconstruction derived from these techniques facilitate the
assessment of interglacial climatic changes and their implications for understanding natural dynamics in the
context of the Quaternary climate cycles without the influence of human impact (Ruddiman, 2003; Kleinen et

al., 2014).

The Quaternary climate is defined by a cyclical alternation between glacials and interglacials (G/I), mainly
controlled by Earth’s orbital parameters fluctuations (Hays et al., 1976). One of the most interesting interglacials
occurred during the Quaternary was the Marine Isotope Stage (MIS) 11. This interglacial (ca. 424-367 ka;
Ardenghi et al., 2019) serves as a crucial interglacial period that is often regarded as a Holocene (MIS 1)
analogue due to its similarities in orbital configuration to present-day conditions (McManus et al., 2003;
Tzedakis, 2010; Candy et al., 2014), weak precessional variations (Berger and Loutre, 2003) and occurred after
a large magnitude glacial termination (EPICA Community Members, 2004; Tzedakis, 2010), but without human
impact that could affect the climatic signal (Loutre and Berger, 2000; Cheddadi et al., 2005; Tzedakis et al.,
2022; Sassoon et al., 2023).

The MIS 11 interglacial is traditionally subdivided into three substages (Hrynowiecka et al., 2019), with MIS
11c (424-396 ka; Ardenghi et al., 2019; Tzedakis et al., 2022) representing the first interstadial phase
characterized by significant warming and ecological transitions (Tzedakis et al., 2022). This period follows the
Mid-Brunhes Event (MBE), which marks a shift from low-amplitude G/I cycles to high-amplitude G/I cycles,
significantly influencing climatic conditions (Rodrigues et al., 2011; Tzedakis et al., 2022). The transition from
MIS 12, one of the coldest glacial periods in the Quaternary (Ehlers and Gibbard, 2008; Hu et al., 2024), to the
warm-humid interglacial conditions of MIS 11c is defined as one of the most notable climatic changes in the
past 800,000 years (Berger and Wefer, 2003; Laskar et al., 2004; Rodrigues et al., 2011). The occurrence of MIS
11c deglacial warming is considered unusual, because it occurs when the incoming isolation and eccentricity
values were very low (Laskar et al., 2004; Rodrigues et al., 2011; Cheng et al., 2016), questioning the orbital
theory of Pleistocene G/I cycles (Paillard, 2001; Berger and Wefer, 2003; Tzedakis et al., 2017). This
discrepancy between the beginning of MIS 11c¢ interglacial and the weak astronomical forcing triggering it is
known as the “Stage 11 problem” (Imbrie et al., 1993). The MIS 11c interstadial (424-396 ka; Tzedakis et al.,
2022) was exceptionally long (~30 kyr), spanning two precessional cycles (Kukla, 2003), and was characterised
by high sea levels (6-13 m above the present level; Spratt and Lisiecki, 2016; Christ et al., 2023) and higher
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atmospheric greenhouse gases concentrations compared to the Holocene (Ruddiman et al., 2016; Vavrus et al.,

2018).

The Mediterranean region serves as an interesting setting to investigate the G/I dynamics (Tzedakis et al.,
1997) due to its strong seasonal contrast (warm-dry summers vs cold-humid winters; Lionello et al., 2006) and
the influence of many regional factors that control the climate as the North Atlantic Oscillation (NAO; Harding
et al., 2009), the seasonal expansion northward of the Hadley Cell circulation (Roberts et al., 2011) and the
indirect effects of the African and Asian monsoons in the southern regions (Lionello et al., 2006). All these
factors interact with the altitudinal contrast of the region, having a wide range of regional climatic conditions

(Fletcher et al., 2010; Jiménez-Moreno et al., 2013).

The Fucino Basin, located in central Italy, offers a distinctive environment to study the interplay between
vegetation and diverse climatic conditions (Blasi et al., 2017), particularly those associated with both
mountainous and Mediterranean climates (Blasi, 2010). This region’s ecological variability provides a valuable
lens through which we can explore historical climatic changes and their impacts on vegetation dynamics. In this
study, we present a detailed paleoclimatic reconstruction of MIS 11 based on high-resolution fossil pollen data

from the Fucino Basin.

3.2 Regional setting: current climate and vegetational distribution

The Fucino Basin (Abruzzo; 42° 00' 00" N; 13° 30' 00" E; Fig. 3.1) is located at 650 m in elevation and is
surrounded by the Central Apennines’s highest peaks, which hosted mountain glaciers during glacial periods
(Giraudi and Giaccio, 2015). It is one of the largest inter-Apennine tectonic depressions (~900 km?), originated
during the Plio-Quaternary extensional phase (Cavinato et al., 2002). Lake Fucino was formed in this basin
during the Early Pleistocene, covering ~140 km? and registering a maximum depth of 20 m, being the Italy’s
third largest lake during the time was formed (Mannella et al., 2019; Caielli et al., 2023) until the moment that
was drained in 1875 for agricultural purposes (Giaccio et al., 2017). The interplay between the lake and the
tectonic activity resulted in continuous sedimentation, hosting ~900 m thick Plio-Quaternary fluvio-glacial
carbonated deposits in the depocenter (Galadini and Galli, 2000; Cavinato et al., 2002; Galadini and Messina,
2004; Giaccio et al., 2017, 2019; Mannella et al., 2019). The carbonated deposits were often interrupted by
tephra layers deposited from peri-Tyrrhenian magmatic region, serving as age markers from the Plio-Quaternary

deposits (Giaccio et al., 2017, 2019; Monaco et al., 2021, 2022; Leicher et al., 2023, 2024).

