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ARTICLE INFO ABSTRACT

Editor: H. Falcon-Lang 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 un-
derstanding of T-V in this region. This record reveals a substantial transition between MIS 12 and MIS 11c at
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MIS 12
Termination V 424.5 + 4.0 ka, from a very cold and dry environment indicated by the herbaceous and xerophytic association of
MIS 11c Poaceae, Artemisia, Amaranthaceae, Ephedra, and Hippophae, and sedimentation dominated by inorganic silici-

clastic 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.

Climate change
Mid-Brunhes Event

One notably long interglacial was MIS 11c (~426-396 ka) (Tzedakis
et al., 2022), which spanned two precessional cycles and was marked by

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 cli-
matic 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).

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).
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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) sug-
gested that the weak forcing led to a slow deglaciation that continued
well into MIS 1lc, 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 paleocli-
matic 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”.

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. In addition, due to the prox-
imity of the studied Mediterranean pollen sites (e.g., in Balkan Penin-
sula, 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 tree-
less 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), 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 continu-
ously span back to 2 Ma (Giaccio et al., 2015). The hitherto well
investigated uppermost interval contains the richest and most contin-
uous Mediterranean succession of well-documented and radioisotopi-
cally 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 envi-
ronmental change and climatic fluctuations that occurred during the
MBE.

2. Study site: geology, climate, and vegetation

The Fucino Basin (42° 00’ N; 13° 30’ E) is situated approximately at
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650 m a.s.l. within the Central Apennine Chain (Abruzzo) and is boun-
ded 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). 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 seg-
ments 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 agri-
cultural purposes (Giaccio et al., 2017),. The interaction between the
lake and the differential movements along the FFS controlled the sedi-
mentary infilling of the basin. This resulted 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
—5to —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, charac-
terised by a complex mosaic of vegetation zones (Fig. S1) 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 po-
tential 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 hy-
drophytic 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). 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
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Fig. 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. ¢) 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. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



P. Vera-Polo et al.

conditions, with Acer pseudoplatanus, Ulmus glabra, Tilia platyphyllos and
Fraxinus excelsior. The mountain bioclimatic vegetation belt is domi-
nated 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). Small forest patches of Betula pen-
dula, 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 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 moun-
tainous conditions (Blasi et al., 2010; Blasi et al., 2017) (Fig. S1).

3. Materials and methods
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; Giaccio et al., 2019) with a 1.5-m-long core barrel
and 0.75 m overlap between succeeding runs in both holes to continu-
ously 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
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hole, without the possibility of establishing a direct correlation with the
F4 core (Fig. 2).

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 investi-
gated 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 sta-
tistical 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/3°Ar method (Monaco et al.,
2021) (Fig. 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 4 3.2 ka) towards the bottom of the
sediment succession. However, a distinct lithological change, clearly
documented by the XRF Ca data (Fig. S2; 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 11c interglacial sedimenta-
tion 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 uncertainty of 3.5 ka to 5.0 ka, which
also accounts for the range of variability of sedimentation rate (Fig. 2).
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et al., 2021; see text for details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



P. Vera-Polo et al.

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.

3.3. XRF

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 s 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 in-
formation obtained from the high-resolution line-scan imaging and XRF
data were used to correlate the individual overlapping core segments
from F4 and F5 sites (see Giaccio et al., 2019 for details).

To gain more information about the past environmental and sedi-
mentary 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 Roth-
well, 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 car-
bonate precipitation, or, to a minor extent, of biogenic shell calcifi-
cation 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 CO5 from
warmer water temperatures or photosynthesis (Freytet and Verrec-
chia, 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 re-
cord 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. S2). The PCA al-
lows for the identification of variables (components) that capture the
majority of variance within multivariate data (Hammer et al., 2001).

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 &0 for the paleoclimatic
interpretations.
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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. 2) was taken into consider-
ation when selecting samples for this study. The sampling strategy
involved three distinct intervals: 4-cm intervals (the bottommost 44 c¢cm),
2-cm intervals (the overlying 28 cm), and 1-cm intervals (the uppermost
35 cm), excluding 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. Conse-
quently, 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
(HCl, 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 pm
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 and
97.27 m composite depth; Fig. 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 Cil-
leros, 2020).

Pollen grains identified as cf. Juniperus (Fig. 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. 3). This software was used to compute the concen-
tration of pollen grains in samples (Fig. 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 Paly-
nomorph (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. 4).

