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There is still apaucityofhydrologicaldataexplaining therelationshipbetween(rapid,millennial-scale) climate forcing
and Mediterranean rainfall since the Last Glacial. We show that distinct lake-level fluctuations at Lake Trasimeno
(Italy) are associatedwith changing aridity in the centralMediterranean during the last ~47 800 years. The lake-level
fluctuations are reconstructedbasedon carbonatemineral content and carbonatemineral species, aswell as the stable
oxygen and carbon isotope (δ18O and δ13C) geochemistryof endogenic carbonates. Low lake levels are linked to high
carbonate,Mg-calciteandaragonitecontents,andhighδ18Oandδ13Cvalues. Inferredhydrological changesare linked
to glacial–interglacial and, tentatively within the limitations of our chronology, tomillennial-scale climate variability
as well as the intensity of the Atlantic Meridional Overturning Circulation (AMOC). Prior to the Last Glacial
Maximum (LGM), during intervals equivalent toMarine Isotope Stage 3 (MIS 3), a strongerAMOCassociatedwith
Greenland interstadial periods (Dansgaard/Oeschger (D/O) warm periods) and stronger Asian monsoon probably
coincide with increased precipitation in central Italy as inferred from high lake levels at Lake Trasimeno. Periods of
weakAMOCintensity suchasduringGreenland stadials (D/Ocoldperiods), duringHeinrich events, andweakAsian
monsoons are correlated with lake level lowstands, which imply relatively dry conditions in central Italy. Lake
Trasimeno’s water level during the LGM and the Lateglacial (MIS 2) is relatively stable, with recorded changes
showing distinct similarities to orbital configurations. Althoughmuted, high latitude climate forcing is still evident in
the data during peak glacial conditions. The transition from D/O-like hydrological variability at Lake Trasimeno
during MIS 3 to orbitally controlled fluctuations during the Lateglacial to Holocene transition coincides with an
increasing amplitude in local winter and summer insolation, probably indicating increasing seasonality and a larger
temperature gradient between low- and high-latitude settings.
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Understanding controls of hydrological variability in the
geological past has become crucial to better predict the
amplitude and impact of future rainfall patterns (IPCC
2014). Informationonhydrological variability isnotonly
critical to improve the precision of global circulation
models (GCMs), but also for the implementationof local
to regional mitigation and/or adaptation management
plans in response to potential future drought scenarios.
This is particularly relevant in regions already charac-
terized by (semi-)arid climates, such as the Mediter-
ranean realm. A recent study has demonstrated the
importance of low latitude orbital forcing on the
hydrological variability in the central Mediterranean
(Wagner et al. 2019). Further information is, however,
still required to understand regional hydrological vari-
ability in response to rapid (millennial-scale) Northern

Hemisphere (NH) climate forcing mechanisms. Rapid
climate variability on millennial time scales during the
Last Glacial period is widely recognized to comprise
Dansgaard-Oeschger (D/O) cycles (Dansgaard et al.
1984) and Heinrich (H) events (Heinrich 1988). Similar
millennial-scale climate variability is also noted in
Chinese speleothem records as archives for Asian mon-
soon intensity (Cosford et al. 2008). D/O events, which
occurred every 2000–3000 years, are finely resolved in
the Greenland ice-core record and are associated with a
rapid warming on the order of 8–15 °C (Greenland
interstadials, GI; Steffensen et al. 2008), followed by a
gradual cooling trend (Greenland stadials, GS; Rohling
et al. 2003; NGRIP-members 2004). H events mark the
deposition of ice rafted debris layers in the North
Atlantic and are likely the result of enhanced iceberg
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dischargemainly from theLaurentide Ice Sheet (Bond&
Lotti 1995).GI/GS climate variability has been shown to
be closely connected to the strength of the Atlantic
Meridional Overturning Circulation (AMOC, e.g.
Gottschalk et al. 2015; Ng et al. 2018), which in turn
modulates the westerly wind system, the Intertropical
Convergence Zone (ITCZ), and theAsianmonsoon (e.g.
Cosford et al. 2008; Wilson et al. 2021).

The impact of D/O (or GI/GS)-like millennial-scale
climate variability during the Last Glacial has been
described in many terrestrial records across the world
(e.g.Harrison&SanchezGoñi2010).Given itsproximity
to the North Atlantic and dominating westerly wind
systems in the mid-latitudes, palaeorecords from the
European continent provide the most robust terrestrial
evidence of thesemillennial-scale oscillations. For exam-
ple, several palynological studies from the central
Mediterranean region have revealed that vegetation
adapted quickly to centennial- and millennial-scale
environmental modifications (e.g. Fletcher et al. 2010).
The pollen records suggest that warmer and wetter
conditions prevailed in the Mediterranean during GI
periods,while cold anddry conditions dominatedduring
GS periods (Follieri et al. 1998; Allen et al. 1999).
However, there is a paucity of standalone hydrological
data, decoupled fromtemperature-driven influences, but
which is capableof capturing theenvironmental response
to rapid millennial-scale climate change in the central
Mediterranean region.Moreover, it remains to be deter-
mined ifmutedmillennial-scale climate variability in this
region during the coldest intervals of the Last Glacial is
controlledby theexpansionofa large,morestableNHice
sheet or by low latitude forcing.

Lake Trasimeno, central Italy, is of particular interest
to studyMediterraneanhydrological variability since it is
located at a latitude of 43°N, which has frequently been
described as a transition zone from temperate (to the
north) toMediterranean (to the south) climates (Magny
et al. 2003, 2013; Fletcher et al. 2010). Previous studies
have already revealed that distinct ecological shifts are
recorded in the sediment of LakeTrasimeno, which are a
response to NH climate forcing, providing detailed
insights intoLatePleistocene andHolocenehydrological
and temperature variability in the region (Marchegiano
etal. 2019,2020).Theseprevious studiesonthe samecore
studied herein focused on chronological, sedimentary
and ecological (ostracod) work. Marchegiano et al.
(2020) used a modern calibration of 13 ostracod species
to reconstruct Lateglacial to Holocene quantitative
mean July and January temperatures by means of the
mutual ostracod temperature range (MOTR) method.
The data revealed that Lake Trasimeno experienced
significant lake-level fluctuations in the geological past.
Higher lake levels prevailedduring the early- tomid-Last
Glacial, associatedwith overall warmer phases recorded
in the NH ice-core records, as well as during the
Holocene. Shallow and/or ephemeral conditions have

been inferred for the mid- to late-Last Glacial. Recon-
structed summer and winter temperatures show strong
similarities to NHmillennial-scale climate variability.

Here, we provide new data that improve our under-
standing of the control mechanisms on lake-level
changes, and thus, rainfall variability at Lake Trasimeno
by using sedimentary geochemical, mineralogical, and
stable isotope data. New elemental (inorganic carbon
content, Ca intensities,Rb/Sr ratios),mineralogical, and
stableisotope(δ18Oandδ13C)dataareusedtointerrogate
the lake-level-sensitive formation of endogenic calcium
carbonate species in the lake.Wealso evaluate the impact
of pre-aged soil organic matter input on radiocarbon
dated bulkorganic samples by means of lipid biomarker
analyses to better constrain the uncertainties associated
with previously published chronologies for the same
record (Marchegiano et al. 2019, 2020). The MOTR
reconstruction plotted against the radiocarbon-based
chronology of Marchegiano et al. (2018) yields major
peaks andminima that tentatively match with key peaks
andminima of theNGRIP δ18O record, a similarity that
was used to ‘tune’ Lake Trasimeno’s MOTR winter
temperatures to the ice-core record (Marchegiano et al.
2020). Marchegiano et al. (2020) argue, considering the
given limitations of this approach, that the Lake Trasi-
menoCo1320 record satisfies akey criterionnecessary to
justify the tuning exercise. This key criterion is that any
tuning should be limited to within regions that have
independently been shown to pertain the target climate
signal (inhere: millennial-scale climate variability in
central Italy) in a second, independently palaeoclimate
record. D/O-like millennial-scale climate variability in
Italy has been described previously (Fletcher et al. 2010),
most prominently by the absolutely dated sediments of
Lake Monticchio (Allen et al. 1999). Within the limita-
tionsofour (updated) chronology,wediscussLateglacial
climate variability recorded in ecological (Marchegiano
et al. 2019, 2020) and geochemical data (this study) of
Lake Trasimeno in comparison with NH ice-core
records, AMOC intensities, monsoon intensities, and
orbital configurations during the last~47 800 years.The
limitations of our chronology confine our focus to lake-
level change and the general variability and trends in our
proxy data across multiple D/O cycles only.

