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ARTICLE INFO ABSTRACT

Handling editor: Antje Voelker The Last Interglacial (LIG) was characterised by a global mean temperature ~1 °C warmer than the pre-
industrial, a pronounced Arctic warming and an elevated sea level. Exploring the nature of LIG environmental

Keywords: changes in local contexts can improve understanding of regional responses to a warmer background state.

Lailt interglacial However, a lack of high-resolution palaeoclimatic archives underpinned by an independent and robust chro-

Pollen

nological framework remains a primary limitation in investigating climate variability and relating it to changes
Tephra in other records. This paper presents a detailed palynological, charcoal and bulk carbonate oxygen isotope record
Opr/%9Ar dating of a thick lacustrine sedimentary sequence retrieved from the Fucino Basin, central Italy, covering the period
Climate variability ~139 to 107 ka at sub-centennial to centennial resolution. A key aspect of the record is its independent chro-
nology based on direct “°Ar/*°Ar dating and geochemical fingerprinting of several tephra layers. The highly-
resolved multiproxy record reveals substantial environmental variability on long- and short-term timescales.
The pollen sequence documents a succession of arboreal phases interrupted by centennial-to millennial-scale
contractions in temperate vegetation. Comparisons between §'80 records from the Fucino Basin and a speleo-
them stack from Corchia Cave (northern Italy) suggest a strong hydrological seasonal contrast during the early
LIG, corroborated by increased Mediterranean taxa abundance and elevated fire activity. The early LIG in Italy
emerges as a time of high seasonality with arid summers and enhanced winter precipitation driven by strong
Northern Hemisphere summer insolation. The detection of high-frequency interglacial climate variability points
to an interconnected North Atlantic and Mediterranean climate regime.

Isotopes

1. Introduction encompasses the most recent geological interval when climate was
largely comparable to modern day (Past Interglacials Working Group of
The Last Interglacial (LIG), 129-116 thousand years ago (ka), PAGES, 2016). During its early stages, strong eccentricity-precession
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forcing led to intense positive Northern Hemisphere (NH) summer
insolation anomalies. This created one of the strongest interglacials of
the last 800 ka with 21st June insolation at 65°N reaching a maximum of
538 Wm2 by ~128 ka, exceeding maximum Holocene values (512 Wm™2
at 12 ka) (Berger and Loutre, 1991; Past Interglacials Working Group of
PAGES, 2016). Climate feedbacks amplified the high-latitude tempera-
ture anomalies, as detected in ice-core, marine and terrestrial records
(Fairbridge, 1972; Kukla et al., 2002; NGRIP members, 2004; Rohling
et al., 2007; Lang and Wolff, 2011; Masson-Delmotte et al., 2011, 2013;
NEEM community members, 2013).

In the Arctic, surface air temperatures have been estimated as
3-11 °C higher than pre-industrial values due to polar amplification
(CAPE, 2006; Melles et al., 2012), comparable to high-latitude tem-
perature projections for the end of this century (NEEM community
members, 2013; Otto-Bliesner et al., 2013, 2021), while estimates for
peak LIG global mean surface temperature anomaly range from 0.5 up to
1.5 °C relative to 1850-1900 (Hoffman et al., 2017; Fischer et al., 2018;
Gulev et al., 2021).

Although globally reconstructed LIG temperatures are in line with
future projections of warming, spatial and temporal temperatures
diverge, given the nature of the forcing. While the excess warmth of the
LIG resulted from strong NH summer insolation, current and future
warming is greenhouse gas-driven (Berger and Loutre, 1991; Ganopolski
and Robinson, 2011; Fischer et al., 2018). Though not a perfect analogue
to projected future changes, the LIG presents an opportunity to inves-
tigate climatic and environmental dynamics under a warm climate state
with substantial polar amplification (Capron et al., 2014; Pedersen et al.,
2017; Fischer et al., 2018; Shackleton et al., 2020).

Long uninterrupted geological archives with high-resolution envi-
ronmental records and robust chronological control are essential to
investigate LIG climate variability. However, a key limitation remains a
lack of independent and robust chronological frameworks in many
sedimentary lacustrine successions. To this end, tephrochronology pre-
sents a promising solution to developing independent chronologies with
recent improvements in the accuracy and precision of distal tephra layer
40Ar/39Ar dating and the use of single-crystal laser fusion (Giaccio et al.,
2012, 2015, 2017, 2019).

The intense, recurrent explosive activity of the peri-Tyrrhenian vol-
canoes (Branca et al., 2023) offers an ideal location for the development
of detailed tephrochronologies (Giaccio et al., 2017). The Mediterranean
region is also a sensitive area for tracking environmental changes as it is
strongly influenced by climate patterns across Europe, the North
Atlantic, North Africa and Asia (Lionello et al., 2006). Moreover,
favourable geological settings and the absence of extensive glacial
erosion have allowed the deposition and preservation of long uninter-
rupted continental sediment records, documenting terrestrial responses
over a range of climate background states (Tzedakis et al., 1997). The
presence of glacial refugial populations enables the examination of
tree-population responses to high-frequency climatic variability with
minimal migrational lags (Tzedakis, 1993). Consequently, the Italian,
Balkan and Iberian peninsulas have become a key focus for numerous
palynological studies investigating vegetation change over
glacial-interglacial cycles, for example, Tenaghi Philippon (Wijmstra,
1969; Wijmstra and Smit, 1976; Tzedakis et al., 2006; Milner et al.,
2013, 2016; Koutsodendris et al., 2023), Lago Grande di Monticchio
(LGdM) (Watts, 1985; Brauer et al., 2007; Allen and Huntley, 2009),
Valle di Castiglione (Follieri et al., 1988, 1989), Lake Ioannina
(Tzedakis, 1993; Tzedakis et al., 2002, 2003; Roucoux et al., 2008,
2011), Lake Ohrid (Sadori et al., 2016; Sinopoli et al., 2018), Lake Fimon
(Pini et al., 2010) and the Padul wetland (Florschiitz et al., 1971; Pons
and Reille, 1988; Camuera et al., 2018, 2019).

This research aims to assess the nature and extent of environmental
changes to long-term and short-term climate variability during the late
Penultimate Glacial to early Last Glacial (139-107 ka) at Fucino Basin,
central Italy. Earlier studies of a long and continuous lacustrine suc-
cession retrieved from the Fucino Basin in the Central Apennines, dated
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using tephrochronology, demonstrate its potential as a master archive of
environmental changes at a centennial-scale over the last 190 ka
(Giaccio et al., 2015, 2017; Di Roberto et al., 2018; Mannella et al.,
2018, 2019). One of the key objectives, therefore, is to provide a detailed
chronology of the late Penultimate Glacial to early Last Glacial based on
tephrostratigraphy. A second objective is to generate high-resolution
pollen, charcoal and non-pollen palynomorph records of the interval
139-107 ka at Fucino and compare results with previously conducted
isotopic analysis undertaken on the same sequence and with other pol-
len records from southern Europe. Third, to assess the nature and extent
of centennial-to millennial-scale climate variability during the late
Penultimate Glacial to early Last Glacial in North Atlantic changes (e.g.
Tzedakis et al., 2018). A fourth objective is to establish the effect of
seasonality by using a complementary speleothem 5'%0 record as a
proxy of winter recharge to compare to the Fucino 580 lacustrine car-
bonate record, which is mostly an indicator of summer evaporation (Bini
et al., 2019; Zanchetta et al., 2022).

2. Study site
2.1. The Fucino Basin

The Fucino Basin (42.00°N, 13.56°E), Central Apennines, is the
largest (~300 km?) of late Neogene-Quaternary intramontane exten-
sional basins occupying the NW-SE Central Apennines Chain (Galadini
and Messina, 2004) (Fig. 1). Situated in the Abruzzo region, central
Italy, the basin lies at a distance of 80 km from the Tyrrhenian and
Adriatic coasts. At an average altitude of 670 m above sea level (m a.s.1.)
it is surrounded by some of the highest peaks in the orogenic belt, once
occupied by mountain glaciers during glacial intervals (Giraudi, 1989;
Giraudi and Giaccio, 2015). The surviving remnants of the “Calderone”
glacier still occupy the nearby Gran Sasso peak today (Giraudi, 2002).

The Fucino Basin is a half-graben bounded by an intricate framework
of normal and oblique-slip extensional NW-SE-oriented faults, related to
Plio-Quaternary extensional tectonics (Cavinato et al., 2002). Repre-
senting one of the most tectonically active structures in the Central
Apennines, the Fucino Fault System has produced numerous cata-
strophic earthquakes historically (e.g. Avezzano earthquake, 1915,
magnitude = 7.0) (Margottini et al., 1993; Galli et al., 2016). During the
Late Pliocene-Early Pleistocene, basin expansion and subsidence
generated sediment accommodation space, evolving from sedimentary
overfilling and dominant fluvial processes to underfilling and develop-
ment of a lacustrine environment (Giraudi, 1989; Cavinato et al., 2002).
The thickness of the Fucino Basin sedimentary infill increases eastward
with the depocenter situated a few km NW of San Benedetto, reaching a
maximum thickness of over 1000 m (Giaccio et al., 2019). The
Plio-Quaternary alluvial and lacustrine sedimentary succession is rela-
tively unimpacted by sedimentary unconformities or tectonic deforma-
tion (Cara et al., 2011). Located downwind of the near peri-Tyrrhenian
volcanic centres (100-150 km), the sedimentary sequence contains
numerous tephra layers (Giaccio et al., 2015, 2017; Di Roberto et al.,
2018; Giaccio et al., 2019; Monaco et al., 2021; Lorenzo Monaco et al.,
2022a; Leicher et al., 2023). Several cores have been retrieved from the
Fucino Basin and focused investigations have produced a key conti-
nental tephrochronological archive and framework for Quaternary
palaeoclimatology (Giaccio et al., 2015, 2017; Di Roberto et al., 2018;
Mannella et al., 2019; Monaco et al., 2022a; Leicher et al., 2023). This
work focuses on core F1-F3 (Fig. 1), recovered from the depo-central
area of the basin as part of the “Future project” (Giaccio et al., 2015)
Sedimentological analysis reveals no evidence of turbidites over the
whole investigated period of 430 ka (Giaccio et al., 2017, 2019).

2.2. Hydrological setting

Fucino Lake was an endorheic basin fed by karstic springs and a
network of small streams with the Giovenco River as its main tributary
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Fig. 1. (a) Elevation of the Fucino Basin (650-680 m a.s.l.) in relation to surrounding peaks (maroon triangles) and major settlements (white dots) (b) Location of the
Fucino Basin and Corchia Cave. Red star indicates the location of the F1-F3 core sequence. Blue fill indicates the former extent of the now drained Fucino Lake (c)
Seismic line 1 illustrating the internal architecture of the Plio-Quaternary deposits of the Fucino Basin along a W-E transect. The location of the F1-F3 borehole is

marked (Giaccio et al., 2024).

draining a 710 km? catchment. Located largely along the southern
margin, karstic springs currently provide a mean water flow of 6 m®s~!
to Fucino Basin. Springs are additionally located along the northern
shore of the former lake, bordering alluvial fans at the floor of the
Sirente-Velino mountain complex (Pacioni, 2008). High recharge rates
reaching 800 mm a~! ensure steady discharges from the surrounding
streambed and high-discharge springs persisting throughout the dry
season (Burri and Petitta, 2004). Situated along the southwestern basin
edge, karstic swallow holes once acted as outlets to partially stabilise
maximum lake levels (Burri and Petitta, 1998). Following repeated
flooding of surrounding settlements, Fucino Lake was first partially
drained through an artificial outflow developed by the Romans during
the 1st century CE. Before its complete drainage for agriculture in 1875
AD, the lake was the largest in central Italy and overall the country’s
third-largest lake (Giraudi, 1989, 1998). Large lake-level changes,
reconstructed from historical and geological archives, indicate that the
lacustrine system was particularly sensitive to hydrological variability
(i.e. input/evaporation). This may be a result of a relatively large surface
area (140 km?/volume ratio), with average maximum water depths

probably not exceeding 20 m (Giraudi, 1989, 1998).

