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Abstract. The Mediterranean climate is characterised by
strong seasonality, which is critical for the ecosystems and
societies in the region and makes them susceptible to climate
change. The timing of when the Mediterranean climate de-
veloped over the past few thousand years remains a complex
and unresolved question. Most studies document a part of the
Mediterranean area or are based on a single (and frequently
different) climate reconstruction method, which can lead
to non-negligible biases when considering climate changes
10 on a Mediterranean scale. Several climate summaries based
on pollen data have recently been produced on a European
scale. However, few of them have focused exclusively on the
Mediterranean area, except for two recent syntheses docu-
menting the eastern and western parts of the Mediterranean
15 basin. We aimed to document the climate changes in the cen-
tral Mediterranean during the Holocene, including trends and
different patterns. A robust methodology has been applied to
38 pollen records spreading across the south of France and
Italy. Four climate reconstruction methods based on differ-
20 ent mathematical and ecological concepts have been tested
(MAT, WA-PLS, BRT and RF), and the selection of the best
modern calibration dataset has also been investigated to pro-
duce the most reliable results. Particular attention has been
paid to the seasonal nature of climatic parameters (winter and
25 summer temperatures and precipitation). A model-data com-
parison has been made using the transient model simulation

3

TraCE-21ka in an attempt to gain a better understanding of
the climate mechanisms and their forcing. Our palacoclimate
reconstruction shows that during the mid Holocene, summer
temperatures were slightly colder than modern-day condi-
tions in the southern part of the central Mediterranean region,
which is not completely in accordance with the summer tem-
perature reconstructions of the Iberian Peninsula and eastern
Mediterranean for the mid Holocene. In northern parts of the
central Mediterranean region, and particularly in high ele-
vation (> 1000 m), a Holocene thermal maximum is present,
contrasting with the cold summer temperature anomalies pre-
viously reconstructed with pollen data for the Mediterranean
region. Holocene summer conditions were characterised by
specific spatio-temporal patterns, i.e., a west—east differen-
tiation in southern France and a north—south one in Italy,
for both temperature and precipitation. Holocene winter con-
ditions showed a more homogeneous spatio-temporal pat-
tern, i.e., general humidification and warming throughout
the Holocene for Italy and southern France, which is co-
herent with the winter temperature reconstructions of the
Iberian Peninsula and eastern Mediterranean. A data—model
comparison shows a mostly coherent signal in winter but
an incoherent one in summer. Those discrepancies between
model simulations and pollen-based reconstructions suggest
that during the Holocene, the northern Mediterranean climate
was already subject to a marked spatio-temporal variabil-
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ity, particularly in summer, that cannot only be explained by mid north-westerly air ows (Margaritelli et al., 2020). In
changes in orbital con guration and atmospheric greenhousesummer, the Mediterranean region is under the in uence of
gas evolution. Finally, our result highlighted the onset of thea subtropical climate, which is strongly linked to the Intes-
"Mediterraneanization" of the central Mediterranean region,Tropical Convergence Zone (ITCZ) position. In winter, how-

s characterised by wet winters and dry summers, after 8,00@ver, the subtropical high-pressure belt is shifted southward
years Before Present (BP). The "Mediterraneanization" pro-and the Mediterranean region is mainly linked to the west-
cess seems to have had a greater impact on the southern rerly system bringing an eastward important water in ux (Gi-
gions than on the northern regions. raudi et al., 2011; Goudeau et al., 2015). This results im a

pronounced rainfall seasonality that is critical for ecosystems

and societies in the Mediterranean region today and in the

1 Introduction past (Cramer et al., 2018) and points out the need for sea-
sonal scale reconstructions over annual ones (Goudeau et al.,
10 Placing recent global warming in the context of natural cli- 2015). o