Site information

Lake Trasimeno (latitude 43°080N, longitude 12°060E,
Fig. 1) is a tectonic lake located in the region of Umbria
(Italy) atanaltitudeof~250 mabovesea level (a.s.l.).The
lake basin developed from a marine gulf on the conti-
nental shelf of the Tyrrhenian Sea during the Early
Plioceneviaawide fluvialplainphase toa freshwater lake
during the Middle Pleistocene (Gasperini et al. 2010).
Presently, theLakeTrasimenobasin is characterizedbya
gentle (2°) ENE dip that started to form in the Middle
Pleistocene. The tectonic setting is controlled by a set of
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SW dipping normal faults along the eastern shoreline
(Gasperini et al. 2010). The progressive ENE dip is
thought to be responsible for providing accommodation
space for the deposition of Lake Trasimeno’s >200-m-
thick lacustrine sediments and prevents the lake from
completely silting up (Gasperini et al. 2010).

Lake Trasimeno is one of the largest lakes in Italy and
covers a surface area of 124.3 km2 with a maximum
diameter of ~14 km (Ambrosetti et al. 2003). The flat-
bottom bathymetry has a maximum water depth of 6 m
and an average depth of 4 m (Ambrosetti et al. 2003;
Gasperini et al. 2010). The total water volume is
0.59 km3. Seasonal, decadal and long-term lake-level
fluctuations are common, although the lake level has
been controlled by an artificial underground outlet since
Etruscan and Roman times (Burzigotti et al. 2003;
Ludovisi & Gaino 2010). Prior to anthropogenic influ-
ence, Lake Trasimenowas a closed lake (Burzigotti et al.
2003).

Lake-level fluctuations considerably influence the
waterqualityofLakeTrasimeno (Taticchi 1992). Salinity
and total alkalinity (measured as mg L−1 CaCO3) vary
on seasonal anddecadal time scales, generally increasing
with a higherE/P ratio and a lower lake level (Ludovisi&
Gaino 2010). The lake ismeso- to eutrophic todaywith a
mean annual pH between 8.2 and 8.9 (Taticchi 1992;
Ludovisi & Gaino 2010). Periods of low water trans-
parency occur particularly when lake-level lowstands
promote sediment re-suspension from the surface sedi-
ments, rather than being a product of higher algal
biomass (Taticchi 1992). The shallow water depth and
large surfaceareaofLakeTrasimenopromotewind fetch
and hamper thermal stratification even during pro-
longed hot summer months (Ludovisi & Gaino 2010).

The catchment area of Lake Trasimeno covers
~376 km2. Whereas the topography to the west of the
lake is characterized by awide flat plain, highmountains
(up to ~790 m a.s.l.) surround the lake to the north, east
and south. These mountains predominantly consist of
Oligocene toMiocene turbiditeswithmarine sandstones,
claystones and some marly claystones, which have
negligible exposure in the catchment of Lake Trasimeno
(Burzigotti et al. 2003; Fig. 1). The turbidite successions
also form the three islands Maggiore, Polvese, and
Minore in the northern and southeastern part of Lake
Trasimeno (Gasperini et al. 2010).To thewestof the lake,
Pliocenemarine sandstonesandclaystones cropout.The
wide flat areas that surround the lake are covered by
Pliocene to Holocene lacustrine and fluvial deposits
(Burzigotti et al. 2003; Gasperini et al. 2010). The
catchment area of Lake Trasimeno is drained by small
rivers, which occasionally form prograding wedges into
the lake basin (Fig. 1).

Mediterranean-type conditions with warm-dry sum-
mers and mild-humid winters characterize the climate
regime at Lake Trasimeno. The mean annual air
temperature averages at 13.3 °C, with the hottest and

coldest months being July (mean temperature 22.4 °C)
and January (4.7 °C), respectively. The mean annual
precipitation is 783 mm.

Detailed lithological information for the ~8.6-m-long
sediment coreCo1320 (43°09.6240N,12°03.4910E,Fig. 1
B) used in this study was previously published by
Marchegiano et al. (2018) and Marchegiano et al.
(2019, Fig. 2). The core was retrieved where hydro-
acoustic data indicated undisturbed, horizontally bed-
dedsedimentsdowntoat least~12 msedimentdepth (see
Fig. 2 for detailed information on sedimentary charac-
teristics).Thepreviouslypublished chronological frame-
work of core Co1320 is based on radiocarbon analysis
(Marchegiano et al. 2018), andwas subsequently further
refined by tuning to ice-core records (Marchegiano et al.
2020).

Material and methods

X-ray fluorescence (XRF) core scanning (ITRAX core
scanner,CoxAnalytics,Sweden)wascarriedoutat2-mm
resolution using a voltage and amperage of 30 kV and
55 mA, respectively. Inaccuracies compared to conven-
tional XRF analyses on powdered sample material that
arise due to variations in water content, grain size,
mineralogy, porosity, and the surface structure of the
core (Croudace et al. 2006).

Subsampling for further analyseswas carried out at 2-
cm resolution. The 2-cm-thick subsamples were freeze-
dried, homogenized, and an aliquot of ~100 mg was
ground to fine powder. The total inorganic carbon (TIC)
content was determined using a DIMATOC 100 carbon
analyser (Dimatec Corp., Germany) as released CO2

after treatment with phosphoric acid (H3PO4) and
combustion at 160 °C. Five samples were randomly
selected across the core, sieved to <63 µm and re-
analysed for TIC to detect the impact of biogenic
carbonates on bulk TIC measurements.

In order to investigate the mineralogical composition
of the lacustrine sediments aswell as theoriginof theTIC
in the deposits of core Co1320, aliquots (1.5 g) of seven
selected samples were ground to <63 µm and prepared
for X-ray diffraction (XRD) analyses. XRD patterns
were recorded using a PANalyticalX’Pert PROMPDΘ-
Θ diffractometer (Co-Kα radiation generated at 40 kV
and 40 mA), equippedwith avariable divergence slit (20-
mm irradiated length), primary and secondary soller,
Scientific X´Celerator detector (active length 0.59°), and
a sample changer (sample diameter 28 mm). The sam-
pleswere investigated from5° to 85°2Θwith a step sizeof
0.0167° 2Θ and a total analysis time of 1 h. For specimen
preparation, the back loading technique was used.
Rietveld refinement of the experimental XRD data was
conducted using the software BGMN (Bergmann &
Kleeberg 1998). The coexisting calcium carbonates (low
Mg-calcite, high Mg-calcite, aragonite) could be distin-
guished from each other by slightly different lattice
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is low, with an average TOC value of 0.45%. The inorganic carbonate content is moderate as shown by a 
more intense reaction to HCl. In this unit, ostracods, gastropods and other shell fragments are present. 

lithofacies with scarce to moderate abundances in the lower interval and higher abundances in the two 
upper intervals.

