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ABSTRACT

Italy’s Holocene climate can be characterised by a latitudinal division with a climatic contrast between the
northern and southern regions, notably characterised by a stronger winter-summer precipitation seasonality in
southern regions. The latitudinal boundary is located between latitudes 40° and 43°N, creating a climatic tran-
sition zone. However, the mechanisms underpinning this hydro-climatic partition remain poorly understood,
due in part to a scarcity of precisely dated, high-resolution records at key latitudes. Lago Grande di Monticchio
(~ 41°N) lies within this critical transitional band and presents a valuable opportunity to refine the latitudinal
boundary location. Lago Grande di Monticchio is one of southern Italy’s most comprehensively studied
sediment archives, stretching back to the last interglacial. In this study, we employ a novel, high-resolution
sediment core from Monticchio, applying a multi-proxy methodology that combines branched glycerol dialkyl
glycerol tetraether (brGDGT) and pollen data to reconstruct seasonal temperature and precipitation changes
during the Holocene. Results confirm that temperature reconstructions derived from brGDGT and pollen records
are particularly consistent for most of the signal. Comparison with other palaeoclimate records and proxies
in Italy allowed us to place Lago Grande di Monticchio’s climate signal within southern climate regimes
(i.e., summer cooling and aridity in contrast to wetter and warmer winters), corresponding to a stronger
"Mediterraneanization" process throughout the Holocene. Multi-proxy comparison indicates that the most
marked contrast during summer likely lies near the upper bound of 41°-43°N. Persistent inconsistencies in the
transition zone suggest added climatic complexity around ~ 43°N, involving ocean-atmospheric teleconnections
and local topography. We advocate further high-resolution, multi-proxy palaeoenvironmental studies in this
transitional latitude band to refine understanding of the north-south hydro-climatic boundary across Italy in
the Holocene.
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1. Introduction

The geography of the Mediterranean Basin is unique and com-
plex, characterised by sharp land-sea contrasts and enclosing mountain
ranges. Its particular topography and location at the interface be-
tween tropical and north Atlantic atmospheric circulations subject the
Mediterranean region to significant climatic gradients, associated with
marked seasonality affecting temperatures and rainfall (Lionello et al.,
2012). The climate of the Italian peninsula is primarily controlled
by large-scale atmospheric circulation, particularly the mid-latitude
westerlies and associated storm tracks, which govern most precipita-
tion variability (Lionello et al., 2006). Winter rainfall dominates and
is strongly modulated by storm-track position (Gaetani et al., 2011)
and the North Atlantic Oscillation (NAO; Hurrell et al., 2003; Brandi-
marte et al., 2011): positive NAO phases shift westerlies poleward,
reducing Mediterranean precipitation, while negative phases enhance
cyclone activity over Italy. In summer, the westerlies weaken and mi-
grate northward, allowing subtropical anticyclones and the descending
branch of the Hadley cell to dominate, producing hot and dry condi-
tions typical of Mediterranean climates (Lehmann and Coumou, 2015;
Fratianni and Acquaotta, 2017). Recent studies showed a poleward
expansion of the Hadley cell (Xian et al., 2021; Seo et al., 2023),
resulting in the increased persistence of summer heat and drought in
the Mediterranean. In addition, variability in the Atlantic Meridional
Overturning Circulation (AMOC) indirectly affects Italian climate by
modifying North Atlantic sea surface temperatures and atmospheric
pressure gradients (Jacob et al., 2005; Bellomo et al., 2023), influencing
storm tracks and subtropical circulation over southern Europe (Jackson
et al., 2015; Li and Liu, 2025). According to Earth System Models sim-
ulations, the Mediterranean region is expected to experience a notable
decrease in annual precipitation and localised flooding over the next
few decades, accompanied by an increase in temperature (Giorgi and
Lionello, 2008; Dubrovsky et al., 2014; Guiot and Cramer, 2016; Tram-
blay et al., 2020; IPCC, 2023), significantly impacting human societies,
biodiversity, land ecosystems, and water supplies. This underscores
the need for a better understanding of the past, present and future
climate dynamics and environmental responses in the Mediterranean
region (e.g., Magny et al., 2013; Peyron et al., 2017; Di Rita et al.,
2018b; Zielhofer et al., 2019).

Climate variability in the Mediterranean region during the Holocene
(beginning 11,700 years ago) is documented through the use of various
proxies, such as pollen data (e.g., Davis et al., 2003; Mauri et al., 2015;
Peyron et al., 2017; Cruz-Silva et al., 2023; Liu et al., 2023), isotopic
measurements from speleothems (e.g., Drysdale et al., 2006; Regattieri
et al., 2014; Columbu et al., 2022), chironomids (Samartin et al., 2017),
molecular biomarkers (Marriner et al., 2022; Rodrigo-Gamiz et al.,
2022; Robles et al., 2023) or lake levels data (Magny et al., 2007,
2013). These studies revealed distinct spatio-temporal climate pat-
terns across the central Mediterranean region, encompassing Southern
France and Italy, marked by strong latitudinal contrasts. Particularly,
a north-south climate division was recognised in Italy throughout
the Holocene, with a latitudinal transition zone estimated between
latitudes 40° and 43°N (Vanniére et al.,, 2011; Peyron et al., 2011,
2013; Di Rita et al., 2018a; Robles et al., 2023; d’Oliveira et al., 2025).
During the Early and Mid-Holocene, northern Italy experienced low
summer precipitation, whereas southern regions exhibited an opposite
pattern with higher moisture availability (d’Oliveira et al., 2025). This
climatic gradient reversed during the mid-to-late Holocene, resulting in
enhanced precipitation in the north and drier conditions in the south.
The underlying mechanisms driving this north-south hydro-climatic
pattern over the Italian Peninsula remain poorly understood (Magny
et al., 2012, 2013; Peyron et al., 2013). Moreover, the scarcity of high-
resolution and robustly dated palaeoclimatic records from sites located
between 40° and 43°N makes it difficult to resolve these shifts at a finer
spatial and temporal scale.
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The Lago Grande di Monticchio (~ 41°N, 15°E, 650 m a.s.l.), a
maar lake located at the top of the Mount Vulture volcanic complex
at 656 m a.s.l., offers a valuable opportunity to investigate the north—
south hydro-climate division, as it falls within the critical 40-43°N
latitudinal band. The Lago Grande di Monticchio stands out as one of
the most thoroughly studied sedimentary records in southern Europe,
providing insight into the last climate cycle (Brauer et al., 2007;
Waulf et al., 2008; Allen and Huntley, 2018). Its relative proximity to
southern Italian Holocene active volcanoes led to the deposition of
tephra layers in the record (e.g., Wulf et al., 2008), which constitutes
a powerful tool to independently constrain the archive chronological
framework using tephrochronology (major- and trace-element anal-
yses of glass shards, direct/transferred radio-isotopic dating). More-
over, the lake is characterised by a rapid and continuous sedimen-
tation rate, a clear stratigraphic layout and the possibility to trans-
fer the dating results obtained for the same eruptive phase and es-
tablish a high-resolution age model based on the previously men-
tioned tephrochronological data combined with varve counting, guar-
anteeing a continuous fossil record dating back to the beginning of
the last interglacial period (130,000 years ago). The earliest study,
conducted by Watts (1985), focused on the lake palaeovegetation of
the Last Glacial period, giving a preliminary understanding of the
palaeoenvironmental history of Lago Grande di Monticchio. Subse-
quently, later studies developed the initial work of Watts (1985), fo-
cusing on geochemistry (Turton, 1993; Robinson, 1994; Narcisi, 1996),
palaeomagnetism (Turton, 1993; Creer and Morris, 1996), sedimen-
tology (Zolitschka and Negendank, 1993; Zolitschka, 1996; Narcisi,
1996; Brauer et al., 2000, 2007), tephrochronology and tephrostratig-
raphy (Newton and Dugmore, 1993; Wulf et al., 2004, 2006, 2008,
2012) and palynology (Huntley et al., 1996; Watts et al., 1996a,b;
Allen et al., 1999; Huntley et al., 1999; Nimmergut et al., 1999;
Watts et al., 2000; Allen et al., 2000, 2002; Brauer et al., 2007;
Allen and Huntley, 2009, 2018). The palaeoclimatology of the region,
mainly approached through palynology, has been the subject of several
studies (Watts, 1985; Watts et al., 1996a,b; Zolitschka, 1996; Allen
et al., 1999; Huntley et al., 1999; Allen et al., 2002), that underlay
a complex relationship between southern Italian vegetation, North
Atlantic atmospheric mechanisms and human exploitation throughout
the Holocene. The relative importance of natural climate change and
human activity as mechanisms driving vegetation change in Monticchio
remains an open question (Allen et al., 2002), underlying the necessity
of a multi-proxy palaeoclimate reconstruction approach.

Pollen is one of the most frequently used proxies to reconstruct past
climate changes because, in addition to its excellent spatial coverage
and preservation in sediments, the relationship between vegetation and
regional climate is well known, making pollen-based palaeoclimate re-
constructions robust (Chevalier et al., 2020). At Lago Grande di Montic-
chio, the first quantitative palaeoclimate reconstructions were obtained
by Allen et al. (2002) and Allen and Huntley (2009); revealing abrupt
environmental and climatic changes over the past 125,000 years. Other
studies focused on key periods such as the Holocene (Allen et al., 2002;
Allen and Huntley, 2009), the Eemian (Brewer et al., 2008) or the Late
Glacial (Huntley et al.,, 1996) to investigate palaeoenvironment and
palaeoclimate using pollen data. So far, pollen and diatoms have been
the only proxies used to provide quantitative reconstructions of the
Lago Grande di Monticchio palaeoclimate (Allen et al., 2002; Brewer
et al., 2008; Allen and Huntley, 2009).

In addition to pollen data, the use of other proxies (e.g., isotopes,
lake-levels and speleothems) has revealed the complex spatio-temporal
patterns of Holocene climate change in this region (e.g., Peyron et al.,
2011; Roberts et al., 2011; Bini et al., 2019). Combining independent
proxies is essential for achieving more reliable climate reconstructions
and understanding palaeoclimate changes (Camuera et al., 2023).

Lipid biomarkers such as branched glycerol dialkyl glycerol tetra-
ether lipids (brGDGTSs) are increasingly being used to reconstruct past
temperature changes, in single-proxy studies (e.g., Ardenghi et al,,
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2019; Rodrigo-Gamiz et al., 2022; Otiniano et al., 2024; Zander et al.,
2024) but also in multi-proxy approaches, combined with pollen data
(e.g., Martin et al., 2020; Dugerdil et al., 2021; Robles et al., 2022,
2023; d’Oliveira et al., 2023). These lipids, produced by bacteria, are
found in both marine and terrestrial domains (e.g., Schouten et al.,
2013; Zheng et al., 2015, 2018), and in a wide variety of terrestrial
environments (e.g., lakes, soils and peats; Schouten et al., 2013). Over
the last two decades, numerous studies demonstrated a relationship
between environmental conditions (e.g., temperature and pH) and the
structures of lipids synthesised by organisms (Weijers et al., 2004).
Initially, Weijers et al. (2007) highlighted the relationships between
temperature and Methylation of Branched Tetraethers (MBT) as well as
between pH and Cyclisation of Branched Tetraethers (CBT). Later, after
analytical improvements that made it possible to separate the co-eluting
5- and 6-methyl brGDGTs, De Jonge et al. (2014) updated the initial
MBT and CBT to better temperature- and pH-correlated MBT’sy;. and
CBT’ index, respectively. As a result, several calibrations were proposed
to quantify palaeotemperature from various sample types: soils (Peterse
et al, 2012; De Jonge et al.,, 2014; Naafs et al., 2017a; Dearing
Crampton-Flood et al., 2020), lake sediments (Russell et al., 2018;
Martinez-Sosa et al., 2021; Raberg et al., 2021; Zhao et al., 2023), and
peat (Naafs et al., 2017b). Following these analytical improvements,
the presence of potential non-thermal influences on the distribution
of 6-methyl brGDGTs in MBT’sy,,, associated with the salinity (e.g.,
Raberg et al., 2021; Wang et al., 2021) and pH of lakes (e.g., Tierney
et al., 2010; Dang et al., 2016) was highlighted, suggesting the pos-
sibility of biased temperature reconstructions based on MBT’s5y.. The
distribution of 6-methyl brGDGTs corresponds to the ratio of 5-methyl
brGDGTs to 6-methyl brGDGTs (IR ); the higher the ratio, the more
abundant the 6-methyl isomers are compared to 5-methyl brGDGTs.
Previous studies have shown that the reliability of temperature recon-
structions based on MBT’sy,. decreases when the IRy, ratio is greater
than 0.5 (Bauersachs et al., 2024) and that the correlation between
MBT’s,;. and months above freezing air temperature increases when
IR4\e Values are less than 0.4 (Novak et al., 2025). They highlighted
the importance of the distribution of brGDGT compounds on MBT’sy,,
and, therefore, the importance of taking brGDGT isomerisation into
account when using them in palaeotemperature reconstructions. The
isomerisation of brGDGTs IRgy;. was shown to be related to multiple
environmental factors such as pH, salinity, O,, sources and lake depth
level (De Jonge et al., 2014; Ding et al., 2015; Yang et al., 2015; Naafs
et al., 2017a; Dearing Crampton-Flood et al., 2020; Bauersachs et al.,
2024; Baxter et al., 2024; Novak et al., 2025).

Other confounding factors, which could skew temperature recon-
structions due to their impact on the compounds used to calculate the
MBT’s,,, have been identified. More specifically, in lacustrine envi-
ronments, redox conditions (oxic vs. anoxic) at the surface and/or in
the water column have an impact on the distribution and composition
of bacterial communities, thereby affecting the MBT’5y,, index used in
most calibrations (Raberg et al., 2025; Baxter et al., 2024; Harning
et al., 2025). The isoGDGT-0 to Crenarchaeol ratio has been developed
as a proxy for the presence of archaeal methanogens (Blaga et al.,
2009), as crenarchaeol is biosynthesised by ammonia-oxidising ar-
chaea, while methanogenic archaea can biosynthesise isoGDGT-0. The
higher the ratio, the more reducing (anoxic) the conditions. Overall,
previous studies have demonstrated that brGDGT-based palaeotemper-
ature reconstructions in lakes are more reliable when no reducing
conditions are present (Weber et al., 2018; Baxter et al., 2024; Colcord
et al., 2015; van Bree et al., 2020; Harning et al., 2025).

In addition, the establishment and development of Mediterranean
vegetation has also been shaped by a long history of fires and land
use under varying climatic conditions (Carcaillet et al., 2007; Leys
et al., 2013; Lestienne et al., 2020). Several studies have shown that
fire regimes do not have a linear relationship with climatic variations,
and that an increase in human populations, along with changes in
livestock and agricultural practices (Tinner et al., 2006; Vanniere et al.,

Quaternary Science Reviews 380 (2026) 109873

2008), can drastically increase the risk of fires (Carcaillet et al., 2002).
Pollen data can therefore be combined with charcoal analysis to doc-
ument the interactions between fire activity, human occupation and
climate.

In this study, we aim to investigate the climate changes of the lati-
tudinal band between 40-43°N at an intermediate elevation (~ 650 m
a.s.l.) in Italy during the Holocene using a new sedimentary sequence
taken from Lago Grande di Monticchio. We aim to provide robust
estimates of the Late Glacial and Holocene temperature trends and
patterns by a combination of two independent proxies: brGDGTs and
pollen data. Several calibrations will be applied to the brGDGTs data,
and several methods will be applied to the pollen data to improve the
accuracy of our reconstructions. The signals from the different methods
and calibrations will be combined to produce a single, robust climate
signal for each parameter at Lago Grande di Monticchio. This multi-
proxy and multi-method approach allowed us to assess the reliability of
our temperature reconstruction. Pollen data will also be used to recon-
struct the precipitation changes, particularly the summer precipitation,
to better investigate the north-south pattern previously evidenced by
lake levels and other proxies. Additionally, we compare our findings
with charcoal analysed on the same core to document the Holocene
fire activity. Our results will also be compared to other proxies like
speleothems, chironomids, alkenones, and sedimentological markers to
better understand seasonal dynamics across the Italian peninsula from
the Early to the Late Holocene. Finally, we used our palaeoclimate
reconstruction at Lago Grande di Monticchio and its comparison with
other proxies and records to better understand the climate-forcing
mechanisms (e.g., North Atlantic Oscillation, Intertropical Convergence
Zone) involved in the latitudinal climate division in Italy during the
Holocene.