Various microclimates occur in the area due to the complex orography and the influence of the Mediterranean
Sea (Silvestri et al., 2022). The current Fucino Basin climate can be described as Mediterranean with continental
characteristics (Lionello et al., 2006; Peyron et al., 2013). Borgo Ottomila Fucino Meteorological Station (FMS)
(Fig. 3.1) registered mean annual temperature (TAnn) of 11.1 °C and mean annual precipitation (PAnn) value of
1116 mm as an average value recollected from 1991 to 2021 (https://en.climate-

data.org/europe/italy/abruzzo/borgo-ottomila-1068722/, last access: 02 October 2024). In the last year the
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temperatures increased 1.9 °C and the precipitations decreased 38.5 mm

(https://www.meteoaquilano.it/index.php?option=com_content&view=article&id=344&Itemid=525, last

access: 02 October 2024). The coldest temperatures (below 10 °C) are registered from November to March,
" i g! .' ) v

reaching daily minima of -5 to -2 °C in
January. From June to August, the mean
monthly temperature is ~20 °C. July and
August are the driest moths in Fucino (43
mm and 41 mm respectively), evidencing
the Mediterranean  climatic influence

(warm-dry summers and cold-humid

winters; e.g. Lionello et al., 2006). The

Canistro Superiore : ‘ Rdifion Bl R more humid months in the area are from

1

- ' Lecee ey Marsi October to December eakin n
: , P g

Borgo Ottomila (FMS): 6520 masl.  Mean annual temperature: 1.5 November with 151 mm (Fig. 3.1). The

Mean annual precipitation: 1116 mm

PAnn in the region varies depending on

e the orographic factor, ranging from 650 to

%:% 8 ;% 750 mm in the plains to 900 to 1200 mm
.% ;5 in the piedmont zone. According to the
0 I I I ) WorldClim v2.1 database (Fick and
JF M AMUJ ASONDID?’ Hijmans, 2017) (employed in this study to

Month

develop the quantitative reconstructions)
Fig. 3.1.- a) Geographical location of the F4-F5 composite record in Italy. b)
Geographical location of the F4-F5 composite record and Borgo Ottomila Fucino the present-day TAnn and PAnn are
Meteorological Station (FMS) in the Fucino Basin. ¢) Ombrothermic diagram of
Borgo Ottomila (FMS) (https://en.climate-data.org/europe/italy/abruzzo/borgo-
ottomila-1068722/, last access: 02 October 2024). Blue column diagram
represents the monthly precipitation and the red line the mean monthly average In the Fucino Basin there is a complex
temperature. The transparent border that involves the temperature line represent
the maximum and minimum values for each month. a and b images were obtained vegetation zone distribution due to the
from Google Earth.

around 10 °C and 750 mm respectively.

geomorphological  setting  of  the
Apennines and the Mediterranean influence (Blasi and Del Vico, 2012). It is challenging to describe precisely
these natural vegetation zones because the area has a significant present-day human impact and agricultural use
(Frate et al., 2018; Giaccio et al., 2017). The grassland composed by hygrophilous and hydrophytic freshwater
plants dominates the basin’s lower flatter areas (Blasi et al., 2017). This vegetation zone also extends towards
western side of the surrounding reliefs due to pluviometric shading generated from the main E-W wind pattern
(Tomassetti et al., 2003). Oak forest, dominated by Quercus pubescens, is found in the surrounding relief at low
elevation areas (below 1000 m a.s.l.). In cooler areas of the same elevation zone, the forest is composed by
mixed taxa as Ostrya carpinofolia, Quercus cerris, and Acer spp. Evergreen scrub communities, dominated by
Quercus ilex, can be found over lithoid outcrops. Other taxa as Acer pseudoplatanus, Ulmus glabra, Tilia

platyphyllos, and Fraxinus excelsior can be found in restricted and humid areas (e.g. valleys and ravines). Fagus
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sylvatica forest association, frequently appearing alongside Abies alba, can be found at higher elevations (1000-
1750 m). Endemic herbaceous plants and glacial herbaceous relicts dominate the high mountain vegetation
above 2000 m a.s.l. elevation. Poaceae, Cyperaceae, and alpine herbs adapted to harsh climatic conditions

characterise the alpine meadows, rocky slopes, and scree fields (Blasi, 2010; Blasi et al., 2017).

3.3 Material and methods
3.3.1 F4-F5 Pollen record

The sedimentary succession was reconstructed according to the composite record (42° 00’ 07 N; 13° 32’
19 E; Fig. 3.1) from F4-F5 boreholes, drilled in June 2017 (Giaccio et al., 2019). F4 and F5, separated 3 m
from each other, exhibit a 0.75 m overlap between 1.5 m-long core barrel from each borehole using physical

and lithological parameters for the correlation (Giaccio et al., 2019).

The age model reconstructed by Monaco et al. (2021) (Fig. 2.1) for the F4-F5 composite record was essential
to set the spacing between the pollen samples to obtain the highest resolution possible. The maximum resolution
was obtained from the bottommost part of F4-F5 (97.7-97.4 m), with a spacing between samples every 2-cm.
For the consecutive 50 cm, the sample spacing is 1-cm, reaching an age resolution between 200 and 100 years.

The rest of the core was sampled at intervals of ~4-cm achieving an average resolution of ~120 years.

A total of 216 samples were collected for palynological analysis from the composite F4-F5 record. Each
sediment sample was treated following the conventional method to concentrate the pollen grains (Faegri and
Iversen, 1975). Samples consisted of 2 g of sediment to which we added 1 Lycopodium tablet to calculate pollen
concentration. The samples were treated with acids (HCI, 37% to remove carbonates and HF, 48% to remove
silicates), and bases (NaOH, 10% used to remove the cellulose fraction and deflocculate the organic matter).
After the chemical treatment, the samples were sieved using a 10 um nylon sieve to remove particles smaller
than pollen grains. The remaining material was mounted on microscope slides and examined using a transmitted
light microscope at 400x magnification. An average of 300 total pollen grains were counted per sample. This
quantity has proved to be enough for making a broad paleoenvironmental interpretation (Djamali and Cilleros,
2020). The pollen percentage and graphic representation of the data were obtained using the Tilia Software
v2.6.1 (Fig. 2.2 and 2.4).