Layered sands: Grey, layered sediments. It contains the coarsest granulometry observed throughout 

OM (average TOC values of 0.2%) and inorganic carbonate content (very weak reaction to HCl) are both 
negligible. Only a very few ostracod valves were observed.

Mottled organic rich silty clays: Olive to dark grey, greenish grey, and greenish black with a mottled 
structure. Very well sorted with silty clayey material dominating the grain size distribution. 
The dark colour can be explained by a high content in OM (average value of 1.48). In contrast, inorganic 
carbonate content is very low (weak reaction to HCl) while ostracods are abundant. 

Mottled silty clay:  Dark greenish grey and olive brown sediments, presenting a mottled structure. TOC 
(on average 0.4%) and inorganic carbonate both show low values. Ostracods are present with 
moderate frequencies.

and clayey-sandy layers. The amount of OM is low (average value of TOC 0.45%). The very strong 
sediment reaction to HCl indicates high calcium carbonate content. Ostracods show moderate to high 
frequencies throughout this lithofacies.

Massive very organic rich silty clays, sands:  Very dark greenish grey and dark grey sediments, with a 
massive structure. It shows the highest contents of OM throughout the core with an average TOC 
concentration of 8.51%. A variation of carbonate content from the lowest to the highest part of this 
lithofacies is indicated by a change in the reaction to HCl (strong at the base and weak at the top of 
the unit). Ostracod abundances are lower with respect to the previous lithofacies. 

Massive organic rich silty clays: Dark greenish grey sediment with a massive structure. Very 
homogeneous lithofacies, characterized by silty clay, organic rich sediments (average value of TOC 
5.70%). The carbonate content is low throughout the lithofacies as well as the ostracod abundances.

Massive to mottled slightly calcareous silty clays: Dark greenish grey, olive brown or olive grey 
sediments with massive to mottled structures. This unit shows moderate values of OM (average TOC of 
4%), which decrease upwards, whereas inorganic carbonates are low to moderate as estimated by the 
reaction with HCl. Ostracods are present with moderate to high frequencies.

Massive silty clay: Greenish grey sediments that become grey brown in the uppermost part. This 
massive-like lithofacies presents low values of OM (average TOC of 1%) that slightly increase in the 
upper part of the unit (TOC values around 2%). This increase could explain the change in colour towards 
the top of the core. The inorganic carbonate content is low. Ostracod frequencies change from 
abundant to moderate. 

Lithofacies

Fig. 2. Lithology and total organic carbon content of core Co1320. Modified fromMarchegiano et al. (2018).
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constants and hence different peak positions following
the method described in detail by Bischoff et al. (1983).

Stable isotopeanalysiswascarriedoutoncoresections
where TIC is >0.4%. For oxygen and carbon isotope
analysis on carbonate (δ18Ocarb and δ13Ccarb), between
30 and 300 mg of sediment (dependent on TIC %) was
disaggregated in 5% sodium hypochlorite solution for
24 h to oxidize reactive organic material, following
sieving to 63 µm to remove any biogenic carbonate.
The<63-µm fraction was then rinsed in deionizedwater,
dried at 40 °C, and ground in an agate mortar. The
processed samples were reacted overnight in vacuo with
anhydrous phosphoric acid at a constant 25 °C, cryo-
genically separated from water vapour in vacuo, and
analysed using a VG Optima dual inlet mass spectrom-
eter. The mineral-gas fractionation factor of 1.01025
(Friedman & O’Neil 1977) was used to account for
isotopic fractionation during the reaction of carbonate
with phosphoric acid. Unlike for other carbonate min-
erals, the mineral-gas fractionation factors for calcite
and aragonite are not significantly different (Tarutani
et al. 1969) and, therefore, the same correction was
applied to all samples.

Lipid biomarkers were extracted from 1.0 to 5.2 g
freeze-dried and homogenized sediments using acceler-
ated solvent extraction (Dionex ASE 300) with 9:1
dichloromethane: methanol (v:v) maintained at 120 °C
and 120 bar. The total lipid extract was dried using
rotary evaporationandaC46GDGTstandardwasadded
prior to filtering over PTFE filters (0.45 µm × 4 mm)
using 95:5 hexane: isopropanol (v:v). GDGTs were
analysed using an Agilent 1290 UHPLC connected to
anAgilent 6460QQQequippedwith anAPCI ion source
following the method of Schouten et al. (2007). GDGTs
were analysed in SIMmode and quantified according to
Huguet et al. (2006) including normalization to TOC.
The br/(cren+cren0) ratio was defined as the sum of
branched glycerol dialkyl glycerol tetraethers
(brGDGTs) IIIa, IIIa0, IIIb, IIIb0, IIIc, IIIc0, IIa, IIa0,
IIb, IIb0, IIc, IIc0, Ia, Ib and Ic over the sum of
crenarchaeol and its isomer.

Marchegiano et al. (2018) used the R64-based soft-
ware package clam2.2 (Blaauw 2010) and the IntCal13
calibration curve (Reimer et al. 2013) for age-depth
modelling. To account for more variable sedimentation
rates as implied by the clam2.2 derived chronology, we
herein use Bayesian age-depth modelling embedded in
the software Bacon 2.0 (Blaauw & Christen 2011;
Blaauw et al. 2018), update the calibration of radiocar-
bon ages to IntCal 2020 (Reimer et al. 2013), and finally
include newly introduced age-tie points ofMarchegiano
et al. (2020) to refine the chronology for core Co1320.
Sedimentation rates were derived from the refined
chronology. We exclude any significant bias by com-
paction during sediment recovery, since we applied a
piston coring technique that minimizes disturbance
during coring activities. This was confirmed in the

laboratory by comparing sediment recovery with the
drilled length of each core run.

Results and discussion

Chronology

The chronological framework for the sediments of core
Co1320 has previously been published by Marchegiano
et al. (2018) and Marchegiano et al. (2020) (Fig. 3,
Table 1). Both chronologies are based on radiocarbon
analysis of terrestrial plant materials recovered from the
surface of core halves following opening and/or during
subsampling, and five bulk organic carbon samples.
Marchegiano et al. (2020) aimed at improving the
radiocarbon-based chronology of Marchegiano et al.
(2018) by aligning Co1320-derived January minimum
temperatures (in °C, five-point running mean), inferred
from theMOTRmethod, to the NGRIPoxygen isotope
record (on the chronology of Rasmussen et al. 2014).