2. Material and methods
2.1. Study area

Laghi di Monticchio are two maar lakes located west of Mount
Vulture, near Melfi in the Basilicata region, southern Italy (Fig. 1a).
Mount Vulture is a Quaternary volcano that last erupted approximately
130,000 years ago (Bonadonna et al., 1993; Villa and Buettner, 2009)
and is the only volcano along the eastern margin of the Apennines
mountain range. In comparison, about 100 km to the west, near Naples,
there is a notable concentration of late Quaternary and contemporary
volcanic activity (e.g., Somma-Vesuvius, Ischia, and Phlegraean Fields;
Watts et al., 1996b; Di Vito et al., 1999; Cioni et al., 2008; Wulf et al.,
2008; Sulpizio et al., 2010). The larger of the two lakes, Lago Grande
di Monticchio, lies at an altitude of 656 m a.s.l., and has an average
water depth of over 10 m (max ca. 39 m). Its surface area is ca. 40 ha,
and its catchment is ca. 237 ha (Allen et al., 2002).

The site experiences a warm, temperate Mediterranean climate,
with an average annual temperature and precipitation of 12.5 °C
and 830 mm, respectively (Fick and Hijmans, 2017; ISPRA, 2023).
The region is also characterised by a marked seasonality, with higher
precipitation and lower temperatures in winter than in summer (winter:
5.9 °C and 160 mm; summer 19.9 °C and 80 mm; Fick and Hijmans,
2017).

Forests predominate on the inner slopes of the crater, the main
tree species being Fagus sylvatica, occupying damper areas down to
the lakes, and Quercus cerris (Allen et al., 2000). Abies alba are found
at the top of Monte Vulture, while Quercus pubescens forests on the
outer slope of the crater are a result, according to Watts et al. (1996b)
and Allen et al. (2000), of early 20""-century plantings and are not
naturally occurring. On the swampy shores of the lake, Alnus glutinosa
accounts for a large part of the forest vegetation. Its presence results
from human management, although it likely has natural origins as
well (Watts et al., 1996b). There is little evidence of Mediterranean
evergreen woodland at Lago Grande di Monticchio, with Quercus ilex
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Fig. 1. (a) Location of the Lago Grande di Monticchio (red diamond);
Holocene paleoclimate records inferred from various proxies are also plotted:
speleothems (light blue and orange dots; Drysdale et al., 2006; Regattieri
et al., 2014; Columbu et al., 2022), chironomids (dark blue dots; Samartin
et al., 2017), lake-level (pink and brown dots; Magny et al., 2007, 2011), and
marine biomarkers records (dark yellow dots, Table A.1; Emeis et al., 2000;
Cacho et al., 2001; Doose, 2001; Emeis and Dawson, 2003; Giunta and Emeis,
2006; Versteegh et al., 2007; Incarbona et al., 2016). Topography basemap is
from ETOPO Global Relief Model (NOAA National Centers for Environmental
Information, 2022) (b) Aerial view of Lago Grande di Monticchio, including
the location of the MONTI23-II core (red diamond), the six lacustrine surface
samples named MONTI23-11-36, MONTI23-12-25, MONTI23-13-16, MONTI23-
14-06, MONTI23-15-02 and MONTI23-16-01 (green dots), and the other cores
previously investigated and used to create the composite pollen record (yellow
triangles).

being the primary species identified. Genuine evergreen woodland and
maquis only appear at lower elevations closer to the coast (Watts et al.,
1996b; Allen et al., 2002).

Human presence near Monticchio is attested as early as the Mid-
dle Pleistocene in the Lower Palaeolithic sites of Notarchirico, Loreto
(Venosa basin, ca. 18 km east of Monticchio; Leféevre et al., 1994;
Moncel et al., 2020; Pereira et al., 2024) and Cimitero di Atella (Atella
basin, South of the Vulture; Rocca et al., 2023), and more closely
in Rendina (Melfi, ca. 8 km north-east of Monticchio) 7000 years
ago (6,200-5800 cal. BC; Cipolloni Sampo et al., 1977; Perrin and
Binder, 2011) by agropastoral communities related to the Ceramica
Impressa cultural sphere. In the caldera, human occupation is attested
by the ruins of the 10" century abbey of Sant’Ippolito, which was
succeeded in the 17" century by the abbey of San Michele (Allen et al.,
2002).
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2.2. Coring and surface sampling

The lipid biomarker analysis is carried out on the sedimentary se-
quence “MONTI23-II” (40°55'47" N; 15°36’21" E, red diamond on Fig.
1b), cored in May 2023 as a part of the ICARE and COMET projects (PI.
A. Pereira and B. Giaccio). MONTI23-II is a 15 m sequence, cored 6 m
below water level. The pollen-based climate reconstruction relies on
the pollen samples obtained from the composite core “MONTICCHIO”,
encompassing sections LGM-D, -E/P, -K, -L and MF93 (yellow dots on
Fig. 1b; Allen et al., 2002; Wulf et al., 2004), as no pollen analysis has
yet been conducted on MONTI23-IL.

Moreover, to have a better understanding of the modern pollen and
brGDGT composition surrounding the lake, 12 surface samples were
also collected: 6 from the lake interface (MONTI23-I) and 7 from the
surrounding vegetation (MONTI23-PB). Lake interface surface samples
were collected at different water depths of the lake, ranging from 36
to 1 m depth at 10 m intervals (grey dots on Fig. 1b). Surrounding
vegetation surface samples (moss samples) were collected according to
an altitudinal gradient, ranging from 1235 to 680 m, corresponding to
different types of vegetation (e.g., beech forest, oak forest, hazel forest,
etc.) close to Lago Grande di Monticchio.

2.3. Tephra sampling and glass analysis

The MONTI23-II core chronology is based on the geochemical anal-
ysis of ten tephra layers within the core. These tephra layers have
been analysed in terms of major element composition, to provide
geochemical correlations to specific volcanic sources and to individual
events, and to use their related ages to establish a precise and robust
age model (Table B.2, from Somma-Vesuvius and Phlegrean Fields).

Major element compositions of glass shards from selected tephra
were determined at the joint Laboratory of Micro Analysis and Electron
Microscopy (LAM2) of the CNR-IGAG and the Earth Sciences Depart-
ment of “Sapienza” University of Rome using a JEOL JXA-iSP100 Super
Probe equipped with five-WDS (Wavelength Dispersive Spectrometers).
Operating conditions were set to 15 kV accelerating voltage, 10 nA
beam current, and a defocused beam diameter of 10 pm. Element
counting times were 20 s on the peak (half on the background) for all
elements except for Na and Si (P:10 s; B:5 s), and F and S (P:30 s;
B:15 s). Quartz (Si), ilmenite (Ti), anorthoclase (Al), chromite (Fe),
olivine (Mg), diopside (Ca), albite (Na), orthoclase (K), apatite (P),
fluorapatite (F), chlorite (Cl), baryte (S) and metals (Mn) were used as
calibration standards. The accuracy of the measurements was assessed
by measuring, before the analytical session, the Max Planck Institute
artificial glass secondary standards GOR128-G, ATHO-G and StHs6,/80-
G (Jochum et al., 2006). All compositional data are shown as oxide
weight percentages (wt%) in the Total Alkali vs Silica (TAS; Le Maitre
et al., 2002) and bi-plots diagrams, with total iron measured as FeO and
oxide data normalised to 100 % on a volatile-free basis (i.e., excluding
F, Cl and S) for correlation purposes. Mean compositions for each
tephra are reported with double the standard deviation (i.e., 2 sd, see
Appendix section). The full glass composition and related discussion
for each tephra are provided in the Appendix section and will not be
discussed hereafter. Comparisons with available literature data are also
provided, and the correlations of each tephra to the specific eruptions
are summarised in Table 3.

2.4. brGDGT analysis and indexes

2.4.1. brGDGT analysis

BrGDGT analysis was conducted in the LGLTPE-ENS laboratory
(Lyon, France) on fossil and modern samples: 107 samples from the
MONTI23-II core (with a 5 to 10 cm sampling step) and 5 surface
samples (lake interface MONTI23-1 samples). Samples were freeze-dried
for 24 to 72 h. After grinding and homogenisation, the total lipid
fraction was extracted twice by microwave (MARS 6 CEM) at 70 °C
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Table 1
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Formulae used for computation of brGDGT indices, MAAT, MAF, and pH calibrations with their associated Root Mean Square Error criterion (RMSE, in degrees

Celsius for MAAT and MAF).

Index Formula RMSE Reference
N (Ia+Ib+Ic)
MBT sy TarTotTer TTamy + 1 Thygt T Teoy i T Tamms) - De Jonge et al. (2014)
" (eI Tagry o+ Tegye 1T Tagr+11Tbgyr.)
CBT log10 ¢ (lﬁ‘”a””;) - De Jonge et al. (2014)
Ilabegy +111abgy,

TRove Trabesye 1 Taboon.+ Tabeos +1TTabge - De Jonge et al. (2014)
isoGDGT-0/Cren 150GDGT-0 - Blaga et al. (2009)

Crenarchaeol
MAATygr; —-1.21+3242x M BT, , 2.44 Russell et al. (2018)
MAFypr; 4.81+15.64x MBT,, 0.92 Bauersachs et al. (2024)

2 ) . .
MAF,, 92 4+ 63.84° — 130.51 x (m) 2.14 Raberg et al. (2021)
Ilasy, 2 _ 11bsye 2
—28.77%( Tasy,+1Tasy,+111asy, ) =T2.28x( Tbspre+1Tbsyr+11Thsyy, )
_ ITegy, ) I1agy, )
588 x( Tesyet Tesp+ 1T Tesyy, )7 +20.89x( Tagy+1Tasy +11Tasy,
I11asy,, _ 111bsy,

—40.54 x( Tasae +11a,;,m,w+llla5‘W ) = 80.47 % ( lb_;,\,‘,+llb_w‘-’+lllbw‘, )

PHepr 8.95 +2.65x CBT’ 0.80 Russell et al. (2018)

with 10 ml of dichloromethane (DCM)/methanol (MeOH) mixture (3:1,
v/v) and then filtered on SPE cartridge. 1000 ng of C4s GDGT (99 %
n-hexane: 1 % isopropanol) was then added to the Total Liquid Extract
(TLE) to serve as an internal standard (Hopmans et al., 2016). The
TLE was then separated into polar and apolar fractions on a silica
column with 5 ml of hexane/DCM (1:1) and 10 ml of DCM/MeOH (1:1),
respectively. The samples were then analysed in hexane/isopropanol
(99.8:0.2) by high-performance liquid chromatography with mass spec-
trometry (HPLC-MS, Agilent 1200). Ions in Selected Ion Monitoring
(SIM) are detected for mass-to-charge ratios (m/z): 744 for the internal
standard C,s, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, and
1018 for brGDGTs (Huguet et al., 2006). Concentrations are expressed
in pg g[‘si ar The relative abundances of each brGDGT are determined by
the ratio of the proportion of the compound to the sum of all brGDGTs.
Six samples with contrasting brGDGT compositions were measured and
integrated six times to establish the reproducibility of the analytical
setup.

2.4.2. Index calculation and temperature reconstruction

Different indices such as MBT’s;., CBT’, IR¢y. and isoGDGT-0/Cren
ratio were calculated for the MONTI23-II sequence and surface sam-
ples (Table 1). The Mean Annual Temperature (MAAT) and the mean
temperature of Months Above Freezing (MAF) were reconstructed from
three types of lacustrine calibrations: the linear relationship between
MAAT/MAF and methylation indices (MBT’s;,; Russell et al., 2018;
Bauersachs et al., 2024), the multiple regression (mr) between MAF
and fractional abundances of selected brGDGTs (Raberg et al., 2021),
and the Bayesian calibration (Martinez-Sosa et al., 2021).

Changes in the water column and sediment pH can have a signifi-
cant impact on bacterial communities and, as a result, affect brGDGT-
based temperature reconstructions (De Jonge et al., 2014; Martinez-
Sosa and Tierney, 2019). Hence, brGDGTs-based pH reconstruction,
with a CBT’-based calibration (Table 1, De Jonge et al., 2014), of the
MONTI23-II sequence has also been investigated.

2.5. Pollen samples

2.5.1. Fossil pollen samples

Extensive palaeoenvironmental research at Lago Grande di Mon-
ticchio has been conducted since the early 1980s, based on sedimen-
tology, vegetation, and pollen data (Watts, 1985; Watts et al., 1996b;
Zolitschka, 1996; Allen et al., 1999, 2000; Brauer et al., 2000; Allen
et al., 2002; Brauer et al., 2007). Four subsequent coring campaigns
(1990, 1994, and 2000) were conducted in the lake basin. They re-
sulted in the recovery of nine overlapping sediment cores that form a
continuous composite profile with a total length of 103.1 m covering
the last climate cycle (Brauer et al., 2007).

In this study, we focus on the Younger Dryas and the Holocene
periods. The composite fossil pollen sequence was extracted from the
Neotoma international database (Allen et al., 2021, site name: Lago
Grande di Monticchio, dataset ID: 47525, site ID: 3295); only the pollen
samples corresponding to the last 13,000 years (approximately 8.17 m,
encompassing the section LGM-D, -E/P, -K, -L and MF93, yellow dots
on Fig. 1b) were kept for our study. The subsetted composite core
was numerically resampled to limit the number of samples that were
too close in time due to core overlap, potentially creating significant
sample-to-sample variation. We resampled the composite core to reach
at least 50 years between each pollen sample (Fig. C.1). The pollen
taxa were homogenised, and the spores, aquatic and local hygro- to
mesohygrophilous taxa, such as Alnus, Salix, Populus and Cyperaceae,
were excluded for the palaeoclimate reconstruction.

2.5.2. Pollen surface samples analysis

Pollen surface samples from the lake interface and surrounding
vegetation were chemically (HCl, KOH, HF and acetolysis) and phys-
ically (sieving between 200 and 10 pm) treated following the standard
procedure (Moore et al., 1991). A total of 7 surface and 6 lake interface
samples were analysed under a light microscope at a standard magni-
fication of x 400. Pollen flora is identified using photo atlases (Reille,
1992; Beug, 2004). The pollen diversity is of 68 taxa.

An average of 316 terrestrial pollen grains was counted. Percentages
were calculated on pollen sums excluding spores, Alnus, Salix, Populus
and Cyperaceae.

Two pollen diagrams have been produced to represent the surround-
ing vegetation (Fig. 5a) and the lake interface (Fig. 5b) pollen rains.
To conceptualise average pollen rain, an average pollen signal was
estimated by averaging the different surface sample types depending
on their environment types (surrounding vegetation or lake interface).
MONTI23-PB mean corresponds to the average pollen signal of the
vegetation surrounding the lake, and MONTI23-I mean corresponds to
the average pollen signal of the sediment-water interface of the lake.

2.6. Pollen-based quantitative climate reconstruction: a multi-method ap-
proach

Various methods, based on different ecological and mathematical
concepts, have been developed to reconstruct the climate from pollen
data. These methods were initially designed to calibrate the relation-
ship between modern pollen data (soils, mosses) and current climate
parameters and to apply them to past pollen assemblages (transfer func-
tions). Each method has its advantages and disadvantages, which can
lead to different results depending on the techniques used (Chevalier
et al., 2020). In this context, multi-method approaches can be applied
to increase the reliability of palaeoclimatic reconstructions (Peyron
et al., 2005; Brewer et al., 2008; Peyron et al., 2013, 2017; Salonen
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et al., 2019; Dugerdil et al., 2021; Robles et al., 2022; d’Oliveira et al.,
2023; Dugerdil et al., 2025). Our multi-method approaches include
four different methods: two recent machine learning techniques based
on regression trees (Random Forest and Boosted Regression Trees), a
more classical “assemblages” approach, based on the principle of dis-
similarity between fossil and modern assemblages (Modern Analogue
Technique) to quantify climate parameters and a transfer function tech-
nique based on linear regressions (Weighted Averaging Partial Least
Squares regression). These methods yield coherent results for the study
of the last 13,000 years in the Mediterranean region (Robles et al.,
2023; d’Oliveira et al., 2025; Sassoon et al., 2025).