Previous literature was employed as a base to group the identified pollen taxa into three main ecologically
significant specific vegetation: Altitudinal, Mesothermic and Steppic taxa (e.g. Joannin et al., 2011; Bertini et
al., 2015; Camuera et al., 2019; Vera-Polo et al., 2024) (Fig. 2.4) These categories have previously been shown
to be successful as trustworthy as climatic proxy indicators for the Mediterranean region (Altolaguirre et al.,
2020; Camuera et al., 2021). Due to their low abundance the Mediterranean/sclerophyllous taxa were included
into the mesothermic taxa group (Fig. 2.4). The aquatic and plants (Nuphar, Potamogeton and Typha) were

excluded from the total pollen sum.
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3.3.2 Quantitative paleoclimatic reconstruction: MAT and WA-PLS

The reconstruction of the past TAnn and PAnn from Fucino pollen data was carried out by using the C2
software (Juggins, 2007), integrating 8174 modern pollen data from the Eurasian Modern Pollen Database
(EMPDv2; Davis et al., 2020) and the climate parameters obtained from WordClim v2.1 database (Fick and
Hijmans, 2017) (Fig. S1.5). During the harmonization process of both Fucino record and the EMPDv2 minor
taxa/species with low relative abundances were integrated within major taxa/genera/families with the help of

the Plants of the World online database (http://www.plantsoftheworldonline.org) and the Integrated Taxonomic

Information System (http:/www.itis.gov), which resulted in a total of 389 pollen taxa. Aquatic and cultivated

species were removed since the distribution of these plant could be influenced by other factors rather than

climate.

Two transfer functions were employed in this study to develop the quantitative paleoclimate reconstruction:
MAT (Guiot, 1990) and WA-PLS (Ter Braak and Juggins, 1993). The MAT employs the paleoecological dataset
in a statistical analysis called “k-nearest-neighbours” (k-NN; Cover and Hart, 1967). The results from this
method are not explicit related with the response of the taxa to climate variations, but are based on the
measurement of the degree of similarity (“degree of analogy”) between fossil pollen assemblages and the
elements from the modern database (Chevalier et al., 2020). The MAT developed for this analysis was calculated
for the nearest 5, 10, 15, 20 and 30 analogues (Fig. S3.1). The similarity between pollen samples was measured
by the squared chord distance, which reduces the influence of the most common species, while keeping their

relative order to each other, meaning that the low pollen production species are not overshadowed (Overpeck et
al., 1985).

WA-PLS regression is a non-linear unimodal technique which assumes that plant species have their
maximum abundances in different climate niches and that niche breadth drives the species environmental
tolerance (Chevalier et al., 2020). A total of five components were run to generate WA-PLS regressions. We
choose the second component (2C) of the WA-PLS technique under leave-one-out cross-validation method.
Increasing the number of components reduces the root mean squared error, but it can also result in overfitting
the data, leading to a drop in the model predictive value (Ter Braak and Juggins, 1993). The graphic results
obtained from this method were smoothed using the locally estimated scatterplot smoothing (LOESS) with a
span value of 0.05 employing the Past4 software (Hammer et al., 2001).

The MAT is more affected by spatial autocorrelation, whereas the WA-PLS has a better correlation between
the observed and reconstructed values (Da et al., 2023). In Fucino, although both reconstruction methods show
similar evolution through time, the WA-PLS results are less noisy, so we chose the WA-PLS as the main
reconstruction method and the one used in the comparisons with other regional and global paleoclimate records

(Figs. 3.2 and S3.1).

We conducted a goodness-of-fit analysis over the WA-PLS reconstruction to evaluate the similarity between

fossil and modern pollen samples (Fig. S3.2), specifically identifying those samples that exhibit strong affinities
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with the modern samples from the training set (Simpson, 2012). The analysis was run under the R Studio
v.2024.09.0 (R Core Team, 2021) and using Rioja (Juggins, 2024) tidyverse (Wickham et al., 2019), analogue
(Simpson and Oksanen, 2024) and ggplot2 (Wickham, 2016) packages. This analysis employed pairwise
distributions of squared-chord distances between Fucino pollen samples and their best analogues in the modern
training-set. A sample is classified as a "good analogue" when its minimum dissimilarity coefficient (squared-
chord distance) is lower than the 5™ percentile of all distances, whereas samples with distances larger than the

10™ percentile are considered to be “no analogues”.

The Past4 software (Hammer et al., 2001) was employed to determine the correlation between the
reconstructed paleoclimatic variables and the pollen taxa. The univariate correlation analysis resulted in two
statistical values for each correlation: the correlation value (R; a value between 1 and -1 representing a positive
or an inverse correlation between the variables) and the statistical significance (p; a value near 0 means that the

correlation between the variables is statistically significative, being negligible values higher than 0.05).