We herein aim to further evaluate the challenges and
limitations of tuning based on a limited number of
available independent age-tie points, which can intro-
duce significant uncertainty to climate interpretations
via circular reasoning and unrecognized chronological
uncertainties (Blaauw 2012), by further investigating the
impact of potential contributions of old carbon used for
dating. The four radiocarbon ages derived from terres-
trial plant remains and the age from the charcoal sample
providearobustbasis for thechronological frameworkof
core Co1320, since they are considered as being not
affected by reservoir and/or hardwater effects or by
redeposition (Fig. 3). Several studies have shown that
bulk lacustrine OM ages can contain reservoir and/or
hardwater effects, which also can vary significantly over
time (Vogel et al. 2010b; Aufgebauer et al. 2012; Francke
et al. 2013). Reservoir and/or hardwater effects for
lacustrineOMareexpected tobe lowforLakeTrasimeno
as carbonate bedrock is not widespread in the catchment
and the high lake surface towater volume ratio promotes
rapid exchange with the atmosphere. Radiocarbon ages
can also be biased if the analysed bulk OM sample
includes a considerable amount of pre-aged or fossil soil
organicmatter (SOM,Martin&Johnson1995). In order
to estimate the contribution of (potentially pre-aged)
SOM to Lake Trasimeno sediments, we analysed the
relative contribution of brGDGTs and the isoprenoid
GDGT crenarchaeol (cren and its isomer cren0) in 12
samples of core Co1320 (Table 2), out of which fivewere
used forbulkOMradiocarbonanalysis (Fig. 3,Table 2).
BrGDGTsarebacterialmembrane lipids predominantly
found in soils, whereas crenarchaeol is primarily pro-
duced by (chemo-)autotrophic planktonic Thaumar-
chaeota (Schouten et al. 2013). Since the branched and
isoprenoid tetraether (BIT) index,aproxyforSOMinput
(Hopmans et al. 2004), in core Co1320 is biased by
variable crenarchaeol concentrations,we report the ratio
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of absolute branched GDGTs to the isoprenoid GDGT
crenarchaeol cren and cren0 (br/(cren+ cren0) GDGT
ratio) in order to identify those samples containing
considerable amounts of SOM. Significant in situ pro-
duction of brGDGTs was excluded based on the
#ringstetra values (Sinninghe Damsté 2011), which aver-
age0.4�0.2andonly exceed the0.7 thresholdvalue in the
sample at 590 cm.

The low br/(cren+cren0) GDGT ratio implies that
sample COL3666.1.1 at 827 cm and COL3663.1.1 at
319 cm do not incorporate a considerable amount of

SOM. The bulk OM samples at 631 cm (COL3665.1.1),
at 343 cm (COL3664.1.1) and at 154.5 cm
(COL3662.1.1), however, yield higher br/(cren+cren0)
GDGTratios. This indicates a substantial SOM contri-
bution, whichwe assume distorts the bulk 14C age due to
the incorporation of pre-aged SOM. Thus, all three
sampleswere not included in the age-depth interpolation
and some minor modifications of the tuning points
provided byMarchegiano et al. (2020) at around 340-cm
sediment depth were carried out. Assuming that sample
COL3664.1.1 incorporates somepre-aged carbon allows
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Fig. 3. A. Chronological framework as published byMarchegiano et al. (2018) and lipid biomarker (br/(cren+ cren0) GDGTratio) data of core
Co1320.Biomarkerdatawereused tobetterassesspotentialbiases in radiocarbonagesderived frombulkorganicmatter samples introducedbysoil
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modelledwith Bayesian statistics using the software Bacon 2.0 by Blaauw & Christen (2011).

Table 1. Radiocarbon ages from core Co1320 (Lake Trasimeno).

AMS Lab. ID Core depth (cm) Material C weight (µg) F14C 14C age (a BP)

COL3171.1.1 130.5 Terrestrial plant 988 0.9180 685�35
COL3662.1.1 154.5 Bulk organic matter 995 0.7546 2260�40
COL3172.1.1 225.5 Charcoal 1000 0.5930 4190�40
COL3173.1.1 256.5 Terrestrial plant 575 0.5100 5410�50
COL3663.1.1 319 Bulk organic carbon 999 0.3564 8290�50
COL3664.1.1 343 Bulk organic carbon 993 0.2694 10 550�55
COL3174.1.1 429 Terrestrial plant 791 0.0570 23 000�100
COL3175.1.1 522 Terrestrial plant 320 0.0230 30 300�810
COL3665.1.1 631 Bulk organic carbon 999 0.0060 41 100�620
COL3666.1.1 827 Bulk organic carbon 992 0.0044 43 700�830
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a better (younger) alignment of MOTR derived temper-
ature reconstructions and ostracod assembly inferred
lake water salinity variations, which indicates humidity
at Trasimeno (Marchegiano et al. 2018), to local pollen
records (Fletcher et al. 2010; Sadori 2018) and NGRIP
(Rasmussen et al. 2014).

A comparison between the absolute-dated chronology
ofMarchegiano et al. (2018) and the updated chronology
based on the tuning exercise ofMarchegiano et al. (2020)
reveals age model differences during the Holocene of less
than 500 years. These changes are probably related to the
different age-depth interpolation methods used, since we
do not change Holocene age-tie points, and the updated
IntCal20 calibration curve does not differ significantly
from IntCal13 for the Holocene (Reimer et al. 2020). The
predominant change to the age-depth model is for the
Lateglacial to Holocene transition, where sediment ages
are up to ~4900 years younger in the tuned chronology.
Shifts on the order of ~1500 years result at around
35 000 cal.aBPandaround42 000 cal.aBP(Fig. 3).The
chronology for the sediments of core Co1320 provide
uncertainties related to the impact of old soil-carbon on
bulk radiocarbon ages and the risk of circular reasoning
for the tuningexerciseagainst theNGRIP ice-core record.
We attempted to obtain additional age-tie points via
tephrochronology, including cryptotephra analyses, with
sieving and counting of individual glass shards; however,
thus far no reliable results have been obtained. The
absence of (crypto)tephra is probably related to the
northward location of Lake Trasimeno relative to most
Italian volcanic fields and the shallow water depth most
likely promoting sediment reworking, which may also be
responsible for ambiguous results obtained from palaeo-
magnetic work (relative palaeointensity).

Carbonate mineralogy

The strong correlation of TIC contents, Ca and XRD
results of core Co1320 implies that calcium carbonate
(CaCO3) is the dominant carbonate phase in the
sediments of Lake Trasimeno (R2 = 0.85, Fig. 4A).
Minor contributions could come from other carbon-
ates such as ankerite (CaFe[CO3]2). Rhodochrosite
(MnCO3) and siderite (FeCO3) are not evident in the
XRD data. Ca can additionally be incorporated in
detrital feldspars (Ca-rich plagioclases), but XRD
analyses suggest that ankerite is only present in one
sample, whereas plagioclase occurs in all analysed
samples at minor contributions only (Table 3). A
limited impact of carbonate species other than calcium
carbonate and/or a bias of the core scanning derived
Ca intensities due to grain size and/or water content is
supported by TIC/Ca ratios showing no systematic
offset in core Co1320. A cross-plot of Ca and TIC
shows two slightly different linear correlation lines,
which characterize samples older and younger than
~4200 cal. a BP (Fig. 4A). It has been reported from T
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other lakes in the Mediterranean region that Late
Holocene human-induced wood clearance significantly
enhanced clastic matter supply and runoff (Wagner
et al. 2008; Vogel et al. 2010a; Aufgebauer et al. 2012;
Francke et al. 2019). This could imply that human
activity in the catchment had a considerable impact on
the lake water chemistry and/or on the supply of
detrital matter to the lake, which may have intensified
following the construction of the Etruscan artificial
outlet (Burzigotti et al. 2003). Excluding the Late
Holocene samples younger than ~4200 cal. a BP, the
correlation coefficient (R2) between TIC and Ca
increases to 0.88 (Fig. 3A), further supporting the
robustness of our XRF-core scanning data.

Biogenic carbonates (bivalves, molluscs) may con-
tribute to the CaCO3 content in the sediments of Lake

Trasimeno. Macroscopic shell fragments were carefully
removed prior to TIC and stable isotope analyses.
Selected samples were sieved to <63 µm and the fine
fraction was analysed for TIC to test the impact of finely
ground shell detritus and ostracod shells on calcium
carbonate contents measured in the sediments (Fig. 6).
The data imply that the majority of analysed TIC in the
samples is not derived from shell fragments and/or
ostracods. Further indications that ostracod-derived
calcium carbonate is not the main control on TIC
variability in the sediments come from the complemen-
tarymineralogical data, since ostracods incorporate low
Mg-calcite into their shells (Cohen 2003) and XRD
results shows that theMg-calcite found in the sediments
of Lake Trasimeno predominantly consists of high Mg-
calcite (Table 3).