mate variability requires a long-term perspective. Climate Few studies have attempted to better understand the cli-
changes during the Holocene (the last 11,700 years BPinate changes at a regional scale in the Mediterranean re-
have been extensively documented by various palaeoclimatgion during the Holocene (Jalut et al., 2000; Magny et al.,
proxy records, revealing complex and heterogeneous spatid®2013; Peyron et al., 2017; Finné et al., 2019). Document-
1s temporal patterns in Europe (e.g., Cheddadi et al., 1997ing these climate changes with precision is complex, as the
Davis et al., 2003; Magny et al., 2003; Bartlein et al., 2011; reconstructed climate patterns may be linked to regional
Kaufman et al., 2020b; Herzschuh et al., 2023a). These clicharacteristics (e.g., longitude, latitude, and elevation), sea-
mate patterns may be linked to regional characteristics (e.gsonal variables (e.g., summer or winter), or speci c to the
latitude or elevation) or seasonal variables (e.g., summeproxy used (pollen, chironomids, marine proxies, molecular
20 Or winter) (Mauri et al., 2015; Cartapanis et al., 2022; Erb biomarkers). Speci c temperature and precipitation patterns
et al., 2022), which can in turn impact how the pattern is have been suggested as a west—east (Dormoy et al., 2009;
recorded. This effect is well illustrated by the temperatureLiu et al., 2023) as well as a north—south gradient within the
warming between 10,000 and 6,000 years BP, also calledediterranean basin (Magny et al., 2012, 2013; Peyron et al.,
mid Holocene thermal maximum (HTM), well evidenced in 2017). These studies concluded that, over the past 10,000
s northern Europe (Renssen et al., 2012; Liu et al., 2014) buyears, the Mediterranean basin has not been de ned hy a
poorly recorded in southern Europe (Kaufman et al., 2020b;singular climate trajectory, making our understanding of the
Marriner et al., 2022). spatio-temporal variability of the Mediterranean climate still
In the Mediterranean area, terrestrial proxies suggest conincomplete. Similarly, the intensity of seasonal variations,
ditions similar to or cooler than those observed today dur-e.g., the differences between summer and winter conditions,
% ing the mid-Holocene period (Cheddadi et al., 1997; Davisand their evolution through time also seem to vary greatly
et al., 2003; Herzschuh et al., 2023a). However, over therom one region to another during the Holocene (Roberts
last decades, atmospheric climate models often fail to simet al., 2011; Peyron et al., 2017).
ulate the mid Holocene Mediterranean cooling, producing Climatic reconstructions heavily rely on the proxies se-
signi cant warming both in northern and southern Europe lected (Samartin et al., 2017; Kaufman et al., 2020a; Car-
s (Liu et al., 2014; Mauri et al., 2014; Erb et al., 2022). Re- tapanis et al., 2022). Notably, chironomid-based reconstric-
cent model studies are in better agreement with the data a$ons disagree with those derived from pollen data (Samartin
they integrate the soil-atmosphere interactions in their modekt al., 2017; Cartapanis et al., 2022). In the Mediterranean
simulations (Russo and Cubasch, 2016; Russo et al., 2022)egion, a multi-proxy approach is commonly employed to
but the underlying climate mechanisms are not yet fully un-examine past climate changes, integrating terrestrial and ma-
« derstood. This is still a key question, as most data or modetine records (lake levels, uvial activity, pollen records, Ja-
studies focus on the European region or the world as a wholéut, 2000; Roberts et al., 2011; Finné et al., 2019; Cartapanis
(Cheddadi et al., 1997; Davis et al., 2003; Mauri et al., 2015;et al., 2022; Marriner et al., 2022) as well as only pollen-
Marsicek et al., 2018; Kaufman et al., 2020b; Cartapanisbased approaches (Davis et al., 2003; Mauri et al., 2015; Pey-
etal., 2022; Erb etal., 2022; Herzschuh et al., 2023a), but fewon et al., 2017; Cruz-Silva et al., 2023; Liu et al., 2023).
»s 0n the Mediterranean region, which is in the end not enoughPollen is favoured in palaeoclimate research due to its wide
studied on a broad scale (Magny et al., 2012; Peyron et al.spatial coverage and the well-established connection be-
2017; Finné et al., 2019; Marriner et al., 2022). tween vegetation and climate, which enhances the reliability
The Mediterranean region is located in a complex transi-of these reconstructions. However, discrepancies arise from
tional zone, in uenced by both the tropical circulation cells using different reconstruction methods (transfer functions),
s and the mid-latitude westerlies and cyclogenesis, which exvarying pollen datasets, and diverse climatic (e.g., precipita-
poses the basin to a relatively large spectrum of climatic in-tion, temperature) and bioclimatic (e.g., growing degree day,
uences from the arid zone of the subtropical high to the hu- evapotranspiration) parameters, which can affect result accu-
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racy (Chevalier et al., 2020). Recent regional analyses util2 Material and methods
ising high-quality pollen data have yielded insights into cli-
mate changes in both the western Mediterranean (brown dotg 1 Study area
on Fig. 1, Liu et al., 2023) and the eastern Mediterranean
(blue dots on Fig. 1, Cruz-Silva et al., 2023). These studiesThe study region covers the north-central Mediterranean
revealed complex spatio-temporal changes across these kdasin (Fig. 2a) and is divided into two study zones, i.e.,
Mediterranean regions and emphasised the existing knowlsouthern France and Italy. 60
edge gap regarding the intermediate sub-regions of the north- Zone 1 (southern France) extends from the southern
central Mediterranean, particularly southern France and ItalyFrench coast to the north of the Massif Central, including
w0 In this frame, our study aims to reconstruct the spatio-part of the Pyrenees and the Alps and extends from longi-
temporal climate variability of this central region to better tude 1° E to longitude 8° E. This region is in uenced by
understand and discuss the climate changes at the scale of taeMediterranean climate, associated with cool mild winters
Mediterranean area. Our questions are: (1) What were the cliand hot dry summers (Fig. 2b-c). Mean annual precipitation
mate conditions during the mid Holocene? Should we recontanges from 500 to 800 mm, with a maximum recorded in
15 Struct colder than today's conditions, as in previous pollen-autumn and a minimum in summer. Rainfall seasonality is
based studies? Is the HTM recorded in the Mediterranearn uenced by altitude, resulting in an increase in spring pre-
area during the early to mid Holocene, as shown by marinecipitation with altitude while temperatures decrease (Azuara
proxies? (2) Is there a north—south climate pattern across thet al., 2020). Because of its latitude, southern France is di-
Italian peninsula and adjacent regions and an east—west at threctly in uenced by large-scale atmospheric circulation pat-
2 Mediterranean scale during the Holocene? (3) Is it possiblderns over the North Atlantic and Europe, i.e., a persistent
to document, with accuracy, from pollen data, the seasonalityjow-pressure area located over Iceland, alongside the semi-
of climate? In particular, the summer and winter parameterspermanent high-pressure system associated with the Azeres
as many studies diverge on the summer signal. Are the cli{Brandimarte et al., 2011). Low-pressure conditions over Ice-
mate models (GCMs and regional) simulations in agreementand, associated with an anticyclonic pattern in the eastern
s With our results? (4) When and how did the MediterraneanAtlantic, result in cold, dry, northerly winds over southern
conditions we know today come about? France, particularly in the Gulf of Lion. Meanwhile, high
In contrast to previous synthesis (Cheddadi et al., 1997pressure brings warm, humid, southeasterly winds in the
Davis et al., 2003; Mauri et al., 2014, 2015; Cruz-Silva et al., region (Azuara et al., 2020). This dynamic interaction be-
2023; Liu et al., 2023), our study is based on a multi-methodtween Iceland and the Azores in uences westerly air ow
approach (e.g., Peyron et al., 2005; Brewer et al., 2008; Peypatterns, affecting thermal exchanges across the North At-
ron et al., 2011, 2013, 2017; Salonen et al., 2019; Robledantic and Europe, especially during the winter months at
et al., 2022; d'Oliveira et al., 2023; Robles et al., 2023) ap-mid to high latitudes. The westerly ow also varies intess
plied to 38 fossil pollen records located in the north-centralannually, shifting between northern and southern paths. This
Mediterranean. Such an approach is more reliable than studsariation, known as the North Atlantic Oscillation (NAO),
s ies based on a single method, such as Modern Analoguelays a signi cant role in climate variability in the west-
Technique (MAT) or Weighted Averaged Partial Squaredern Mediterranean. The strength of the NAO is determined
(WA-PLS) methods (Chevalier et al., 2020). We will give by the difference in normalised sea level pressure (SLP) be-
particular attention to document the seasonality of temperatween high and low latitudes in the Atlantic (Azuara et al.,
ture and precipitation interpretations because climate forcing2020). A positive NAO indicates a stronger meridional pres-
during the Holocene was dominated by orbitally controlled sure gradient and more intense westerly winds, while a neg-
insolation changes that operated asymmetrically across thative NAO suggests a weaker gradient and weaker wester-
annual cycle (Renssen et al., 2012). To increase the reliabilityies. During winters with a positive NAO, subtropical atme-
of our reconstruction, a rst stage of numerical tests (autocor-spheric pressure tends to rise, while Arctic pressure drops.
relation, canonical correspondence analysis) will be carriedlhis setup leads to varying winter weather: southern Europe
out on three modern climate and pollen datasets (global anéxperiences warmer and drier conditions, northern Europe
regional) for annual and seasonal (spring, summer, autumgees warmer and wetter weather, and Greenland faces colder,
and winter) temperature and precipitation parameters. drier winters (Brandimarte et al., 2011). 100
Our results will be compared (1) to transient model simu- Zone 2, corresponding to Italy, is located in the northern-
lations (TraCE-21ka) from the Community Climate System central Mediterranean basin and stretches from latitude 36°
Model (CCSMS; Collins et al., 2006) and (2) to the synthesisN to latitude 47° N, making for contrasting climatic condi-
of Liu et al. (2023) for the Western Mediterranean and thosetions from one region to another. The Italian orography is
of Cruz-Silva et al. (2023) for the Eastern Mediterranean toalso complex and contrasted due to the presence of the &lps
better understand the climate changes at the Mediterraneao the north and the Apennines, which stretch along the entire
scale. The data-models comparison will give us a better unpeninsula, acting as a barrier to air masses from continen-
ss derstanding of climate mechanisms and their forcings. tal Europe. Both mountain chains in uence the pathway of