3.4 Results
3.4.1 Pollen analysis

The microscopic examination of the 216 palynological samples revealed a good preservation of
palynomorphs, identifying 60 different pollen taxa. Herbaceous and steppic taxa dominated the bottommost part
of the record until 424.5+4.0 ka representing more than 60% of the total pollen abundance, mainly composed
by Poaceae (24.3%), Artemisia (13.6%) and Amaranthaceae (7.0%) (Figs. 2.2 and 2.4). Since that moment, the
herbaceous pollen was replaced by tree pollen taxa, which maintained an average abundance of 90% throughout
the record. Two abundance drops of tree pollen can be observed between 403.5 £ 2.1 ka and 398.7 + 2.8 ka, and
393.7+ 3.2 ka and 391.3 + 3.2 ka, reaching values near 60%. Other pollen variations can be identified when the
taxa are grouped by altitudinal, mesothermic and steppic at millennial-scales. Since the 424.5 + 4.0 ka limit,
there is a first increase in mesothermic taxa (mainly formed by Quercus deciduous: 15.4%; Ulmus: 15.6%; Acer:
8.4%; and Tilia: 4.4%) that was gradually substituted by altitudinal taxa (mainly composed by Abies: 43.0%),
reaching its maximum at 417.8 + 3.6 ka. A change in vegetation occurred between 415.4 = 2.5 ka and 413.7 £
2.7 ka with an increase in Mediterranean (12.3%) and mesothermic (65.1%) taxa mainly composed by Quercus
deciduous (10.4%); Carpinus orientalis/Ostrya (12.4%); Alnus (3.8%); and Quercus evergreen (3.3%),
meanwhile the altitudinal taxa reached a minimum (17.5%). Since that point, mesothermic taxa followed an
average decreasing trend until the end of the record. Steppic pollen taxa became dominant since 403.5 + 2.1 ka,

maintaining an average value of 4% until 391.2 + 3.2 ka.
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3.4.2 Quantitative reconstructions

The results obtained from the goodness-of-fit analysis indicate a good match between Fucino and the modern
pollen training-set, with 40.3% classified as “good analogues”, 49.1% as “fair analogues”, and 10.6% as “poor

analogues”.

The TAnn and PAnn WA-PLS reconstructions showed coefficients of determination (R?) of 0.82 and 0.52
respectively (Fig. S3.3). PAnn reconstruction is highly correlated with Abies abundance (R=0.87) and
anticorrelated with steppic and herbaceous taxa as Artemisia (R=-0.84), Amaranthaceae (R=-0.84), Asteroideae
(R=-0.78) and Poaceae (R=-0.86) (Fig. S3.4). The TAnn reconstruction exhibits a positive correlation with
deciduous trees taxa like Pterocarya (R=0.58), Fagus (R=0.48), Quercus deciduous (R=0.30), and Celtis
(R=0.38) and a negative correlation with herbaceous taxa as Poaceae (R=-0.49), Artemisia (R=-0.40),
Amaranthaceae (R=-0.39), and Galium (R=-0.46) (Fig. S3.4).
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Fig. 3.2.- Comparison between (a) summer (orange) and winter (blue) insolation at 42°N (Laskar et al., 2004), (b) mean
annual temperature (T _ann) reconstruction using Weighted-Averaging Partial-Least Squares (WA-PLS) method (second
cross validated component), (c) mean annual precipitation (P_ann) reconstruction using WA-PLS method (second cross
validated component), and (d) pollen group percentages of the F4-F5 Fucino record. Black lines from b and c plots indicate
the locally estimated scatterplot smoothing (LOESS, span 0.05).
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Three main periods can be distinguished according to the variations of the quantitative reconstructions (Fig.
3.2). The first one occurred before 424.5 + 4.0 ka and was characterised by an increasing trend in TAnn from
9.5 °C to 11.0 °C. PAnn maintained constant values ~680 mm until 425.2 + 4.6 ka, when the values abruptly
increased up to ~850 mm at the end of this first period. The second period could be defined between 424.5 +
4.0 ka to 406.5 + 1.3 ka. During this time the TAnn oscillated between 12.5 °C and 10.5 °C. The first half of this
period exhibits more oscillations and higher values peaking at 423.3 + 3.8 ka, 420.7 + 3.6 ka, and 415.4 + 2.5
ka estimating values of 12.3 °C, 13.3 °C, and 15.9 °C respectively. However, this last value is classified by the
goodness-of-fit analysis as a poor analogue. From 415.4 £ 2.5 ka to 406.5 + 1.3 ka the TAnn decreased
maintaining constant values of ~10.5 °C with a slight increasing trend. The high increase in the estimated PAnn
from the previous period, ended at 420.5 + 3.8 ka reaching a maximum value of 1120 mm. After this maximum,
the PAnn maintained constant values between 970 mm and 1150 mm, except for the period between 415.4 +2.5
ka and 413.7 £ 2.7 ka, reaching a minimum peak of 890 mm. The third period registered in this record occurred
from 406.5 + 1.3 ka to 388.3 + 3.2 ka was characterised by more variability in the estimated values with an
overall higher TAnn and lower PAnn values. The main oscillations in the TAnn were characterised by three
maximum peaks of 14.8 °C, 13.7 °C, and 13.9 °C at 406.2 + 1.3 ka, 397.2 + 3.1 ka, and 390.1 + 3.2 ka
respectively. PAnn shows similar peaks but with a slight delay compared to TAnn, being the maximum values
of 1160 mm, 1080 mm and 1220 mm at 405.9 + 1.4 ka, 396.1 & 3.1 ka and 389.3 £ 3.2 ka respectively. These
three maximum peaks are separated by two minimum values in TAnn and PAnn at 400.4 + 2.5 ka (9.2 °C, 740

mm) and 393.4 + 3.2 ka (9.3 °C, 760 mm).

3.5 Discussion: quantitative reconstruction and regional comparison

The high-resolution Fucino pollen record offers significant regional information about vegetation and
climate oscillations during the interval between 429.0 + 5.0 ka and 388.0 + 3.3 ka, encompassing several
important global climate changes including the Termination V (T-V; 430.5 + 1.5 ka to 425.0 + 2.0 ka; Cheng et
al., 2016; Gonzalez-Lanchas et al., 2022), the MIS 12-MIS 11 boundary (424.0 + 4.0 ka; Lisiecki and Raymo,
2005), and great part the MIS 11 interglacial (424.0 = 4.0 ka to 367 &+ 3.0 ka; Prokopenko et al., 2010; Railsback
et al., 2015; Regattieri et al., 2016; Kousis et al., 2018; Ardenghi et al., 2019; Tzedakis et al., 2022; Sassoon et
al., 2023).