A B

C D

Fig. 4. Cross-plots of TIC content against Ca intensities. R2 in red refers to the red-marked samples only (<4200 cal. a BP), in blue to the blue-
marked samples only (>4200 cal. aBP), and in black toboth red- andblue-marked samples (A), δ13Ccarb against δ18Ocarb (B), TICagainstδ18Ocarb
(C), and TIC against δ13Ccarb (D).
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Lake water monitoring at Lake Trasimeno has
shown that dissolved ions (Cl−, Na+, K+, Ca2+,Mg2+,
CO3

−) and total dissolved solids (TDS) concentra-
tions vary on decadal and seasonal time scales in
response to fluctuations of the evaporation/precipita-
tion (E/P) ratio and lake level (Ludovisi&Gaino 2010;
Frondini et al. 2019). Trasimeno’s lake water earth
alkali concentrations are additionally controlled by
carbonate mineral solubility, with CaCO3 precipita-
tion being promoted by (i) pCO2(aq) reduction during
(summer) algae growth and photosynthesis, and (ii)
Ca2+ concentration increase and oversaturation
resulting from (summer) evaporation (Frondini et al.
2019). This implies a lake level and E/P-sensitive
response of endogenic CaCO3 formation at Lake
Trasimeno. In high-Mg low-Ca lake water regimes
such as Lake Trasimeno (Ludovisi & Gaino 2010),
high Mg-calcite and aragonite can become the dom-
inant carbonate species (Dean et al. 2006; De
Choudens-Sanchez & Gonzalez 2009; Roeser et al.
2016). During dry periods in particular, a further
reduction in lake level and ongoing calcite precipita-
tioncancauseMg-calciteandaragonite formationdue
to the progressive depletion of Ca2+ in the lake water
(DeChoudens-Sanchez&Gonzalez 2009).HighCa2+

and HCO3
− concentrations first promote calcite

precipitation in the water column, whereas ongoing
mineral formation (low lake level) and high Mg
concentrations subsequently foster high Mg-calcite
and finally aragonite formation in the lake water (De
Choudens-Sanchez &Gonzalez 2009). XRD analyses
on seven representative samples (Table 3) confirm the
presence of calcite, high Mg-calcite and aragonite in
the sediments of Lake Trasimeno. A scatterplot of Ca
and Sr intensities highlights two linear correlation
clusters,with lowerSr intensities (<850 cts) associated
with calcite and Mg-calcite, and higher Sr intensities
(>850 cts) with increasing abundance of aragonite
(Fig. 5A). This is consistent with a preferential incor-
porationofSr into the crystalline latticesofMg-calcite
and aragonite (Fig. 5A; Cohen 2003; De Choudens-
Sanchez & Gonzalez 2009). The two linear clusters in
theCa-Sr scatterplot prevent the use of Ca/Sr ratios as
a proxy for the amount ofMg-calcite and aragonite in
the sediments of Lake Trasimeno, as previously
reported from other sites (summarized in Davies
et al. 2015). In the case of core Co1320, Low Ca/Sr
ratios could be related to both low calcite or aragonite
contents in the sediments, and the Ca/Sr ratio is thus
an inaccurate indicator for the relative contribution of
calcite and aragonite. We thus normalize Sr with the
immobile elementRb, which ismainly associatedwith
volcanic and clastic rocks, to account for anySrbound
to siliciclasticmatter in the sediments.Mineral sorting
and/or chemical alteration, which are frequently
inferred from Rb/Sr ratios at other sites (summarized
in Davies et al. 2015), have a minor control on Rb/SrT
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ratios in Lake Trasimeno’s sediments. This is demon-
strated by aweak positive relationship between (usually)
Ca/Sr-rich plagioclase content and Rb/Sr (Table 3).
Excess Sr in relation to Rb should consequently indicate
the excessive incorporation of Sr into the different
calcium carbonate species. Aragonite-bearing sediment
successions were defined by Rb/Sr ratios <0.4 as XRD
results suggest that samples with Rb/Sr >0.31 only
contain calcite (Table 3).

In summary, Lake Trasimeno’s sediment geochemical
composition (Ca,TIC,Sr) is sensitive to changes inwater
geochemistry mainly controlled by E/P ratio and lake
level.High (low)Ca andTICare promoted byhigh (low)
dissolved ion concentrations, and thus, by decreasing/
low (increasing/high) lake levels. Hence, we use the
absolute amounts of endogenic carbonates (TIC, Ca)
and the relativecontributionofMg-calcite andaragonite
(Rb/Sr) as proxies for lake-level fluctuations at Lake
Trasimeno (Figs 5, 6).

Sediment accumulation and lake level

There is a positive relationship between high sedimenta-
tion rates andhigh/increasing lake levels at the coring site
(low TIC, Fig. 6). Under present-day conditions, the
maximum wind fetch of ~10 km at the coring location
combined with moderate to strong winds (up to 30–40
knots wind speed) would allow wave heights not much
higher than ~1 m, with the wave height being limited by
the fetch distance (Goda 2003). A lower lake level at

Trasimeno would simultaneously decrease wind fetch
and, in addition, limit wave height due to the reduced
water depth, whichwould restrict themaximumpossible
wave height at the coring location. Sedimentation rates
have been shown to be increased by a factor of 25 due to
wave action in other shallow lakes (Douglas & Rippey
2000); however, this is not observed at Lake Trasimeno,
where sedimentation rates increase with increasing lake
level and less wave action. High sedimentation rates at
the coring location during high lake levels are conse-
quently thought to be controlled by catchment erosion
and enhanced sediment yield to Lake Trasimeno during
wetter conditions, and a higher capacityof deeperwaters
for particle suspension and transportation of fine-
graineddetritalmatter to the coring location.Catchment
erosion has been shown to rapidly respond to wetter
conditions in theMediterranean, particularly during the
glacial period when the landscape was covered by open
woodland vegetation (Fletcher et al. 2010; Sadori 2018;
Francke et al. 2019).

Stable isotope geochemistry

Amoderate rangeof~2.5‰ (−2.2 to+0.3‰;x=−0.7‰)
in δ18Ocarb suggests that the lake has not experienced
complete hydrological closure since ~47 800 cal. a BP
(Fig. 6). Given the high surface area to water volume
ratio of Lake Trasimeno and its sensitivity to hydrocli-
mate, as well as average modern δ18OP in the area of ~
−7‰ (Giustini et al. 2016), changes in the E/P ratio are