2.3. Climatic setting

The Apennines represent a natural barrier blocking the eastward
movement of Atlantic- and western Mediterranean-sourced moisture, as
well as humid air masses from the Adriatic and Tyrrhenian Seas
(Drysdale et al., 2004; Lionello et al., 2006). North Atlantic-originating
cyclones following a prevailing NW-SE direction along the mid-latitude
storm track dominate precipitation in the region, which largely occurs in
the winter (Reale and Lionello, 2013). Secondary cyclones form within
the Mediterranean basin, in particular the Gulf of Genoa, and are often
linked to the movement of major cyclones north of the Mediterranean
(Lionello et al., 2006). Summer precipitation is scarcer and mostly in the
form of convectional and orographic rainfall with summer droughts
occurring alongside the expansion of the Azores high (Xoplaki et al.,
2003; Ulbrich et al., 2012).

The Fucino Basin is locally subject to a warm-summer Mediterranean
climate with continental characteristics of increased summer humidity
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and colder winters (Koppen, 1918). Measured climatic data
(1991-2021) from Avezzano station (704 m a.s.l.) indicate a maximum
between July and August (20-21 °C) and a minimum during January
and February (1-2 °C) (Climate Data, 2023) (Fig. 2). As a result of
surrounding mountain massifs, the Fucino Basin features moderate
annual precipitation (600-750 mm/year), compared to the higher
values across much of the Apennines (often >1200 mm/year) (Filibeck
et al., 2019).

The nearby L’Aquila station (710 m a.s.l.) recorded local amount-
weighted meteoric precipitation 8'0 values of —7.13 %o in
2000-2001 (Longinelli and Selmo, 2003). However, the recharge areas
of karstic springs feeding the Fucino Basin are located at higher altitude
and deliver high spring-season discharge in response to increased
snowmelt, effectively lowering 5'80 values to as low as —10 %o (Falcone
et al., 2008; Petitta et al., 2009; Mariachiara et al., 2014). The isotopic
composition is also reduced by the altitude effect, which for 580 values
is of ca. —0.15 %0/100 m (Longinelli and Selmo, 2003; Natali et al.,
2021).

2.4. Present-day vegetation

From the highest mountains of the Apennine chain (Gran Sasso,
Laga, Majella; up to 2912 m a.s.1.) to continental inner basins, the unique
bioclimatic and biogeographic characteristics contribute to the high
endemism of the Central Apennines (Blasi et al., 2003). Considered as a
‘biological crossroads’, where various floristic components from distinct
biogeographical areas converge, the Abruzzo region records over 3260
plant species out of the 7634 species and subspecies present across the
whole of Italy (Conti et al., 2005).

The Fucino Basin is encircled by high-relief terrain, with the present-
day flora from the lake plain to the adjacent summits (up to 2912 m.a.s.1)
featuring a succession of vegetational belts determined by overriding
climate and environmental characteristics (Blasi et al., 2014; Conti and
Bartolucci, 2015). Today a natural and semi-natural matrix of forest and
natural grasslands (52 %) remains the primary land cover with agri-
cultural areas (46 %) also occupying a substantial extent and artificial
surfaces (2 %) comprising the remaining land cover (Blasi et al., 2018).

The sub-Mediterranean climate at lower elevations (below 900 m a.s.
1.) supports deciduous thermophile forests of Quercus pubescens, Quercus
cerris, Fraxinus ornus, Ostrya carpinifolia and Acer opalus (Conti and
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Bartolucci, 2015; Filibeck et al., 2018). Mediterranean formations of
Quercus ilex woods persist on exposed rocky or steep slopes, while
mesophilic woods of Carpinus betulus and Corylus avellane occur along
deeply embanked valleys (De Sillo et al., 2012). Shrubs are characterised
by communities of Rubus ulmifolius, Spartium junceum, Ribes uva-cripa
and several Rosa species. Today, much of the deciduous woodland at
lower elevations is reduced to a state of coppice interrupted by sec-
ondary grassland clearings of the Brometalia order (Conti and Barto-
lucci, 2015).

Submontane (900-1200 m a.s.l.) and montane belts (1200-1800 m
a.s.l.) are dominated by extensive Fagus sylvatica forests, which cover 60
% of the National Park of Abruzzo, Lazio and Molise (445 km?). Sec-
ondary Brometalia clearings have fragmented the Fagus belt at higher
altitudes, consigning much of the beechwoods to a dynamic phase of
regeneration. The subalpine (1800-2100 m a.s.l.) and alpine (>2100 m
a.s.l.) belts are occupied by primary grasslands, montane heathland
(Juniperus-Vaccinium-Arctostaphylos-Carex), rocks and screes (Filibeck
et al., 2018).

In contrast to the Alps, which experiences a summer maximum in
precipitation, the summer rainfall minimum of the Apennines has
created a mixture of small, isolated steppic communities together with
widespread Mediterranean species in the grassland flora (Blasi et al.,
2014; Filibeck et al., 2018, 2019).

3. Materials and methods
3.1. FI1-F3 core sediment succession

Cores F1 and F3 (80.27 m and 60.75 m, respectively) were extracted
from two boreholes, a few meters away from each other, in the central-
eastern area of the Fucino Basin in June 2015 (42.00°N, 13.56°E)
(Giaccio et al., 2015) (Fig. 1). The lithology is relatively homogenous
and characterised by fine-grained lacustrine deposits, mainly grey
calcareous marl and variable in organic matter and clay content (Giaccio
et al., 2015; Mannella et al., 2018, 2019). Correlations of individual,
overlapping core segments were determined using stratigraphic
markers, such as tephra layers and lithological changes, high-resolution
line-scan imaging and high-resolution geochemical datasets derived
from XRF-scanning as described in Giaccio et al. (2015, 2017) and
Mannella et al. (2019). Gas expansion of the recovered sediment core
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Fig. 2. Average monthly precipitation (mm/month) and temperature (°C) for the period 1991-2021 at Avezzano (704 m a.s.l.) (Climate Data, 2023).
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and the systematic selection of more expanded core sections from the
parallel cores resulted in a composite section that exceeded the borehole
depths (82.70 m) (Giaccio et al., 2015). Disturbed core segments were
omitted from the core composite and high-resolution analyses, while
tephra layers were removed from the total depth producing a tephra-free
core composition in meters below basin floor (m bbf composite)
(Mannella et al., 2019).

3.2. Tephrostratigraphy and *°Ar/>°Ar geochronology

Integrated tephrochronological analyses were carried out on 22
tephra layers of F1-F3 by Giaccio et al. (2015, 2017) and Mannella et al.
(2019), and involved Strontium (Sr) and Neodymium (Nd) isotopic
studies, and elemental glass composition. Geochemical fingerprinting
and correlation of tephra layers combined with direct *°Ar/3°Ar dating
of three tephra layers provide a preliminary chronological framework
for the F1-F3 sequence (Fig. 3).

Previous work demonstrated a compositional similarity of the TF-15
and TF-16 layers to the Vico C Ignimbrite and B Ignimbrite, but the
collected crystal sizes were too fine (<200 pm) to be dated using the
laser single-crystal method. To obtain precise and accurate ages of the
Vico B and Vico C ignimbrites, samples for *°Ar/3°Ar dating were
collected in 2018 from proximal sections close to Caparica village, i.e.,
in the type locality of outcropping of these pyroclastic units (Vico B
Ignimbrite; 42°15'11” N, 12°11'30" E; Vico C Ignimbrite, 42°1519" N,
12°11'02" E). Ignimbrite B consisted of a single massive unit of more
than 10 m thick with homogeneous large dark pumice clasts very rich in
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large sanidine. Around 5 kg of pumice were collected from the base of
this ignimbrite. Ignimbrite C comprises two subunits, a basal ~20 cm-
thick Plinian fall (Vico C Plinian) overlain by a plurimetric welded,
massive ignimbrite (Vico C Ignimbrite). In order to avoid contamination
by older material, a single 30 cm large block of Vico C Plinian and Vico C
Ignimbrite pumice comprising sanidine and leucites was collected for
dating (see Supplementary Methods for the “°Ar/3?Ar dating method).

Pilot cryptotephra analysis was conducted on the F1-37 core section,
spanning a depth of 58.22-59.72 tephra-free depth below basin floor
(bbf) m. Contiguous low-resolution (5 cm) samples were taken
throughout this depth interval and samples were subject to the crypto-
tephra density separation procedures outlined in Blockley et al. (2005),
while full details are provided in the Supplementary Methods. A
high-powered, polarising optical microscope was used to identify and
quantify the volcanic glass shards for each sample. Shard concentrations
are quantified as number of shards per gram of dry weight sediment
(shards/gram). Where low-resolution F1-37 core section samples
revealed cryptotephra (glass) shards, these intervals were re-sampled at
high-resolution (1 cm), and processed as above to isolate the peak(s) in
glass shard concentrations, and ultimately to resolve the stratigraphic
position of the tephra isochron. Major and minor element compositions
of individual glass shards were measured using a JEOL-8600 wave-
length-dispersive electron microprobe (WDS-EPMA) at the Research
Laboratory for Archaeology and the History of Art, University of Oxford.
The microprobe was set to an acceleration voltage of 15 kV, a beam
current of 6 nA and utilised a 10 pm beam diameter. Further analytical
details are found in the Supplementary Methods.
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Fig. 3. Litho- and tephrostratigraphy of F1-F3 sequence, along with ages of dated and fingerprinted tephras displayed against XRF Ca counts.
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3.3. Age-depth model

The age model applied here is updated from Mannella et al. (2019),
incorporating new 40Ar/3°Ar dates for the Vico B Ignimbrite (TF-16) and
C Ignimbrite (TF-15), and updated ages for TF-10, TF-11, TF-12 and
TF-13 tephras at Fucino (Table 1). Specifically, these Fucino ash layers
were correlated to the Triflisco, Cancello, Montemaoro/X-5 and
Maddaloni/X-6 tephra (Giaccio et al., 2017), sourced in Campi Flegrei
(Monaco et al., 2022b) and dated to 91.8 + 1.2 ka/93.0 + 0.4 ka
(Monaco et al., 2022b; Fernandez et al., 2024), 102.5 4 0.8 ka (Monaco
et al., 2022b), 105.6 + 0.5 ka/106.2 + 0.4 ka (Petrosino et al., 2016;
Fernandez et al., 2024) and 109.1 + 0.8 ka/109.3 + 1.0 ka (Regattieri
et al., 2015; Monaco et al., 2022b), respectively. The age model and
corresponding 95 %-confidence interval were calculated with Bacon
software (Blaauw and Christen, 2011) written in the open-source sta-
tistical environment R (R Core Team, 2022).