o

3

S

4

S

4!

o

5

o



4 d'Oliveira et al.: Holocene Climate Dynamics in the Central Mediterranean Inferred from Pollen Data

Figure 1. Spatial coverage of pollen-based Holocene climate syntheses for the northern Mediterranean basin focusing on the Iberian Penin-

sula (Liu et al., 2023), the Eastern Mediterranean (Cruz-Silva et al., 2023) and the north-central Mediterranean (this study).

weather fronts and interact with dominant winds, thereby ex-ing the Mediterranean climate of the Holocene (Fig. 2a). The
posing various regions of Italy to distinct circulation patterns selection procedure followed the following steps:

(Fratianni and Acquaotta, 2017). The Alps act as a barrier,
limiting the in ux of cold air masses from central Europe

s into the Po Valley and northern Italy. The Apennines dimin-
ish the vulnerability of western areas to cold easterly winds
that originate from the Balkans, while the Adriatic Sea, situ-

Location lter: Records were restricted to southern
France (latitude 42—45° N; longitude 1-8° E) and Itady
(latitude 37-47° N; longitude 8-16° E), yielding 749
pollen records from Neotoma.

ated on the upwind side, is more susceptible to strong winds _ aAge-depth model update: LegacyAge 1.0 dataset (Li

and heavy rainfall (Di Bernardino et al., 2024). The Italian

10 Peninsula, surrounded by the Mediterranean Sea to the west,
south and east, has its climate strongly mitigated by the pres-
ence of the water body, which represents an important source
of heat and moisture (Winschall et al., 2014). The simultane-
ous impact of multiple geographic elements (e.g., elevation,

15 distance from the sea, presence of particular coastal currents,
exposure to dominant winds, etc.) shapes the presence of dis-
tinct climatic zones, each associated with particular promi-
nence of weather types.

2.2 Pollen datasets
0 2.2.1 Fossil pollen data

Here, 38 pollen records (Tab. 1) were selected and extracted
using the international database Neotoma (Williams et al.,
2018) or gathered directly from the authors of the original
studies. These records were selected according to specic
25 Criteria such as location, temporal extent and resolution. The
aim was to compile the most suitable records for synthesis-

et al., 2022) was used to update the age—depth mod-
els of each record. The LegacyPollen database, cam-
piled by Herzschuh et al. (2022), contains 2,831 pollen
records from all over Europe, covering the last 30,000
years, whose pollen data and age models have been
homogenised and updated. Records outside the ho-
mogenised set are temporarily extracted to check the
pre-existing age models and recalculate them if neces-
sary, using their radiocarbon data available on Neotoma.
Models were generated on R Studio (Team, 2020) with
the Bacon package (Blaauw and Christen, 2011, ver-
sion 3.3.0) using the IntCal20 calibration (Reimer et ak.,
2020). A minimum of 4 radiocarbon dates was set, in
line with the study by Li et al. (2022), to allow the pre-
existing age—depth model to be updated. Records for
which this constraint was unmet were removed from the
fossil pollen dataset. 50

Temporal extent lter: For the two zones, pollen records
must cover the period before 8,000 cal. BP and after
5,000 cal. BP and its signal must be continuous between
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Figure 2. (a) Location of the 38 fossil pollen records used for palaeoclimate reconstruction. Current mean (b) summer and (c) winter
temperature (top) and precipitation (bottom) repartition in the Mediterranean basin. Current climate parameters are based on average monthly
climate data for 1970-2000 and extracted from WorldClim version 2.1 (Fick and Hijmans, 2017).