At present, the Fucino Basin is located in a region dominated by grasslands and deciduous forest including
beech forest at the treeline and isolated conifer patches at higher elevations (Blasi, 2010; Blasi et al., 2017).
This vegetation distribution changed through time due to regional climatic variations that affected the
temperature and humidity conditions in the area. Variations in temperate forest taxa can be used as a reliable
indicator of temperature and precipitation changes over time (e.g. Joannin et al., 2011; Bertini et al., 2015;
Camuera et al., 2019). Abies could also be used as a proxy for precipitation and humidity conditions (Xiang et

al., 2007). The increase in this taxon typically occurs after the interglacial thermal maximum and during a post-
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Fig. 3.3.- Comparison of temperature reconstructions. a) Gulf of
Lion Sea Surface Temperature (SST; Cortina et al., 2015). b) North
Atlantic SST (Naafs et al., 2013a, 2013b). c) Iberian Margin SST
(Rodrigues et al., 2011). d) Lake Baikal mean temperature of the
warmest month (MTWM; Prokopenko et al., 2010). e) Galicia coast
MTWM (Desprat et al., 2005). f) Fucino Basin mean annual
temperature (TAnn; this study). g) Lake Ohrid TAnn (Kousis et al.,
2018). h) Tenaghi Philippon mean annual air temperature (MAAT;
Ardenghi et al., 2019). i) Nihewan Basin TAnn (Da et al., 2023). j)
Valle Grande TAnn (Fawcett et al., 2011) k) North hemisphere
surface air temperature (SAT) difference to present values
(Bintanja and van de Wal, 2008). Horizontal dashed lines in each
curve represent the present-day TAnn value. The blue boxes
represent the Ht4, MIS 11b and Ht3. The grey box represents the
Mid-MIS 1lc. The red line indicates the MIS 12-MIS 11c boundary.

temperate phase, commonly associated with decreased
summer insolation, indicating cooler but overall humid
conditions (Tzedakis, 2007). The variation of Abies
pollen through time indicates regional to local scale
humidity changes, because those pollen grains cannot
be transported for long distances by the wind due to
their big pollen grain size, and hence their immediate
occurrence by the pollen source (Erdtman, 1969; Pidek
et al., 2013; Moreno-Amat et al., 2017). The
abundance of herbaceous and steppic xerophytic
plants (such as Amaranthaceae, Artemisia, Ephedra
and Hippophde) is associated with arid and likely cold
conditions (e.g. Fauquette et al., 1998; Tzedakis,
2007). In this study, we could corroborate all those
climatic correlations with each pollen taxa by knowing
the current climatic parameter range in which each one
can be present, the

allowing quantitative

reconstructions (Figs. S1.4 and S3.4).

The reconstructed climatic parameters from Fucino
reveal cold and dry conditions during MIS 12
(previous the MIS 12-MIS 11c boundary established
by Vera-Polo et al., 2024 at 424.5 + 4.0 ka) with TAnn
~2°C cooler and PAnn ~455 mm drier than present
time. Those cold-dry conditions also happened in the
North of Italy and were registered by the Basura cave
speleothems (Hu et al., 2024). A small increase in Tann
at 426.1 £ 2.0 ka can be observed during the glacial
period in Fucino (Fig. 3.2). This slight TAnn peak
could be related with the peak registered in
paleoclimatic reconstructions of the North Atlantic Sea
Surface Temperature (SST, Naafs et al, 2013a,
2013b), Iberian Margin SST (Rodrigues et al., 2011),
Lake Ohrid TAnn (Kousis et al., 2018) and Tenaghi
Philippon mean annual air temperature (MAAT)
(Ardenghi et al., 2019) (Fig. 3.3). This small peak

occurred previously to the Heinrich-type event (Ht)
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described in the Iberian Margin, the Ht4 (Rodrigues
et al., 2011), indicating the beginning of the T-V.
The Hts are considered a cold period related with
SST cooling and reduction in Atlantic Meridional
Overturning Circulation (AMOC), favouring the
southward displacement of the Polar Front to the
mid-latitudes of the North Atlantic at the beginning
of the glacial terminations (Lopez-Martinez et al.,
2006; Cheng et al., 2009; Rodrigues et al., 2011,
2017; Singh et al.,, 2023). The Ht4 is not that
obvious in the estimated Fucino PAnn. PAnn
maintained constant values through the glacial
period, presenting values of ~650 mm, being
slightly more humid than at Lake Ohrid (Kousis et
al., 2018) (Fig. 3.4).

The paleoclimatic reconstructions indicate that

the glacial-interglacial boundary was less
transitional in marine records than in terrestrial
records (Figs. 3.3 and 3.4). The global paleoclimatic
reconstructions indicate an increase of ~5-6 °C,
being Fucino Basin the location where
experimented less change in TAnn, with an increase
of ~2 °C. This could be explained by the site
location and presence of mountain glaciers in the
region, which started melting at the beginning of

MIS 11c¢ (Giaccio et al., 2019).