3.4. Pollen and non-pollen palynomorph analysis

A total of 376 samples between 47.87 and 63.89 bbf m of the F1-F3
sequence were prepared for palynological analysis. A regular sampling
interval of 4 cm was employed, equivalent to a mean temporal resolu-
tion of ~80 years based on an average sediment accumulation rate of
~5 mm yr~! during the LIG. Prior to preparation, tablets of Lycopodium
clavatum spores were added to each 1 cm® sample to determine pollen
concentration and accumulation rates (Stockmarr, 1971). Following
standard procedures, the samples were treated with hot 10 % HCI, 10 %
KOH, 40 % HF and an acetolysis mixture (Feegri and Iversen, 1989;
Moore et al., 1991; Bennett and Willis, 2001) (see Supplementary
Methods).

Individual pollen grains were examined using a Leica DM2000 mi-
croscope at 400x magnification with a systematic counting method
employed to obtain a minimum of 300 identifiable terrestrial pollen
grains per sample (Birks and Birks, 1980; Seppa, 2013). Distinctive
morphological features were inspected using 1000x magnification and
identifications informed by reference collections and literature (Faegri
and Iversen, 1989; Moore et al., 1991; Reille, 1999; Beug, 2004). A
distinction was made for Quercus pollen grains, grouping taxa into the
classification of Blaauw and Christen (2011): Quercus robur-type (de-
ciduous oaks), Quercus ilex-type (evergreen oaks except Quercus suber)
and Quercus cerris-type (semi-deciduous oaks and Quercus suber). Inde-
terminate grains, aquatic pollen and spores from pteridophytic vascular
plants and bryophytes were counted but excluded from the terrestrial
pollen sum (Cushing, 1967; Van Geel, 2001). Algal remains were iden-
tified with reference to selected literature and, owing to their abun-
dance, counted until a minimum of 300 pollen grains was reached
(Jankovska and Komarek, 2000; Komarek and Jankovska, 2001; Hill-
brand et al., 2014). Absolute pollen and charcoal concentrations (cm™3)
were determined based on the marker grain method using Lycopodium
counts (Stockmarr, 1971). Pollen and charcoal concentrations were

Table 1
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converted into accumulation rates (cm 2 yr’l) using the sedimentation
rate. Owing to the non-laminated nature of the sedimentary record and
large areal extent of the Fucino Basin, each data point in the pollen re-
cord is interpreted as representing pollen production over a period of
several years averaged across the pollen source area.

Pollen taxa percentages were grouped into summary groups to
illustrate key trends. Arboreal pollen, comprising all trees and shrubs,
was further divided into groups reflecting species environmental pref-
erences: pioneers (Betula, Hippophae, Juniperus, Pinus and Salix);
temperate trees (arboreal taxa excluding pioneer species and Cedrus),
Mediterranean sclerophylls (Olea, Phillyrea, and Pistacia; evergreen
Quercus ilex-type was excluded from the Mediterranean grouping
because of the broader range of Mediterranean climates it occupies and
intolerance to extreme drought compared to other sclerophyllous spe-
cies (Terradas, 1999); non-arboreal pollen (all herbs and Ericaceae),
semi-desert (Amaranthaceae and Artemisia). Additional herb commu-
nities include heliophilous (Asteroideae, Centaurea, Cichorioideae, Hel-
ianthemum, Plantago and Urtica), thermophilous (Fabaceae and
Lamiaceae) and hygrophilous (Cyperaceae, Polygonum and Thalictrum)
taxa.

3.5. Microscopic charcoal analysis

Micro-charcoal particles were counted on the same analysed pollen
slides at 400x magnification until a minimum of 200 Lycopodium spores
had been reached, a counting sum considered sufficient to reliably
reconstruct fire incidence with low error (Tinner and Hu, 2003; Fin-
singer and Tinner, 2005). The inclusion of charcoal particles was
restricted to black, angular and entirely opaque fragments of at least 10
pm diameter (Swain, 1973; Clark, 1988). Similarly to the pollen record,
each data point in the charcoal influx record is interpreted as repre-
senting the quantity of biomass burning over a period of several years
averaged across the entire catchment.

3.6. 5180 bulk carbonate analyses

Bulk carbonate §%0 was measured with an Analytical Precision
AP2003 spectrometer every ~8 cm (~160-year resolution) on a total of
166 samples from F1-F3 (47.87-63.89 bbf m; ~138.6 to 107.3 ka) by
analysing the isotopic composition of evolved COy(,) following acid re-
action (see Supplementary Methods). Normalisation and calibration of
the samples to the Vienna Pee Dee Belemnite (V-PDB) scale was con-
ducted using a set of internal standards. The internal standard has a
mean analytical precision (16) of +0.10 %o and the average analytical
precision (20) of samples is recorded at + 0.18 (Mannella, 2020; Man-
nella et al., 2020). Mannella et al. (2020) showed that different methods
of pre-treatment to remove organic matter introduced minor but un-
predictable isotopic effects and therefore pre-treatment was not
employed on Fucino samples.

Constraining the late Penultimate Glacial to early Last Glacial chronology of F1-F3. The tephra-free depth below basin floor (bbf) of tephra layers and cryptotephras is
provided. Geological units and correlative tephra identifications, age (ka + 20) and dating method are based on the references. Cryptotephra TF-14-C1 has not been
used as a control point in the age model. The new ages for the Vico C Ignimbrite and Vico B Ignimbrite, correlative with TF-15 and TF-16, respectively, are given.

Marker Depth bbf base Unit/Correlative Input*®Ar/*°Ar age (ka + Dating Age-depth Modelled age (ka + Reference
(m) (s) 206) method model 26)
TF-10 41.10 Triflisco 91.8 + 1.4 “OAr/3%Ar included 923+ 1.8 Monaco et al. (2022b)
TF-11 45.41 Cancello/TM-24b 102.5 + 0.8 “OAr/%%Ar included 102.3 + 0.9 Monaco et al. (2022b)
TF-12 47.13 Montemaoro/X-5 105.6 + 0.5 “OAr/3Ar included 105.7 + 0.6 Petrosino et al. (2016)
TF-13 48.62 Maddaloni/X-6 109.1 +£ 0.8 “OAr/*Ar included 108.9 + 1.0 Regattieri et al.
(2015)
TF-14 57.31 Sabatini/TM-36 126.0 + 1.0 “OAr/3Ar included 126.0 + 1.3 Giaccio et al. (2017)
TF-14- 59.50 LGdM TM-42 132.1 + 6.6 Varve age not-included 130.2 + 2.0 Wulf et al. (2012)
C1
TF-15 65.96 Vico C 142.6 + 0.4 “OAr/3Ar included 142.7 + 0.6 This study
TF-16 69.81 Vico B 151 + 0.7 “OAr/3Ar included 150.9 + 1.0 This study
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3.7. Data analyses (see Supplementary Methods)

Stratigraphic diagrams were created using C2 1.7.7 (Juggins, 2007)
and pollen, algal and fungal spore taxa ordered according to appearance
and dominance in the stratigraphic record. Temporal changes in vege-
tation succession are displayed using Pollen Assemblage Zones (PAZs).
Numerical zonation was derived using optimal splitting by information
content to analyse down-core changes and capture floristic shifts in
PSIMPOLL 4.26 (Bennett, 2008) (see Supplementary Methods). The rate
of change (RoC) of the F1-F3 late Penultimate Glacial to early Last
Glacial pollen and algal records was calculated using the R-Ratepol
package (Mottl et al., 2020) to quantitatively analyse taxonomic re-
sponses to environmental changes (see Supplementary Methods). RoC
provides a metric for community turnover by estimating the magnitude
of compositional change. The presence of rapid change in community
structure was defined by ‘peak points’ based on a significant increase in
RoC score using a non-linear trend (Mottl et al., 2021). Multivariate
analyses were conducted using CANOCO 5 to investigate vegetation
responses in the pollen assemblage (Ter Braak and Smilauer, 2018) (see
Supplementary Methods). A total of 45 pollen taxa, expressed as per-
centage abundance, were used in multivariate analyses of the late
Penultimate Glacial to early Last Glacial. Rare species with <5 occur-
rences and <2 % maximum abundance were excluded. Principle
Component Analysis (PCA) was performed following Detrended Corre-
spondence Analysis (DCA) revealing a homogenous, linear response of
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the vegetation community (DCA axis 1 gradient length = 2.4 SD)
(Smilauer and Leps, 2014). To detect the fingerprint of abrupt climate
events, the temperate tree pollen and charcoal data were detrended and
smoothed (see Supplementary Methods).

The offset (A5'80) between the 5'80 records from Fucino Basin and
the speleothem stack of Corchia Cave in the Alpi Apuane karst (Fig. 1),
Italy, was used as a proxy for the evaporative regime at Fucino. The §'0
records were initially interpolated using a 1-year time window to ac-
count for different age scales and resolutions (Tzedakis et al., 2018). A
moving average was then applied to the interpolated datasets using the
gtools package (Bolker et al., 2022) with a defined window spanning 100
consecutive points. The isotopic difference between the records was
calculated by subtracting the smoothed Fucino 5'80 record from the
smoothed Corchia 8'80 values (see Supplementary Methods).

4. Results
4.1. Chronology

4.1.1. *Ar/*Ar dating

A total 14 sanidine crystals from Vico B Ignimbrite, 10 sanidine
crystals from Vico C Plinian and 20 leucite and sanidine from Vico C
Ignimbrite were dated (Fig. 4). Full analytical details are provided in
Supplementary Methods. The 14 crystals from Vico B gave a weighted
mean age of 151.0 + 0.5 ka (20) (1.4 ka, MSWD = 1.5, p = 0.1). The 10
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sanidine crystals from the Vico C Plinian subunit display uniform age
agreement within uncertainties, producing a weighted mean age of
142.8 + 0.8 ka (20) (1.4 ka, MSWD = 0.8, p = 0.6) (Fig. 4). For the Vico
C Ignimbrite, the 20 crystals produced a weighted mean age of 142.5 +
0.5 ka (20) (1.0 ka, MSWD = 1.2, p = 0.3). The combined age of the co-
eruptive Plinian and Ignimbrite Vico C sub-units yielded a weighted
mean age of 142.6 + 0.4 ka, which here is taken as the best determi-
nation. As previously mentioned, Giaccio et al. (2017) considered TF-15
and TF-16 as distal equivalents of the Vico C Ignimbrite and Vico B
Ignimbrite, respectively, based on similar glass compositions.

The new “°Ar/*°Ar dates for the Vico B (151.0 + 0.7 ka) and C (142.5
+ 0.5 ka) Ignimbrites are significantly different from the previous
40Ar/39Ar ages of 157 + 3 (20) ka and 151 + 1 (20) ka, respectively,
obtained by Laurenzi and Villa (1987) for the same volcanic units. The
absence of a reference age for the standard (B4M) used by Laurenzi and
Villa (1987) makes it challenging to evaluate whether a difference in
40Ar/3°Ar ages could be a result of more accurate recent calibrations.
Furthermore, there is the potential for xenocrystic contamination in the
methodology of Laurenzi and Villa (1987), which has been shown to
yield older ages as opposed to using juvenile sanidine phenocrysts (Spell
et al., 2001).