8,000-5,000 cal. BP. The application of this constraintthe advantage of regional datasets (Dugerdil et al., 2021a, b).
is intended to guarantee that any climate trend or oscil-To test the role of the modern dataset on the reconstruc-
lation that occurs can be documented. tion (Trasune et al., 2024), and improve the reliability ef
our climate reconstructions, three modern pollen datasets
— Resolution [ter: only records with a satisfactory mean ere used, one global and two regional. The Eurasian Pollen
5 temporal resolution were kept, i.e., inferior to 350 pataset (EAPDB), compiled by Peyron et al. (2013, 2017)
years.sample'. and updated by Dugerdil et al. (2021a) and Robles et al.
) (2022, 2023), was used as the global modern pollen dataset.
For the pollen data, the Neotoma data were retained beThe EAPDB contains a total of 3,373 pollen surface sam-
cause pollen homogenisation of the LegacyPollen databas§|es (Fig. Ala). From the EAPDB dataset, we derived
results in a loss of information due to the level of group- yyo regional modern datasets by sub-sampling the EAPDB.
wing of taxa, making the use of these homogenised pollenrpe two regional datasets correspond to a temperate pollen
records impractical for the application of our multi-method yataset (TEMPDB) and a Mediterranean pollen dataset
approach to reconstructing climate change. Aquatic taxa a”‘{'MEDDB). For the TEMPDB, samples from the EAPDB
spores were excluded, and rare herbaceous and woody taxgere extracted using both a spatial selection (Western Eu-
were grouped at higher taxonomic levels (e.g., genus, subrgpe) and a temperate biome selection (warm mixed for-
s family, or family). For each record, the local environmen- est, xerophytic wood/shrub, temperate deciduous forest, cool
tal context was checked against the original publication (amixed forest, warm steppe, cold mixed forest, and ceol
time-consuming but necessary step) to highlight the presencgteppe). Similarly to the TEMPDB, the MEDDB is the re-
of local hygrophilous and/or mesohygrophilous taxa (€.9..sylt of resampling the EAPDB through spatial selection
Cyperaceaehlnus glutinosatype, Salix Populug. Incertain  (the Mediterranean basin) and a selection by biomes (warm
» records, it was necessary to eliminate these "local” taxa moreyixed forest, xerophytic wood/shrub, temperate deciduous
characteristic of wetlands, such as shallow lakes and Peabrest, warm steppe, cold mixed forest, and cool mixed far-
bogs (1 record in southern France and 11 records in Italy). est). After compiling the two regional datasets, the TEMPDB
Ultimately, 38 records were selected: 17 from southerngng the MEDDB contain 1,875 and 1,040 surface pollen
France and 22 from Italy (16 from Neotoma, 6 provided by samples respectively (Fig. Alb-c). For the three modern
2 authors: Sadori and Narcisi 2001; Mercuri et al. 2002; Joanyolien datasets (EAPDB, MEDDB and TEMPDB), a total

nin et al. 2012, 2013; Mercuri et al. 2013; Joannin et al. of 103 taxa were used. Taxa representing less than 0.1 % of

quired full age—-depth model recalibration. For each modern pollen sample, seasonal and annual cli-
mate values were extracted from the WorldClim2.1 dataset
2.3 Modern pollen data (Fick and Hijmans, 2017) as follows: Mean annual temper-

) ) _ ) ature (MAAT), spring temperature (Tspr), summer tempeta-
w» Different studies underline the importance of the moderny e (Tsum), autumn temperature (Taut), winter temperature

pollen and climate datasets used for palaeoclimate recoryTyin), mean annual precipitation (MAP), spring precipita-
struction (Turner et al., 2021) and some of them point out
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Table 1. Fossil pollen records used for the climatic reconstruction. Records are classi ed by zone (1: southern France; 2: Italy) and by a
west—east gradient for zone 1 and by a north—south gradient for zone 2.