A B

Fig. 5. Endogenic calcium carbonate in the sediments of Lake Trasimeno: A. Cross-plot of Ca and Sr intensities as derived from XRF core
scanning.Marked in red are the samples selected for XRD analyses. Shown are the calcite, Mg-calcite, and aragonite concentrations as obtained
from XRD analyses. This cross-plot shows that Mg-calcite and aragonite-bearing sediments show elevated Sr intensities as Mg-rich calcium
carbonates preferentially incorporate Sr into their crystal lattice (cf.main text). B.Cross-plot of theCa intensities and theRb/Sr ratio. Calcite,Mg-
calcite, and aragonite concentrations as obtained from XRD analyses are also displayed by red dots. The data imply that aragonite is dominant
when Rb/Sr is <0.4 (cf. also Table 3).
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most likely the primary driver of δ18Ocarb variability in
core Co1320 (Leng & Marshall 2004; Roberts et al.
2008). This is supported by lakewater δ2Hand δ18Odata
for Trasimeno (Frondini et al. 2019), which plot along a
local evaporation line (LEL) that distinctly falls away
from the Local Mediterranean Meteoric Water Line
(LMWL). In the geological past, a predominant influ-
ence of E/P is supported by the good agreement of
δ18Ocarb and δ13Ccarb (−4.4 to +5.9‰; x = −0.9‰,
Figs 4B, 6), which have a moderate positive correlation
(R2 = 0.24), as evaporation promotes isotopic exchange
between the lake water and the atmosphere (Leng et al.
2013; Lacey et al. 2016). Supply of dissolved inorganic
carbon (DIC) from the catchment as source for higher
δ13Ccarb is unlikely for Lake Trasimeno due to the
siliciclastic rich bedrock lithology having negligible
carbonate amounts. Changes in δ13CDIC via increased
primary productivity and the preferential uptake and
burial of 12C by algae (Lacey et al. 2016) could promote
higher δ13Ccarb duringwetter andwarmer intervalswhen
primary productivity at Trasimeno is enhanced. Lower
δ13CDIC and δ13Ccarb are supported by a greater contri-
bution of 12C-rich soil-derived CO2 from the catchment
and/or by the decomposition and recycling of organic
material in lacustrine surface sediments (Lenget al. 2010;
Zanchetta et al. 2018).

Isotope analyses were carried out under the assump-
tion that calcite is the dominant CaCO3 species in the
sediments of Lake Trasimeno. However, XRD analyses
and theRb/Sr ratio evidence the presence of aragonite in
some intervals of core Co1320, which has to be consid-
ered during interpretations of Lake Trasimeno’s stable
isotope record as the isotopic fractionation between
calcite and aragonite is +0.6‰ (Tarutani et al. 1969) for
δ18Ocarb and +1.8‰ (Rubinson & Clayton 1969) for
δ13Ccarb. As aragonite-bearing sediment successions
were defined by Rb/Sr ratios <0.4 only stable isotope
ratios of sediments with Rb/Sr <0.4 may potentially be
biased.OurXRDanalyses showamixtureof calcite,Mg-
calcite, and aragonite, with aragonite contributing ~70%
of the total carbonate present in samples at 347 and
683 cm (Table 3). Thus, the relative enrichment of
δ18Ocarb and δ13Ccarb values should be less than +0.6
and +1.8‰, respectively, due to the mixed nature of the
carbonate polymorphs. Although the true error is likely
lower, we depict these errors in Fig. 6 to provide
conservative estimates. The mixture of CaCO3 species
in Lake Trasimeno sediments may also explain the

limited correlationbetween δ18Ocarb and δ13Ccarb (due to
the different fractionation factors, R2 = 0.24), δ13Ccarb

and TIC content (R2 = 0.04), and δ18Ocarb and TIC
content (R2 = 0.16, Fig. 4) despite their overall similar
trends (cf. Figs 4, 6).

High δ18Ocarb and δ13Ccarb correspond to aragonite-
bearing sediment successions in core Co1320 with low
Rb/Sr and high TIC, which implies that these intervals
likely represent phases of low lake level and dry condi-
tions at Lake Trasimeno. A low lake level and dry
conditions are consistent with high E/P ratios as
indicated by the δ18Ocarb and δ13Ccarb, even when the
potential bias from different fractionation factors is not
taken into account (Fig. 6). If the potential bias is
considered, the amplitude of excursions in δ18Ocarb and
δ13Ccarb that indicate high E/P ratios during lake-level
lowstands is even higher, which supports the interpreta-
tion of the stable isotope record. A lake-level sensitive
response of E/P ratios and δ18O is also supported by
modern lake water monitoring, which revealed consis-
tently higher lake water δ18O in response to lower lake
levels between January 2006 and January 2014 (Frondini
et al. 2019). The monthly variations of the isotope
composition of lake water have furthermore been
reported to be positively correlated to temperature and
evaporation, and inversely correlated to precipitation
(Frondini et al. 2019). A strong correlation between
δ18Ocarb and δ13Ccarb and lake level has also been
reported from Lake Ledro in northern Italy (Baneschi
et al. 2020).

Lateglacial toHolocene hydrological variability in central
Italy

Pre-LGM(47 800 to 29 000 cal. a BP, equivalent toMIS
3). – Sedimentary proxies from Lake Trasimeno show
millennial-scale variability using both the tuned and
untuned chronologies between 47 800 and 29 000 cal. a
BP (Fig. 6). The millennial-scale climate variability
overprints a general trend from permanent to more
shallow/ephemeral lake conditions as inferred from
ostracod data (Marchegiano et al. 2019; Fig. 6), irre-
spective of chronology. The observed millennial-scale
variability indicates that Lake Trasimeno has experi-
enced rapid lake-level fluctuations during this time
interval that might potentially correspond to GI/GS
variability in NGRIP. A precise alignment and chrono-
logical comparison to the ice-core records is, however,

Fig. 6. LakeTrasimeno proxy data: TIC content, Ca intensities, Rb/Sr ratio, δ18Ocarb, and δ13Ccarb plotted against age (cal. a BP).Also shown are
the summer and winter insolation at 43°N latitude (Lake Trasimeno), the NGRIP δ18O ice-core record (NGRIP-members 2004) based on the
chronology of the INTIMATE (Integration of Ice-core, Marine and Terrestrial records) working group (Rasmussen et al. 2014), and theMD99-
2334/MD01-244 δ13Cbenthic record from the IberianMargin (Skinner et al. 2013). Grey barsmarkGIwarm periods of theNGRIP ice-core record
(Rasmussen et al. 2014). The ages forHeinrich eventsH5 toH1are fromSanchezGoñi&Harrison (2010).Blue shadedareas definewhereRb/Sr is
<0.4 and depicts the uncertainty associated with mineral-water isotope fractionation effects between the carbonate phases. Ephemeral and
permanent lake conditions are inferred from ostracod data (Marchegiano et al. 2018, 2019).
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limited by our temperature-tuned and radiocarbon-
based chronologies. Low Ca, δ18Ocarb and δ13Ccarb

correspond to high Rb/Sr implying high lake levels and
a low E/P ratio at Lake Trasimeno during periods
tentatively aligned with GIs. Low lake levels, a high E/P
ratio, and potential aragonite formation (Rb/Sr < 0.4)
areassociatedwithGStimeperiodsandparticularlywith
Heinrich events H4 and H3. These findings agree with
previously published ostracod data recording higher
(lower) lake water salinity, very shallow/temporary
(high/permanent) water levels, and low (high) water
temperatures during Last Glacial GS (GI) periods at
Lake Trasimeno (Marchegiano et al. 2018, 2020), inter-
pretations that are equally limited by uncertainties in the
chronologies. Major tectonic events amplifying the
wedge-shape depression hosting Lake Trasimeno (i.e.
subsidence along the eastern shoreline) during the time
interval investigatedhereinmight also control deepening
water levels and decreasing lake surface area. Nonethe-
less, tectonic events do not directly impact lake water
geochemistry relevant for our geochemical proxy data
(Ca, Rb/Sr). A lower lake surface area would restrict
evaporation andmight thus affect δ18Ocarb and δ13Ccarb;
however, progressive ENE dipping of the Lake Trasi-
menobasin cannotaccount formillennial-scale lake level
variability as recorded in the stable isotope data.