The Boosted Regression Trees (BRT; Salonen et al., 2012, 2019) and
Random Forest (RF; Breiman, 2001), methods based on machine learn-
ing principles, use regression trees to systematically partition pollen
data through successive divisions based on the abundance observed
in the pollen spectrum. This approach increases the probability of se-
lecting under-represented samples in previous tree iterations (Chevalier
et al.,, 2020). The boosting process of the BRT improves the model’s
predictive accuracy for elements that were previously less accurately
forecasted (Salonen et al., 2019). For the BRT method, a minimum of
1000 trees was set to better optimise the parametrisation process (Elith
et al., 2008).

The Modern Analogue Technique (MAT; Guiot, 1990) is a method
often used for reconstructing past climates, recognised for its ease of
use, efficiency, and sensitivity (e.g., for European large-scale studies;
Davis et al., 2003; Mauri et al., 2015; Herzschuh et al., 2023; Geng
et al., 2025). This approach measures the dissimilarity between fossil
pollen assemblages and those of modern samples, selecting the closest
modern counterparts as analogues.

The Weighted Averaging Partial Least Squares (WA-PLS) method,
developed by ter Braak and Juggins (1993), serves as a transfer function
and is frequently utilised in pollen-based palaeoclimate reconstructions.
This method assumes that the relationship between the proportion of
pollen and climate follows a unimodal pattern, suggesting that the
abundance of a pollen type is closely linked to its environmental
tolerance. WA-PLS determines the climatic optimum for a species using
calibration data by calculating the average climatic conditions where
the species is found, considering its abundance (Chevalier et al., 2020).

In this study, both annual and seasonal (winter and summer) tem-
peratures (respectively, MAAT, Twin, and Tsum) and precipitation
(respectively, MAP, Pwin, and Psum) will be reconstructed using the
pollen data of Lago Grande di Monticchio. All these methods rely
on a modern pollen dataset representing the full range of ecosys-
tems that may have occurred in the past within the fossil record.
The modern pollen dataset selected here is the “TEMPDB” dataset
by d’Oliveira et al. (2025); it combines modern samples from Central
and Western Europe and gathers temperate biomes (warm mixed forest,
xerophytic wood/shrub, temperate deciduous forest, cool mixed forest,
warm steppe, cold mixed forest, and cool steppe).

2.7. Charcoal extraction and quantification

A total of 1 cm® of sediment was subsampled every 10 cm along
the sediment core using a manual punch to avoid contamination from
the edges (Courtney Mustaphi et al., 2015). Each sample was treated
in a solution containing 20 ml of sodium hypochlorite (NaClO), 3 g
of sodium metaphosphate (NaPO,), and 0.5 g of potassium hydroxide
(KOH), and agitated for at least 24 h to activate the KOH and promote
deflocculation (Carcaillet et al., 2001). This chemical treatment enables
the separation of charcoal fragments from other organic matter. All
samples were then sieved through a 160-ym mesh and rinsed with
water (van Bellen et al., 2012; Adolf et al., 2018). This relatively fine
mesh size was selected to allow the recovery of small charcoal particles
typically produced by low-intensity grassland fires, in contrast to larger
particles associated with forest fires (Higuera et al., 2009; Ali et al.,
2009; Oris et al., 2014). Charcoal particles were hand-picked under
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a binocular microscope using a fine brush, then photographed and
analysed using ImageJ software (Schneider et al., 2012).

The total number of particles and their morphometric characteristics
(surface area, perimeter, length, and width) were automatically mea-
sured for each sample. The CHARnb (number of particles per cm? per
year) values were calculated based on the sediment accumulation rates
derived from the age-depth model. This metric provides information on
charcoal input dynamics and can be used to infer both fire frequency
and fire intensity (Ali et al., 2009; Lestienne et al., 2020).

2.8. Numerical analyses

To estimate the correlation between environmental (i.e., pH) and
climatic (i.e., MAAT and MAF) variables inferred from brGDGTs in
modern samples, a pair-wise correlation matrix was calculated using
the corrplot package (version 0.95; Wei and Simko, 2024).

For pollen-based reconstruction methods (i.e., MAT, BRT, WA-PLS
and RF), the reliability of the results was estimated by bootstrap
cross-validation by calculating the values of the correlation coefficient
between the variables (R?) and those of the Root Mean Square Error
criterion (RMSE) for the modern temperate climate dataset extracted
from WorldClim 2.1 (Fick and Hijmans, 2017). The pollen-based re-
construction reliability results of each method used are summarised in
Table 2. Pollen-based climate reconstructions and reliability tests (R?
criterion and RMSE) were performed with the packages rioja (version
1.0.7; Juggins, 2024) and dismo (version 1.3.16; Hijmans et al., 2024).

The four applied methods (MAT, BRT, WA-PLS and RF) are com-
bined to provide a unique and more robust climate signal for Lago
Grande di Monticchio. This unique climate signal is based on a weigh-
ted-averaging approach. The weighted-averaged % prediction follows
Eq. (1) for which n different methods are averaged together at each
prediction time i using the inverse model performance criterion value
(RMSE) of each method.

n
%= Z Wim * Xim 1
m=1

Where x;, is the prediction of model m at time i, and w;, is its
normalised weight. The weight of model m at time i is calculated
following Eq. (2).
- 1

o1 2
“im = RMSE,, 2

Where ), , is the weight for model m at time i and RMSE,, the error
of model m. The weights were then normalised to have their sum equal
to 1 using Eq. (3).
Wi = e ®

' Zm:l wi,m

A correlation analysis was carried out between the reconstruc-
tions based on pollen and those based on brGDGTs, the latter be-
ing derived from two distinct sequences with different resolutions,
to evaluate the robustness of our palaeoclimate reconstructions at
Lago Grande di Monticchio. The higher the correlation between two
independent proxies, the more robust the palaeoclimate reconstruction.
Pollen- and brGDGTs-based climate signals were first transformed using
the zoo function from the zoo package (version 1.8-13; Zeileis and
Grothendieck, 2005), and an estimation of the Pearson’s correlation
coefficient (r) was calculated using the CorlrregTimser function from
the corit package (version 0.0.0.9000; Reschke and Laepple, 2024).
Following the approach of Reschke et al. (2019), since the correlation
of time series is generally a function of time scale (i.e. the frequency
range), a Gaussian filter is applied to the data in the time domain before
estimating the correlation. As the time domain filters are applied at reg-
ular time positions, irregularly sampled time series were interpolated,
using a linear interpolation method, to produce a regular time series
before filtering. The time step of the interpolation was established as
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Table 2

Performance results of the MAT, and BRT methods applied to the European
temperate (TEMPDB) modern pollen dataset for mean annual (MAAT; °C),
winter (Twin; °C) and summer (Tsum; °C) temperature and mean annual
(MAP; mm), winter (Pwin; mm) and summer (Psum; mm) precipitation; k
corresponds to the number of parameters for MAT and WA-PLS and tree
complexity for BRT and RF that infer the best R? and calibration error (RMSE)
values.

Parameter Method k Nb tree R? RMSE
MAAT MAT 4 - 0.86 1.81
BRT 10 2150 0.80 1.88
WA-PLS 3 - 0.74 2.23
RF 34 500 0.83 1.78
MAP MAT 5 - 0.80 205.00
BRT 10 3000 0.71 219.00
WA-PLS 3 - 0.47 300.00
RF 34 500 0.73 211.00
Twin MAT 4 - 0.86 2.04
BRT 10 2750 0.80 2.14
WA-PLS 3 - 0.74 2.49
RF 34 500 0.83 1.98
Pwin MAT 4 - 0.77 75.00
BRT 10 3000 0.66 80.40
WA-PLS 3 - 0.36 112.00
RF 34 500 0.67 79.00
Tsum MAT 4 - 0.86 1.81
BRT 10 2300 0.80 1.88
WA-PLS 3 - 0.72 2.27
RF 34 500 0.81 1.82
Psum MAT 4 - 0.90 40.20
BRT 10 3000 0.87 40.60
WA-PLS 3 - 0.76 55.40
RF 34 500 0.88 38.20

the mean temporal resolution of both time series (T,,), and the cut-off
frequency of the applied filter was established to 0.5 x T,,, (Reschke
et al., 2019). To assess the significance of the correlation between
time series, we used an empirical permutation test adapted to temporal
dependencies, which compares the observed correlation to a null distri-
bution generated by permutations of the series, while preserving local
dependency (block permutation test). Correlation coefficient between
pollen- and brGDGTs-based climate signals was calculated for four time
periods: Younger Dryas, Early Holocene, Middle Holocene and Late
Holocene.

All numerical analyses and graphs were performed on R Studio (ver-
sion 4.4.1; RStudio Team, 2020).

3. Results
3.1. Tephra sources

The major element compositions of the investigated tephras from
Lago Grande di Monticchio are shown in Total Alkali vs Silica dia-
gram (TAS; Le Maitre et al., 2002, Fig. 2a, 2b) and in the discrimination
diagrams of 2c, 2d. All the investigated tephra samples fall into the
high-K alkaline series and are classified as phonotephrites (TM23-3),
tephri-phonolites (TM23-4b and TM23-19), phonolites
(TM23-1, TM23-5, TM23-6, TM23-13 and TM23-17) and at the bound-
ary between phonolites and trachytes (TM23-7, TM23-9, TM23-19,
2a, b). The alkali contents and ratios (i.e., K,0/Na,O) are variable.
It is > 1 for TM23-3, TM23-4b, TM23-9, TM23-17, TM23-19, while
it is> 1 for samples TM23-1 and TM23-13, and is approximately +1
for tephras TM23-5 and TM23-6. The CaO/FeO is > 0.6 for all the
samples, and it is +1 for samples TM23-1, TM23-3, TM23-4b, TM23-
5, TM23-6 (Fig. 2¢). A detailed discussion of the geochemical features
of each tephra layer, in addition to the associated figures, can be
found in the Appendix section (Figs. D.2-D.4). Features such as the
Cl content > 0.3 wt% are distinctive of Somma-Vesuvius, Phlegraean
Fields and Ischia (e.g., Tomlinson et al., 2015). The distinct CaO/FeO
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ratios and the relationship between CaO/FeO and Cl (Giaccio et al.,
2017a) were a useful tool to distinguish the sources. In addition,
the alkali ratio (i.e., K;0/Na,O) further helps discriminate eruptions
sourced at Somma-Vesuvius (generally characterised by Low Alkali
Ratio, LAR) from those sourced at Phlegraean Fields (High Alkali Ratio,
HAR). Tephra layers were correlated to 10 previously characterised
and sometimes dated eruptions (Figs. 2a, 2b, 2¢c, 2d, Table 3, Figs.
D.2, D.3, D.4). On this basis, six tephra layers are attributed to the
Somma-Vesuvius, and correlated to the 1631 CE and 512 CE historical
eruptions, the inter Avellino-Pompeii (AP) —3 and —2 eruptions, and
finally the Pomici di Avellino and Mercato eruptions (Table 3, Figs.
D.2, D.3, D.4). The remaining four tephra layers were attributed to the
Phlegraean Fields volcanic complex and correlated to Astroni 1, Agnano
Monte Spina (AMS), Pomici Principali (PP) and the Neapolitan Yellow
Tuff (NYT) eruptions (Figs. D.2, D.3, D.4). A detailed description of
tephra correlations and figures is provided in the Appendix section.

3.2. Bayesian age model

The age model relies on ten published radiocarbon ages (Table 3)
and covers the last 13,000 years. These ages were recalculated here
according to the IntCal20 (Reimer et al., 2020) calibration. To facilitate
comparisons with previous cores already studied in Lago Grande di
Monticchio, correlations with tephras presented by Wulf et al. (2008)
are reported in Table 3. The age-depth model was produced with
Chronomodel 3.2.9 software (Lanos and Dufresne, 2019). Historical ages
are defined as events in the model. The resulting age model of the first
10 m of the MONTI23-II core is shown in Fig. 2e, with an error envelope
expressed at 2¢. It results in a mean sedimentary rate of 73 cm.ka™!,
with a drop to 30.9 cm.ka~! between AP3 and AMS tephra layer.

3.3. BrGDGT analysis and climate reconstruction

3.3.1. Compound concentrations
For MONTI23 lacustrine surface samples, the average concentration
of brGDGTs is 5.8 + 3.9 ug gl_sé g (0.7-17.4 pg gl‘sé o) The MONTI23-1I
core samples have a higher average concentration of brGDGTs than the
. -1 -1
surface samples: 6.5 + 2.8 pg &lsed] (2.8-11.2 pg g[SCdJ).

3.3.2. Relative abundances

Average analytical errors are calculated from the averaged standard
deviations (sd) of replicate measurements for brGDGTs (sd = 7.5 %, n
= 107).

BrGDGT relative abundances in MONTI23 lacustrine surface sam-
ples show the dominance of tetramethylated (Ia) and pentamethylated
(Ila) (18.9 % and 19.8 % respectively; Figs. 3a, E.5b. Hexamethylated
(IlIa) brGDGTs have a lesser relative abundance in the core (8.7 %,
Figs. 3a, E.5b). In surface samples, brGDGTs are dominated by pen-
tamethylated (Ila) compounds with an average relative abundance of
53.0 % (Figs. 3a, E.5b). Tetra- and hexamethylated brGDGTs have a
comparable relative abundance in the core (respectively 23.5 % and
23.6 %, Figs. 3a, E.5b).

MBT’sy. index ranges between 0.30 and 0.55 (sd = 0.02, n = 107;
Fig. 4a). Minimal values were observed during the Younger Dryas
event, between 12,900 and 11,400 cal. BP (average value of 0.34),
before an abrupt increase at the onset of the Holocene. From 11,400
cal. BP to approximately 870 cal. BP, MBT’5y,, values are relatively
stable and range between 0.38 and 0.55 (average value of 0.44). A
decrease of MBT’sy,. values follows this stable period from 870 cal.
BP onward, with values ranging from 0.36 to 0.47 (average value of
0.39). The CBT’ index does not show the same trends as the MBT’sy;,
and ranges from —0.6 to —0.2 (sd = 0.03, n = 107; Fig. 4b). A slight
continuous increase over time is observed, although punctuated by falls
in CBT’ values between 7800 and 7100 cal. BP, and several successive
ones between 6300 and 2800 cal. BP. The pH, inferred from the CBT’-
based calibration of Russell et al. (2018), varies from 7.20 to 8.36
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Table 3
MONTI23-II tephras included in the age model correlated with the respective tephra layers from Wulf et al. (2004). The volcanic sources identified and the related
radiocarbon dates used to build the age model are also presented. All ages are calibrated with Intcal20¢ (Reimer et al., 2020) or Marine20” (Heaton et al., 2020).

TM23 TM (Wulf et al., 2008) Eruption 14C age CalBP Reference
TM23-1 T™-1 1631 - 319 Waulf et al. (2008)
TM23-2 TM-2a PM1 - 1438 Rolandi et al. (1998)
TM23-4b TM-3b AP3 2710 + 60 2849 + 624 Rolandi et al. (1998)
TM23-5 TM-3c¢ AP2 3227 + 80 3227 + 80 Rolandi et al. (1998)
TM23-6 T™-4 Avellino 3550 + 20 3837 + 48¢ Passariello et al. (2010)
TM23-7 TM-5a Astroni 1, 3 3820 + 50 4177 + 83 Di Vito et al. (1999)
Isaia et al. (2009)
TM23-9 TM-5¢ Agnano Monte Spina 4130 + 50 4640 + 877 Andronico et al. (1995)
4000 + 50 4580 + 90 de Vita et al. (1999)
4610 + 104 Chronomodel age
TM23-13 TM-6b Mercato 8098 + 71 9024 + 140° Wulf et al. (2004)
TM23-17 TM-7a Pomici Principali 10320 + 50 12169 + 166 Di Vito et al. (1999)
TM23-19 TM-8 Neapolitan Yellow Tuff 12260 + 110 14157 + 198¢ Siani et al. (2004)¢
12260 + 110 13886 + 287" Mean Bronk Ramsey et al. (2015)
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Fig. 2. Major element composition of the samples used in the age model. (a)
and (b) Total alkali (K,0/Na,0, wt%) vs silica (SiO,, wt%) diagrams (TAS,
Le Maitre et al., 2002); (c) CaO/FeO ratio vs chlorine (Cl, wt%) diagram (mod-
ified after Giaccio et al., 2017a); (d) Silica (SiO,, wt%) vs total alkali
(K,0/Na,0, wt%). (e) Age-depth model of the MONTI23-II sequence, based
on tephrochronologically correlated radiocarbon ages found in Table 3 and
built with the Chronomodel 3.2.9 software (Lanos and Dufresne, 2019), using
3 chains for the MCMC settings, a burn-in iteration of 1000, baths of 100
iterations, an acquisition of 100,000 iterations and a thinning of 10.

and reflects the CBT’ trends (Fig. 4d). The IR¢),, ratio ranges between
0.28 and 0.67 (sd = 0.02, n = 107; Fig. F.6c). Trends similar to those
observed for CBT’ are observed, with a slight continuous increase over
time, punctuated by decreases in IR¢),, values between 7800 and 7100
cal. BP, and several successive decreases between 6300 and 2800 cal.