According to former studies (e.g. Joannin et al., 2011; Bertini et al.,
2015; Camuera et al., 2019) and to PCA results (Fig. 4), pollen grains
were grouped into ecologically-significant specific vegetation categories
such as xerophyte/steppe taxa (Artemisia, Amaranthaceae, Ephedra,
Hippophae), 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, Pistacia, Phillyrea, Pterocarya, Quercus total, Salix,
Tilia, Ulmus, Zelkova) (Figs. 3 and 5). Due to their low abundance, the
correlation analysis, and according to PCA results (Fig. 4a), the Medi-
terranean/sclerophyllous taxa (Cistaceae, Fraxinus, Olea, Pistacia, Phil-
lyrea and Quercus evergreen) were included in the group of mesothermic
taxa (Fig. 5). The aquatic plants were excluded from the total sum of
pollen. These categories have been shown to be successful as trust-
worthy climatic proxy indicators in the Mediterranean region
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Fig. 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 lo

wermost 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 indicate 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 x5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Altolaguirre et al., 2020).

3.6. Quantitative paleoclimatic reconstruction

A paleoclimatic quantitative reconstruction (mean annual precipi-
tation 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. 6, S3, S4 and S5). 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 abun-
dances in different climate niches and that niche breadth drives the
species environmental tolerance (Chevalier et al., 2020). To reduce
noise, the square-root species transformation was applied to the pollen
training set for the pollen-based transfer function. For the construction
of WA-PLS regressions, a total of five components were run, however, we
used the second component (2C) WA-PLS model under the 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,
resulting in a drop of the model predictive value (Camuera et al., 2022;
Ter Braak and Juggins, 1993). After this analysis, the results of the co-
efficient of determination (R%) were obtained, which determines the
reliability of each of the reconstructions (Fig. S3). The closer this value is
to 1, the more reliable it is (Ter Braak and Juggins, 1993). One difference
between the quantitative WA-PLS and the 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 envi-
ronmental parameters (Ter Braak and Juggins, 1993).

We also estimated the relative lake-level changes (Fig. 7) taking the
formula used in Camuera et al. (2019): Algae total/(Algae total +
Aquatic plants + Poaceae). However, this “lake level” qualitative esti-
mation, 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 deter-
mine the correlation between the reconstructions and the pollen data by
an univariate correlation analysis, resulting in two statistical values for



P. Vera-Polo et al.

g E
<2 25
a Ulmus "“’I g
- Quercus deciduous Af’&
104 |
ﬁ Acy m/
I
R [ L
1 Bl | /oS i
i }“ /
wegcys evergreen
PC1 gy otamogeton f,(,(g%/s Carpinus orientalis / Ostrya
¥ Pinus __— OleaZ| . Carpinus betulus A
Dry o [P Asteroida % yperaceae 10 20 Humid
" Cupressaceag/
A1/ Amaranthaceae,
% 5
3 Artemls(,a/
v -10
W kel -
v, 8 Abies
Poaceae 15 Pediastrum
N
N Ol 8
b oo
5 o
Algae (indet) pCA
Low Spores T 5 High
Productivity H — Productivity
5|5 —
604 = —
504 C *n Botryococcus
0]
30/
20

Humid

(67.61%) Pollen PC1
+ (81.92%)
R EEEEE]
Pollen PC2
(8.85%)

NPP PC1
Productivity

Lake depth

RS I S S
NPP PC2
(27.84%)

3

Age (ka)
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and PC2 with its paleoclimatic interpretation. (b) NPP scatter biplot using the
NPP-PC1 and NPP-PC2 with its interpretation. (c) Pollen PC1 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. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

each pollen and reconstruction, the correlation value (R; a value be-
tween 1 and — 1 representing a positive or an inverse correlation be-
tween 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 value of R
shown in this study has statistical significance. This software was used
also for smoothing the reconstructed precipitation and temperature
signals (Fig. 6) by LOESS modelling with a value of 0.2.

Palaeogeography, Palaeoclimatology, Palaeoecology 655 (2024) 112486

4. Results
4.1. Geochemistry

The XRF analysis provided 462 data points showing substantial
changes at the T-V (Fig. S2). 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. S2). The Log(Si/Ti) follows
the same pattern as the Log(Ca/Ti) but the fluctuations have a higher
amplitude (Fig. 7).
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. S2) 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. 7).