D Sitename Latitude Longitude Elevation Zone Age min Age max  Resolution Modern Database Reference
(°N) (°E) (m) (yrsBP) (yrs BP) (yrs.sple?l) dataset
1 Planell de Perata 42.48 1.57 2231 1 3091 10158 157.04 EAPDB Neotoma Miras et al. (2010)
De Beaulieu et al. (2005);
2 Bosc dels Estanyons 42.48 1.63 2296 1 -55 11899 129.93 EAPDB Neotqm%S etal. (2007)
3 Lake Racou 42.55 2.01 2014 1 284 12148 152.1 EAPDB Neotoma  Guiter et al. (2005)
Pérez-Obiol (1988);
4 Les Palanques 42.16 2.44 465 1 39 8491 130.03 TEMPDB NeotoRigué et al. (2018);
Revelles et al. (2018)
5 Canroute 43.65 2.58 790 1 =77 12494 241.75 TEMPDB - d'Oliveira et al. (2023)
6 Peyre peat-bog 44,96 2.72 1097 1 308 12453 94.15 TEMPDB Neotoma Surmely et al. (2009)
7 Brameloup 44.74 3.08 1224 1 72 12499 146.2 TEMPDB Neotoma De Beaulieu et al. (1985)
8 Bonnecombe 44,57 3.13 1388 1 1698 12423 2145 TEMPDB Neotoma De Beaulieu et al. (1985)
9 Tourbiere des Narses Mortes 44.43 3.6 1256 1 -20 10671 334.09 TEMPDB Neotoma Beaulieu (1974)
10  Lac du Bouchet 44.92 3.78 1181 1 47 12324 268.93 TEMPDB Neototﬁgg:?v::d De Beaulieu (1988);
y et al. (1990)
11 Embouchac 43.57 3.92 9 1 1461 9417 42.32 TEMPDB Neotoma Puertas (1998, 1999)
12 Tourves 43.41 5.91 304 1 1582 16035 123,53 TEMPDB Neotoma Nicol-Pichard (1987)
13 Correo 44.56 6 1101 1 662 12496 81.61 TEMPDB Neotoma Nakagawa (1998)
14  Vallon de Provence 44.39 6.4 2075 1 2891 11809 107.45 EAPDB Neotoma De Beaulieu and Jorda (1977)
. De Beaulieu and Jorda (1977);
15 Lac de Siguret 44,61 6.56 1066 1 3879 12408 213.23 TEMPDB Neotoggau”eu and Reille (1983)
16 Plan du Laus 44.24 6.7 1783 1 922 11978 155.72 EAPDB Neotoma De Beaulieu and Jorda (1977)
17 Lac des Grenouilles 44.1 7.48 1810 1 2177 12159 133.09 EAPDB Neotoma Finsinger et al. (2021)
18 Schwarzsee 46.67 11.43 2033 2 34 11600 131.43 EAPDB Neotoma  Seiwald (1979)
19 Malschotscher Hotter 46.67 11.46 2050 2 0 11492 208.95 EAPDB Neotoma  Seiwald (1979)
20 Dura Moor 46.64 11.46 2080 2 7 12461 125.8 EAPDB Neotoma  Seiwald (1979)
21 Rinderplatz 46.64 11.49 1780 2 -7 12374 113.59 EAPDB Neotoma  Seiwald (1979)
22 Balladrum 46.16 8.75 390 2 -30 12358 176.97 TEMPDB Neotoma Hofstetter et al. (2006)
23 LagodilLedro 45.87 10.75 652 2 10 18156 92.11 TEMPDB - Joannin et al. (2013, 2014b)
24 Lago del Segrino 45.83 9.26 374 2 -19 12166 133.9 TEMPDB Neotoma Gobet et al. (2000)
25  Lago Piccolo di Avigliana 45.05 7.39 356 2 331 12478 36.59 TEMPDB NeotorE;agz:gger and Tinner (2006);
ger et al. (2011)
26  Pavullo nel Frignano 44.32 10.84 675 2 50 12341 279.34 TEMPDB Neotoma Vescovi et al. (2010a)
27 Lago Padule 443 10.21 1187 2 -10 11834 171.65 TEMPDB Neotoma Watson (1996)
28 Lago del Greppo 44.12 10.67 1442 2 -60 11031 96.44 TEMPDB Neotoma Vescovi et al. (2010b)
29 Lago dell'Accesa 42.99 10.9 157 2 261 11842 87.73 MEDDB Neotoma Drescher-Schneider et al. (2007)
30 Lago di Mezzano 42.36 11.46 452 2 67 15309 127.02 TEMPDB - Sadori (2018)
31 Lago di Martignano 42.11 12.32 200 2 83 12599 184.06 TEMPDB Neotoma Kelly and Huntley (1991)
32 Lago di Nemi 41.72 12.7 320 2 3.1 11386 130.84 MEDDB - Mercuri et al. (2002, 2013)
33 Lago Grande di Monticchio 40.93 15.61 656 2 87 12436 138.75 TEMPDB Neotoma Allen and Huntley (2018)
34  Lago Trifoglietti 39.55 16.02 1048 2 14 11439 69.24 TEMPDB - Joannin et al. (2012)
35  Urio Quattrocchi 37.9 14.4 1044 2 3154 10348 78.2 MEDDB Neotoma Bisculm et al. (2012)
36 Lago Preola 37.62 12.63 6 2 -46 10366 160.18 MEDDB Neotoma Calo et al. (2012)
37 Gorgo Basso 37.6 12.65 6 2 -57 10501 121.36 MEDDB Neotoma Tinner et al. (2009)
38 Lago di Pergusa 37.52 14.3 667 2 53 12749 156.74 MEDDB - Sadori and Narcisi (2001)

tion (Pspr), summer precipitation (Psum), autumn precipita-distinguished into two categories: low (< 1000 m) and high
tion (Paut) and winter precipitation (Pwin). (1000 m) elevations.
The modern dataset used for each fossil record was
adapted according to the dominant taxa, and regiongl datasets;, A multi-method approach to reconstruct past climate
s (TEMPDB and MEDDB) were used whenever possible. The
MEDDB was selected when at least 15% of Mediterranean
taxa QOlea, Phillyrea, PistacisandQuercus ilextype) were  Over the last decades, several methods have been devel-
present in the record; otherwise, the TEMPDB was selectedoped to reconstruct climate from pollen data (see review by
Where certain mountainous/boreal taxa sucRiasaor Be- Chevalier et al., 2020). As these methods are based on differ-
1 tula were dominant ( 75%) the global EAPDB dataset was ent ecological concepts and mathematical algorithms, results
selected to limit the no-analogue situations. To facilitate thecan be strongly method-dependent (Chevalier et al., 2020).
identi cation of climatic trends, the records were organised In this frame, multi-method approaches have been devel-
along a longitudinal west—east gradient for southern Franc@ped to increase the reliability of the results (Peyron et al.,
and a north—south latitudinal gradient for Italy. The potential 2005, 2011, 2013, 2017; Salonen et al., 2019; Robles et al.,
1s biases associated with the elevation of the sites (Ortu et al2022, 2023; Sassoon et al., 2025). These methods were ini-
2006) were also investigated, and the fossil records have bedially developed to calibrate the relationship between mad-
ern pollen data (soils, mosses) and current climate parame-
ters. Multi-method approaches include (1) assemblages ap-