4.1.2. Cryptotephra identification, analysis, and correlation (TF-14-C1)
Glass shard counts in the low-resolution samples (continuous 5 cm
intervals) from the F1-37 core section reveal cryptotephra spanning
120-135 cm, with no glass shards observed in the remaining portions of
the F1-37 core section (Fig. S1). Counts in the high-resolution (1 cm)
samples taken across the 120-135 cm interval constrained the position
of the relatively diffuse cryptotephra layer to 126-133 cm. This cryp-
totephra in the F1-37 core section is herein named TF-14-C1 and it
comprises a distinctive double peak in glass shard concentrations
(Fig. S1). The lowermost peak occurs at 132-133 cm (tephra-free depth
59.54-59.55 bbf m) where shard concentrations were 3068 shards/gram
(herein referred to as TF-14-Cla; Fig. S1; Table S1). The strati-
graphically higher peak is located between 126 and 127 cm (tephra-free
depth 59.49-59.50 bbf m), it displays higher concentrations of glass
shards (4626 shards/g) and is referred to as TF-14-C1b (Table S1).
Glass shards from both cryptotephra peaks, TF-14-C1 (TF-14-Cla
[lower] and TF-14-Clb [upper]), display a geochemically indistin-
guishable phono-trachytic glass composition (Fig. S2). Given that both
peaks are geochemically identical, they are interpreted to be associated
with the same eruption, the lower peak reflecting an initial ash fall event
(TF-14-Cla) and the upper peak (TF-14-Clb) reflecting reworking/
inwash of glass shards from within the Fucino catchment. Consequently,
the isochron is placed at 132-133 cm (Tephra-free depth 59.55 bbf m).
The low-alkali ratio (NazO > K30) phono-trachytic glasses of cryp-
totephra TF-14-C1 are entirely consistent with the eruptive products of
Ischia Island situated in the Bay of Naples, Italy (Fig. S2). The chrono-
stratigraphic position of TF-14-C1 above the visible tephra TF-15/Vico
C (142.6 + 0.4 ka; this study) and below TF-14 (126 + 1.0 ka; Giaccio
et al.,, 2017), combined with the available geochemical proxies and
age-depth model (Giaccio et al., 2017; Mannella et al., 2019) place the
cryptotephra in the late MIS 6 glacial period (Mannella et al., 2019). The
eruptive history of Ischia during the corresponding time-interval is
poorly constrained due to limited lon and exposure on the island. Thus,
the glass chemistry of TF-14-C1 is compared to ash layers preserved in
the 133 ka-long sedimentary succession of Lago Grande di Monticchio
(LGdM) situated ~100 km east of Ischia, which provides a detailed distal
record of activity at Ischia and other Italian volcanoes (Wulf et al., 2004,
2012; Tomlinson et al., 2014). To identify potential correlatives of the
TF-14-C1 cryptotephra in the LGAM sequence, we considered layers with
Ischia-type chemical compositions which occur in the correct
climato-stratigraphic position. At LGdM, only two Ischia-type layers
reside in the late MIS6, TM-40 (~131 ka) and TM-42 (~132 ka), both of
which have independent ages, albeit with relatively large uncertainties
(£~6 ka; Wulf et al., 2012). Despite the similar phono-trachytic glass
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chemistries observed in both LGdM layers, overall, the chemical data
would point to a correlation between TF-14-C1 and the chemically ho-
mogeneous TM-42, the oldest tephra in the LGdM succession
(Fig. S3a-b; see Supplementary Methods). Regardless of the imprecise
varve age of TM-42, this tephra correlation provides a potentially
important chronological tie-point capable of directly synchronising the
Fucino and LGdM proxy records immediately prior to the transition into
the LIG.

4.1.3. Age-depth model

The depth distribution of the updated and new “°Ar/*°Ar dating,
used as input ages for developing the Bayesian age-depth model, is
virtually linear and the resulting age-depth curve shows a very ho-
mogenous sedimentation rate (Fig. 5). The combination of high-
precision “°Ar/3°Ar ages and the linear trend of the age control points
yields a very small uncertainty of the resulting modelled ages, which is
+1.7 ka on average and ranges between +1.0 ka and +2.2 ka at 2¢ error
(Fig. 5; Supplementary dataset S2), thus providing a robust and precise
chronology for the Fucino MIS 6-MIS 5b proxy records.

4.2. Pollen stratigraphy

A total of 99 pollen and spore taxa encompassing angiosperms,
gymnosperms and pteridophytes were identified in the 375 samples
from the late Penultimate Glacial to early Last Glacial F1-F3 sequence
from the Fucino Basin. Of the 84 taxa included in the pollen sum, 26 tree
taxa, 7 shrub taxa, Ericaceae and 50 herbaceous taxa were recorded.
Pollen grains were largely very well-preserved and the percentage of
indeterminate grains ranged between 2 and 12 % (average = 5 %). The
main features of the pollen records are illustrated in Fig. 6 with the
dominant vegetation outlined in Table 2.

Fig. 6 (continued) Shown are the most abundant herb and aquatic
taxa with exaggeration curves (10x) alongside summary vegetation
groups (Non-arboreal and Semi-desert) and non-pollen palynomorph
algal remains (%) with PAZs displayed.

In the Principal Components Analysis (PCA) of pollen samples, the
first two axes explain 47 % of species variation at Fucino during the late
Penultimate Glacial to early Last Glacial (Fig. 7; Table 4). PCA axis 1,
accounting for 34 % of the variation, distinguishes samples based on the
dominance of herbaceous or temperate taxa. Older samples in pollen
zones F1-F3-6-1, F1-F3-6-2, F1-F3-6-3 and F1-F2-6-4 have greater pro-
portions of plants such as Amaranthaceae, Artemisia and Poaceae, and
hence higher values along the first PCA axis. In contrast, pollen samples
in zones F1-F3-5-1 to F1-F3-5-4 are dominated by temperate tree taxa,
including Q. robur-type, C. betulus and O. carpinifolia/C. orientalis. Spe-
cies assemblages along PCA axis 2, explaining 13 % of variation, appear
determined by proportions of aquatic communities and Mediterranean
sclerophylls indicative of summer aridity compared to arboreal taxa
with high moisture requirements and/or adapted to seasonally cold
climates. While zone F1-F3-5-1 is distinct in its high proportions of
aquatic taxa, including Myriophyllum and Sparganium/T. angustifolia and
the herbaceous family Ranunculaceae, elevated abundances of Medi-
terranean taxa characterise zone F1-F3-5-2. Zones F1-F3-5-6 to F1-F3-5-
10 are dominated by Abies, Alnus, Betula, Buxus, Picea and Pinus and thus
have low PCA axis 2 scores.

4.3. Pollen and charcoal correlation

To compare the relationship between pollen summary groups and
charcoal accumulation rate during glacial-interglacial transitions and
within the LIG, the F1-F3 succession was separated into the entire
investigated interval of the late Penultimate Glacial to early Last Glacial
(~138.6-107.3 ka) and the pollen-based LIG only (~129.2-108.8 ka)
(Table 3) (See Supplementary Methods). During the entire investigated
period, significant positive correlations occur between CHAR and
temperate (0.20) and Mediterranean taxa (0.34) (Table 4). In contrast,
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the strongest negative correlation exists between charcoal influx and
pioneer vegetation (—0.43). Correlations between charcoal influx and
arboreal, non-arboreal and semi-desert taxa are not statistically signif-
icant. A higher positive correlation occurs between CHAR and Medi-
terranean taxa (0.40) when considering the LIG period only. Positive
correlations also exist between charcoal influx and non-arboreal (0.23)
and semi-desert (0.19) vegetation. A negative relationship is apparent
between CHAR and pioneer (—0.30) and arboreal (—0.23) taxa. In
contrast to the entire investigated period, an insignificant correlation
occurs between charcoal influx and temperate vegetation within the
LIG.

4.4. The 50, record

The late part of the Penultimate Glacial is characterised by almost
invariant 6180C values of ca. —3 %o until 129.5 ka (Fig. 8). Short intervals
of higher !0, are present at ~132 ka and 134 ka. The 6!0, values then
progressively decrease to —5 %o at 125 ka, reaching minimum values at
~124 ka, with a final step of more than —1 %o. Then §!0, values pro-
gressively increase again with a period of near-invariant values from
~117 to 114 ka. At ~111 Kka, the values increase for ~2 ka.

5. Discussion
5.1. Long-term vegetation and environmental changes
5.1.1. The Penultimate Glacial
The late Penultimate Glacial at Fucino Basin (138.6 4+ 2.1 ka to 129.2

+ 1.9 ka) was an interval of open steppe vegetation characterised by
Amaranthaceae, Artemisia and Poaceae and limited pollen productivity

(PAR: 15-107 x 10° grains cm ™2 yr’l) (Table 2; Fig. 6). Arboreal as-
semblages were characterised by Betula, Juniperus and Pinus, indicative
of a mixed wooded steppe landscape. Tolerant of cold and arid condi-
tions, this vegetation composition suggests severe moisture deficiency
and cool seasonal temperatures (Brauer et al., 2007; Pickarski et al.,
2015). The low vegetation cover and cold conditions are also reflected
by depleted CHAR values and hence low levels of biomass burning
(Lawson et al., 2013). A transition from the dominance of Poaceae to the
semi-desert taxon Artemisia implies increased aridity between 134.7 +
2.1 ka and 130.6 + 2.1 ka. A notable feature of the record is the
occurrence of Q. robur-type and Ulmus at low abundances, and the
sporadic presence of several temperate tree taxa including Fagus. This
signifies the presence of small refugial temperate tree populations in the
Central Apennines during the Penultimate Glacial. The relatively high
orographic precipitation of the Central Apennines and the presence of
Fucino lake (with its heat capacity) likely provided adequate moisture to
sustain thermophilous trees during arid climates and suitable habitats in
the topographically varied catchment. Overall, the combination of
dominant steppe vegetation, minor arboreal abundances and limited fire
activity indicates a cold continental climate and strong aridification
during the late Penultimate Glacial.

Algal community assemblages offer supporting evidence, tracking
changing hydrologic conditions. In alignment with the palynological
record, a rapid algal community turnover occurred at 134.7 + 2.1 ka
from the highly abundant P. simplex var. sturmii, characteristic of rela-
tively deep water and oligotrophic conditions, to a proliferation of
numerous Pediastrum species, Botryococcus and T. minimum (Komarek
and Jankovska, 2001; Whitney and Mayle, 2012). Elevated abundances
of Botryococcus compared to Pediastrum occurred during the peak in
Pinus at 133.7 + 2.2 ka, reflecting more eutrophic or brackish conditions
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Fig. 6. Pollen diagram of the late Penultimate Glacial to early Last Glacial (~138.6-107.3 ka) at Fucino Basin. Most abundant tree and shrub taxa are displayed with
exaggeration curves (10x) alongside summary vegetation groups (Arboreal, Temperate, Pioneer and Mediterranean) expressed as percentages (%). Pollen Accu-
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Accumulation Rate (CHAR) (particles cm 2 yr’l) and Pollen Assemblage Zones (PAZs) are shown.