Age (ka)

385 390 395 400 405 410 415 420 425 430 435
1 1 1 1 1 1 1 1 1

a
600

.
:

Ht3 |

i

400 !
1

9 1

2004

Lake Baikal, BDP-99
(532 49'N, 1082 32"E), PAnn (mm)

o

[s]

[=1
1
a

|
|
|
1
1
1
1
|
1
|
1
1
1
1
|
|
|
|
|
1
L
1
1

2

=]

=1
1

Fucino Basin, F4-F5
(422 0’ N, 132 32’ E), PAnn (mm)

Nihewan Basin, NHA
(40° 13N, 114° 34'E), PAnn (mm)

7 Mid-MIS 11¢
event

11a | Mis1ib | MIS 11c
T T 1

[mis12
T

LRO4

T T T
395 400 405 410 420 425

Age (ka)

385 390 415

430

435

Fig. 3.4.- Comparison of precipitation reconstructions. a) Lake
Baikal mean annual precipitation (PAnn; Prokopenko et al., 2010).
b) Galicia coast PAnn (Desprat et al., 2005). ¢) Fucino Basin PAnn
(this study). d) Lake Ohrid Pann (Kousis et al., 2018) e) Nihewan
Basin PAnn (Da et al., 2023). Horizontal dashed lines in each curve
represent the present-day PAnn value. The blue boxes represent the
Ht4, MIS 11b and Ht3. The grey box represents the Mid-MIS 1lc.

The red line indicates the Mis 12-MIS 11c boundary.

MIS 11c was characterised for being an unusually long interglacial period, spanning two precessional cycles,

as shown in summer insolation patterns (Brandon et al., 2020; Nehrbass-Ahles et al., 2020; Tzedakis et al.,

2022) (Fig. 3.2). These cycles influenced vegetation in the Fucino region, reflected in fluctuations in TAnn and

PAnn. The first insolation cycle at Fucino started at the beginning of MIS 11c, peaking at 423.5 + 3.8 ka with a

TAnn of 12.4 °C, which is 1.3 °C warmer than today, aligning with maximum insolation values (Laskar et al.,

2004). After this peak, TAnn gradually decreased together with insolation levels. However, PAnn increased,

reaching slightly higher levels to those registered on present day around 420.5 & 3.8 ka (1140 mm). This increase

could be product due to the effect of evapotranspiration, which decreases as evaporation decreases with

decreasing summer insolation trend. This maxima in PAnn can be observed in Lake Ohrid (Kousis et al., 2018)

and Nihewan Basin (Da et al., 2023) at similar ages (Fig. 3.4)
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Between 415.4 £ 2.5 ka and 413.7 £ 2.7 ka, the Mid-MIS 11c event took place in Fucino, characterised by
the lowest insolation values during MIS 11c. TAnn and PAnn registered in Fucino were 0.6 °C and 224 mm
below current averages. This event was previously defined as a SST slight decrease (Fig. 3.3; Rodrigues et al.,
2011; Naafs et al., 2014). This event never being described in pollen records; however, it can be seen in the
global paleoclimatic pollen-based reconstructions show a slight decrease in TAnn and a drop in PAnn,
confirming that it was an event that affected the vegetation globally (Figs. 3.3 and 3.4). At Lake Ohrid the Tann
showed an increase of their values during this time. This could be product of the MAT reconstruction, which
associated the increase of Mediterranean taxa occurred at this location with an increase of temperature (Fig. 3.3;
Kousis et al., 2018), however this increase could be related with drier conditions (Fig. 3.4) and a decrease of
seasonality during the Mid-MIS 11c event, which it seems to be highly correlated with summer insolation
minima (Laskar et al., 2004). Although it was originally defined as a slight drop in SST, the Fucino climatic
reconstructions reveal that it was rather caused by drier conditions. Also, this event is more clearly indicated by
the longer decline in PAnn than by the changes in TAnn, which exhibited a rapid shift (Figs. 3.2, 3.3 and 3.4).
This significant event divided the two cycles within MIS 11¢, with the second cycle being the warmest. In Lake

Ohrid, however, temperatures during this later cycle were lower than those recorded in the previous one.

In the Fucino Basin, the cooler conditions reached during the Mid-MIS 11c event persisted until the
insolation peak at 406.2 = 1.3 ka, when TAnn rose to 14.8 °C. During this second cycle, sea surface temperatures
(SST) in the Gulf of Lion (Cortina et al., 2015), the North Atlantic (Naafs et al., 2013a), and the Iberian margin
(Rodrigues et al., 2011) were also significantly warmer. The highest recorded temperatures were observed at
Tenaghi Philippon (Ardenghi et al., 2019), which reached a maximum of 19.4 °C, almost 5 °C warmer than
today. The results from Bintanja and van de Wal (2008) showed that all the Northern Hemisphere reached 2 °C

above the current TAnn values during this second precessional cycle (Fig. 3.3)

After 399.0 = 2.8 ka, in a global context of decreasing summer insolation, a colder and drier period was
documented in the Fucino record, which can be associated with the MIS 11b stage. This period showed limited
seasonal variability with reduced differences between winter and summer temperatures (Fig. 3.2). SST records,
however, did not capture the MIS 11b stage as distinctly as the terrestrial records (such as in Fucino, between
~402.7 2.3 ka and 399.0 £ 2.8 ka); it is instead indicated by a steady temperature decline leading into the next
Ht at 393.7 = 3.2 ka (the Ht3; Rodrigues et al., 2011; Gonzalez-Lanchas et al., 2022). The Ht3 was also recorded
by the Tann and Pann reconstructions from Fucino, presenting the typical “W” pattern (Singh et al., 2023) (Figs.
3.3 and 3.4). It occurred in a context of minima in summer insolation and the beginning of increasing values

(Fig. 3.2).
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3.6 Conclusion

The pollen-based WA-PLS TAnn and PAnn reconstructions from the Fucino F4-F5 composite record
chronologically dated between 429-388 ka, give us important insight about climatic dynamics during MIS 11,

and allows a direct comparison to present-day TAnn and PAnn values.

The climatic transition from the MIS 12 glacial to the MIS 1lc¢ interglacial in terrestrial pollen-based

reconstructions was slightly gradual compared to the SST records from the Iberian Margin and North Atlantic.