BP. The isoGDGT-0/Cren ratio ranges between 62.67 and 1288.60 (sd =
73.11, n = 107; Fig. F.6d). Relatively high values (> 200) are observed
throughout the Holocene, punctuated by phases of even higher values
(> 500) between 10,800-9100 cal. BP, 8000-7000 cal. BP, 6900-6300
cal. BP, 3800-2000 cal. BP and 1400-1200 cal. BP.

The correlation matrix between CBT’-based pH and MBT’sy,. -based
MAAT and MAF reconstructions (Fig. G.7) suggests a strongly sig-
nificant positive correlation between reconstructed temperature (i.e.,
MAAT and MAF) with r-values ranging from 0.90 to 1.00. Between
pHegr and MAAT/MAF (MAF_mr, MAF Bayeasian, MAAT MBT sy,
MAF_MBT’sy.), lower r-values (< 0.20) are present, suggesting no
significant correlation between the environmental and climatic variable
inferred from brGDGTs.

3.3.3. BrGDGT-based temperature reconstructions

The four calibrations used to estimate the annual temperature from
the MONTI23-II record show similar trends (red curve on Fig. 4d). (1)
The Younger Dryas period (12,900-11,700 cal. BP) is characterised by
very low temperature values, corresponding to temperature anoma-
lies of —3.1 °C (method-averaged values around 9.3 °C) compared
to modern-day conditions. Cold conditions are followed by (2) sta-
ble warmer conditions between 11,700 and 3200 cal. BP, oscillating
around present-day values (method averaged value of 12.5 °C). During
this stable period, maximum temperatures are recorded from 7100 to
6100 cal. BP. The last 3000 cal. BP are then characterised by (3) a
progressive temperature decrease, accentuated during the previous 870
cal. BP (Fig. 4d), during which temperature anomalies of —1.2 °C are
present. Among the calibrations, the MAF_MBT’s,,. calibration shows
lower variation amplitudes than the others, even though it is based on
the same index.

3.4. Pollen analysis and climate reconstruction

3.4.1. Pollen surface samples

Surface samples from the surrounding vegetation (Fig. 5a) have
been sampled according to an altitudinal gradient, ranging from 680
(close to the lake elevation) to 1235 m a.s.l. An elevation-dependent
variability for various taxa is evidenced, such as Fagus (from 10 to
70 %), Quercus (from 10 to 45 %), Corylus (from 2 to 20 %) and Pinus
(from 2 to 15 %), while the AP proportion is similar from one sample
to another (between 80 and 90 %).

Surface samples from the lake interface (Fig. 5b) have been sampled
according to a water depth gradient, ranging from 2 to 36 m. Contrary
to surface samples from the surrounding vegetation, the lake interface
samples show a homogeneous pollen rain signal from one depth to
another. High percentages of Alnus (> 40 %) and Salix (~ 10 %) are
found in lake interface samples; much less are present in MONTI23-PB
samples corresponding to the surrounding vegetation (< 10 %). The
high percentage of Alnus and Salix in lake surface samples support
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Fig. 3. (a) GDGT compounds relative abundance (%) of brGDGTs for MONTI23-II core samples (in red) and averaged MONTI23 lacustrine surface samples (in
grey) and for global lake (Martinez-Sosa and Tierney, 2019, in blue), peat (Naafs et al., 2017b, in yellow) and soil databases (Yang et al., 2014; Naafs et al.,
2017a; Dearing Crampton-Flood et al., 2020, in pink). (b) Reconstructed MAAT and MAF from each calibration expressed as anomalies with respect to the mean
annual temperatures measured at Monticchio (~ 12.3 °C). The errors (RMSE) of each calibration applied to the MONTI23-II core, found in Table 1, are represented
by the lateral lines on the right side. (c) Boxplot representing the results of the calibrations applied to the MONTI23 lacustrine surface samples (n = 6). Black
points with error bars next to each calibration correspond to temperature anomalies of MONTI23-II core samples.

its qualification as a local mesohygrophilous taxon and therefore their
removal from the fossil pollen dataset used for the palaeoclimatic
reconstruction.

Surface samples from the surrounding vegetation (Fig. 5a) and
the lake interface (Fig. 5b) have each been averaged to represent
the average pollen rain of each environment. Both MONTI23-PB and
MONTI23-I mean are dominated by arboreal taxa (AP > 80 %), mostly
by Quercus, Fagus and Corylus. Mediterranean taxa are also represented
in lake interface samples with Quercus ilex-type and Olea.

The tree pollen diversity of these surface samples is similar to that
observed in the vegetation (Watts et al., 1996b; Allen et al., 2000,
2002) and the percentages are close to those of the youngest sample
in the Monticchio fossil sequence.

3.4.2. Pollen-inferred climate reconstructions

There is a relatively good consistency between the four methods
used to quantitatively reconstruct temperatures and precipitation (Fig.
6). For temperatures (Figs. 6a—c), WA-PLS and MAT methods show
the highest variability, while the BRT method shows the lowest. Pre-
cipitation reconstructions are associated with stronger model-to-model
variability and performance differences (Table 2), in particular for

annual (MAP) and winter (Pwin) precipitation (Figs. 6d—f); WA-PLS and
MAT are also the methods that show the highest variability.

Annual conditions. The weight-averaged annual temperature (red
curves on Fig. 6a) obtained from the four methods shows (1) cold
conditions from 12,800 to 7300 cal. BP (ranging on average between
8.5-11.9 °C), followed by (2) warmer conditions between 7300 and
3100 cal. BP, with temperatures close to modern day (ranging on
average between 10.2-13.1 °C) and a slight thermal maximum around
3400 cal. BP (average temperature maximum of 13.1 °C). This warm
period is followed by (3) slightly cooler, stable temperatures, close to
modern-day values (averaging 9.8-13.0 °C).

The weight-averaged annual precipitation (red curves on Fig. 6d)
shows (1) dry conditions from 12,800 to 10,800 cal. BP (averaging
between 525-699 mm), followed by (2) wetter conditions from 10,800
to 3000 cal. BP (ranging on average between 562-836 mm). This maxi-
mum precipitation is followed by (3) a gradual aridification trend until
around 1800 years (averaging 596-798 mm), before wetter conditions,
closer to modern-day values, take place.

Seasonal conditions. Weight-averaged winter and summer temperatures
show the same trends as the weight-averaged annual temperature (red
curves on Figs. 6a, 6b, 6¢), with (1) cold conditions from 12,800
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Fig. 4. (a) Index of the degree of methylation (MBT’5,,). (b) Index of the
degree of cyclisation (CBT’). (c) pH reconstruction based on lacustrine cali-
bration of Russell et al. (2018, CBT”). (d) Mean Annual Temperature (MAAT)
and mean temperature of Months Above Freezing (MAF) reconstructions based
on lacustrine calibrations of Russell et al. (2018, MAAT_MBT’sy,), Bauer-
sachs et al. (2024, MAF_MBT’s;.), Martinez-Sosa et al. (2021, MAF_Bayesian)
and Raberg et al. (2021, MAF_mr). The red and the bold red curves correspond
respectively to the calibration-averaged and the smoothed calibration-averaged
temperature signal. The standard deviation of each calibration applied to the
MONTI23-II core is represented by the lateral lines on the right side and
centred on the average values. Dashed black line: modern estimated mean
annual temperature at Lago Grande di Monticchio (data from WorldClim 2.1,
Fick and Hijmans, 2017).

to 7800 cal. BP, followed by (2) warmer conditions from 7800 to
2500 cal. BP, before (3) relatively stable conditions from 2500 cal. BP
onward.

Similarly to temperatures, weight-averaged winter precipitation
(Pwin) exhibits a similar trend to annual precipitation (red curves
on Fig. 6d). Winter precipitation shows (1) relatively dry conditions
from 12,800 to 10,800 cal. BP, followed by (2) wetter conditions
from 10,800 cal. BP onward. The late Holocene gradual aridification
trend observed for annual precipitation is less pronounced for winter
precipitation. In contrast to annual and winter conditions, summer
precipitation (Psum) shows a different trend, i.e., a progressive aridifi-
cation throughout the Holocene, with a more pronounced aridification
during the last 2500 cal. BP (Fig. 6f).
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Overall, weight-averaged temperature seasonality is relatively con-
stant throughout time (i.e., summer and winter gradual warming),
while seasonality of rainfall is becoming more pronounced, with in-
creasingly wet winters and increasingly dry summers (Fig. 7c).

3.5. Pollen- and brGDGT-based temperature correlation

The correlation analysis aimed to determine the relationships be-
tween pollen- and brGDGT-based temperature reconstructions using
an estimation of Pearson’s correlation coefficient r-value. Correlation
coefficients of the smoothed averaged pollen and brGDGT-based signals
(bold red curves on Figs. 7a, 7b) were calculated for key periods
as the Younger Dryas (12,900-11,700 cal. BP), the Early Holocene
(11,700-8200 cal. BP), the Mid-Holocene (8200-4200 cal. BP) and the
Late Holocene (4200 cal. BP-modern times) periods (Fig. 7). For all
four periods, the correlation analysis between pollen- and brGDGT-
based reconstructions shows correlations with r-values ranging from
—0.01 to 1.00. The Younger Dryas and Early Holocene periods have
the highest positive correlation values (respective r-values of 1.00 and
0.92, p-value < 0.001). The Middle Holocene period is characterised by
a negative near null r-value of —0.01 (p-value > 0.05), highlighting the
non-correlation between the two proxies.

3.6. Fire activity inferred from charcoal analysis

The CHARnb values range between 0 and 12.90 #.cm~2.year!.
Based on the analysis of the CHARnb signal (Fig. 7d), three main
phases were identified, reflecting contrasting dynamics in charcoal
influx: (1) between 9000 and 7500 cal. BP, characterised by high
charcoal influx values, mostly above 5 #.cm~2.year™!, indicating a
high frequency of fire events and/or a high availability of combustible
biomass. (2) between 7500 and 800 cal. BP, marked by a decrease in
charcoal flux, with values approximately three times lower than those
of the first phase. However, a notable peak is observed between 2780
and 2000 cal. BP, indicating a temporary resurgence of fire activity
during this interval. (3) from 800 cal. BP onwards, characterised by
a significant increase in charcoal influx values, again exceeding the 5
#.cm~2.year~! threshold, with values about five times higher than those
in the previous period. Regarding variations in fuel types over time,
the W/L ratio indicates a dominance of herbaceous fires during the
Holocene. However, some peaks corresponding to burned tree occurs
during several periods: 7000-6200, 2200-1200 and 600 cal. BP up to
the present condition.

4. Discussion
4.1. BrGDGTs inferred mean annual temperature

4.1.1. Relevance of the selected brGDGTs calibrations

The brGDGTs compounds repartition obtained from the Monticchio
sequence and lacustrine surface samples are consistent with both global
soil and lake databases, with a dominance of pentamethylated brGDGTSs
and similar abundances of tetra- and hexamethylated brGDGTs (Fig.
H.8). Previous studies have shown that brGDGT compounds behave
differently in those two environments (i.e., lake and soil, Tierney and
Russell, 2009; Dearing Crampton-Flood et al., 2020; Martinez-Sosa
et al., 2021). This difference leads to a “cold bias” when reconstructing
mean annual air temperature (MAAT) using a soil-based calibration on
lake sediment (Tierney and Russell, 2009; Tyler et al., 2010; Russell
et al., 2018). In addition, the MONTI23-II compounds brGDGT-IIIa and
-IIa, involved in the calculation of the MBT’s,,, index used for the
MAAT reconstruction, have higher abundances than those found in the
soil databases and correspond more closely to the lacustrine databases
(Figs. 3a, H.8). Moreover, the application of the BIGMaC algorithm,
developed by Martinez-Sosa et al. (2023), classified all MONTI23-II
samples as Lake-type. The brGDGT compounds repartition and BIGMaC
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Fig. 5. Simplified pollen diagram of (a) the 7 surface samples (MONTI23-PB) and (c) 5 lake interface samples (MONTI23-I). Grouping selected tree and shrub
taxa (green), Mediterranean tree taxa (red), herbaceous taxa (yellow), arboreal pollen (AP, black) and hydrophytes (blue). Percentages were calculated on pollen

sums excluding spores, Alnus, Salix, Populus and Cyperaceae.

classification support the application of strictly lacustrine calibrations,
as the brGDGT assemblage observed in the MONTI23-II sequence is
consistent with the global lacustrine brGDGT assemblage and samples
classified as Lake-type only.

Surface samples were collected from sediments at various depths
(i.e., 36, 35, 16, 6, 2, and 1 m). Surface temperature reconstructions
using different calibrations on samples MONTI23_11-36, MONTI23_I2-
25 and MONTI23.13-16, taken from sediments at depths of 36, 25
and 16 m, respectively, show high variability from one sample and
calibration to another, with temperature anomalies ranging from 0 to
—6 °C (Fig. 3b). Conversely, samples MONTI23_14-6, MONTI23_I5-2
and MONTI23_16-1, taken at depths of 16, 2 and 1 m respectively,
show more reliable variability with temperature anomalies ranging
from 0.6 to —3 °C (Fig. 3b). There appears to be a difference in
behaviour between the ‘deep’ samples (> 10 m) and the ‘shallow’
samples, with the former showing a colder bias. The different temper-
ature reconstructions of the MONTI23-0 top core indicate temperature
anomalies of —2 to —3 °C, which are closer to those observed for
the ‘shallow’ samples, particularly MONTI23_16-1, than to those of
the ‘deep’ samples. MONTI23-II was sampled at a depth of 6 m. The
good consistency between the different reconstructions of the ‘shallow’
surface samples and that of the MONTI23-0 top core, combined with
the low anomaly values, highlights the reliability of the calibrations
applied to MONTI23-I1.

Now considering the calibrations individually, the MAAT MBT’sy;,
and MAF_mr calibrations (brown and green dots and boxes respectively
in Figs. 3b, 3c) have the greatest dispersion, particularly accentuated by
the ‘deep’ samples. However, these two calibrations, based on MBT sy,
and multiregression, generally provide the best current reconstruc-
tions for the ‘shallow’ samples (average anomaly of —1 and -2 °C,
respectively) and for MONTI23-0 (average anomaly around -2 °C).
The MAF Bayesian calibration (blue dots and boxes in Figs. 3b, 3c),
has a slightly lower dispersion, but is associated with larger anomalies
on ‘shallow’ samples (average anomaly of —3 °C) and on MONTI23-
0 (-3 °C), making it generally less reliable than the MAAT MBT’sy,,
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and MAF_mr calibrations. Finally, the MAF_MBT’s,. calibration has the
lowest dispersion of all calibrations (pink dots and box in Figs. 3b, 3c),
across all surface samples. However, it is associated with larger anoma-
lies than the MAAT MBT’sy,, and MAF mr calibrations on ‘shallow’
samples (average anomaly of approximately —3 °C) and on MONTI23-
0 (-2 °C). This allows us to conclude that the MAAT MBT’s,;. and
MAF _mr calibrations are the most reliable of the four calibrations
applied to MONTI23-II and that the Bayesian MAF calibration appears
to be the least reliable.

4.1.2. Palaeoclimate interpretation

Several studies have highlighted the relationship linking environ-
mental conditions (i.e., temperature and pH) and the structure of
biomolecules synthesised by brGDGT producers (Weijers et al., 2007),
resulting in the definition of the 5-methyl isomer-based methylation in-
dex (MBT’s5y;.) and the 6-methyl isomer-based cyclisation index (CBT’,
De Jonge et al., 2014). In lacustrine environments, the MBT’s;, has
been used to define calibrations to estimate the mean annual tempera-
ture (MAAT, Russell et al., 2018) and the month above freezing temper-
ature (MAF, Martinez-Sosa et al., 2021; Raberg et al., 2021; Bauersachs
et al., 2024), while the CBT’ index has been used to reconstruct pH
changes (Sanchi et al., 2015; Russell et al., 2018). Previous studies
highlighted the effect of pH variation on brGDGT compounds involved
in the MBT’5y,, index, and therefore its impact on the reconstructed
temperature derived from it (De Jonge et al., 2014; Martinez-Sosa and
Tierney, 2019).