2

—

The PCA separated the XRF data into two groups. Positive PCA values
correspond to Ca and negative values to siliciclastics (Fig. S2). 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. 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 8'%0, with more negative values until ~425 ka and less
negative but fluctuating values after the transition (Fig. 7).

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 ~168,000 pollen grains/g as average
concentration value) (Fig. 3a).

Herbs such as Poaceae, Artemisia, Amaranthaceae, and Asteraceae
(mainly Asteroideae) dominated the terrestrial landscape during MIS 12
(Fig. 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, pri-
marily 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. 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 Abies,
and the negative ones corresponds to herbaceous taxa, Pinus and
aquatics (Fig. 4a). Positive values of pollen PC1 mostly occurred after
~425 ka (Fig. 4c). The negative pollen PC2 group included herbaceous
taxa and Abies. Positive pollen PC2 groups the deciduous forest (Fig. 4a).
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Most of the values for PC2 were negative, but positive values showed a
distinct maximum between ~425 and ~ 422 ka (Fig. 4d).

In addition, a PCA was performed on the NPPs. The NPP-PC1 rep-
resents 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. 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. 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. 3 and 5).

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 %). De-
ciduous 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.

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 meso-
thermic taxa colonised the area. There was also an increase in altitudinal
taxa, mainly dominated by Abies (3.8-10.5 %). The tree forest, domi-
nated 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 vegeta-
tion. The highest spore concentration occurred in this zone (0.6-6.7 %).

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 %), fol-
lowed 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 de-
ciduous 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. 3). We cannot exclude the pos-
sibility of reworked pollen for these zones.

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 in-
crease 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) ac-
cording to Allen et al. (2000) and to the Fucino terrestrial pollen CONISS
results.

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, main-
taining constant values through time (~8-10 %).
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Algae were very abundant with Botryococcus peaking slightly later
than Pediastrum.

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 Abies (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.

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.

4.3. Temperature and precipitation reconstructions

The mean annual precipitation and temperature reconstructions,
with coefficients of determination (RZ) of 0.51 and 0.81, respectively,

were obtained with the WA-PLS method (Fig. S3). The annual precipi-
tation 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. 6). The same patterns are observed through time with
pollen PC1 (interpreted as a variation in humidity; Fig. 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-prs = 0.91), and Alnus (Rpca = 0.74;
Rwa-pLs = 0.71), Carpinus (Rpca = 0.87; Rwa-pLs = 0.80) and Corylus
(Rpca = 0.67; Rwa-pLs = 0.74) association and inversely correlated with
the steppe taxa (Rpcp = -0.89; Rya.prs = -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 11c (Fig. 6).
Regarding the WA-PLS temperature reconstruction, it exhibits a positive
correlation with groups such as Alnus (Rwa.prs = 0.59), Corylus (Rwa.pLs
= 0.66), Celtis (RWA-PLS = 0.63), and Ulmus (RWA-PLS = 0.46), and a
negative correlation with steppe (Rwa.prs = -0.59) and herbaceous
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groups. Moreover, the low concentration of pollen during MIS 12
(~429-425 ka; Fig. 3a) hampers reliable quantitative reconstruction.
After the onset of the interglacial period, WA-PLS reconstructed tem-
peratures 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. 6).

10

5. Discussion: climate and lake level reconstruction in the
Fucino area

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
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interglacial. At present, the Fucino basin (with an altitude of 650-680 m
a.s.l.) islocated 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 sub-
jected 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. 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 dis-
entangling temperature from precipitation signals can be challenging for
certain species (Fig. S4). 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, Hippophae, 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 vari-
ations similar to xerophytes (Figs. 7 and S2). 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. 6 and
7).

The abundance of algae (Botryococcus, Pediastrum, Spirogyra, Zyg-
nema) is conditioned by lake level and shore surface area (Jiménez-
Moreno et al., 2023), providing information about lake depth, avail-
ability of nutrients in the lake, and productivity. Pediastrum is a colonial
green alga that indicates, for example, deeper lake water conditions
(Fig. 4b and f; Nielsen and Sgrensen, 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 growing
in shallower water but is also affected by nutrient conditions (Fig. 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. 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 pro-
ductivity 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.