The Fucino paleoclimatic reconstructions reveal that vegetation in central Italy was highly influenced by the
insolation variations forcing the subdivision of the MIS 11c interglacial into two cycles, being the first one
colder than the second. The two cycles were separated by the Mid-MIS 11c¢ event, which in Fucino was rather

drier than colder.

The overall Tann reconstruction for the studied MIS 11 period reveals that the temperatures were 1-2 °C

higher than present-day, however it was a slightly drier period.

The Fucino climatic reconstruction also shows evidence of millennial-scale global climatic events such as
the Ht4 and Ht3. Those events also occurred in other pollen paleoclimatic sites but were never previously

described.

Finally, the coldest and driest conditions registered in Fucino pollen record during the MIS 11 interglacial

could correspond to the MIS 11b stadial, with estimations of 2 °C colder and 380 mm drier than today.
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Chapter 4: Conclusions

The high-resolution palynological record from the Fucino F4-F5 sediment core studied in this PhD thesis
revealed important insights about vegetation changes occurred between 429.0 = 5.0 ka and 388.3 + 3.2 ka. This
interval recorded important climatic changes from the glacial period (corresponding to MIS 12) to most of the
MIS 11 interglacial. The palynological data obtained from this PhD was compared with geochemical data
available from the same sediment core, which corroborated several climatic changes occurred in the past
interglacial and added more information, giving us a better understanding of the climatic fluctuation in the
studied area. The major climatic oscillations recorded in the Fucino Basin also correspond to regional to global

fluctuations that affected the climate variability around the world.

The MIS 12 in Fucino Basin was characterised by a very dry and cold climate evidenced by the abundant
steppic taxa and low lake level. Those conditions were also recorded in other Mediterranean palynological

records which presented a similar vegetation distribution.

The centennial-scale resolution from Fucino pollen record allowed to reconstruct events such as Heinrich-
type events (Ht), which occurred within the T-V, characterised by low temperatures and precipitation values.
The Ht seems to be related with glacial terminations. This Ht was described in marine SST record as an abrupt
drop in temperatures. The fact that it could be correlated with millennial-scale climate variability in
Mediterranean terrestrial records implies that was a global climatic change that affected the vegetation

distribution around the world.

One of the major climatic changes of Quaternary was the MBE, which divides the climatic history into two
periods, one characterised by low-amplitude interglacials (previous MBE) and other with high-amplitude
interglacials. The first High amplitude interglacial that occurred was the MIS 11c¢, which occurs after one of the

coldest glacial periods. Fucino pollen record registered this change.

The onset of warmest, interglacial conditions at Fucino, demarcated by the increase in mesothermic taxa, is
independently dated to 424.5 + 4.0 ka, which corresponds with the MIS 12/11 boundary. High lake levels and
lake productivity occurred during the MIS 11 interglacial but there were significant lake level fluctuations
depending on climate conditions. This boundary is also recorded in geochemical ratios, which represented a
rapid shift in the climatic conditions. The fact that the geochemical ratios varied quicker than pollen record

could be explained with the adaptability of the vegetation to new climatic conditions

One of the main features of MIS 1l1c is that it was a very long interglacial period spanning 2 precessional
cycles. Those cycles were separated by an insolation minimum, that is reflected in the Fucino pollen record. Is
the first time that the Mid-MIS 11c event was identified in a pollen sequence. In Fucino, this event occurred
between 415.4 + 3.5 ka and 413.7 = 3.2 ka and can be noticed that also occur in other Mediterranean pollen

records. The characteristic of the Mid-MIS 11c is that is a drier event in terrestrial records but is also associated
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by a slight decrease in SST and a diminution of the seasonality. This event divided the first warm-humid period

of the MIS 11c interglacial from the second warmer period.

The Fucino pollen record also shows a dry period, deduced by the decrease in forest abundance, during MIS
11 and centred at 405.5 + 1.6 ka, which could be related to the OHO that occurred before MIS 11b stadial,
characterised by colder conditions. This event seems to affect other Mediterranean areas, showing a decrease of

mesothermic taxa abundances and a contraction in vegetation.

The vegetation changes in Fucino seem to be mainly related to the variations in summer insolation,

controlling the humidity and temperature in the study area during the interglacial period.

One of the main differences between the vegetation from MIS 11¢ and from the current interglacial is the
striking abundance of Abies. The pollen grain from this tree cannot reach long distances by wind transport from
the pollen source due to its big size, so it can be deduced that the Abies forest dominated most of the vegetation
ecosystem, being resistant to humid conditions. This could be related with the altitudinal situation of the studied
area, being Lake Ohrid (with a similar altitudinal and latitudinal situation) other area were high abundance of

Abies occurred.

The pollen-based WA-PLS TAnn and PAnn reconstructions from the Fucino F4-F5 composite record, give
us important insight about climatic dynamics during MIS 11, and allows a direct comparison to present-day

TAnn and PAnn values.

The overall Tann reconstruction for the studied MIS 11 period suggests that the temperatures were 1-2 °C
higher than present-day, however a slightly drier period occurred. These conditions are also recorded globally,

reconstructing even higher temperatures in Tenaghi Philippon.

The Fucino paleoclimatic reconstructions support that vegetation in central Italy was highly influenced by
the insolation variations forcing the subdivision of the MIS 11c¢ interglacial into two cycles, being the first one

colder than the second.

Finally, the coldest and driest conditions registered in Fucino pollen record during the MIS 11 interglacial

could correspond to the MIS 11b stadial, with estimations of 2 °C colder and 380 mm drier than today.