from pollen data 20
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proach, based on the principle of dissimilarity between fos-on each modern pollen dataset. Major pollen taxa (those
sil and modern assemblages (Modern Analogue Techniquepresent in a least 15 samples and with a maximuB6) of s
(2) transfer functions, based on linear or non-linear regreseach dataset were square-root-transformed to stabilise vari-
sions (Weighted Averaging Partial-Least Squares regressiorgnces and optimise the signal-to-noise ratio (Prentice, 1980).
between pollen taxa and climate parameters, and (3) recem detrended correspondence analysis (DCA,; Hill and Gauch,
machine learning techniques with regression trees (Randori980) was applied to each modern pollen dataset to de-
Forest and Boosted Regression Trees) to quantify climate paermine whether a linear-based analysis or unimodal-based
rameters. analysis was more appropriate based on gradient length as
The Modern Analogue Technique (MAT; Guiot, 1990) is the criterion. The DCA results showed that, for the three
widely used to reconstruct past climates due to its straightmodern datasets, the gradient length was over 3.0 standard
forward application, ef cacy, and sensitivity. This technique deviation, suggesting that unimodal-based methods should
relies on evaluating the dissimilarity between each fossil andbe used in further analyses on the modern pollen datasets
modern pollen assemblages and selecting the closest mode(fier Braak and Verdonschot, 1995).
samples (known as analogues). The WA-PLS method, intro- A canonical correspondence analysis (CCA) was carried
duced by ter Braak and Juggins (1993), operates as a transfeut to detect the in uence of climate variables on each mod-
function that assumes an unimodal relationship between thern pollen dataset, and variance in ation factors (VIFs) were
proportions of pollen and climatic conditions. It suggests thatalso used to determine the correlations between environmen-
the abundance of a species is intrinsically linked to its envi-tal variables. VIF values > 10 indicate co-linearity with other
ronmental tolerance. WA-PLS calculates the climatic opti- variables, which may lead to unreliable results (Ter Braak
mum for a species based on calibration data by determiningnd Prentice, 1988; Cao et al., 2014). To eliminate the cor-
the average climatic conditions in which the species is foundyelation between the variables, we selected the temperature
weighted according to its abundance (Chevalier et al., 2020)and precipitation variables with a large explained variance
The two additional methodologies, namely Random For-and eliminated those with a VIF > 10.
est (RF) and Boosted Regression Trees (BRT), have emerged Climate reconstructions based on different methods and
more recently and are grounded in Machine Learning prin-reliability tests (R criterion and RMSE) were performed
ciples (Salonen et al., 2019). These techniques utilise rewith the packagesioja  (Juggins, 2024, version 1.0.7),
gression trees to systematically partition pollen data throughrandomForest  (Breiman, 2001, version 4.7-1.2) and
successive divisions based on the abundance observed in tidismo (Hijmans et al., 2024, version 1.3.16). All analyses
pollen spectrum. The Random Forest approach relies on therere performed on R Studio (Team, 2020, version 4.4.1), us-
estimation and aggregation of multiple regression trees, withing theggplot2 package (Wickham, 2016, version 3.5.1)
each tree being derived from a collection of pollen samplesfor graph creation.
using a bootstrapping technique (Chevalier et al., 2020). In To facilitate the comparison of climate signals between
contrast, Boosted Regression Trees differ from RF in theireach record and the identi cation of potential patterns of
treatment of the modern dataset: while RF assigns equal se&hanging climate trends between records, a normalisation be-
lection probabilities to all samples, BRT increases the like-tween -1 and 1 (rescaling min-max) is applied to the smooth-
lihood of selecting under-represented samples from the preing of the mean of selected models for each record. Data nor-
vious tree. This technique, known as boosting, enhances thmalisation is based on the following equation Eq. (1): %
model's predictive accuracy for elements that are less accu- |
rately predicted (Salonen et al., 2019). Here, the nal outputx = a+
of the BRT method is derived from averaging the results of
15 independent executions of the BRT algorithm, re ecting With x non-smoothed initial mean values, normalised
the variability inherent in regression tree signals. smoothed valueg andb minimal and maximal normalisa-
For each method, the reliability of the results was esti-tion values, in this case, respectively -1 and 1.
mated by bootstrap cross-validation by calculating the values Because normalisation is based on the overall mean ofithe
of the correlation coef cient between the variable$YRnd  record, any interval in uenced by human activity is deliber-
those of the root mean square error criterion (RMSE). ately excluded from the standardisation process. This precau-
tion prevents the representation from being skewed toward
arti cially drier or warmer values. Determining the bound-
aries of human impact relies either on author notes fr@m
The relationships between climate variables were assessdtie original fossil record publications or on detecting a sig-
with a scatter-plot matrix to provide an overview of the dis- ni cant abundance of anthropogenic indicator taxa such as:
tributions and correlations of the variables, and a pair-plotOlea Juglans Castanea Cerealiatype, Plantago lanceo-
was drawn. lata, andRumextype.
To assess the relationships between modern pollen spectra Composite curves are constructed for the central Mediter-
and the climatic variables, an ordination technique was usedanean area and will be compared to other palaeoclimate syn-

(x  min (x))
(max(x) min (x))

(b a) 1)

2.5 Numerical analyses
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theses of the Mediterranean region (Cruz-Silva et al., 2023;
Liu et al., 2023). For the composite curves, non-normalised
reconstruction results were used, without the exclusion of pe-
riods where the human activity is discernible. Reconstructed

s palaeoclimate values of every climate parameter were aver-
aged in a 300 year bin, the maximal resolution of all records
being 306 years. For each record, the rst bin was centred
on 0 years BP, and the following bins were centred on a
300 year increment throughout the record. Then the binned

1 values of each record were averaged to produce a regional
climate signal for the central Mediterranean. Finally, the re-
gional climate signal values were transformed into anoma-
lies. The anomaly calculation is based on the reconstructed
modern average value. The estimation of con dence inter-

15 vals for each composite, encompassing the 5th and 95th per-
centiles, was achieved through bootstrap resampling at the
site level, utilising 1000 iterations.

3 Results

3.1 Ordinations

» The pair-plots of the ten climatic variables for all three mod-
ern pollen datasets (Fig. B1) indicate that mean annual tem-
perature (MAAT) and precipitation (MAP) are highly corre-
lated (Pearson correlation coef cient > 0.7) with the seasonal
parameters (Taut, Tspr, Twin, Tsum and Paut, Pspr, Pwin,
» Psum). Among seasonal parameters, spring (Tspr and Pspr)
and autumn (Taut and Paut) parameters are the ones which
are also highly correlated between them. This co-linearity is
supported by the canonical correspondence analyses (CCAS)
of the pollen assemblages and the climate variables for the
» three modern datasets (Fig. C1). For each modern pollefigure 3. Performance results of the four methods tested (MAT,
dataset, the rst CCA, with every climate parameter, indi- WA-PLS, BRT, and RF) with the three different modern pollen
cated that the variance in ation factor (VIF) values of annual datasets — the modern Eurasian (EAPDB), Temperate (TEMPDB),
(TANN, PANN), spring (Tspr and Pspr) and autumn (Taut and Mediterranean (MEDDB) datasets — for summer and winter
and Paut) parameters are greater than 10 (Fig. Cla-c). Aftegrecipitation (Psum, Pwin) and temperature (Tsum, Twin). (a) R-
« deleting those parameters, the remaining four climate variSauared values . (b1) Root Mean Square Error of precipitation
ables (Tsum, Twin, Psum and Pwin) have VIF values lower(RMSE). (b2) Root Mean Square Error of temperatures (RMSE).
than 10 and, therefore, can be used in the nal CCA to inves-
tigate their in uence on modern pollen datasets (Fig. C1d-f).