5.2. MIS 12 glaciation, T-V and beginning of MIS 11c (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
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vegetation was dominated by xerophytic and herbaceous taxa and Pinus,
indicating cold and dry climate conditions, as confirmed by the steppic
taxa association (Figs. 4a and 5). The mean temperature value recon-
structed for this period in Fucino Basin was less than 10 °C with a mean
annual precipitation between 600 and 700 mm (Fig. 6). The Fucino
estimated temperature and precipitation values show similar trends
compared to Lake Ohrid mean annual temperature and precipitation
(Kousis et al., 2018) and Tenaghi Philippon mean annual air tempera-
ture (Ardenghi et al., 2019), being the Lake Ohrid the coldest recon-
struction because of its slightly higher altitude and continentality
(Fig. 9).

Throughout the glacial period, the lake level and lake productivity
were at a minimum (Fig. 7). Low Log(Zr/K) and siliciclastic elements
during this period (Figs. 7 and S2) indicate restricted erosion of fine-
grained materials and inflow into the lake, which matches with high
abundances of steppic taxa and implies moderate to low precipitation.

The transition from MIS 12 to MIS 11c, involved an increase in global
temperatures as summer insolation levels raised (Laskar et 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. 8 and 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. 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)
(Fig. 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. 6 and S2). This is interpreted from the composition of the vege-
tation, mainly composed of deciduous taxa, with greater needs for
water. Therefore, this record confirms the importance of relative hu-
midity (precipitation versus evapotranspiration) in shaping the vegeta-
tion 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. S4). These cold conditions may have
influenced the relationship between evapotranspiration and precipita-
tion, favouring the increase in humidity. The Log(Zr/K) value increases
during this time as well as those “warm” pollen occurrences in the re-
cord, indicating an increase in erosion (Fig. 7), which agrees with the
high precipitation values estimated from the quantitative reconstruction
(Figs. 6 and 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 condi-
tions during the end of T-V (Fig. 5). Analysing the variation of xero-
phytic 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.,
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Fig. 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, 2020), and (e) Tenaghi Philippon (Koutsodendris et al., 2023a, 2023b). Dark-green:
Abies population; Green: altitudinal taxa; 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). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

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. 9). The Ht are associated with SST
cooling and reduction in Atlantic Meridional Overturning Circulation
(AMOCQ), 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 gla-
cial-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. 3 and 5) for the Fucino pollen record.

After the T-V there was an initial succession when the steppe per-
centage began to decrease, a peak of mesothermic taxa was reached at
425.0 + 4.5 ka, followed by a peak of altitudinal taxa (primarily Abies;
Fig. 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 vege-
tation increasing and reaching a peak related to the increase and max-
ima in summer insolation (Fig. 7), the xerophytes then reached their
minimum, and finally, the mesothermic vegetation was 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 (Figs. 4d and 6c¢). The increase in the Log(Zr/K) indicates
sedimentation of coarser material, which means a higher transport en-
ergy, 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. 4e and 7).

During this climatic transition, the mesothermic taxa occurring at
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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. 4a) (Denk et al., 2001). A similar substitution of the decid-
uous 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. 8). The quantitative re-
constructions 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 Phil-
ippon 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 re-
cords 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. 9).

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°Cto ~17 °C (Fig. 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. 6). Estimated temperatures in
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Lake Ohrid (Kousis et al., 2018) increased from ~1.5 °C to a 10 °C at
around 423 ka (Fig. 9), showing a more drastic change in temperatures
during this time. The temperatures reconstructed from Tenaghi Philip-
pon (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 re-
constructions. Precipitation during MIS 11c in Fucino Basin increased
gradually reaching annual values near 1200 mm at around 421.0 + 4.2
ka (Fig. 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 mountains drainage basins (Regattieri et al.,
2016). The records form Fucino Basin and Lake Ohrid also indicate
similar estimated precipitation patterns (Fig. 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 vegeta-
tion response to the external climatic parameters, the summer insolation
through time (Fig. 7) and can also be observed at Lake Ohrid (Fig. 8).
Abies populations are in general restricted to moist mountainous
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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
etal., 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
etal., 2017). This means that Abies constituted the main forest species up
to high altitudes in Fucino Basin during the MIS 11c interglacial. Pre-
vious 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; Kozakova 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. 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
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Mediterranean area was more influenced by the balance of precipitation
and evapotranspiration, with high precipitation values at that time
(Figs. 8 and 9).

6. Conclusions

The palynological record from the Fucino F4-F5 sediment core in-
terval, independently dated between 429.0 + 5.0 ka to 418.5 + 3.6 ka,
permitted us to reconstruct vegetation and environmental 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 11c 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 11c 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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