This PhD work allowed to have a better understanding on vegetation dynamics, giving an idea of possible
future scenarios in the context of the current global warming. The human impact in the ecosystems is very
marked, alternating significatively vegetation distribution and giving us an altered picture of the vegetation
adaptations to climate changes. Because of this, it is important the study of past interglacials without human
influence, not only to know how the vegetation responded to climate changes, but also to know the millennial
scale climatic cycles that can be extrapolated to predict future conditions and know how big the natural
background of the climatic change is and how much the human activity influenced in it. The Fucino
paleoclimatic reconstructions stablished a natural regional climatic background without anthropogenic

influence, informing about past climatic scenarios warmer than today and its evolution through time.
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Fig. 4.1.- Synthesis figure comparing the main proxies presented in this study. (a) Summer and (b) winter insolation at 42°N
(Laskar et al., 2004). (c) Antarctic EDC 6D (Bouchet et al., 2023). (d) Eurasian atmospheric surface air temperature relative to
present values (Bintanja and van de Wal, 2008). (e) Eurasian ice volume relative to present (Bintanja and van de Wal, 2008).
Fucino Basin (650m altitude) (f) Log(Ca/Ti), (g) Tann and (h) Pann reconstructions, and (i) Pollen record (this study). Lake Ohrid
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Orange: Mediterranean taxa; Green: Altitudinal Taxa (Abies excluded); Dark-green: Abies.
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Appendix: Supplementary figures
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Fig. S1.1.- Present potential natural vegetational distribution in Fucino Basin from Blasi et al. (2010 and 2017). Temperate cover: (1)
Epipactiis atropurpurea-Pinus mugo and Daphne oleoides-Juniperus nana associations; Supratemperate cover sup.: (2) Cardamine
kitabelii-Fagus sylvatica, Montropa hypopiys-Fagus sylvatica and Solidago virgaurea-Fagus sylvatica associations, Supratemperate
cover inf.: (3) Lathyrus venetus- Fagus sylvatica, Allium pendulinum- Fagus sylvatica, Fraxinus ornus-Fagus sylvatica, Agrostis tenuis-
Fagus sylvatica and Anemone apennina-Fagus sylvatica associations; Mesotemperate cover: (4) Carex sylvatica-Quercus cerris, Neottia
ovata-Quercus cerris, Aremonia agrimonoides-Quercus cerris, Physospermum verticillatum-Quercus cerris, Thalictrum
aquilegiifolium-Quercus cerris, (5) Laburnum anagyroides-Ostrya carpinofolia, Melittis melissophyllum-Ostrya carpinofolia, Sesleria
autumnalis-Acer obtusatum, (6) Cytisus sessifolius-Quercus pubescens, (7) Pulmonaria apennina-Carpinus Betulus, Teucrium siculum-
Quercus cerris, Salix eleagnos, Salix cinerea, Alnus Incana, (8) Scutellaria columnae-Ostrya carpinofolia, (9) Daphne laureola-Quercus
cerris and Carpinus orientalis associations; Transitional mesotemperate cover: (10) Rosa sempervirens-Quercus pubescens and
Celamatis flammula-Quercus pubescens. F4-F5 core location in red for geographical reference. Abies alba appears in relict form over
2000 m in those association related with Fagus sylvatica (2 and 3 zones).
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Fig. S1.2.- XRF PCI above (Ca: green, Siliciclastic elements: brown,; TF-126 (grey box) excluded for the analysis). XRF elements (as
counts per second) plotted against age. The boundary between MIS 12 and MIS 11 suggested by Lisiecki and Raymo (2005) (LR04) is
shown by the blue and beige boxes at ~424 ka.
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Fig. S1.3.- Scatter plots of the EMPDv2 (Davis et al., 2020) showing the observed vs estimated of the mean annual precipitation (above)
and the mean annual temperature (below) from WorldClim v2.1 database (Fick and Hijmans, 2017). The WA-PLS method is also shown,
including the number of samples (n° samples), coefficient of determination (R?), root-mean square error of prediction (RMSEP) and
maximum bias (Max. bias).
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Fig. S1.4.- Abundances (in percentages) of the main species identified in the Fucino pollen record from the EMPDv2 with respect to the
present mean annual temperature (T_ann) and mean annual precipitation (P_ann) from WorldClim v2.1 database (Fick and Hijmans,
2017). Blue dots represent sites in the EMPDv2 (Davis et al., 2020). Red lines show the locally estimated scatterplot smoothing (LOESS)
(span 0.08) of the percentages for each tree and herb taxon.
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Fig. S1.5.- Map showing the raster layer of the mean annual precipitation (above) and the mean annual temperature (below) from the
WorldClim v2.1 (Fick and Hijmans, 2017) database. Each dot represents a data point from the EMPDv2 that was used for the
paleoclimatic reconstruction (Davis et al., 2020).
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Fig. §$3.1.- Comparison between annual temperature (a and b) and precipitation (c and d) reconstructions for Fucino pollen record
using WA-PLS and MAT. On a and c plots are shown the 5 possibly reconstructions estimated from WA-PLS, highlighting the second
component for each one. On b and d are represented the MAT reconstructions choosing 5, 10, 20 and 30 closest analogues samples.
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Fig. 83.2.- The reliability test of the Fucino pollen record based on the analogue quality of the goodness-of-fit analysis, using the
EMPDv?2 from Davis et al. (2020). Blue, yellow and red shades indicate good-, fair- and poor-analogues, respectively.
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Fig. §3.3.- Scatter plots of the EMPDv2 (Davis et al., 2020) showing the observed vs estimated of the mean annual precipitation (above)
and the mean annual temperature (below) from WorldClim v2.1 database (Fick and Hijmans, 2017). The WA-PLS method is also shown,
including the number of samples (n° samples), coefficient of determination (R2), root-mean square error of prediction (RMSEP) and
maximum bias (Max. bias).
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correlation (warmer and humid). Red indicates a negative correlation (colder and drier). The size of the spheres represents how

Fig. §3.4.- Correlation plot between the reconstructed Tann and Pann and the pollen groups and pollen taxa. Blue indicates a positive
statistical significance (p) has the data.