3.2 Model performances o _ _
3.3 Quantitative palaeoclimate reconstructions 50

«» Results of model performances, estimated by bootstrap
cross-validation, are summarised in Fig. 3 with the correla-
tion coef cient (R?, Fig. 3a) and the root mean square er- The MAT and BRT were applied to each fossil pollen record
ror criterion (RMSE, Fig. 3b1b2). For all climate parametersto reconstruct the summer and winter climate parameters
and all modern datasets, best &1d RMSE values, i.e., re- (Figs. 4 and 5). To compare more easily the different se-
s Spectively highest and lowest values, are obtained for MATquences, the results obtained with both methods were av-
and BRT methods. Conversely, the WA-PLS and RF methodsraged for each record. This averaged signal was then gor-
show lower R and RMSE values. Therefore, we will retain malised (rescaling min-max method, Eq. (1)) according to
here the MAT and BRT methods for the interpretation andthe mean value of the smoothed climatic signal for the entire
discussion of our climate reconstructions. record.
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3.3.1 Summer conditions: temperature and precipitation gradient. Contrasting climatic patterns are highlighted on=i-
ther side of latitude 43° N. Above 43° N, low precipitation
Southern France was in uenced by a west—east temperaturis reconstructed during the early Holocene until the onset of
gradient (Fig. 4a). The western and central regions of zonghe mid Holocene (12,000-8,000 years cal. BP), followed by
1 (records 1 to 11) are characterised by a downward trend ifnigh precipitation throughout the mid-to-late Holocene. Wet-
summer temperatures during the Holocene. Tsum were relter summers are evidenced between 7,500 and 4,500 years
atively high from the beginning of the Holocene to around cal. BP. In contrast, below 43° N, an opposite precipitation
6,000 years cal. BP before falling until the modern period.trend is reconstructed, with wet summers during the early
This climatic pattern, particularly evidenced in the high ele- Holocene (with a maximum around 9,000 years cal. BP), fol-
vation records, suggests the presence of a Holocene Thermbkdwed by drier conditions throughout the Holocene (particu-
Maximum (HTM) in these regions. For the more easterly re-larly evidenced after 7,000 years cal. BP). o
gions of southern France (records 12 to 17), an opposite pat-
tern appears to be present, with h?gher summer temperaturg_slz Winter conditions: temperature and precipitation
trends toward the most recent period. In Italy, summer tem-
peratures seem to be strongly in uenced by a north—southn zone 1, two distinct patterns are reconstructed (Twin, Fig.
division with different patterns, distributed on either side of 5a). In the western and eastern regions of southern France
latitude 43° N. The region of zone 2 located above 43° N(records 1to 3 and 12 to 17), cold winter conditions occurred
(records 18 to 28) is characterised by two different patternsat the beginning of the Holocene, followed by warmer condi-
depending on high or low elevation (Fig. 4a). At high ele- tions. In the west (records 1 to 3), warmest conditions occur
vations (records 18 to 21 and 27 to 28), high summer temfrom the middle Holocene (8,000 years cal. BP) onward. In
perature values are reconstructed from the beginning of théhe east (records 12 to 17), the warming happens earlier and
Holocene to around 6,000 years cal. BP before falling un-seems to last longer, from the early Holocene to the mid-to-
til the recent period. This pattern is similar to the one ob- late Holocene transition periods (around 11,000-5,000 years
served at high elevations in southern France, also suggestincal. BP) depending on the record. The central region of
the presence of an HTM in the Italian Alps. At lower ele- southern France (records 5 to 11), on the other hand, shows a
vations (records 22 to 26), low summer temperature valuesnore contrasted climatic signal, characterised by warm con-
are evidenced from the beginning of the Holocene to aroundlitions during the early Holocene, followed by a tempera-
5,000 years cal. BP, followed by a summer warming to theture decrease during the mid Holocene before an increase
modern-day period. Below 43° N, an opposite climatic pat- until the modern period. In Italy, the winter climate signal
tern to that at low elevation is present, corresponding to rel-seems much less in uenced by the north—south division than
atively low Tsum values at the beginning of the Holocene,in summer. The contrasting conditions observed in summer
followed by an increase from 8,000 years cal. BP onward,around 43° N are not depicted here; the climate signal is more
which continues into modern times. homogeneous. Most of Italy is characterised by cold consli-
For summer precipitation (Psum), three patterns, dependtions during the early Holocene, followed by a gradual in-
ing on a west—east gradient, are evidenced in southern Frana@ease in winter temperatures throughout the Holocene.
(Fig. 4b). In the westernmost region of zone 1 (records 1 For precipitation trends, we observed a spatial repartition
to 4), high precipitation is reconstructed between the earlysimilar to winter temperatures in southern France (Fig. 5b).
and mid Holocene periods (around 9,000-4,500 years calThe eastern and western regions of zone 1 (records 1 to 3
BP). A decrease in summer precipitation occurs during theand 12 to 17) are de ned by the same trends, i.e., an increase
late Holocene, more or less early depending on the recordn winter precipitation over the Holocene, with wetter con-
suggesting summer aridi cation throughout the Holocene. Inditions observed from the mid Holocene period (8,000 years
contrast, records from the central region of southern Franceal. BP) onward. In the central regions of southern France
(records 5 to 11) indicate dry conditions during the early (records 5 to 11), Fig. 5 also suggests a winter precipitation
Holocene, followed by a wetter mid to late Holocene. High- increase although (1) the climatic signal seems more con-
elevation sequences highlight a precipitation maximum earirasted between the records, (2) the wetter conditions are ob-
lier and longer (around 8,000—4,000 years cal. BP) than theserved later, during the mid-to-late Holocene transition pe-
low-elevation sequences (6,000-3,000 years cal. BP). Furriod (between 5,000-3,000 years cal. BP), than in the other
ther east (records 11 to 17), we reconstruct a pattern similatwo regions of zone 1. 100
to that observed for the western regions of southern France In the Alpine part of Italy and the northern Apennines
(high precipitation followed by an aridi cation) but with (records 18 to 28), a similar pattern to that observed in the
an earlier and shorter humid period, i.e., wetter conditionseastern part of southern France is evidenced, i.e., an increase
present during the early Holocene period (12,000-8,000n winter precipitation during the Holocene. However, the
years cal. BP) before aridi cation from the onset of mid onset of wetter winter conditions seems to have been.de-
Holocene onward. In Italy, similarly to summer tempera- layed at high altitudes (records 18 to 21). At lower elevations
tures, summer rainfall is strongly in uenced by a north-south (records 23 to 25), the wet conditions occur earlier, during
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Figure 4. Summer (a) temperature (Tsum) and (b) precipitation (Psum) reconstructed from 38 fossil pollen records. The colour gradient
corresponds to models-averaged min-max normalised values of each climate parameter. Positive (negative) values correspond to summe
conditions that are (a) warmer (colder) and (b) wetter (drier) than the mean value of the climate signal for each record.