Here, the correlation matrix indicates no significant correlation
between brGDGT-inferred pH and temperature reconstructions at Mon-
ticchio (Pearson r values < 0.2 in Fig. G.7). This suggests that for the
Monticchio core, the pH variations throughout the Holocene were not
linked to climatic changes and/or that the reconstructed temperatures
were not impacted by changes in pH, supporting the reliability of our
temperature reconstruction for the Holocene.

Moreover, studies demonstrated that the isomerisation of brGDGTs
(IRgye; De Jonge et al., 2014), which can be related to multiple
environmental factors such as pH, salinity, O, and sources, is related to
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Fig. 6. Pollen inferred reconstruction of the mean (a) annual (MAAT, °C), (b) winter (Twin, °C), (c) summer (Tsum, °C) temperature and mean (d) annual (MAP,
mm), (e) winter (Pwin, mm), (f) summer (Psum, mm) precipitation for the MAT (green lines and triangles), BRT (orange lines and triangles), WA-PLS (grey lines
and circles) and RF (violet lines and crosses) methods. The red and the bold red curves correspond to the averaged and the smoothed averaged palaeoclimate
signal for all climate parameters. Lateral lines on the right represent the method errors (RMSE), centred on the average climate values, found in Table 2. Dashed
black lines: modern estimated climate values for MAAT, Tsum, Twin, MAP, Pwin and Psum at Lago Grande di Monticchio (data from WorldClim 2.1, Fick and

Hijmans, 2017).

shifts in temperature (Weber et al., 2018; Wu et al., 2021; Bauersachs
et al.,, 2024; Novak et al., 2025). Bauersachs et al. (2024) showed
that for Central European lakes with IRgy values > 0.5, the MBT 5y,
frequently shows values too low compared to measured MAATSs, and
MBT’5),.-reconstructed temperatures in these lakes deviate from mea-
sured MAATs by several degrees. They therefore proposed a cut-off
value of 0.50 for the IRgy;, after which MBT’sy.-reconstructed MAATSs
from lacustrine archives should be regarded as unreliable. In their
study, Novak et al. (2025) demonstrated that, for middle and high
latitude lakes, restricting the data to samples with an IRgy, value
< 0.4 eliminates the non-thermal overprint on the fossil record. Pre-
vious studies showed that higher dissolved O, in lakes can lead to
a lower isomerisation (Weber et al., 2018; Wu et al., 2021) and an
increase in brGDGT concentrations (Martinez-Sosa and Tierney, 2019),
highlighting possible non-thermal effects on brGDGTs composition.

At Monticchio, IRg),. values are mostly under this cut-off value of
0.5; very few samples present IR¢,, values higher than that (Fig. F.6c).
Overall, no high variations of MBT’sy, values are associated with high
IRgp e values (> 0.5, Figs. F.6a, F.6¢). Some of them (e.g., at 400, 1200
and 6400 cal. BP) correspond to abnormally high outlier values of CBT’
values, but this is not the case for all of them (e.g., at 6900, 9100-9300
cal. BP), and it does not impact MBT’sy;. values (Figs. F.6a-F.6c). This
suggest that, in accordance to Bauersachs et al. (2024), close to cut-off
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value of 0.5 can still yield reliable palaeotemperature reconstructions,
but their interpretation must be made with caution. Similarly, while
most of the IRy, values are higher than 0.4 at Monticchio, no signif-
icant variation in MBT’s);, values is linked to exceeding the threshold
value of 0.4 for IR¢y.. This supports the precedent observations and the
overall reliability of MBT’sy.-based palaeotemperature reconstructions
at Monticchio, although caution is required when interpreting samples
with high IRgy, values (Bauersachs et al., 2024; Novak et al., 2025).
In addition, IR4y;, and brGDGTs concentration (3 [brGDGTs]) are not
correlated (Fig. 1.9), supporting the general absence of a non-thermal
effect of isomerisation on brGDGT concentrations and abundances.

Oxic vs. anoxic conditions were suggested to bias brGDGT-inferred
palaeotemperature reconstructions, notably by altering not only the
MBT’s),, temperature index, but also the fractional abundance of high-
abundance compounds such as Ia, Illa, and Illa’, indispensable to
nearly all brGDGT temperature calibrations (Raberg et al., 2025). The
isoGDGT-0 to crenarchaeol ratio serves as an indicator for the presence
of archaeal methanogens (Blaga et al., 2009). Higher values of the
isoGDGT-0/Cren ratio are likely associated with periods of reduced
conditions characterised by low oxygen levels, which in turn favour
the growth of archaeal methanogens.

Monticchio’s high iso-GDGTO/Cren ratio points to mostly anoxic/
reducing conditions. Variation of the iso-GDGTO/Cren ratio, however,



L. d’Oliveira et al. Quaternary Science Reviews 380 (2026) 109873

Age (ka cal BP)
6

0 1 2 3 4 5 7 8 9 10 11 12 13
(a) ! Late Holocene | Middle Holocene ! Early Holocene | Younger Dryas
18] i i i
I I I
I I I
o | | i
25 | A
2 4
B < F=-
@ 121
2k \
[0} <§( 10
o r-value
8
- 0.75
050
(b)
025
8 . 0.00
82 ey |
f=
== [l 1
=59 | Y |
o< | 1 |
5= I | |
o I | |
1 I I 1L
I I I !
} I I I
I I I I
6 . Methods BRT MAT | RF IWAPLS !
| I | |
i | i i
(c) I | I I
250 | | | |
| | | |
= I i | |
E I A I
3 £ 200 14 ~ T |
i Whed |
[ I 1 Iy |
g2 .1 : | '
co 150 : _Il I =
sc | | |
o E i | | |
2" | ! ! !
e | I | |
| I | |
I I I I
1 ! ! :
| i | |
(d)ﬂ 15 : Mediterranean region South 40° N : :
T, ] I - I C Herbaceous fuel
o'l | |
g5 | | | |
IE 'MWM\N—/\/MN\/\N\MM ! 05=
5 5 | | I -
[ i ; i i i
~ 0 | e AR | i | Ligneous fuel | 0-0
0 1 2 3 4 5 8 9 10 11 12 13

6 7
Age (ka cal. BP)

Fig. 7. (a) brGDGT-inferred Mean Annual Air Temperature (MAAT) and mean temperature of Months Above Freezing (MAF) reconstructions based on lacustrine
calibrations of Russell et al. (2018, MAAT_MBT’sy,.), Bauersachs et al. (2024, MAF_MBT’s,.), Martinez-Sosa et al. (2021, MAF_Bayesian) and Raberg et al. (2021,
MAF_mr). (b) Pollen inferred mean annual temperature (MAAT) for the MAT (green lines and triangles), BRT (orange lines and triangles), WA-PLS (grey lines
and circles) and RF (violet lines and crosses) methods. The red and the bold red curves correspond respectively to the calibrations-averaged and the smoothed
calibrations-averaged palaeoclimate signal. Lateral lines on the right represent the calibration and method errors (RMSE) found in the Tables 1, 2. Estimation
of Pearson’s correlation coefficient (r) values for each time period, highlighted by the vertical dashed lines, is represented between panels (a) and (b). * block
permutation p-value < 0.05, ** block permutation p-value < 0.01, *** block permutation p-value < 0.001. (c) Pollen-inferred summer (Psum, red curve) and
winter (Pwin, blue curve) precipitation (mm) at Lago Grande di Monticchio. (d) Charcoal-inferred CHARnb (#.cm™2.yr~!, number) and width/length ratio (W/L)
for MONTI23-II. Fire activity of the Mediterranean region south of latitude 40°N, inferred from z-scores of transformed charcoal influx by Vanniéere et al. (2011),
is represented by red (more activity) and blue (less activity) rectangles. Dashed horizontal black line: modern estimated mean annual temperature and seasonal
(summer and winter) precipitation at Lago Grande di Monticchio (data from WorldClim 2.1, Fick and Hijmans, 2017).

does not coincide with high variation of MBT’sy,. values (Figs. F.6a, In our study, the winter temperature trend reconstructed from a
F.6d). This suggest that, while anoxic/reducing conditions may im- multi-method approach (red curve in Fig. 8c) is consistent with those
pact the overall reliability of brGDGT-base palaeotemperature recon- climate trends, depicting a winter warming throughout the Holocene.
struction (Harning et al., 2025; Raberg et al., 2025), in Lago Grande Overall, between our study and that of Allen et al. (2002), the winter
di Monticchio, the MBT’sy.-based calibration can still be applied to temperature reconstructions are consistent and follow the increasing
quantitatively reconstruct palaeotemperatures. trend of winter insolation at those latitudes (black curves in Fig. 8a;
Cruz-Silva et al., 2023; Liu et al., 2023; d’Oliveira et al., 2025). The

4.2. Pollen-inferred annual and seasonal palaeoclimate pollen-based summer precipitation curve (red curve in Figs. 7c, 8h)
indicates wetter conditions from the Younger Dryas onward, suggesting

First studies focusing on palaeovegetation and palaeoclimate (Allen a shift towards drier summer conditions throughout the Holocene. In

et al.,, 1999, 2002) aimed to reconstruct three bioclimate parameters Mediterranean regions, summer rainfall can be related to fluctuating
(e.g., temperature of the coldest month, growing degree days over 5 °C lake levels, as it reflects regional summer hydrological changes (Magny
and the ratio of potential evapotranspiration). In their study (pink curve et al.,, 2007). The summer precipitation pattern at Monticchio would
in Fig. 8c), cold winter conditions are evidenced during the Younger have caused lake levels to remain high from the Early to Mid-Holocene,
Dryas (YD), followed by a warming trend during the early Holocene  followed by a decline after 6000 cal. BP, similar to the observations
(EH), which culminates in close to modern winter temperatures during at Lago Preola in southern Italy (Fig. 8h; Magny et al., 2011). The

the Mid-Holocene (MH).
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Fig. 8. Selected palaeoclimate records over the Holocene for Italy. (a) Summer (June, red curve) and winter (December, black curve) insolation for latitude
43°N (W m~2, Laskar et al., 2004). (b) Mean annual temperature anomaly (MAAT, °C) at Lago Grande di Monticchio reconstructed from pollen and brGDGTs
data (red curves, this study) and Southern Italian Sea surface temperature anomaly (SST) reconstructed from biomarker records (detailed in Table A.1). (¢) Mean
winter temperature anomaly (Twin, °C) reconstructed from pollen data for Northern and Southern Central Mediterranean (respectively light blue and orange
curves, d’Oliveira et al., 2025) and for Lago Grande di Monticchio (red and pink curves for respectively this study and Allen et al., 2002). (d) Mean summer
temperature anomaly (Tsum, °C) reconstructed from pollen data for Northern and Southern Central Mediterranean (respectively light blue and orange curves,
d’Oliveira et al., 2025) and for Lago Grande di Monticchio (red curve, this study) and from chironomid data for Gemini-Verdarolo sites (northern Italy) (dark
blue curve Samartin et al., 2017). (e) §'®0 (%oVPDB) measurement from speleothems data for Corchia Cave (Regattieri et al., 2014), Renella Cave (Drysdale
et al., 2006) and Sant’Angelo cave (Columbu et al., 2022). (f) Mean annual precipitation anomaly (MAP, mm) at Lago Grande di Monticchio reconstructed
from pollen data (red curve, this study). (g) Mean winter precipitation anomaly (Pwin, mm) reconstructed from pollen data for Northern and Southern Central
Mediterranean (respectively light blue and orange curves, d’Oliveira et al., 2025) and for Lago Grande di Monticchio (red curve, this study). (h) Left: Mean
summer precipitation anomaly (Psum, mm) reconstructed from pollen data for Northern and Southern Central Mediterranean (respectively light blue and orange
curves, d’Oliveira et al., 2025) and for Lago Grande di Monticchio (red curve, this study). Right: Lake-level fluctuations at Lago dell’Accesa (expressed in absolute
elevation in m a.s.l.) and at Lago Preola (interpreted from correspondence analysis scores; CA) from sedimentology analysis (respectively pink and brown curves,
Magny et al., 2007, 2011). The period highlighted in grey corresponds to the period when the human impact was identified in the sedimentary record of Lago
Grande di Monticchio.

fluctuations in summer precipitation and lake levels are further evi- the trees. Conversely, prolonged drought could lower the lake level
denced by the presence of Alnus (alder) around the lake. At Monticchio, to a point where the trees could no longer survive due to drought.
Alnus, which is confined to the wetlands at the edge of the lake, Contrary to what is proposed by Allen et al. (2002) to explain Alnus
appear as early as 10,000 cal. BP but was not present continuously presence evolution around the lake edges, our findings reveal that
or in high proportions (< 20 %) and disappears around 8000 cal. BP the sudden re-emergence of Alnus around 7000 cal. BP followed a
before reappearing in high proportions (> 60 %) around 7000 cal. BP period of gradual summer aridification that resulted in lower summer
(Fig. 5a). In their early study, Allen et al. (2002) proposed several precipitation levels. These low summer rainfalls likely led to declines
reasons for the sudden disappearance of alder around 8000 cal. BP in lake levels (Magny et al., 2011, 2012), thus enabling the growth
and its subsequent return around 7000 cal. BP. One explanation was of Alnus in the humid areas near the lake due to an expansion of the
that increased precipitation could submerge the Alnus fringe, drowning potential zone for Alnus occupation.
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Overall, the temperature and precipitation signals of Lago Grande
di Monticchio (red curves in Fig. 8) can be linked to the palaeoclimatic
signals from the southern Italian regions, i.e., progressive warming and
aridification of summer conditions, and warming and humidification of
winter conditions. This pattern translates to an enhanced precipitation
seasonality during the Holocene (Figs. 7c, 8g, 8h). This well-known
“Mediterraneanization” process surrounding the Mediterranean Sea has
been highlighted by previous studies (Roberts et al., 2011; Sadori et al.,
2011; Joannin et al., 2014; Finné et al., 2019; d’Oliveira et al., 2025)
during the Mid- and Late Holocene.

4.3. A multi-proxy temperature reconstruction from the Lago Grande di
Monticchio record

One of the aims of our multi-proxy study is to reconstruct and better
understand the climatic variability in the zone between 40-43°N in
Italy. The location of the Lago Grande di Monticchio, in this transi-
tional region, makes the study of its sedimentary record particularly
important. The comparison of two independent climate proxies, namely
pollen and brGDGTs, enabled us to verify the robustness of the temper-
ature reconstructions for the Holocene and the end of the Lateglacial.
The temperature trends reconstructed from both proxies show similar
trends, highlighted by relatively good positive correlation coefficient
values (Pearson r-value > 0.60) between 13,000 and 8200 cal. BP (Figs.
7a, 7b).

During the Younger Dryas period (12,900-11,700 cal. BP), cold
conditions are evidenced, followed by a warming during the Early
Holocene (11,700-8200 cal. BP). The Mid-Holocene (8200-4200 cal.
BP) corresponds to the period with the least correlation (Pearson
r-value close to zero). During this period, a mid-Holocene thermal
maximum (HTM) is recorded by brGDGTs data (Fig. 7a), similar to
what is observed in the sea surface temperature of the southern Italian
Mediterranean Sea (yellow curve in Fig. 8b, extracted from the study of
Marriner et al., 2022), while no HTM is present in pollen data during
this period; temperatures are characterised by continuous warming
(Fig. 7b). Finally, the Late Holocene period (4200 cal. BP to modern
times) is characterised by a thermal maximum around 3500 cal. BP
with pollen data, followed by similar cooling trends between the two
proxies. The positive correlation (Pearson r-value of 0.7) during the
Late Holocene supports a reliable temperature reconstruction during
this period.