Periods of rapid aridification in central Italy might
correspond to abrupt reductions of the Atlantic Merid-
ional Overturning Circulation (AMOC). This relation-
ship can be concluded from a comparison of the Lake
Trasimenoproxydata to theAMOC intensity as inferred
from the MD99-2334/MD01-244 record (Fig. 6), where
low benthic foraminifer δ13C values reflect the incursion
of Antarctic bottom water towards the Iberian Margin
correlated to abreak-down of the AMOC (Skinner et al.
2013). A strengthening (weakening) of the AMOC
during GI (GS) periods has recently been underpinned
byGottschalket al. (2015), reporting that themajorityof
GI periods are accompanied by a rapid incursion of
NorthAtlantic DeepWater into the SouthAtlantic. The
potential co-variation between AMOC variability and
LakeTrasimenowater level fluctuationswould support a
close link (teleconnection) of ocean circulation patterns
and hydrological conditions in the central Mediter-
ranean and, thus, between ocean and atmospheric
circulation during the Last Glacial period. During GS
periods and H events (weak AMOC), cooling is centred
over Scandinavia but also spreads from Greenland and
northern Europe to southern Europe,NorthAfrica, and
Asia, triggering a southward displacement of the atmo-
spheric circulation pattern (Menviel et al. 2014). A
southward displacement of atmospheric circulation
particularly during autumn and winter could have
promoted outbreaks of cold and dry polar air masses
from northern and northeastern directions, explaining
the low lake levels and the shift towards higher δ18Ocarb

particularly during (tentative) H events H4 and H3. A

synchronicity betweenEasternMediterranean aridifica-
tion and enhanced freshwater discharge into the North
Atlantic has also been inferred from Lake Van (Stock-
hecke et al. 2016) and theDeadSeaBasin (Torfstein et al.
2013). Furthermore, a reduction of autumn and winter
rainfall could be promoted by persisting low NH
summer–winter insolation (temperature) gradients dur-
ing the pre-LGM (eccentricity minimum, Fig. 6) and a
restricted northward migration of the ITCZ, which
hampers local cyclogenesis in the Mediterranean (Wag-
ner et al. 2019).

Enhanced rainfall across the Mediterranean region
during warm GI intervals is mostly associated with
enhanced storm track intensity and/or frequency in the
Westerlies and the delivery of low δ18O precipitation
from theAtlantic (Chondrogianni et al. 2004; Zanchetta
et al. 2007; Roberts et al. 2008), which would promote
reduced E/P conditions and lower δ18Ocarb at Lake
Trasimeno. The close connection between central
Mediterranean precipitation amount andAMOC inten-
sity implies an ocean–atmosphere coupling with inten-
sified/more frequent (reduced/less frequent) mid-
latitude cyclogenesis during GI (GS) boundary condi-
tions. The strong relationship between (winter) precip-
itation,Mediterranean sea surface temperatures (SSTs),
and the position of the ITCZ might, however, have
additional control onmillennial-scale climate variability
in theMediterranean realm. Associatedmillennial-scale
northward (southward) displacement of the ITCZ iden-
tified in Asian speleothem records is likely linked to
longitudinal equatorial heat transfer and AMOC and
could foster higher (lower) Mediterranean SSTs, which
might promote convective rainfall (Bosmans et al. 2015;
Wagner et al. 2019; Wilson et al. 2021). It is still unclear
whether the position of the northern ice sheet (high
latitude forcing) or the orbital configuration (low
latitude precessional forcing) has stronger influence on
the amplitude of hydrological variability in the central
Mediterranean region. Interestingly, we tentatively find
highest lake levels (irrespectiveof chronology) forGI-12,
GI-10 and GI-8, which occur prior to the precession
minima (maximum in summer insolation, Fig. 6) typi-
cally coinciding with enhanced precipitation in the
Mediterranean region (Kutzbach et al. 2013; Bosmans
et al. 2015; Wagner et al. 2019). This implies a limited
control of orbital forcing and can probably be attributed
to the previously discussed low seasonal temperature
(insolation) gradient under MIS 3 orbital configuration
(eccentricityminima).Moreover, comparable lower lake
levels after 35 000 cal. a BP (i.e. betweenGI-7 andGI-6,
during the summer insolation maximum, cf. Fig. 6)
occur during a time of lower variability of the AMOC
intensity as suggested by benthic foraminifera δ13C
values at the IberianMargin (cf. Fig. 6). This proposes a
dominance of high-latitude forcing via AMOC variabil-
ity at Lake Trasimeno at a latitude of 43°N, which is in
good agreement with pollen records from Italy (Fletcher
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et al. 2010) and extends even as far east as the Balkan
Peninsula (e.g. Panagiotopoulos et al. 2014), showing a
stronger response of temperate forest taxa compared to
Mediterranean-type taxa (and associated
Mediterranean-type climate conditions) north of 40°N.

Pollen records from the central Mediterranean also
imply increasing aridity over the course of longer
interstadial periods (GI-12, GI-8, Fletcher et al. 2010),
whereas it remains unclear if such trends canbeobserved
during shorter GI intervals due to a delayed adaption of
the vegetation belts to rapid climate change. Lake-level
fluctuations of Lake Trasimeno likely responded much
quicker tochanges inmoistureavailability incentral Italy
compared to pollen records, but clear trends towards
increasing aridity are evident for (tentative) GI-12 and
GI-8 only. The opposite pattern with highest SSTs
occurring at the end of GI periods has been reported
from the Alboran Sea (MD95-2043, Fig. 1, Cacho et al.
1999). This observation supports the argument that the
intensification and/or higher cyclone frequency in the
Westerlies of Atlantic origin control the hydrological
variability in central Italy rather than (regional)Mediter-
ranean cyclones.

LGM and termination 1 (29 000 to 11 600 cal. a BP,
equivalent to MIS 2). – The core Co1320 proxy data
indicate more stable hydrological conditions at Lake
Trasimenobetween29 000and11 600 cal. aBP (Fig. 6).
Lowest lake level and driest conditions are identified in
intervals with aragonite-bearing sediments (Fig. 6),
which is supported by ostracod data indicating ephem-
eral lake conditions (Marchegiano et al. 2018, Fig. 6).
The timing, however, contains larger uncertainties due to
limited independent dating. The untuned chronology
records thesedryperiodsbetween25 000and20 000 cal.
a BP, and between 16 000 and 11 600 cal. a BP. In
contrast, the tuned chronology implies dry conditions
between 25 000 and 16 000 cal. a BP, and between
13 000 and 11 600 cal. a BP. Higher lake levels are
indicated between 20 000 and 16 000 cal. a BP based on
the untuned chronology, and between ~16 000 and
~13 000 cal. a BP based on the tuned chronology,
respectively.

The onset of more stable and dry conditions at Lake
Trasimeno after ~29 000 cal. aBP (as inferred fromboth
chronologies) corresponds to the start of full glacial
conditions, as recorded in marine sediment cores (MIS
2), concomitant with the expansion of global ice sheets
(Lisiecki&Raymo 2005) and aweakening of theAMOC
(Gottschalk et al. 2015). However, a precise correlation
of themarine chronology toGI/GS climate variability in
theGreenland ice-cores is still underdebate.Recently, the
onset of fullyglacial conditionswas placed betweenGI-4
and GI-3, at ~27 800 cal. a BP (Sanchez Goñi &
Harrison 2010). A full glacial climate in the Mediter-
raneanwith very arid conditions, as inferred frompollen
reconstructions from Lago Grande di Monticchio

emerged after 25 900 cal. a BP, subsequent to GI-3 and
contemporaneouswithH2, similar to the onset recorded
in core MD99-2334/MD01-2444 from the Iberian
Margin and confirmed from the South Atlantic
(Gottschalk et al. 2015). The rapidly increasing Ca and
TIC contents following GI-3 in the sediments of Lake
Trasimeno (irrespective of chronology) are in line with
the findings from the two marine records. Simultane-
ously decreasing summer insolation is in excellent
agreement with Lake Trasimeno’s stable isotope record
(Fig. 6), characterizedbyveryhighδ18Ocarb andδ13Ccarb

values corresponding to lower local summer insolation
and peak glacial conditions culminating at around
22 000 cal. a BP. Low lake levels at Trasimeno may be
explainedbyaweakeningof the (humid)Westerlies along
with an expansion of polar air bringing cold and dry air
masses to central Italy, local Mediterranean anticy-
clones, a weak AMOC, and low summer–winter tem-
perature gradients. Significant LastGlacial aridification
associatedwith aweakening of westerly storm tracks has
also been recorded from stable isotope records further
eastward from the Balkan Peninsula (Lacey & Jones
2018).