the early Holocene period (around 10,000 years cal. BP). Inn contrast, Holocene winter conditions showed a more ho-
central Italy, in the regions of southern Tuscany and Laziomogeneous spatio-temporal pattern, i.e., general wetter.and
(records 29 to 32), there appears to be a general trend iwarmer conditions throughout the Holocene in both Italy and
winter throughout the Holocene, similar to that observed insouthern France, although some local discrepancies can be
s horthern ltaly, i.e., a gradual increase in precipitation overevidenced depending on the elevation of the site.
the Holocene, with a stronger temporal heterogeneity be-
tween records. In Sicily (records 35 to 38), dry conditions 4 4
are evidenced at the start of the Holocene until around 8,000
years cal. BP, followed by wetter conditions during the mid- We discuss here the chronology range, quality and reso-
10 dle Holocene period (around 7,000 years cal. BP, dependindution for each record, which are particularly important as
on the record). they may induce some biases in the interpretation of the cli-
matic reconstructions. For this study, speci c criteria were
applied to select records with a fairly good chronology, i.e., a
4 Discussion continuous temporal range between 10,000 and 5,000 years
cal. BP and an average temporal resolution of less than 350
We used a pollen-inferred multi-method approach (3 mod-years.samplet. However, it should be pointed out that the
ern datasets, 2 methods) to reconstruct speci cally the cli-quality of the chronologies is not equal between each fossil
1s mate changes in the central Mediterranean area over the lapbllen record, which may initially affect the accuracy of the
12,000 years BP, with a focus on the seasonality estimateseconstructions, but also the interpretation that will be made
(temperature and precipitation of both winter and summerof them and can be considered as an unavoidable limitation
conditions). Results suggest that local/regional trends dif-in our reconstructions.
fer in the central Mediterranean during the Holocene. Sum- Another chronological concern is linked to the partitioning
2 mer conditions were characterised by a west—east distincef Holocene climatic trends. Certain climatic periods that are
tion in southern France and a north—south one in Italy, foremblematic of the Holocene in Europe, such as the HTM,
both temperature and precipitation. The HTM in summer hasare not always identi ed at the same time and/or with the
been found north of 43° N at high elevation (LO00 m).  same intensity, for reasons that may depend on chronology,

Importance of chronological considerations
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Figure 5. Winter (a) temperature (Twin) and (b) precipitation (Pwin) inferred from the 38 fossil pollen records. The colour gradient corre-
sponds to models-averaged min-max normalised values of each climate parameter. Positive (negative) values correspond to winter condition:
that are (a) warmer (colder) and (b) wetter (drier) than the mean value of the climate signal for each record.

proxy sensitivity (marine vs terrestrial) and/or local responseof the pollen proxy when used in palaeoclimatic quanti ca-

to climatic change (e.g., elevation, Bini et al., 2019). This tion. One of the rst uncertainties that can be stated is the ef-
is why the time interval de nition is not always a simple or fect of the agglomeration of several archive types (e.g., lakes
obvious choice. Divisions speci ¢ to the Mediterranean re- and peat bogs) with different local recording conditions (e.g.,

s gion have been proposed, notably by Jalut et al. (2000) whaediment accumulation rate, edaphic conditions, hydroseral
proposed a division into three periods with (1) a lower hu- succession). Variability in spatial representativeness carsaf-
mid Holocene (11,500-7,000 years cal. BP), (2) a transitionfect the reconstructed palaeoclimatic signal, e.g., a lake asso-
phase (7,000-5,000 years cal. BP) and (3) an upper Holocengated with a small catchment will record a more local signal
(5,500 years cal. BP—present) characterised by aridi cation. than a lake associated with a large catchment, which would

10 In contrast to the aforementioned study and to better disbetter represent regional vegetation (Sugita, 1993; Herzschuh
cuss the climate changes of the central Mediterranean areet al., 2023b). A second factor, a migrational lag, can impact
in terms of spatio-temporal patterns, we choose to divideour reconstructions based on pollen data, as vegetation can
the Holocene into four periods: (1) 12,000-8,000 years caltake time to return to equilibrium with its environment after
BP corresponding to the Lateglacial and early Holocene, (2)a major and rapid climate change (Mauri et al., 2015). The

15 8,000-5,000 years cal. BP during which the HTM should beimpact of the migrational lag is generally considered for the
observable if recorded, (3) 5,000—3,000 years cal. BP assd-ateglacial-early Holocene transition, which corresponds.to
ciated with post-HTM conditions and (4) 3,000 years cal. the last rapid climate shift of the last 12,000 years BP, when
BP—present during which the human impact on vegetatiormost of the postglacial vegetation began to take hold and
is recorded in most of fossil pollen records. before climate changes became less strong and less rapid.

These uncertainties could impact the reconstructions of the

Lateglacial and early Holocene periods of our study. Finally,

it seems essential to address the impact of human presence

and its interaction with vegetation when pollen data are used

to reconstruct palaeoclimates. Several studies have already

Among the uncertainties that can impact our palaeoclimaticshown that human activity, through land clearance for graz-

reconstructions, it seems essential to address the limitations

20 4.2 Pollen-inferred uncertainties to be taken into
account for Holocene palaeoclimate reconstructions
in the Mediterranean region