4.4. Anthropogenic activity and fire history at Lago Grande di Monticchio

Addressing the influence of human impact on vegetation is crucial
when using pollen data to reconstruct past climates of recent periods,
such as the Late Holocene. Numerous studies have indicated that
human activities, such as land clearing for agriculture, can result in an
inflated representation of non-arboreal pollen and fire activity (Van-
niére et al., 2008, 2011). Pastoralism activities and, more generally,
an increase in herbivory pressure (including wild herbivory impact)
have an impact on the vegetation structure, favouring herbaceous
and shrubby vegetation community (Biancari et al., 2024). Inflated
representation of non-arboreal pollen can lead to skewed palaeoclimate
reconstructions, where shifts in vegetation do not accurately reflect
climatic changes (Birks et al., 2010; Mauri et al., 2015). In the central
Mediterranean region and in Italy, studies revealed that before 4000
cal. BP, climatic variations were the primary drivers of vegetation
changes (Sadori et al., 2011) and fire activity (Vanniere et al., 2008,
2011). However, after this period, it appeared that both human ac-
tivities and climatic changes contributed to the observed changes in
vegetation and the increase in fire activity (Sadori et al., 2011; Vanniere
et al., 2011).

At Lago Grande di Monticchio, charcoal analysis indicates a phase
of intense fire activity between 9000 and 7500 cal. BP (Fig. 7d). This
phase is associated with increasing forested fuel (Fig. 7d). This trend is
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also evident in other records from the Central Mediterranean regions
located south of 40°N (blue and red rectangle in Fig. 7d; Vanniere
et al., 2011) and in Sardinia (Beffa et al., 2016; Pedrotta et al., 2021).
According to Vanniere et al. (2011), who investigated the fire regime in
this area, the charcoal records from the central Mediterranean (between
40-45°N) indicate an increase in fire occurrences between 8000 and
4000 cal. BP, much later than observed in Monticchio. In contrast,
sites in the southern regions (south 40°N), such as Gorgo Basso, Lago
di Pergusa, and Biviere di Gela, show a decrease in fire activity from
7000 to around 4000 cal. BP, often linked to wetter than present
summer conditions. These distinctive patterns may be influenced by
the interactions between the Central Mediterranean, North Atlantic at-
mospheric and oceanic cells, and low-latitude monsoon areas (Broccoli
et al., 2006; Roberts et al., 2011; Vanniere et al., 2011; Brogli et al.,
2019). Additionally, shifts in orbital parameters, including summer in-
solation, might have indirectly caused abrupt changes in fire activity by
affecting rainfall distribution and intensity, temperature, and seasonal
variations. A clear seasonal pattern, characterised by dry summers and
wet winters, would likely promote fire activity (Vanniére et al., 2008;
Beffa et al., 2016; Pedrotta et al., 2021). Looking at fuel type, the fires
recorded at Lago Grande di Monticchio appear to involve a mixture
of herbaceous and woody biomass, as suggested by relatively high
W/L values (W/L ratio < 0.5, Fig. 7d). Pollen data, however, indicate
high proportions of tree pollen throughout the Holocene (> 80 %, Fig.
C.1). Such discrepancies could be explained if fires mainly affected the
herbaceous layer rather than the surrounding forested areas close to the
lake. In this case, elongated charcoal particles would primarily reflect
the burning of herbaceous fuels, whereas more compact particles would
be related to woody biomass (Umbanhowar and Mcgrath, 1998; Enache
and Cumming, 2007; Mustaphi and Pisaric, 2014). Consequently, the
charcoal record would mainly reflect local fire activity, while the pollen
record would integrate a broader, regional signal of vegetation com-
position, as commonly observed in palaeoecological studies (Vanniere
et al., 2003; Leys et al., 2014; Lestienne et al., 2020). In addition, the
interpretation of the W/L ratio may be limited during periods of low
charcoal abundance, reducing its reliability between ca. 7500 and 1500
cal. BP (Aleman et al., 2013).

During the Late Holocene, the human impact increased. In south—
eastern Italy, human settlements are recorded as early as 8000 cal.
BP (Guilaine et al., 2019; Manen et al., 2019). At Lago Grande di Mon-
ticchio, Cerealia-type and Plantago lanceolata-type are recorded around
this period (Fig. 5). The presence of these taxa is consistent with human
presence in the region during the Middle Holocene, but their impact on
the vegetation is not evidenced in the pollen assemblages. However,
the effect of human activity increases, from 3000 cal. BP onwards,
with the appearance of more regular percentages of Cerealia-type and
higher percentages of Olea and Juglans, suggesting that cultivation was
becoming more common. Human impact is also recorded by a strong
increase in fire activity from 3000 cal. BP onward. From other Italian
charcoal records, Vanniére et al. (2008) evidenced that a combination
of drier climate conditions and human actions contributed to increased
fires from 4000 cal. BP onward. They suggested that the increase in
human population during the Bronze Age (4300-3000 cal. BP) and
the more intensive land-use affected fire activity. At Lago Grande di
Monticchio, significant human settlement began in the 10" century BC
(about 1000 years ago) with the construction of the Benedictine abbey
of San’Ippolito (Allen et al., 2002). This is reflected in our results by a
clear rise in fire activity at that time (Fig. 7d).

Those observations suggest that, while climate must have been
a driver of vegetation dynamics from 3000 cal. BP onward, human
influence must also be considered. The absence of a clear relationship
between fire and vegetation until 3000 cal. BP supports the reliability of
our palaeoclimatic reconstructions based on pollen data, as the vegeta-
tion recorded at Lago Grande di Monticchio appears to be independent
of fire activity from the Younger Dryas to the Late Holocene. Therefore,
it is important to be cautious when interpreting the results of the pollen-
based climate reconstructions from 3000 cal. BP to the modern period
(grey period on Figs. 7 and 8).
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4.5. The north-south pattern of seasonal temperature and precipitation in
the Italian peninsula

Over the past decade, several studies have highlighted a north-south
climate divide in the central Mediterranean throughout the Holocene,
separating the northern and southern climate regions. The latitudinal
boundary remains uncertain and is thought to lie between latitudes 40
and 43°N, creating a climate transition zone (Magny et al., 2012; Pey-
ron et al., 2011; Magny et al., 2013; Peyron et al., 2013; Di Rita et al.,
2018a; Robles et al., 2023; d’Oliveira et al., 2025). Within this frame-
work, the location of Lago Grande di Monticchio (~ 41°N) presents a
valuable opportunity to refine the latitudinal boundary location (Fig.
9). Our quantitative palaeoclimate reconstructions highlighted the ab-
sence of an HTM and the presence of a “Mediterraneanization” process
taking place during the mid-Holocene, i.e., wet (dry) summer (winter)
conditions during the Younger Dryas and Early Holocene, followed by
drier (wetter) summer (winter) conditions during the Middle and Late
Holocene.

Previous studies showed that southern regions (below 40°N) are
characterised by a marked ‘“Mediterraneanization” process during the
Holocene (Roberts et al., 2011; Di Rita et al., 2018a; d’Oliveira et al.,
2025) and the absence of a summer and/or annual HTM (d’Oliveira
et al., 2025). Our quantitative palaeoclimate reconstructions of Lago
Grande di Monticchio (red curves on Fig. 8) show good consistency
with the climate of southern regions. Summer aridification is also
reflected by the lake-level fluctuations of the Sicilian site Lago Pre-
ola (Magny et al., 2007, 2011, brown curve Fig. 8h), with the presence
of high lake-level between 11,500-4500 cal. BP, followed by a marked
decrease between 4500 and 3400 cal. BP. A similar pattern is illus-
trated by the decreasing water depth level of Lago Trifoglietti between
9000-4000 cal. BP (Joannin et al., 2012). Wet winter conditions at
the onset of the Holocene (11,700 cal. BP) are also observed in the
winter precipitation signal at Sant’Angelo cave (Figs. 8e, 9b), inferred
by oxygen stable isotope (5'80; Columbu et al., 2022). In addition,
Mediterranean vegetation at Monticchio, with the presence of Quercus
ilex-type, Phillyrea around 7000 cal. BP and later of Olea and Pistacia
(Fig. C.1), is also consistent with the records of Lago Alimini Pic-
colo (~ 40°N, Di Rita and Magri, 2009) and Lago di Battaglia (~ 41°N,
Caroli and Caldara, 2007). Those two records present the establish-
ment of a similar vegetation around 6000 cal. BP and an increasing
aridification trend from 4200 cal. BP onwards. This suggests that the
lower latitudinal limit of the transition zone should be located above
not only 40°N but also 41°N (Fig. 9). Lago Grande di Monticchio record
allows us to propose a new lower latitudinal boundary, above 41°N,
that restricts the climatic transition zone between 41 and 43°N rather
than between 40 and 43°N.

While Lago Grande di Monticchio has allowed us to specify the
lower latitudinal limit of the climatic transition zone (now above 41°N,
Fig. 9), uncertainties remain regarding the upper latitudinal bound-
ary, currently proposed to be around 43°N. Northern regions (above
43°N) are climatically defined by wetter summer and winter conditions
throughout the Holocene and the presence of a summer and/or annual
HTM (Roberts et al., 2011; Di Rita et al., 2018a; d’Oliveira et al.,
2025, Fig. 9). In the Alps and northern Apennines, pollen, chironomid,
lake-level and speleothem records illustrate this pattern (Figs. 8, 9).
Pollen data highlighted wetter summer and winter conditions during
the early-to-mid Holocene (Figs. 9¢c, 9d) as well as the presence of a
summer HTM, also present with chironomid data at Gemini-Verdarolo
lakes (Fig. 8d; Samartin et al., 2017). Further south, close to the
upper boundary of the latitudinal boundary (~ 43°N), lake-level data
at Lago dell’Accesa indicate dry conditions from 12,000 to 4200 cal.
BP with low lake-level values, while pollen data from d’Oliveira et al.
(2025) suggest rather humid conditions during this period (Fig. 8h).
In addition, d’Oliveira et al. (2025) highlighted that the most signif-
icant climatic contrast arises for the summer season between Lago
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dell’Accesa (~ 42°N) and Lago del Greppo (~ 44°N). These inconsisten-
cies point to underlying complexities and factors affecting the climatic
dynamics at the higher latitudes of the transition zone (~ 43°N).

Among those factors, the type of proxy used to reconstruct the
palaeoclimate is of great importance. Indeed, the multi-proxy approach
permits overcoming the biases inherent in proxies, but certain char-
acteristics specific to proxies must be taken into account. One of
them concerns the consistency of comparisons of reconstructed climate
parameters, meaning that from one proxy to another, the reconstructed
parameter may not always be the same. This is the case for the changes
in 6'80 isotopic values from speleothems. In the studies of Drysdale
et al. (2006), Regattieri et al. (2014), and Columbu et al. (2022), those
variations are interpreted as an indirect measure of winter (i.e., Corchia
Cave and Sant’Angelo Cave) or summer precipitation (i.e., Renella
Cave). Those indirect measurements of seasonal precipitation may not
fully align with winter and summer pollen-based precipitation param-
eters, which can result in climatic contrasts related to the type of
proxy rather than to different atmospheric dynamics. Moreover, studies
suggest that the latitudinal boundary varied through time and space in
the Mediterranean region (Vanniére et al., 2011; Magny et al., 2013;
Robles et al., 2023; d’Oliveira et al., 2025). As such, it may also
be possible that the transition zone between northern and southern
climate regions was a diffuse rather than a clear and distinct boundary,
resulting in a latitudinal climate gradient that may have slightly moved
through time and space. Further multi-proxy investigations in northern
latitudes, closer to the upper latitudinal boundary (~ 43°N), are needed
to obtain a more complete picture of Holocene climate variability in the
Italian Peninsula.

Finally, the reconstructed palaeoclimate dynamics may be impacted
by the combination of records at different elevations. The intricate
topography of Italy and its central location within the Mediterranean
region result in diverse precipitation patterns influenced by various me-
teorological processes (Silvestri et al., 2022). Indeed, the climate of the
Mediterranean basin is strongly influenced by its orography and land-
sea distribution, since these factors partly shape the expression of the
regional climate and its teleconnections with global mechanisms (Li-
onello et al., 2006). It therefore seems necessary to gain a better
understanding of the climatic mechanisms affecting the Mediterranean
Basin and their evolution and connections during the Holocene. The
final part of the discussion attempts to provide a framework for these
mechanisms, their functioning, their interactions and their evolution
during the Holocene.

4.6. Mediterranean climate forcing mechanisms

Studies proposed that the Holocene climate of the Mediterranean
region was shaped by the complex interplay of several global forcing
mechanisms, resulting in distinct temporal variability and pronounced
spatial heterogeneity (Roberts et al., 2011; Fletcher et al., 2013; Magny
et al., 2013; Zanchetta et al., 2016; Ayache et al., 2018; Di Rita et al.,
2018a; Columbu et al., 2022; Lionello et al., 2024). These mechanisms
included (1) changes in tropical system dynamics, often modulated by
orbital and solar forcing, (2) oceanic circulation, and (3) atmospheric
oscillations in the high northern latitudes (Roberts et al., 2011; Magny
et al., 2013; Zanchetta et al., 2016; Di Rita et al., 2018a; Columbu et al.,
2022).

Millennial climate variability during the Holocene is mainly influ-
enced by orbital forcing (i.e., obliquity, precession and eccentricity),
whose variations cause significant redistributions of energy, both sea-
sonally and latitudinally (Bradley, 2003). On a large-scale, shifts in
Hadley Cell circulation can be directed by changes in the temperature
gradient between polar and equatorial regions, themselves resulting
from differential radiation anomalies (Bradley, 2003). The Hadley cir-
culation (HC) is a vital global atmospheric system that moves moisture
from the tropics to the subtropics, impacting the regional hydrological
cycle. It consists of two cells in each hemisphere, with an ascending
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branch at the Intertropical Convergence Zone (ITCZ) and descending
branches in the subtropics (Lionello et al., 2024). The HC determines
summer dryness in the Mediterranean, as its descending limb moves
northward from the Sahara to encompass the southern Mediterranean
region (Egypt and southern Levant; Roberts et al., 2011). Summer
aridity is tightly linked to the HC’s summer extension and strength in
the southern limits of the Mediterranean basin (Lionello et al., 2006;
Desprat et al., 2013). The ITCZ is a narrow equatorial band of intense
convective activity whose position and strength regulate the global
water cycle and are intrinsically connected to the HC (Yuan et al.,
2023; Bian et al., 2025). The decrease of the Northern Hemisphere
solar insolation throughout the Holocene lead to a general cooling,
a southern shift of the ITCZ and a weakened summer monsoon sys-
tem (Wanner et al., 2011). During the early-to-mid Holocene period, a
strong insolation seasonality favoured a northward shift of the boreal
summer ITCZ (Menviel et al., 2021; Bian et al., 2025), which brought
enhanced summer rainfall to tropical north Africa, corresponding to
the African Humid Period (AHP). During the mid-Holocene (~ 6000
cal. BP), the Northern Hemisphere insolation seasonality progressively
decreased, reducing the cross-equatorial circulations. This led to a
gradual but continuous southward shift of the ITCZ (Haug et al., 2001;
Braconnot et al., 2007), a summer cooling trend and a weakening
summer monsoon system (Wanner et al., 2008, 2011). The weakening
of the summer monsoon system has gradually increased aridity in
subtropical Africa and Asia (Roberts et al., 2011), leading to a time-
transgressive termination of the AHP, as early as 5500 cal. BP in the
north-eastern regions of the African continent, and later (~ 2500 cal.
BP) at lower latitudes (Shanahan et al.,, 2015; Lézine et al., 2017;
Dallmeyer et al., 2020).