(Clausing, 1999; Negrini et al., 2006). Subsequent expansions of
T. minimum from 133.6 + 2.2 ka, followed by the thermophilic taxa
P. boryanum var. brevicorne and P. boryanum var. boryanum indicates
open water conditions and higher summer temperatures (Reynolds,
1984; Jankovska and Komarek, 2000; Komarek and Jankovska, 2001;
Moss et al., 2003; Ralska-Jasiewiczowa et al., 2003; Niemeyer et al.,
2015). The expansion of cold tolerant P. kawraiskyi between 132.8 + 2.1
ka to 129.6 + 1.9 ka signifies seasonally cooler temperatures during the
glacial-interglacial transition (Nielsen and Sgrensen, 1992; Komarek and
Jankovska, 2001). The hydrological changes inferred from algal remains
are supported by evidence on late Pleistocene glacier dynamics and lake
level oscillations in the Central Apennines with higher (lower) lake
levels associated with glacier advances (retreats). In this regard, melt-
water and/or a reduced summer evaporative regime may have sustained
Fucino lake level during arid glacial states (Giraudi, 1989, 1998; Giraudi
and Frezzotti, 1997; Giraudi and Giaccio, 2015).

The transition to interglacial conditions documents increased
Q. robur-type alongside a declining presence of Artemisia, Poaceae,
Juniperus and Pinus from 130.6 + 2.0 ka. A notable climatic return to
colder and more arid conditions interrupted the transition between
130.0 + 2.0 ka to 129.7 + 1.9 ka, manifested across an array of
ecological proxies. The replacement of arboreal vegetation cover (10 %
decline) with steppe vegetation corresponds with an unprecedented
expansion in aquatic plant communities, namely the obligate aquatic
taxa Myriophyllum growing submerged in shallow freshwater and the
rhizomatous herb Sparganium/T. angustifolium favouring lake margins,
are indicative of lowered lake levels (Pignatti, 1982; Miola et al., 2006).
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Elevated abundances of the herbaceous family Ranunculaceae,
comprising several species of an aquatic nature, and rapid expansion of
the semi-desert indicator Amaranthaceae support the inference of a
shallower lake. Concurrent drastic drops in algal taxa reflect a cool and
dry interval unfavourable for reproduction.

5.1.2. The Last Interglacial

Characterised by a marked expansion of Q. robur-type at the expense
of steppic herbaceous taxa, the pollen-based LIG onset at Fucino is
recorded at 129.2 + 1.9 ka when arboreal pollen surpasses 50 %,
increasing from 20 % to 73 % in ~800 years (Table 2; Fig. 6). The
temperate phase commenced with an early expansion of Q. robur-type
indicating rising temperature and precipitation. The development of a
floristically diverse temperate forest of Ulmus, F. ornus, F. excelsior,
Corylus, Tilia and Fagus ensued. By 128.2 + 1.8 ka, a peak in the meso-
thermophilous C. betulus suggests cool winter conditions and increasing
precipitation (Kiihl and Litt, 2003; Sanchez Goni et al., 2005). Subse-
quent expansion of O. carpinifolia/C. orientalis and Mediterranean scle-
rophylls (Olea, Phillyrea and Pistacia) occurred alongside enhanced
hydrological seasonality, summer drought and frost-free winters during
the period of maximum NH summer insolation (Tzedakis, 1994, 2007;
Milner et al., 2012). Substantially increasing in step with temperate
vegetation cover, charcoal influx was greatest during this first phase of
elevated summer temperatures and seasonal moisture deficiency from
130.0 + 2.0 ka to 124.0 £+ 1.4 ka. The positive correlation between
CHAR and temperate vegetation observed on a glacial-interglacial
timescale suggests the elevated biomass of the LIG forest supplied a
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Fig. 6. (continued).

greater fuel load. An additional control on fire activity appears to be
summer conditions as indicated by the strongest positive correlation
displayed between CHAR and Mediterranean taxa during the LIG
(Turner et al., 2008; Lawson et al., 2013). Moreover, an increased
abundance of Botryococcus at the expense of Pediastrum reflects warmer,
shallower and more eutrophic conditions (Guy-Ohlson, 1992; Rull et al.,
2008). A substantial T. minimum community, particularly during the
early stages from 127.9 4+ 1.7 ka to 127.0 + 1.6 ka, correlates with high
NH summer insolation (Reynolds, 1984; Clausing, 1999; Ralska-Jasie-
wiczowa et al., 2003; Niemeyer et al., 2015). Fossil akinetes of the
nitrogen-fixing Anabaena-type cyanobacteria were present in abundance
from 125.4 + 1.7 ka and indicate high temperatures and
nitrogen-limited conditions (Van Geel et al., 1994; Paerl and Huisman,
2009; Rasconi et al., 2015).

Following this interval of elevated summer aridity, arboreal pollen
values reached a maximum of 98 % between 124.2 + 1.7 ka and 119.0
+ 2.2 ka with Q. robur-type and C. betulus remaining abundant. Exten-
sive communities of late-successional, humid-demanding species
including Fagus and later Abies, in addition to the cool-temperate ever-
green, Buxus, developed as summer insolation declined and climate
seasonality reduced (Tzedakis, 1994, 2007). The later peak in
Q. ilex-type pollen (around 123.0 + 1.9 ka) may reflect a local popula-
tion expansion on sites of southern exposure as found in the catchment
today (Lubell et al., 1995; De Sillo et al., 2012). In addition, although
evergreen oaks are typically associated with summer aridity, Q. ilex is
typically less drought-tolerant compared to characteristically
aridity-resistant species such as Q. coccifera (Peguero-Pina et al., 2009;
Petroselli et al., 2013; Lopez-Tirado et al., 2018). Lowered charcoal
quantities and a negative correlation between LIG arboreal cover and
charcoal influx reflect reduced summer aridity and increased humidity
(Lawson et al., 2013). The dominance of cyanobacteria suggests high
temperatures and organic matter input, providing intensive nutrient
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loading and a competitive advantage over other phytoplankton taxa
with concurrent loss in algal community diversity (Elliott et al., 2006;
Paerl and Huisman, 2009).

A steady decline in temperate tree taxa was observed from 119.0 +
2.2 ka as the pioneer tree Betula and steppe communities of predomi-
nantly Poaceae and Artemisia became re-established. A transient estab-
lishment of Picea with proportions of 11 % by 115.3 + 2.1 ka indicates a
local presence in the surroundings of the Fucino Basin under favourable
cold and moist conditions (Huntley and Birks, 1983; Ravazzi, 2002;
Giesecke and Bennett, 2004). Elevated abundances of Abies from 119.0
+ 2.2 ka to 114.3 + 2.1 ka, a taxon generally limited to moist moun-
tainous habitats with a more localised pollen source area, as well as
mesothermic Buxus, peaking at 6 % by 115.1 + 2.1 ka, support the
inference of a cooler, more humid climate (Tzedakis, 2007; Alba-San-
chez et al., 2010). A post-temperate phase of open woodland ensued as
temperate trees reached a LIG minimum of 42 % at 111.5 + 1.7 ka.
Several contractions in temperate vegetation occurred during this period
reflecting deteriorating conditions related to millennial-scale vari-
ability. The dominance of Pediastrum communities over Botryococcus
indicates oligotrophic conditions with transitions to a cooler climate
inferred from expansions of P. kawraiskyi at 111.4 + 1.6 ka, 110.6 + 1.5
ka and 108.9 + 0.9 ka (Jankovska and Komarek, 2000; Komarek and
Jankovska, 2001). Fire activity rapidly increased from 109.0 + 1.0 ka,
as NH summer insolation strengthened. Increased values of CHAR and
non-arboreal and semi-desert taxa during the forested interval suggest
peak charcoal production may have occurred during intermediate
aridity levels with sufficient biomass (Krawchuk and Moritz, 2011;
Lawson et al., 2013).

5.1.3. The early Last Glacial
The onset of the early Last Glacial is marked by a decline in arboreal
pollen values to 58 % and an increase in Poaceae and Artemisia at 108.8
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Description of the dominant biome (based on characteristic plant functional types identified by Prentice et al., 1996, main palynological characteristics (minimum to
maximum %), Pollen Accumulation Rate (PAR) (x 10° grains cm 2 yr’l), algal communities (minimum to maximum %) and Charcoal Accumulation Rate (CHAR)

(particle cm 2

yr~ 1) for the sixteen Pollen Assemblage Zones (PAZs) for the late Penultimate Glacial to early Last Glacial (~138.6-107.3 ka) at Fucino Basin.

PAZ Dominant Main palynological characteristics (minimum  PAR (x 10° Algal communities (minimum to maximum CHAR (particles

F1-F3 biome to maximum %) grains cm ™2 %) em2yr 1)

yrh

6-1 (63.9-61.8 m; Steppe/ Dominance of non-arboreal pollen. Low stable PAR Dominated by P. simplex var. sturmii (3-36 Low increasing
138.6-134.7 ka; desert AP (17-39 %): Juniperus was a major (15-48). %). CHAR (52-699).
3900 years) component (4-26 %).

NAP (61-83 %): High values of Poaceae
(20-36 %) and Artemisia (13-29 %).

6-2 (61.8-61.1 m; Steppe/ High abundances of steppe pollen taxa and Low stable PAR Expansion of Botryococcus (17-48 %), Low stable CHAR
134.7-133.2 ka; desert expansion of Pinus. (17-30). T. minimum (0-81 %), P. boryanum var. (191-475).

1500 years) AP (23-39 %): Expansion of Pinus (16-33 %). brevicorne (0-23 %) and P. boryanum var.
Reduced Juniperus values (1-7 %). boryanum (0-16 %).
NAP (61-77 %): Artemisia dominated (24-35
%). Poaceae values declined (11-25 %).

6-3 (61.1-59.7m; Steppe/ Dominance of steppe pollen and Pinus. Low stable PAR Diverse community of Pediastrum (20-66 %),  Low stable CHAR
133.2-130.6 ka; desert AP (24-35 %): Pinus remained abundant (19-37). Botryococcus (20-42 %) and T. minimum (225-399).

2600 years) (10-21 %), Betula (1-6 %) and Q. robur-type (44-82 %).
(1-5 %) gradually increased.
NAP (65-76 %): Artemisia dominant (19-34
%). High values of Poaceae (13-27 %).

6-4 (59.7-59.0 m; Steppe/ Substantial expansion in herb and aquatic Moderate Rapid declines in Pediastrum (18-70 %), Moderate-high
130.6-129.2 ka; desert pollen taxa. increasing PAR Botryococcus (3-28 %) and T. minimum increasing CHAR
1400 years) AP (20-48 %): Increasingly high percentages  (32-107). (0-75 %). (221-1974).

of Q. robur-type (9-31 %).

NAP (52-80 %): Expansion driven by
Amaranthaceae (14-50 %) and
Ranunculaceae (<11 %).

Aquatic: Large increase in Sparganium/T.
angustifolium (0-30 %) and Myriophyllum (<4
%).