The collapse of the AMOC associated with H1
(corresponding to the Oldest Dryas; Naughton et al.
2007) is well reflected in the Northeast Atlantic by low
benthic foraminifera δ13C in MD99-2334/MD01-2444
(Fig. 6) as well as 213Pa/230Th records from the subtrop-
ical to high latitude North Atlantic (Ng et al. 2018).
Uncertainties in our chronology hamper a direct align-
ment ofLakeTrasimeno’s proxydata toH1 (Fig. 6). The
untuned chronology suggests somewhat higher lake
levels during H1, which is inconsistent with most other
palaeoclimate records from central Italy (Fletcher et al.
2010). Broadly increasing lake level at Lake Trasimeno
after the LGM (based on the tuned chronology),
however, indeed matches increasing local summer inso-
lation after the LGM, contemporaneouswith increasing
obliquity and higher insolation contrasts between low
(35°) and high (65°) latitude insolation forcing (Laskar
et al. 2004). Substantial low to high latitude temperature
differences (Shaw et al. 2016), probably amplified by the
post-LGM expanding northern ice sheet (Lisiecki &
Raymo2005), can amplify theWesterlies’ intensity, thus,
explaining increasing lake levels at Trasimeno despite a
relatively weak AMOC (Fig. 6). This observation prob-
ably implies that increasing humidity at Lake Trasimeno
after the LGM is controlled by orbital configuration
rather than by millennial-scale NH climate forcing and
AMOC intensity. Interestingly, the climate shift towards
more humid conditions is not evident in Rb/Sr or the
temperate pollen taxa fromLagoGrande diMonticchio
(Brauer et al. 2007; Fletcher et al. 2010) and Valle di
Castiglione (Follieri et al. 1998; Fletcher et al. 2010),
suggesting that precipitation increase was probably
limited (Lake Trasimeno shows response in Ca only)
with no or negligible impact of temperature.
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The reinforcement of theAMOCassociatedwithGI-1
(cf.Fig. 6), a climateoscillation correlated to theBølling/
Allerød interstadial (Naughton et al. 2007), and subse-
quent cold anddry conditions during theYoungerDryas
until 11 700 cal. a BP, is only mirrored in our tuned
chronology data. The untuned chronology, implying
wetterconditionsbetween20 000and16 000 cal. aBP, is
inconsistent with other palaeoclimate archives from the
region (Fletcher et al. 2010). Rb/Sr and stable isotope
data based on the tuned chronology in turn imply dry
conditions and increasing evaporation (increasing
δ18Ocarb and δ13Ccarb) during the Younger Dryas. This
denotes an overall low lake level at Lake Trasimeno
despite a relatively strong AMOC and, thus, an overall
low impact of glacial to Holocene deglaciation on
moisture availability in central Italy. Dry conditions in
this region during the Lateglacial period are also
supported by data from Lago Grande di Monticchio,
where pollen assemblages indicate a strong seasonality
(Allen et al. 2000), and at Lago di Mezzano (Sadori
2018). This strong seasonality combinedwith dry winter
conditions during the Lateglacial may be explained by a
lowwinter insolation (Fig. 6) and a southward displace-
ment of polar air during winter, but high insolation
during summer. Low lake levels and high E/P ratios
(stable isotopes) are then amplified by increasing sum-
mer temperatures in response to global warming, in
agreement with the previously discussed strong season-
ality. Cold and dry Lateglacial to Early Holocene
conditions on the Balkan Peninsula have previously
been attributed to (cold) polar air outbreaks (Vogel et al.
2010a; Panagiotopoulos et al. 2013).

Holocene (11 600 cal. a BP to present day). – During
the Holocene, a relatively high lake level is inferred from
low to negligible Ca and high Rb/Sr and from ostracod
data (Marchegiano et al. 2019; Fig. 6). Higher moisture
availability compared to glacial times is consistent with
various palaeoclimate records in the Mediterranean
region (Roberts et al. 2008). The data show a delayed
lake-level increase during the Early Holocene, with the
highest lake level after ~9000 cal. a BP. A delayed
maximum in humidity compared to the onset of inter-
glacial conditions has been reported for the Mediter-
ranean region south of 40°N (Magny et al. 2013) and is
explained by strong Hadley cell activity in response to
enhanced summer insolation forcing (Tinner et al. 2009).
A strong Hadley cell and an intensive African monsoon
system block the westerly transport of wet air to the
Mediterranean region (Magny et al. 2013). In addition, a
low lake level at Lake Trasimeno during the first two
millennia of the Holocene could have been amplified by
enhancedevaporationduetohighsummertemperatures,
which is consistent with increasing δ18Ocarb, δ13Ccarb as
well as ostracod assemblages (Marchegiano et al. 2019)
until ~9000 cal. a BP.

The pattern of increasing aridity implies that Lake
Trasimeno, located at a latitude of 43°N, shows
higher similarities to Mediterranean-type palaeocli-
mate records located south (rather than north) of
40°N (Magny et al. 2003), which may imply that the
40°N climate boundary needs to be shifted further
north (Marchegiano et al. 2019). The Mediterranean-
type climate at Trasimeno during the Holocene
implies a major shift in atmospheric circulation at
43°N. Holocene climate is mainly controlled by local
cyclogenesis and orbital forcing (Wagner et al. 2019),
in contrast to high latitude, Atlantic control on
rainfall patterns prevailing during the pre-LGM.
Marchegiano et al. (2018) report Holocene climate
variability at Trasimeno lacks a distinct response to
the 8.2-cooling event and records increasing aridity
towards the Late Holocene. This interpretation is now
also supported by Ca, TIC, and Rb/Sr from our
study.

Conclusions

Major element (Ca, TIC, Rb/Sr) and stable isotope
(δ18Ocarb and δ13Ccarb) geochemical data show Last
Glacial millennial-scale variability in lake-level fluctua-
tions at Lake Trasimeno, which can tentatively be corre-
lated to the intensity of westerly storm tracks penetrating
into the central Mediterranean region (within the limita-
tions of the age-depth models). In concert with marine
proxy records off the IberianMargin, our data imply that
Trasimeno’s lake-level fluctuations during the Last Gla-
cial (MIS 3) period are probably connected to modifica-
tionsof theAMOC(strength/intensity). Lateglacial (MIS
2) to Holocene hydrological change in central Italy,
however, seems to be increasingly controlled by orbital
forcing. MIS 2 lake-level fluctuations show good agree-
ment with orbital forcing, corresponding to overall low
lake levels particularly during the LGM, and (limited)
increasing moisture availability afterwards. Low lake
levels during the Lateglacial to Holocene transition are
probably controlled by amplified seasonality (high sum-
mer and low winter insolation) with high evaporation
during summer and cold and dry polar air outbreaks
during winter, as supported by literature data.
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