Although it is unlikely that the summer monsoon had a direct
influence on the northern Mediterranean coast during the Holocene,
links between the position of the ITCZ and the Mediterranean sum-
mer anticyclonic system have already been proposed to explain the
hydrological variability of central Italy at the beginning of the last
glacial period (115.0-92.3 ka; Regattieri et al., 2015). Regattieri et al.
(2015) suggested that the northward shift of the ITCZ during this
period may have strengthened and displaced the summer high-pressure
system northward, amplifying summer aridity and winter wetness due
to the persistence of high Mediterranean Sea temperatures along the
Apennines ridge. This hypothesis, linking the position of the ITCZ and
seasonal precipitation (i.e., northward shift of the ITCZ amplifying
summer aridification and winter wetness) in the Central Mediterranean
during the Holocene, remains to be verified. At Lago Grande di Mon-
ticchio, during the early and middle Holocene, as the ITCZ shifted
northward, our reconstructions suggest relatively wet but drying sum-
mer conditions. At the same time, winter precipitation reached its
maximum (Figs. 8g, 8h), supporting the hypothesis stated above. In this
sense, the southward shift of the ITCZ around 5500 cal. BP should lead
to wetter summers and drier winters. At Monticchio, from 5500 cal. BP
onwards, summer aridification is still present but slowed down, and
winter conditions are less wet (Figs. 8g, 8h). This pattern is observed
until 3000 cal. BP, when summer aridification resumes and appears
to impact winter conditions. 3000 cal. BP marks the appearance of
anthropogenic pollen markers at Monticchio (Ceralia-type, Plantago
lanceolata-type, Olea, and Juglans), highlighting human influence on the
vegetation (Fig. C.1). The latest climate patterns derived from pollen
data from Monticchio from 3000 cal. BP onwards should therefore
be interpreted with caution. Considering this, the link between the
position of the ITCZ and the evolution of seasonal precipitation patterns
in Monticchio during the Holocene seems to be coherent with our
palaeoclimatic reconstructions, at least up to 3000 cal. BP. This sug-
gests that the position of the ITCZ and the strength of the HC may have
had an impact on the climate of southern Italy, but other mechanisms
may also have been at work. A better understanding of the influence of
these overlaps and their spatial extent could shed light on the possible
mechanisms.
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The Atlantic Meridional Overturning Circulation (AMOC) serves as
a critical oceanic forcing mechanism, playing a key role in the global
climate system through its heat and freshwater transports, which help
maintain a relatively warm north-western European climate (Ayache
et al.,, 2018). The AMOC’s surface limb moves warm, salty waters
towards the high latitudes of the North Atlantic, where they cool and
sink. Studies have evidenced centennial- to millennial-scale variations
in the AMOC during the Holocene, switching between strong and weak
states (Thornalley et al., 2011), directly impacting western European
climate. Changes in AMOC intensity are partly caused by atmospheric
factors, in particular the North Atlantic Oscillation (NAO) (Li et al.,
2013; Sun et al.,, 2015; Wang et al., 2017; Xu et al., 2019). NAO
variations are hypothesised to influence the AMOC by modifying air—
sea fluxes. The NAO operates via a spatial dipole with pressure centres
near the Azores and Iceland, and modulates the strength and direc-
tion of the westerly winds belt (Hurrell, 1995; Lépez-Moreno et al.,
2011; Ait Brahim et al., 2019). Positive (negative) phase results in
the reinforcement (weakening) and displacement to the north (south)
of the pressure centres, directly affecting precipitation patterns across
the Mediterranean region by creating dry (wet) conditions in north-
ern and central Mediterranean borderlands (Southern France, Iberian
Peninsula, North Africa) and wet (dry) conditions in southern ones
(Middle East) (Wanner et al., 2008). While the NAO is often noted
for its short-term variability, observations indicate that it also displays
annual and longer-term variations in addition to its sub-seasonal fluctu-
ations (Olsen et al., 2012; Wang et al., 2017). A positive NAO (NAO+)
strengthens the AMOC by extracting heat from the subpolar gyre and in-
creasing deep-water formation (Delworth and Zeng, 2016). In contrast,
a negative NAO (NAO-) will lead to reduced westerly winds over the
North Atlantic, less heat extraction, reduced deep-water formation, and
a subsequent weakening of the AMOC. A weakened AMOC reduces the
northward transport of warm water, contributing to regional cooling
and decreased (increased) summer precipitation in northern (southern)
Europe, often associated with a summer NAO-signal (Jackson et al.,
2015; Li and Liu, 2025). Holocene AMOC fluctuations have been sug-
gested to control the presence of a North Atlantic dipole similar to the
NAO (Schulz et al., 2007; Fletcher et al., 2013; Smith et al., 2016).

During the Holocene, the NAO was suggested as the dominant
atmospheric driver of the hydro-climate variability over the Mediter-
ranean Basin (Magny et al., 2013; Delworth and Zeng, 2016; Zanchetta
et al., 2016; Di Rita et al.,, 2018a; Columbu et al., 2022). Predom-
inantly negative NAO conditions (NAO-) during the Early and Late
Holocene were associated with a southern shift of the westerly wind
belt, increasing winter precipitation in northern Morocco (Ait Brahim
et al., 2019) and northern Italy (Corchia Cave, Fig. 8e; Regattieri et al.,
2014), high lake-level in central-northern Italy (summer precipitation;
Magny et al., 2007) and glacier advancements in the Apennines (winter
precipitation; Giraudi et al., 2011). Conversely, more positive NAO
conditions (NAO+) dominated during the Mid-Holocene, which initi-
ated a lake-level minimum in central-northern Italy (Lago dell’Accesa,
Fig. 8h; Magny et al., 2013) and a maximum in southern Italy (Lago
Preola, Fig. 8h). At Monticchio, winter precipitation also seems to be
influenced by the NAO, as similar trends are present throughout the
Holocene (i.e., relatively dry winter conditions during the Early and
Late Holocene and wetter ones during the Mid-Holocene). Throughout
the Holocene, the AMOC likely underwent an initial enhancement,
followed by a general weakening trend from approximately 6000-7000
cal. BP to 2000 cal. BP (Ayache et al., 2018). A progressive weakening
of the AMOC during the mid-Holocene is not in accordance with our
summer precipitation reconstruction at Lago Grande di Monticchio
(Fig. 8h), which shows a gradual summer aridification throughout time
instead of a dry early-to-mid Holocene followed by wetter summer
conditions. However, this pattern is present at higher latitudes, at north
43°N central Mediterranean (orange curve in Fig. 8h). This may suggest
that the influence of the AMOC intensity on southern Europe stops or
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decreases significantly at the climate transition zone around 40-43°N
and that other climate forcing takes over for regions further south.

The Mediterranean region exhibits distinct temporal periodicities
and is a major climate transition, with palaeohydrological changes
occurring in response to a combination of orbital, ice-sheet, and solar
forcing factors (Magny et al., 2013; Di Rita et al., 2018a; Columbu
et al., 2022) and an intricate, spatially reorganised ocean-atmospheric
teleconnection between monsoon systems and summer weather condi-
tions (Regattieri et al., 2015; Finné et al., 2019). Speleothems (Drysdale
et al., 2006; Regattieri et al., 2015; Zanchetta et al., 2016; Columbu
et al.,, 2022) and lake-level fluctuations (Magny et al., 2007, 2011,
2013) in Italy reveal contrasting hydrological responses across the
region, influenced by complex interactions among these climate sys-
tems and atmospheric circulation. In an earlier study, Roberts et al.
(2011) proposed that the rainfall changes were often patchy in their
distribution across the Mediterranean basin, especially in the western
Mediterranean region. The existence of clearly opposing hydrological
trends between the south-western Mediterranean (wet periods) and the
central-southern Mediterranean (dry periods, e.g., the Gaeta archives;
Di Rita et al.,, 2018b) suggests that complex atmospheric circulation
patterns were at work. These potentially involved the NAO and the
dynamics of the North African anticyclone (Di Rita et al., 2018a), the
latter being partly influenced by large-scale circulations (position of
the ITCZ and the descending branch of HC; Chen, 2005; Djebbar et al.,
2020). This complexity aligns with the “Mediterraneanization” process
after 8000 cal. BP, where the region evolved towards characteristically
wet winters and dry summers (Sadori et al., 2011; Vanniére et al.,
2011; d’Oliveira et al., 2025), which is also observed at Lago Grande
di Monticchio (Fig. 8h).

The complex interaction between several global forcing mechanisms
highlights the sensitivity of the Mediterranean climate to changes at
different geographical and temporal scales. Beyond the complex ocean-
atmospheric teleconnection, the contrasted north-south climate pattern
is likely to be also related to the intricate land-sea geography, local
topography of the Mediterranean basin (Roberts et al., 2011; Finné
et al., 2019). The actual cause of this north-south climate contrast on
the Italian peninsula remains unclear, although several hypotheses have
been put forward. A better understanding of global forcing mechanisms
on a regional scale, particularly in a region with complex topography
and surrounded by sea (the Italian peninsula), could help to refine the
climate mechanisms involved in this north-south division during the
Holocene.

5. Conclusion

In this study, we aimed to quantitatively reconstruct the climate
evolution of the latitudinal band between 40° and 43°N in Italy during
the Holocene using a new sedimentary record from Lago Grande di
Monticchio. The reliability of our palaeoclimate reconstruction was
assessed using two independent proxies, i.e., pollen and brGDGTs, on
which a multi-method and multi-calibration approach was applied to
reconstruct mean annual temperature. Pollen data were also used to
reconstruct seasonal (summer, winter) temperatures and precipitation
to better investigate the north-south pattern previously evidenced by
lake levels and other proxies.

Our results enabled us to verify the robustness of the temperature
reconstructions for the Holocene and the end of the Late Glacial,
with similar annual temperature patterns between pollen- and brGDGT-
based signals. First, cold conditions were present during the Younger
Dryas, followed by a warming during the Early Holocene. The Mid-
Holocene period showed less coherence, with an early mid-Holocene
thermal maximum (HTM) with brGDGTs data and a later one, during
the mid-to-late Holocene transition, with pollen data. A similar cooling
trend is present during the Late Holocene. The charcoal analysis, as
well as pollen data, highlighted the period from 3000 cal. BP to modern
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day, during which the human and climate impact became indistinguish-
able. During this period, fire activity intensified, anthropogenic taxa
increased, and other human indicators (i.e., archaeological artefacts)
were attested.

The second objective of this study was to explore the regional
climate variability of the Italian peninsula using other proxies and
locations, and to precisely locate the north—south latitudinal limitation
boundaries located between 40-43°N. Compared to other studies based
on various proxies (i.e., pollen, chironomids, speleothems, alkenones
and lake-level fluctuations), the Lago Grande di Monticchio climate
signal can be linked to southern (south of 43°N), rather than northern
(north of 43°N) climate regions. Southern regions are characterised
by summer cooling and aridification trends alongside winter warm-
ing and humidification trends during the Holocene. The location of
Lago Grande di Monticchio in the transitional zone that climatically
divides the northern from the southern regions is supported by the pro-
nounced “Mediterraneanization” process and the absence of a marked
mid-Holocene summer thermal maximum.

Comparative analysis with records located within this transitional
zone supports the southern climate attribute of Lago Grande di Mon-
ticchio, but the precise latitudinal boundary of the transition remains
unclear. From previous studies, the most significant climatic contrast
arises during summer between Lago dell’Accesa (~ 42°N) and Lago del
Greppo (~ 44°N), where opposing climatic trends are evident around
the 43°N mark. This suggests that the latitudinal divide influencing the
climate of the Italian peninsula during the Holocene is likely situated
at the higher end of the 41-43°N range.

The Holocene climate of the Mediterranean region was shaped by
the complex interplay of global forcing mechanisms, primarily includ-
ing the dominant atmospheric North Atlantic Oscillation (NAO), the
oceanic Atlantic Meridional Overturning Circulation (AMOC), and trop-
ical system dynamics (ITCZ/Hadley Cells). Changes in Earth’s orbital
parameters influenced the position of the ITCZ, which governed sum-
mer aridity and resulted in a widespread climate shift around 5000 cal.
BP, linked to its southward migration. Throughout the Holocene, the
region experienced dry episodes with distinct temporal periodicities,
reflecting oscillations in the North Atlantic westerlies. After 8000 cal.
BP, the region generally evolved towards a “Mediterraneanization”,
characterised by wet winters and dry summers, but rainfall changes
were spatially patchy. This resulted in significant spatial heterogeneity,
including opposed hydrological trends between the south-western and
south-central Mediterranean areas, underscoring the role of complex
ocean-atmospheric teleconnections and local topography.

Although limitations affect the multi-proxy approach used to recon-
struct the palaeoclimate, whether applied to a single record (e.g., proxy
bias) or encompassing multiple records (e.g., site-related effects, al-
titude, proxy bias, temporal resolution), it remains a powerful tool
for better understanding the spatial and temporal variability of cli-
mate. Our palaeoclimate reconstruction at Lago Grande di Monticchio
has provided a more accurate understanding of the climate transition
zone for intermediate elevations. Further multi-proxy investigations
are needed at higher latitudes, at similar and/or lower and higher
elevations, to obtain a more complete picture of Holocene climate
variability in the central Mediterranean. The climatic mechanisms re-
sponsible for the particular climate pattern of the Mediterranean during
the Holocene remain uncertain. It would be interesting to investigate
the forcings of global mechanisms on a regional scale to help refine
our understanding of the factors involved in this north-south climate
contrast during the Holocene.
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Appendix A. Central mediterranean sea surface temperature

Table A.1

Fossil marine biomarker records used for the Central Mediterranean Sea
Surface Temperature (SST) reconstruction represented in Fig. 1a. Each record’s
climate parameters were averaged in a 100-year bin increment. The binned
values of each record were averaged to produce a regional SST signal for
the southern Italian region. The average signal was then transformed into
anomalies with respect to the reconstructed modern average value.

ID Sitename Latitude (°N) Longitude (° E) Reference

1 AD91-17 40.87 18.64 Giunta and Emeis (2006)
2 GT89-3 39.76 17.90 Versteegh et al. (2007)

3 BS79-38 38.41 13.56 Cacho et al. (2001)

4  BS79-33 38.26 14.03 Cacho et al. (2001)

5 M40-4-SL78 37.04 13.19 Emeis and Dawson (2003)
6  M254-KL11 36.76 17.72 Emeis et al. (2000)

7 ANSIC-03_342 36.70 13.92 Incarbona et al. (2016)

8 ANSIC-03_ 407 36.38 14.45 Incarbona et al. (2016)

9 KCo01 36.25 17.74 Doose (2001)
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Appendix B. Tephra sampling for age-depth model

Table B.2
Tephra from MONTI23-II used for the age model.
Tephra Sample label Borehole and  Composite Tephra
section depth depth (cm) thickness
(cm) (cm)
Top Base
TM23-1 MON23-1 A01_40-41 40 41 1
TM23-2 MON23-3/4 B01.130-131 169.8 171.8 2
TM23-4b MON23-7 A02_180-181 353 354 1
TM23-5 MON23-8 B02_127-129 383.3 3853 2
TM23-6 MON23-9 B02_147.5 403.5 403.8 0.3
T™M23-7 MON23-12 B02_172 428.1 428.3 0.2
TM23-9 MON23-13 A03_157-159 548.5 549 0.5
TM23-13 MON23-17/18 B04_65-67 738 744 6
T™M23-17 MON23-22 A05_98-101 901.1 904.6 3.5
TM23-19 MON23-24 B05_105-108 977.3 981.3 4

Appendix C. Pollen diagram

The last 13,000 cal. BP vegetation has already been described in
detail in the previous studies of Huntley et al. (1996, 1999) and Allen
et al. (2002). The first period of the pollen diagram (M-1), correspond-
ing to the Younger Dryas period (12,900-11,700 cal. BP), is marked
by the lowest percentages of trees (60-80 %). Quercus (deciduous)
represent the major proportion of arboreal pollen (50-60 %). Smaller
proportion of other trees taxa such as Betula, Pinus, Ulmus, Fraxinus,
Tilia and Fagus. Poaceae and Artemisia represent the highest proportion
of the herbaceous taxa. The second period (M-2), expanding from
11,500 to around 9900 cal. BP, correspond to a higher proportion of ar-
boreal pollen taxa (~ 90 %). The drop in Artemisia, Quercus, Betula and
Poaceae coincide with the apparition of Corylus and Ostrya-type, and
the increase of Ulmus and Fraxinus. This period also corresponds to the
appearance of the Mediterranean taxon Phillyrea in small proportions
(< 5 %). During the third period (M-3, 9900-7100 cal. BP), Quercus
and Corylus proportions drop, while Ostrya-type, Fagus and Phillyrea
percentages increase. Abies, Caprinus betulus and Mediterranean Quercus
ilex-type taxa appears during this period. The presence of the hy-
grophilous taxon of Alnus is found around the lake. The fourth period
(M-4) extends from 7100-3000 cal. BP, and corresponds to the highest
tree diversity of the sequence with the presence of Quercus (deciduous),
Ostrya-type, Abies alba, Carpinus betulus, Corylus and higher percentages
of Quercus ilex-type (~ 20 %). Plantago appears in small proportions
while hydrophytes (Alnus and aquatics) increases. The fifth short period
(M-5, 3000-2300 cal. BP) corresponds to a peak in Corylus and Carpinus
betulus while Quercus deciduous significantly drops. Finally, the sixth
period (M-6), extending from 2300 cal. BP to modern-day corresponds
to higher Mediterranean taxa with the appearance of Olea and Pistacia
and the presence of Quercus ilex-type and Phillyrea. Corylus, Carpinus
betulus, Abies and Ulmus percentages drops while Quercus deciduous and
Fagus increases. Anthropogenic taxa appear during this last period, with
the apparition of Juglans and Cerealia-type, and the increase of Poaceae.
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Fig. C.1. Simplified pollen diagram of the re-sampled composite core of Lago Grande di Monticchio and charcoal-inferred CHARnb (#.cm~2.yr~!, number).
Grouping selected tree and shrub taxa (green), Mediterranean tree taxa (red), herbaceous taxa (yellow), arboreal pollen (AP, black) and hydrophytes (blue).
Percentages were calculated on pollen sums excluding spores, Alnus, Salix, Populus and Cyperaceae. Dashed black lines delineate six zones based on CONISS
(constrained incremental sum-of-squares agglomerative clustering) hierarchy classification method described by Grimm (1987).