5-1 (59.0-58.6 m; Temperate Shift in a dominance of steppe to arboreal High increasing Further contractions in Pediastrum (8-24 %), =~ Moderate-high
129.2-128.4 ka; woodland taxa. PAR (80-183). expansion of Botryococcus (22-37 %) and increasing CHAR
800 years) AP (58-79 %): Q. robur-type peaked and Anabaena akinetes (0-13 %). (764-1248).

5-2 (58.6-57.7 m;
128.4-126.8 ka;
1600 years)

5-3 (57.7-56.4 m;
126.8-124.2 ka;
2600 years)

5-4 (56.4-54.9 m;
124.2-121.2 ka;
3000 years)

5-5 (54.9-53.7 m;
121.2-119.0 ka;
2200 years)

5-6 (53.7-52.7 m;
119.0-117.0 ka;
2000 years)

Mixed forest

Mixed forest

Mixed forest

Mixed forest

Mixed forest

became the dominant taxon (32-53 %).
NAP (21-42 %): Further decreases in the
presence of Poaceae (6-17 %), Artemisia (4-9
%) and Amaranthaceae (5-9 %).

Expansion of temperate arboreal taxa.

AP (81-92 %): C. betulus peaked (4-29 %),
replaced by O. carpinifolia/C. orientalis (6-24
%) and Q. robur-type (15-28 %). Increase in
Ulmus (5-11 %), Fagus (1-12 %) and Corylus
(1-9 %). Expansion of Mediterranean taxa
(<5 %).

NAP (8-19 %): Low steppe pollen values.
Increasing Q. ilex-type abundance.

AP (80-95 %): Q. robur-type dominated
(18-32 %) with substantial percentages of
O. carpinifolia/C. orientalis (10-26 %),

C. betulus (6-16 %) and Fagus (7-18 %). Q.
ilex-type values increased (1-6 %).

NAP (5-20 %): Small expansions in Poaceae
(3-13 %).

Elevated abundance of Fagus, Q. ilex-type and
Zelkova.

AP (92-98 %): Q. robur-type remained most
abundant (12-33 %) alongside C. betulus
(11-24 %), Fagus (10-23 %) and

O. carpinifolia/C. orientalis (5-19 %). Q. ilex-
type peaked (3-10 %) with expansions in
Zelkova (<8 %).

NAP (2-8 %): Low steppe pollen values.
Expansion of Abies and Buxus.

AP (88-98 %): Contractions in Fagus (9-20
%), C. betulus (8-21 %), O. carpinifolia/C.
orientalis (3-10 %), Q. ilex-type (1-6 %) and
Zelkova (1-5 %). Expansions in Pinus (7-21 %)
Buxus (0-5 %) and Abies (2-13 %).

NAP (2-12 %): Low steppe pollen values.
Expansions of Betula and Abies.

AP (88-96 %): Decline in Q. robur-type
(11-23 %), C. betulus (9-19 %) and

O. carpinifolia/C. orientalis (2-11 %). Betula

PAR peaked
before declining
(45-202).

Moderate
fluctuating PAR
(38-125).

Moderate-high
fluctuating PAR
(46-270).

Moderate-high
fluctuating PAR
(29-303).

Moderate
fluctuating PAR
(53-165).
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Diminished Pediastrum populations (2-12
%), primarily P. boryanum var. brevicorne
(1-12 %), expansion of T. minimum (8-53
%).

Stable algal communities of P. boryanum var.
brevicorne (0-15 %) and Botryococcus (8-22
%), gradual decline in T. minimum (3-33 %),
rapid expansion of Anabaena akinetes (0-30
%).

Pediastrum largely absent (<5 %), depleted
populations of Botryococcus (1-21 %) and
T. minimum (0-14 %), fluctuating expansion
of Anabaena akinetes (0-27 %).

Reduced algal community diversity,
fluctuating expansions of Anabaena akinetes
(0-56 %).

Small populations of P. boryanum var.
boryanum (<9 %), P. boryanum var.
brevicorne (<4 %), Botryococcus (3-15 %)
and T. minimum (<6 %).

High CHAR, peaks
before declining
(702-2005).

Moderate
declining CHAR
(418-1379).

Low fluctuating
CHAR (64-817).

Low-moderate
fluctuating CHAR
(43-1028).

Low fluctuating
CHAR (136-821).

(continued on next page)
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PAZ Dominant Main palynological characteristics (minimum ~ PAR (x 10° Algal communities (minimum to maximum CHAR (particles
F1-F3 biome to maximum %) grains em 2 %) em 2 yr’l)
yr )
(<10 %) and Abies (6-23 %) increased.
NAP (4-12 %): Gradual expansions in
Poaceae (<7 %) and Artemisia (<3 %).

5-7 (52.7-51.3 m; Mixed forest Peak in Picea percentages. Moderate Diminished abundances of P. boryanum var. Low fluctuating
117.0-114.3 ka; AP (76-95 %): Q. robur-type (7-22 %) and fluctuating PAR boryanum (<7 %), P. boryanum var. CHAR (64-788).
2700 years) C. betulus (3-10 %) values were reduced. Fagus  (32-144). brevicorne (<3 %), Botryococcus (<7 %) and

was dominant apart from a brief reduction T. minimum (<8 %).
(9-29 %). An abrupt expansion of Picea (<11

%) occurred.

NAP (5-24 %): Further expansions of Poaceae

(2-11 %) and Artemisia (2-7 %).

5-8 (51.3-49.9 m; Mixed forest ~ Re-expansion in Q. robur-type and decline in Moderate Expansion of P. boryanum var. boryanum Low fluctuating
114.3-111.5 ka; Fagus. fluctuating PAR (1-32 %) and elevated presence of CHAR (72-821).
2800 years) AP (65-83 %): Declines in temperate taxa (22-162). P. boryanum var. brevicorne (<4 %).

(42-67 %). Q. robur-type expanded to become
the dominant taxon (13-29 %) with increases
in Betula (4-13 %).

NAP (17-35 %): Increases in Poaceae (6-18
%) and Artemisia (4-13 %) values.

Reduced arboreal pollen values and increase
in steppe components.

AP (57-71 %): Reduced abundance of

Q. robur-type (16-22 %), Fagus (3-11 %) and
Betula (2-13 %). Increasing values of Pinus
(9-16 %) and Abies (6-16 %).

NAP (29-43 %): Expansion of Poaceae
(13-22 %) and Artemisia (6-17 %).

Recovery of temperate taxa.

AP (62-80 %): Expansion of Abies (7-24 %),
Fagus (5-16 %) and C. betulus (2-10 %).
Reduction in Betula (3-6 %).

NAP (20-38 %): Contraction of Poaceae
(8-19 %), Artemisia (3-11 %) and
Amaranthaceae (1-3 %).

Reduction in temperate tree values and
expansion of steppe taxa.

AP (56-63 %): Decline in Abies (5-8 %), Fagus
(5-8 %), C. betulus (5-9 %) and Pinus (8-13
%). Q. robur-type increased after an early
contraction (15-23 %).

NAP (37-44 %): Increase in Poaceae (20-22
%) and Artemisia (8-14 %) values.

AP (59-81 %): Q. robur-type expanded as the
dominant taxon (29-41 %). Increases in Ulmus
(2-7 %), F. ornus (<3 %), Corylus (<3 %) and
C. betulus (1-9 %). Pinus (4-9 %), Fagus (2-7
%) and Abies (4-10 %) values declined.

NAP (19-41 %): Gradual declines in Poaceae
(8-20 %) and Artemisia (4-10 %).

5-9 (49.9-49.5 m;
111.5-110.6 ka;
900 years)

Temperate
woodland

5-10 (49.5-48.6 m; Mixed forest
110.6-108.9 ka;

1700 years)

5-11 (48.6-48.4 m;
108.9-108.5; 400
years)

Temperate
woodland

5-12 (48.4-47.9 m; Mixed forest
108.5-107.3 ka;

1200 years)

Low-moderate
increasing PAR
(27-67).

Reappearance of P. kawraiskyi (2-21 %),
reduced population of P. boryanum var.
boryanum (4-10 %), fluctuating expansions

Low fluctuating
CHAR (135-532).

of T. minimum (0-21 %).

Moderate stable
PAR (36-91).

Diminished algal community with
contraction of P. kawraiskyi (0-16 %),

P. boryanum var. boryanum (<8 %),
Botryococcus (3-9 %) and T. minimum (0-15
%).

Low decreasing
CHAR (66-630).

Moderate stable Early expansion of P. kawraiskyi (1-8 %). Moderate-high

PAR (55-65). Declining abundance of P. boryanum var. increasing CHAR
boryanum (1-4 %) and T. minimum (<8 %). (969-1466).
Stable presence of Botryococcus (4-10 %).

Moderate Diminished algal communities, expansions Moderate

fluctuating PAR of Anabaena akinetes (<8 %). declining CHAR

(28-169). (637-1295).

+ 1.0 ka (Table 2; Fig. 6). Following this ~300-year stadial of increased
steppe taxa, Q. robur-type pollen values substantially increased (30-41
%) along with re-expansions of Ulmus, Corylus, F. ornus and F. excelsior,
indicating warmer, wetter interstadial conditions.

5.2. Interpreting the 50 signal

Mannella (2020) and Mannella et al. (2019, 2020) showed that most
of the carbonate in the F1-F3 boreholes during the interglacial is
authigenic (bioinduced) calcite that precipitates during the warmer part
of the year (late spring to summer) (Leng and Marshall, 2004). In
contrast, glacial samples comprised a larger proportion of minor clastic
carbonate and dolomite. The oxygen isotope composition of the authi-
genic carbonate (5'80,) is considered a powerful proxy to reconstruct
hydrological changes in the Mediterranean region (Zanchetta et al.,
1999, 2022; Roberts et al., 2008; Leng et al., 2010; Dean et al., 2015;
Zielhofer et al., 2017). It records the prevailing summer conditions,
supporting the reconstruction of changes in the recharge season and the
period of summer drought with higher evaporation rates (Li and Ku,

13

1997; Jones and Roberts, 2008).

Higher §'80, values of lacustrine carbonates during glacial periods
are well documented in the Central Mediterranean (Zanchetta et al.,
1999, 2007; Roberts et al., 2008), including at the nearby Sulmona Basin
(Giaccio et al., 2015), reflecting reduced local precipitation and colder
temperatures. The decrease of the 580, values starting at ~130 ka
(Fig. 8) at Fucino indicates a progressive decrease in lake evaporation
and increase in precipitation (Zanchetta et al., 2007, 2022; Jones and
Roberts, 2008). However, the slow shift in 8180C relative to the rapid
expansion of temperate trees at the beginning of the LIG (~129 ka),
indicating increasing humidity and temperature, suggests that the hy-
drological balance of the lake did not respond at the same rate or
amplitude to the general climatic amelioration.

The delayed response of the 5'80, signal can be explained by the
sensitivity of the lake §'30, to summer conditions. The lowest 5!%0,
values occur at ~124.0 £ 1.9 ka, indicating, from a hydrological point
of view, the wettest period of the LIG. Before this, summer conditions
resulted in greater lake water evaporation and hence still high §'80,
values. This is supported by the occurrence of the summer insolation
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Fig. 7. Principal Component Analysis (PCA) of (a) 45 pollen taxa and (b) 375 samples from core F1-F3 covering the late Penultimate Glacial to early Last Glacial
sequence from the Fucino Basin, central Italy. Samples are classified according to the sixteen Pollen Assemblage Zones (PAZs). The labelled axes display the explained

variation in species data.

Table 3

Summary output of Principal Component Analysis (PCA) performed on the
pollen assemblage of the late Penultimate Glacial to early Last Glacial at Fucino
Basin, central Italy.

PCA axes 1 2 3 4
Eigenvalues 0.3394 0.1328 0.0781 0.0466
Explained variation of species data 33.94 47.22 55.03 59.69
(cumulative)
Table 4

Spearman’s rank correlation coefficients between CHAR and pollen vegetation
groups for the entire interval of the late Penultimate Glacial to early Last Glacial
and the pollen-based LIG only. Statistically significant correlations (P-value
<0.05) are highlighted in bold.

Late Penultimate Glacial — Last Interglacial — Last

Early Last Glacial Interglacial
Temperate 0.20 —0.04
Mediterranean 0.34 0.40
Pioneer —0.43 —0.30
Arboreal 0.07 —0.23
Non-arboreal —0.07 0.23
Semi-desert —-0.07 0.19

maximum during the first part of the LIG between ~127 and ~129 ka
(Fig. 8), highlighting a strong seasonal contrast. Moreover, the appear-
ance and expansion of Mediterranean sclerophylls (Olea, Phillyrea and
Pistacia) at 128.0 + 1.8 ka indicates increased summer aridity, while the
presence of deciduous trees (Carpinus and Fagus) reflecting substantial
winter precipitation. Summer length, drought intensity and biomass are
fundamental controls of fires in the Mediterranean (Vanniere et al.,
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2011; Lawson et al., 2013), and the Fucino charcoal accumulation rate
tracks NH summer insolation with substantial increases from 130.0 +
2.0 ka to ~124.4 + 1.7 ka. Taken together, the palynological and
charcoal evidence indicates warmer temperatures, low summer rainfall
and increased winter precipitation during the early LIG at Fucino. This is
in line with pollen, macrofossil and mineralogical evidence from Tena-
ghi Philippon, Greece, indicating extreme seasonality of precipitation
during the early LIG (Milner et al., 2012).

To explore further the seasonality contrast in the Fucino §'%0, re-
cord, we can compare it with speleothem 5'80, records (Bini et al.,
2019). Speleothem 680, records are less affected by evaporation, being
more strictly tied to the amount-weighted average isotopic composition
of rainfall during the recharge season, which is mostly the
autumn-winter season in central Italy (Drysdale et al., 2004; Zanchetta
et al., 2021). The 5'80 signal in speleothems of the central Mediterra-
nean has been attributed to the progressive decrease in the average §'%0
composition of meteoric precipitation linked to the increasing annu-
al/monthly precipitation rate, the so-called “amount effect” (Bard et al.,
2002; Natali et al., 2021). Therefore, we can expect that during the
period of strong seasonality contrast, lacustrine records dominated by
summer evaporation will record higher values and a larger isotopic
offset compared to speleothems. The closest speleothem record lies in
Antro del Corchia (43°59'N, 10°13'E), a large cave complex in the Alpi
Apuane karst of central Italy. It is of similar altitude to Fucino and its
recharge system (Piccini et al., 2008), and shows extensive speleothem
growth during the LIG (Drysdale et al., 2009; Isola et al., 2019). The
stacked 5'80 record was produced by splicing together four stalagmites
from the same chamber using the sections with the highest sampling
resolution, anchored in time by 87 U/Th dates (Tzedakis et al., 2018). It
covers the same time interval as the Fucino record presented here.

Comparison of Fucino 5'%0 against the speleothem 580 record re-
veals a substantial negative offset during the transition from the
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Penultimate Glacial into the early stages of the LIG (Fig. 8). From 136.0
+ 2.1 ka to 127.0 £ 1.5 ka, there is a large contrast between the two
records with A8'®0 values up to 1.8 %o lower at Corchia. The *¥0-
depleted values at Corchia at the end of the Penultimate Glacial reflect
the oxygen isotopic composition of seawater at the time of Heinrich 11
(HS11), when meltwater entered the North Atlantic from the collapse of
Northern Hemisphere ice sheets during Termination II (Marino et al.,
2015; Drysdale et al., 2020). This event altered the isotopic signature of
Mediterranean precipitation (Marino et al., 2015). Indeed, applying
magnesium (Mg) concentrations from a Corchia Cave speleothem as a
palaeotemperature proxy, Drysdale et al. (2020) demonstrated a sig-
nificant decoupling of Mg and Slsospeleothem during HS11, with more
negative Slsospeleomem values preceding the Mg-inferred temperature
rise. In addition to rainfall amount as the dominant driver, the
moisture-source effect evidently plays an important role in determining
8'80speleothem during TII. However, the continued large negative
offset between 129.5 + 1.9 ka to ~127 + 1.5 ka indicates a larger
evaporative effect in the Fucino basin. From ~125.0 + 1.5 ka, a positive
offset reflects more negative 5'80 values at Fucino Basin compared to
Corchia for the remainder of the LIG and transition into the early Last
Glacial. This suggests a reduced seasonal contrast with the evaporative
effect at the Fucino basin diminished significantly.
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5.3. Wider comparisons

Several long continuous pollen records spanning the LIG period in
southern Europe offer scope for regional comparison of the timing and
duration of vegetational and environmental changes. However, inherent
uncertainties in different dating techniques and age models, as well as
variations in archive resolution, complicate comparisons between re-
cords. Here, we limit such comparisons to tephrostratigraphically-linked
archives from Italy and the Balkans, providing a framework for
exploring the spatial and temporal expression of changes during this
interval (Regattieri et al., 2014; Zanchetta et al., 2016) ((Fig. 9).

Geographically, one of the closest published LIG palynological re-
cords to Fucino is Lago Grande di Monticchio (LGdM) located 280 km to
the southeast in Basilicata, southern Italy (Brauer et al., 2007; Allen and
Huntley, 2009). Correlation between synchronous vegetation patterns at
Fucino and LGdM reveal broadly similar trends through the Penultimate
Glacial and LIG (Fig. 10). The LIG onset at LGdM is defined by arboreal
vegetation reaching above 50 % at 127.7 + 6.4 ka (MON14 chronology;
Wulf et al., 2012; Martin-Puertas et al., 2014) peaking at 83 % by 127.2
+ 6.4 ka. The 1-2 ka offset compared to Fucino is apparent throughout
the LIG and likely a function of variations in sedimentation rates in
non-varved sections and the larger uncertainty of the LGdM chronology.
During the LIG, Mediterranean pollen percentages were higher at LGAM
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compared to Fucino. This is likely a reflection of a temperature gradient
between the two sites with present-day mean annual temperatures of
13.1 °C at LGdM compared to 11.8 °C at Fucino Basin. Spanning an
interval of 17.7 ka, LIG conditions at LGAM ended by 109.5 + 5.4 ka
with the opening up of forest vegetation.

The pollen sequence of Lake Ohrid, an extensive lake at the North
Macedonia-Albania border displays substantial quantities of Pinus and
hence high pioneer proportions throughout the late Penultimate Glacial
and LIG. The LIG onset at Lake Ohrid is dated to 128.3 + 2.9 ka (Ohrid
modelled age; Leicher et al., 2021) with increases in arboreal percent-
ages beyond 50 %. Similarly, low proportions (up to 3 %) of Mediter-
ranean taxa, as at Fucino, were present in the early LIG. The end of the
LIG culminated with a decline in arboreal pollen at ~109.6 ka (Sadori
et al., 2016; Sinopoli et al., 2018).

The pollen record from the large fen of Tenaghi Philippon in the
Drama Basin, northeast Greece shows a LIG reforestation at 128.7 4 4.4
ka (TP-2005 chronology; Wulf et al., 2018), with AP values exceeding
50 %. Prior to this, a comparatively drier climate resulted in a glacial
landscape heavily dominated by steppe vegetation. The onset of the
ensuing Last Glacial at 109.2 + 1.5 ka, when arboreal taxa drop below
50 % is consistent with Fucino (Milner et al., 2013, 2016).

Of some note is the record of Fagus during the LIG. As across much of
Europe, Fagus presence during the LIG at Lake Ohrid and Tenaghi
Philippon appears severely limited or absent, with evidence of presence
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at LGdM (<10 %). The virtual absence of Fagus from most of Europe has
been highlighted as a characteristic of the LIG, distinguishing it from
other interglacials (Phillips, 1974; Turner, 1975; Tzedakis, 1994). In
contrast, the consistently high Fagus abundance during the LIG is an
exceptional feature of the Fucino pollen record. The taxon persisted
continuously from ~128.4 + 1.8 ka and reached values of 29 % at
~114.6 + 2.1 ka. This feature likely underlines the importance of the
area as a long-term refugium (sensu Tzedakis, 1993, 2009) for beech, a
reflection of its varied topography and moisture availability providing
higher buffering capacity from extreme climate variability.

5.4. Abrupt climate variability

In the following discussion, abrupt climate variability at Fucino
during the late Penultimate Glacial to early Last Glacial is explored
through comparisons of the temperate tree pollen and charcoal records
produced in this research to several other North Atlantic and southern
European archives (Fig. 11).

The terminal stadial during the penultimate deglaciation, HS11, is
recorded throughout the North Atlantic with associated climatic
changes detected globally (Heinrich, 1988; Bond et al., 1992; McManus
et al., 1994; Chapman and Shackleton, 1999; Oppo et al., 2001, 2006;
Barker et al., 2009, 2011; Barker and Diz, 2014). Within the stadial,
three discrete cold events, HS11.1, HS11.2 and HS11.3, interrupted by
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warmer conditions have been detected on the Portuguese Margin. Low
Slsoplanktonic values during HS11.2 and HS11.3 indicate large meltwater
pulses, which in turn would have resulted in surface water stratification,
AMOC weakening and associated SST reductions. In parallel,
180-enriched and '3C-enriched values at Corchia Cave have been related
to cooler and drier conditions across the Mediterranean in response to
reduced NADW formation (Tzedakis et al., 2018).

At Fucino, one of the most prominent abrupt events during the late
Penultimate Glacial occurred at 130.0 + 2.0 ka to 129.7 + 2.0 ka
(Fig. 12). A contraction in temperate taxa accompanied by elevated
charcoal abundance indicates a colder climate with greater aridity,
correlative with the final (HS11.3) of three cold events. Comparable
signatures of HS11.1 and HS11.2 are not detected in the low abundance
refugial tree populations of the late Penultimate Glacial at Fucino. A
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sudden enrichment in 5'%0, values at 133.9 + 2.2 ka, indicating a brief
interval of arid conditions, can possibly linked to HS11.1. Subsequent to
HS11.1, a transition in algal communities from the dominant Pediastrum
simplex var. sturmii to increasing abundances of Pediastrum boryanum
var. brevicorne, Botryococcus and Tetraedron minimum supports the
inference of warmer temperatures (Reynolds, 1984; Jankovska and
Komarek, 2000; Komarek and Jankovska, 2001; Moss et al., 2003;
Ralska-Jasiewiczowa et al., 2003; Niemeyer et al., 2015). Following a
peak in the thermophilic taxon P. boryanum var. brevicorne centred at
133.1 + 2.1 ka, subsequent expansion in cold-tolerant Pediastrum
kawraiskyi from 132.7 + 2.1 ka could reflect cooling associated with
HS11.2. This is also detected in the §'80, record as a sudden increase in
values centred at 132.3 £+ 2.1 ka.