Appendix D. Tephra compositions and correlations

D.1. Somma-vesuvius tephra

D.1.1. TM23-1 vs 1631 CE

Only two analytical data points were acquired for the first tephra
layer, TM23-1. The composition of the glass is phonolitic (Fig. 2b),
with a SiO, content of 54.7 + 0.2 wt% and an alkali sum (Na,0+K,0)
of 12.4 + 0.2 wt% (Fig. D.2a). The alkali ratio (K,0/Na,0) is low
(between 0.9 and 0.95), the CaO/FeO ratio is 1.25 + 0.05, and the CI
content is between 0.9 + 0.1 wt%. The stratigraphic position in the
core and the major element content suggest the 1631 CE eruption as a
potential correlative (Santacroce et al., 2008). The 1631 CE has been
identified with a composition corresponding to that of ND14Q_SW/15
and ND14Q-33/34 samples (Fig. D.2a) from the southern Adriatic
Sea (Totaro et al.,, 2022). Further occurrences have been found in
southern Italy, at the San Vito (SV 9.50, Russo Ermolli et al., 2024)
and Lago Grande di Monticchio (TM-1, Wulf et al., 2004) sequences.

D.1.2. TM23-3 vs 512 CE

TM23-3 is fairly homogeneous in composition, with a silica content
of 48.9 + 1.2 wt% and an alkali sum of 10.7 + 1.4 wt% (Fig. D.2b).
The alkali ratio is 1.4 + 0.3, the CaO/FeO is 1.3 + 0.3, and the Cl
content is 0.8 + 0.1 wt%. This tephra can be classified as a tephri-
phonolite to phono-tephrite (Fig. 2b), similar to the 512 AD eruption
of the Somma-Vesuvius (Cioni et al., 2008). The alkali ratio is medium-
low (i.e., K,0/Na,O between 1.01 and 1.86); it can thus be classified as
a Low Alkali Ratio (LAR) eruption (Fig. 2d). The 512 CE has a peculiar
CaO composition that ranges between 7 and 12 wt% (Fig. D.2b, San-
tacroce et al., 2008), in agreement with our data. TM23-3 composition
perfectly matches the composition of three samples from the Adriatic
Sea (i.e., ND14Q_67b, ND14Q_AR2/48b and ND14Q_AR2/49b, Totaro
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et al., 2022), which can also be correlated to a tephra from Lago Grande
di Monticchio (TM-2a, Wulf et al., 2004) and tentatively to one from
Lake Prespa (PT0915-1, Damaschke et al., 2013).

D.1.3. TM23-4b and TMM23-5 vs AP3-AP2

TM23-4b has a slightly heterogeneous composition, and can be clas-
sified as a tephri-phonolite/phonolite (Fig. 2b), with a SiO, content of
55.0 + 3.2 wt% and an alkali sum of 12.6 + 2.0 wt% (Figs. D.2¢, D.2d.
The alkali ratio (K,0/Na,0) is 1.2 + 0.6, the CaO/FeO is 1.0 + 0.5,
and the ClI content is 0.7 + 0.4 wt%.

TM23-5 has instead a homogeneous composition and can be classi-
fied as a phonolite (Fig. 2b), with a SiO, content of 57.0 + 1.3 wt%
and an alkali sum of 14.3 + 1.0 wt% (Fig. D.2c). The alkali ratio
(K,0/Na,0) is 1.2 + 0.6, the CaO/FeO is 1.0 + 0.3, and the CI content
is 0.7 + 0.1 wt%.

The composition of the glass shards allowed the identification of two
eruptions that occurred between the Avellino and Pompeii eruptions
from Somma-Vesuvius (Andronico and Cioni, 2002), the inter Avellino-
Pompeii (AP) eruptions AP-3, correlated to the TM23-4b sample, and
AP-2, correlated to the TM23-5 samples, respectively. An increase in
SiO, and Na,0+K,O from a tephri-phonolitic AP-3 composition to a
phonolitic AP-2 composition (Santacroce et al., 2008) is recorded in
the Adriatic Sea (ND14Q/121a, ND14Q_AR2/104, ND14Q_AR2/106,
Totaro et al.,, 2022), in the San Vito (SV 33.50) sequence and the
Lago Grande di Monticchio (TM-3b and TM-3c, Wulf et al., 2004).
AP-3 and AP-2 eruptions are the only well-dated of the AP series,
with ages of 2849 + 62 cal. BP (16) and 3425 + 93 cal. BP (1lo)
respectively (recalculated from Rolandi et al., 1998).

D.1.4. TM23-6 vs Pomici di Avellino eruption

TM23-6 falls in the phonolitic field in the TAS diagram (Fig. 2b),
with a SiO, between 56.1 and 60.9 wt% and an alkali sum between
12.9 and 17.0 wt% (Fig. D.3a). The alkali ratio spans from 0.8 to 1.9,
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a) TM23-1 vs Somma-Vesuvius 1631 CE
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Fig. D.2. Total Alkali Silica (TAS; Le Maitre et al., 2002) diagram, SiO, vs FeO, SiO, vs CaO and SiO, vs FeO diagrams of (a) TM23-1, (b) TM23-3, (c) TM23-4b

and (d) TM23-5 tephras.

the CaO/FeO between 0.8 and 1.2, and the Cl content between 0.2 and
0.8 wt%. The major element composition suggests the Somma-Vesuvius
as the source of this tephra deposit. The phonolitic composition of
the sample and the low alkali ratio (K,0/Na,O = 1.35 + 0.77) point
towards the Avellino eruption, with several occurrences that have
been found in proximal (e.g., Sulpizio et al., 2008) and distal (Fer-
nandez et al., 2023, and references therein) settings, e.g., in Lago
Grande di Monticchio (TM-4, Wulf et al., 2004), Vico (Fernandez et al.,
2023), Mezzano (e.g., Ramrath et al., 1999; Sulpizio et al., 2008),
Accesa (Magny et al.,, 2007), Albano, Nemi (Calanchi and Dinelli,
2008), and Shkodra (Sulpizio et al., 2010) lakes. Further occurrences
of this tephra have been found in the San Vito sequence (SV 25.50,
SV 26.10 and SV 35.40, Fig. D.3, Russo Ermolli et al., 2024) and
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in the Adriatic Sea (ND14Q/127a, Totaro et al., 2022). This well-
known Bronze Age eruption is an important marker horizon layer (e.g.,
Sevink et al., 2021). Although multiple #C ages are available in the
literature (Delibrias et al., 1979; Marzocchella et al., 1994; Andronico
et al., 1995; Watts et al., 1996b; Rolandi et al., 1998), we choose to
retain the latest and most accurate age of 3837 + 48 cal. BP (1o,
recalculated from Passariello et al. (2010), obtained on a goat bone
buried by the Avellino eruption.

D.1.5. TM23-13 vs Mercato

TM23-13 shows a phonolitic composition (Fig. 2b), with a SiO, con-
tent of 59.2 + 0.7 wt% and an alkali sum of 15.5 + 1.0 wt% (Fig. D.3).
The alkali ratio is 0.8 + 0.1, the CaO/FeO varies from 0.7 to 1.1, and the
Cl content is 0.6 + 0.1 wt%. The TM23-13 tephra shows a composition
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Fig. D.3. Total Alkali Silica (TAS; Le Maitre et al., 2002) diagram, SiO, vs FeO, SiO, vs CaO, CaO vs MgO, CaO vs K,0, CaO vs FeO, SiO, vs MgO and SiO, vs
K,O diagrams of (a) TM23-6, (b) TM23-7, (c) TM23-9, and (d) TM23-13 tephras.

that partially overlaps with the Pomici di Avellino eruption (Santacroce
et al.,, 2008). However, its homogeneous composition shows lower
CaO (> 2 wt%), FeO (> 2.5 wt%) and TiO, (< 0.4 wt%) contents,
suggesting a correlation with the Mercato Pumice eruption (Fig. D.3d,
Santacroce et al., 2008), which has also been found in the Adriatic
sea (Totaro et al., 2022) in the San Vito sequence (Russo Ermolli et al.,
2024) in Lago Grande di Monticchio (TM-6b, Wulf et al., 2004) and
lake Prespa (Damaschke et al., 2013). This eruption has been dated at
9024 + 140 cal. BP (15, Wulf et al., 2004).

D.2. Phlegraean fields tephra
D.2.1. TM23-7 vs Astroni 1

TM23-7 is fairly homogeneous and spans the range between the
phonolite and trachyte fields (Fig. 2b), with a SiO, content of 60.2 + 1
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wt% and an alkali sum (Na,0+K,0) of 13.6 + 0.6 wt% (Fig. D.3). The
alkali ratio (K,0/Na,0) is 1.9 + 0.3, the CaO/FeO ratio is 0.8 + 0.1,
and the Cl content is 0.7 + 0.1 wt%. The CaO/FeO vs Cl diagram con-
firms that this tephra layer originated from the Campi Flegrei (Fig. 2a—
d). The glass is characterised by a High Alkali Ratio
(1.9 + 0.3, Isaia et al., 2009). The results allowed us to correlate the
TM23-7 tephra with the proximal (Smith et al., 2011) and distal (TM-
5a, Wulf et al., 2004) Astroni 1 eruptions, dated to 4177 + 83 cal.
BP (1o, recalculated from Di Vito et al., 1999; Isaia et al., 2009).

D.2.2. TM23-9 vs Agnano Monte Spina (AMS)

TM23-9 has a heterogeneous composition and spans the range
between the phonolite and trachyte fields (Fig. 2b), with a SiO, content
of 60.3 + 1.4 wt% and an alkali sum of 13.0 + 0.5 wt% (Fig. D.3c).
The alkali ratio is 2.0 + 0.4, the CaO/FeO ratio is 0.8 + 0.1, and the
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and (b) TM23-19 tephras.

Cl content is 0.7 + 0.1 wt%. The CaO/FeO vs Cl diagram allowed the
attribution of this tephra layer to the Campi Flegrei complex (CaO/FeO
= 0.8 + 0.1, ClI content = 0.7 + 0.1 wt%). The alkali ratio is high
(K,0/Nay0 = 2.0 + 0.4). The tephra can be correlated to the Agnano-
Monte Spina eruption (Smith et al., 2011) and is also recorded in the
San Vito sequence (Fig. D.3, Russo Ermolli et al., 2024), in the Adriatic
Sea (Totaro et al., 2022) and in Lago Grande di Monticchio (TM-5c,
Wulf et al., 2004). Two ages are available for these eruptions, one
at 4640 + 87 cal. BP (15, Andronico et al., 1995) and the other at
4580 + 90 cal. BP (1o, de Vita et al.,, 1999). For more accuracy,
and since these two ages were obtained on different direct materials,
their average age is used, resulting in a Chronomodel calculated age of
4610 + 104 cal. BP.

D.2.3. TM23-17 vs Pomici Principali (PP)

TM23-17 composition is mostly phonolitic (Fig. 2b), with a SiO,
content of 58.1 + 1.7 wt% and an alkali sum of 12.7 + 1.2 wt% (Fig.
D.4a). The alkali ratio is 2.5 + 0.3, the CaO/FeO is 0.9 + 0.1, and the Cl
content 0.6 + 0.1 wt%. The Cl content and the CaO/FeO ratio suggest
Campi Flegrei as the source of this tephra. The glass composition on
the TM23-17 is coherent with the Pomici Principali tephri-phonolite
to phonolite composition D.4a, found in proximal (Smith et al., 2011)
and distal (TM-7a, Wulf et al., 2004) settings. The Pomici Principali
eruption was previously dated at 12,169 + 166 cal. BP (recalculated
from Di Vito et al., 1999).
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D.2.4. TM23-19 vs Neapolitan Yellow Tuff (NYT)

The chemistry of TM23-19 is based on 95 individual data points.
It spans the tephri-phonolite/phonolite fields in the TAS diagram (Fig.
2b), with an average SiO, content of 58.5 + 4.8 wt% and an average
alkali sum of 12.2 + 1.7 wt% (Fig. D.4b). The alkali average ratio
is 2.3 + 0.6, the average CaO/FeO ratio is 0.9 + 0.2, and the Cl
content varies between 0.3 and 0.7 wt%. This composition points to
Campi Flegrei as a source and is consistent with the composition of
the Neapolitan Yellow Tuff eruption (Deino et al., 2004, e.g.,). The
distal correlatives of this eruption were found in several settings, e.g., in
the Tyrrhenian (Paterne et al., 1988) and Adriatic (e.g., Siani et al.,
2004; Totaro et al., 2022) seas, in Lago Grande di Monticchio (TM-
8, Wulf et al., 2004), in San Gregorio Magno (Petrosino et al., 2019)
in Croatia (Radié¢, 2007), in Fucino (Giaccio et al.,, 2017b), and in
northern and eastern Europe (Schmidt et al., 2002; Lane et al., 2011).
This eruption was dated on a tephra layer recovered in a marine core
by Siani et al. (2004). The radiocarbon date obtained using the IntCal20
calibration curves is 14,157 + 198 cal. BP (15), while the radiocarbon
age obtained using the Marine20 calibration curves is 13,686 + 155 cal.
BP (10). Due to the uncertainty of the Marine20 calibration accuracy,
the approach suggested by Bronk Ramsey et al. (2015) is applied,
i.e., average age between the two radiocarbon calibrations, resulting
in an age of 13,886 + 287 cal. BP (10).

Appendix E. BrGDGT compounds relative abundances
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Fig. E.5. GDGT compounds relative abundance (%) of (a) isoGDGTs and (b) brGDGTs for the MONTI23-II core (n = 107, blue) and MONTI23 lacustrine surface

samples (n = 6, grey).

Appendix F. GDGT indices
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Fig. F.6. (a) Index of the degree of methylation (MBT’s,,; De Jonge et al.,
2014). (b) Index of the degree of cyclisation (CBT’; De Jonge et al., 2014).
(c) Isomer ratio of 6-methyl brGDGTs vs. 5-methyl penta and hexamethylated
brGDGTs (IRgy.; De Jonge et al.,, 2014). (d) IsoGDGT-0 over Crenarchaeol
ratio (isoGDGT-0/Cren; Blaga et al., 2009).
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Appendix G. Correlation matrix
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Appendix H. brGDGT analysis: fractional abundances of tetra-,
penta-, and hexamethylated brGDGTs
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Fig. H.8. Ternary plot of fractional abundances of tetra-, penta-, and hex-
amethylated brGDGTs for MONTI23-1I core samples (red dots) and averaged
MONTI23 lacustrine surface samples (grey dots) and for global lake (Martinez-
Sosa et al., 2021, blue squares), peat (Naafs et al., 2017b, yellow lozenges) and
soil databases (Yang et al., 2014; Naafs et al., 2017a; Dearing Crampton-Flood
et al., 2020, pink triangles).

Appendix I. BrGDGT isomerisation vs. brGDGTs concentration
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Fig. 1.9. BrGDGT isomerisation (IRg; De Jonge et al., 2014) vs. sum of all
brGDGTs concentrations () [brGDGTs]). The concentration of the sum of all
brGDGTs encompasses 5- and 6-methyl brGDGTs (Ia, Ib, Ic, Ila, IIb, IIc, Illa,
IIIb and IIIc) and is expressed in pg g[’\i A

Data availability

Lago Grande di Monticchio pollen dataset (https://doi.org/10.2
1233/KVNC-0856) were obtained from the Neotoma Paleoecology
Database (http://www.neotomadb.org). Lago Grande di Monticchio
pollen-based palaeoclimate reconstructions are available at https://d
0i.org/10.1594/PANGAEA.989985. Lago Grande di Monticchio GDGT
data and brGDGT-based palaeoclimate reconstructions are available at
https://doi.org/10.1594/PANGAEA.989981.
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