As the Last Interglacial commenced at Fucino, a brief climate
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and Mg/Ca SST (°C), 5"®0pjanktonic (%o) and temperate tree taxa (%) (Tzedakis et al., 2018), Corchia Cave §'80 (%o) (Drysdale et al., 2005; Tzedakis et al., 2018), and
Fucino temperate and montane taxa (%) and Charcoal Accumulation Rate (CHAR) (particles cm 2 yr’l). Abrupt cold events during glacial (light blue) and inter-

glacial (grey) states are highlighted.

reversal to cooler and drier conditions is registered as a decline in
temperate tree pollen from 128.8 + 1.8 ka to 128.4 + 1.8 ka, correlative
with the North Atlantic C28 event at MD01-2444 (Tzedakis et al., 2018)
(Figs. 11 and 12). This event occurs prior to a climate amelioration
during peak interglacial conditions at 128 + 1.8 ka characterised by
high summer temperatures and enhanced winter precipitation (Milner
et al., 2012).

Another decline in temperate tree pollen and increase in CHAR oc-
curs at Fucino from 126.5 + 1.4 ka to 126.2 + 1.3 ka. This coincides
with the C27 event at ~126.4 ka at MDO01-2444, one of the most
prominent climatic changes recorded at sites in the North Atlantic
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(Tzedakis et al., 2018), and linked to meltwaters entering the subpolar
North Atlantic (Galaasen et al., 2014) (Figs. 11 and 12). The melting of
residual Penultimate Glacial ice masses has been implicated as the driver
of instability in NADW ventilation during the early LIG (Galaasen et al.,
2014). A climate model experiment using the Earth System Model
LOVECLIM under LIG boundary conditions explored the effect of adding
0.05 Sv of freshwater to the northern North Atlantic between ~126.8
and ~126.4 ka, representing event C27 (Tzedakis et al., 2018). The
simulated strong cooling over the subpolar North Atlantic produced a
deepening of the low-pressure system at mid-to-high latitudes and a
strengthening of the subtropical high, leading to strong anticyclonic
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circulation over the Mediterranean and drier conditions in southern
Europe. The timing of this event is also coherent with a freshwater signal
interruption during the deposition of sapropel S5 in the Eastern Medi-
terranean at 126.5-125.7 ka, implying a reduction in summer monsoon
runoff along the North African margin (Amies et al., 2019).

A further cold abrupt event is evident at Fucino from 125.3 &+ 1.5 ka
to 125.0 £+ 1.6 ka (Figs. 11 and 12). The reduction in temperate tree
pollen and increased CHAR is a possible expression of the more subdued
C27’ event recognised in MD01-2444 and Corchia. Two further cold
abrupt events appear later in the pollen-based Last Interglacial at Fucino
at120.3+2.1kato119.8+2.2kaand 116.2+2.1kato114.7 + 2.1 ka
(Figs. 11 and 12), registering as contractions in temperate vegetation
with elevated CHAR and SISOc—enriched values (Fig. 11). These two
events are coeval with the marine cooling events of C26 and C25 at
~119.1 ka and ~117.2 ka, respectively. They are characterised by the
widespread decline of North Atlantic surface water temperature and
increased ice-rafting activity during a time of Greenland ice regrowth
(Adkins et al., 1997; Chapman and Shackleton, 1999; Oppo et al., 2001,
2006; Kopp et al., 2009; Mokeddem et al., 2014; Goelzer et al., 2016).
Reduced Mg/Ca SST and enriched BlsOplanktonic values at MD01-2444
are coeval with cold-water mass incursions, whereas a decline in Ibe-
rian temperate tree pollen and positive SISOspeleothem reversals at
Corchia reflect the penetration of cool conditions into southern Europe
(Tzedakis et al., 2018).

A cold event at 111.5 + 1.7 ka to 110.9 £ 1.5 ka, possibly corre-
sponding to Greenland Interstadial 25b (GI-25b) (Fig. 11), is recorded as
a 17 % decline in temperate tree pollen percentages at Fucino and more
positive 5!80, values. Comparison against the MD01-2444 record re-
veals a decline in SST and a positive 6180plankmnic excursion in addition
to a contraction in temperate vegetation and Corchia Slsospeleothem
enrichment centred at ~110.6 ka. Finally, the early Last Glacial
commenced at Fucino with a 17 % decline in temperate tree pollen
percentages, more positive 580, values and heightened charcoal

deposition over a ~300-year interval. This event correlates with the
prominent ice-rafting event C24, coincident with Greenland Stadial 25
(GS25; Fig. 11), and marking the first reactivation of the bipolar seesaw
(Capron et al., 2012). It is characterised by prolonged stadial conditions
clearly expressed as a distinct drop in North Atlantic SST, significant IRD
deposition, a marked shift towards more positive 5§'%0 values and sub-
stantial reductions in temperate trees (Tzedakis et al., 2018).

5.5. The signature of climate variability at Fucino Basin

Atmospheric processes are a possible explanation for the observed
LIG variability in the North Atlantic and Europe. Modern day observa-
tions and modelling studies have revealed decadal to centennial changes
in the North Atlantic subpolar gyre, SST and regional climate in response
to an altering strength of the westerly winds associated with the North
Atlantic Oscillation (Visbeck et al., 2001; Lohmann et al., 2009).
Modelled simulations of the past millennium have additionally
demonstrated the role of atmospheric forcing in sea-ice expansion
(Drijfhout et al., 2013) and subpolar gyre weakening (Kleppin et al.,
2015), with a concomitant shutdown of deep-water formation in the
Labrador Sea and centennial-scale AMOC weakening. Alternatively,
freshwater input is another potential trigger for AMOC weakening and
North Atlantic cooling through increased ocean stratification (Tzedakis
et al., 2018). Marine records south of Greenland provide evidence of
southern Greenland Ice Sheet retreat and runoff during the LIG (Colville
et al., 2011; Hatfield et al., 2016) and document instances of
freshwater-induced (Nicholl et al., 2012) reductions in deep-water for-
mation (Galaasen et al., 2014).

Although uncertainties persist regarding the origin and development
of abrupt climate variability, the reorganisation of oceanic and atmo-
spheric circulation is key in understanding the close coupling between
the North Atlantic and the Mediterranean (Allen et al., 1999; Asioli
et al., 1999; Cacho et al., 2001; Rohling et al., 2002; Martrat et al.,
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2004). North Atlantic cold events have been attributed to a reduction in
NADW formation, reduced SSTs and a southward movement of the polar
front (Mayewski et al., 1997; Irvali et al., 2012; Mokeddem et al., 2014).

Despite the high-resolution nature of the Fucino pollen stratigraphy,
some abrupt climatic events registered in Greenland, North Atlantic and
Mediterranean speleothem records are not captured. For example, no
analogous contraction in temperate vegetation occurs during HS11.1,
HS11.2, C27a or C27b. One possible explanation is the complexity of
ecosystem response to the different external drivers and rates of change
associated with each individual abrupt climatic event, which may enact
positive or negative feedback loops. Events characterised by a large
amplitude of climate change, such as C24, are readily detectable at
Fucino and synchronous in vegetation records across Europe (De
Beaulieu and Reille, 1984, 1992; Follieri et al., 1989; Watts et al., 1996;
Magri and Sadori, 1999; Tzedakis et al., 2003; Brauer et al., 2007; Allen
and Huntley, 2009; Milner et al., 2016; Sinopoli et al., 2018; Kern et al.,
2022). In these instances, vegetation is responding to an overriding,
large-scale abrupt climatic forcing. Vegetation responses to
smaller-magnitude events characterised by strong, temporary climate
extremes overlaying long-term trends are less consistent. In these cases,
site-specific factors including soil moisture availability, physiography,
vegetation competition and disturbance may govern internal thresholds
in ecological systems producing heterogeneous local changes to a
regional climate forcing (Seddon et al., 2015). An ecosystem may thus
exhibit stasis under external pressures until a threshold is crossed
resulting in an abrupt biotically mediated response (Scheffer et al.,
2001; Scheffer and Carpenter, 2003; Folke et al., 2004; Dearing, 2008).
In addition, a diversity of microclimates exists within Fucino’s large
pollen source area and mountainous catchment. Therefore, only climatic
stresses of sufficient magnitude would alter vegetation community
abundance enough to counteract species range shifts within the rich
extent of habitats available (Lawson et al., 2004). Furthermore, the
signature of some abrupt events, such as C24 and GI-25b, appears
stronger in some Mediterranean long pollen sequences than others. For
example, Tenaghi Philippon and LGdM document a more rapid and
substantial forest community collapse than Fucino Basin and Lake Ohrid
(Brauer et al., 2007; Allen and Huntley, 2009; Milner et al., 2013, 2016).
These differences could be explained by variations in moisture avail-
ability with precipitation thresholds crossed more readily at Tenaghi
Philippon and LGdM prompting a rapid shift to steppe environments,
whereas the more humid intermontane locations of Fucino Basin and
Lake Ohrid offer a glacial refugium for trees (Koutsodendris et al.,
2023).

6. Conclusion

This research has generated a new high-resolution multiproxy record
of environmental changes during the late Penultimate Glacial to early
Last Glacial at Fucino Basin, central Italy anchored to an independent
time-scale, based on high-precision “°Ar/3°Ar geochronology, with an
uncertainty ranging from +1.0 ka to 2.2 ka (20). It reveals substantial
terrestrial and aquatic floristic community turnover in response to
changing environmental conditions at Fucino. Comparisons against
southern European pollen records reveal regional similarities and a close
alignment in glacial-interglacial vegetation succession, but also under-
line unique site-specific features with respect to vegetative composition,
such as the high abundance of Fagus throughout the LIG, and the
magnitude and timing of climate change responses. A strong hydrolog-
ical seasonal contrast occurred during the early LIG NH summer inso-
lation maximum (~129-127 ka) with enhanced winter precipitation
counteracting high summer aridity. The interval was characterised by
more positive 580, values (compared to the Corchia Cave stalagmite
580 record), increased Mediterranean taxa abundance and elevated fire
activity. The extreme warmth documented in central Italy during the
early LIG appears analogous to future projections of enhanced intensity
and frequency of drought and heat stress in the Mediterranean
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(MedECC, 2020; Lionello et al., 2023). The multiproxy record also
documents successive centennial-to millennial-scale climatic events
superimposed on glacial-interglacial changes, indicating pronounced
changes in temperature and moisture availability. The signature of these
abrupt events is documented in palaeoclimatic records from across the
North Atlantic realm in which intervals of lowered SSTs in the North
Atlantic and Mediterranean Sea are paralleled by reduced forest cover at
Fucino. The detection of high-frequency variability at Fucino provides
support for a linked North Atlantic and Mediterranean climate regime
with North Atlantic cold water mass expansions translating into south-
ern European aridity through atmospheric teleconnections.
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