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ABSTRACT

Mediterranean forest communities are particularly diverse but at risk due to their sensitivity to global warming.
Understanding the long-term vulnerability of Mediterranean vegetation to climate change is crucial for con-
servation and management purposes. Studies on past changes of forest communities in response to climate
change at ecologically meaningful resolutions (i.e., decadal time scales) are therefore essential, but still very rare.
The Holocene thermal maximum (HTM; ca. 10,000-5,000 cal years before the present (BP)) may be used to study
species and community responses to warmer conditions than during recent decades. We performed high-
resolution multiproxy palaeoecological analyses on sediments from crater Lake Mezzano in central Italy to
reconstruct vegetation, diversity, and fire dynamics between 8,450 and 7,050 cal years BP. Ordination, cross-
correlation, and species-response analyses were used to investigate the response of Mediterranean forest com-
munities to HTM climate warming, human impact, and fire. Vegetational changes prior to 7,450 cal years BP
were driven by climate. Fagus sylvatica spread into mixed deciduous oak forests during the Early Holocene in
response to declining seasonality (cooler summers and warmer winters). Subsequently, Fagus sylvatica declined
and evergreen Quercus ilex expanded after 8,200 cal years BP when the climate became warmer. Although
reduced, Fagus sylvatica remained important together with deciduous oaks. The co-existence of Fagus sylvatica
and evergreen Quercus forests is extremely rare today. Human impact significantly affected forest vegetation after
7,450 cal years BP, when Neolithic agricultural activities became important, ultimately extirpating these special
communities but fostering the overall biodiversity. However, their past occurrence in several central Italian
calderas during the HTM suggests that these environments provided habitats that permitted the thriving of cool-
temperate forests of Fagus sylvatica under mesomediterranean conditions, with summers ca. 1-2 °C warmer than
today. Cool and moist calderas may thus become increasingly important for maintaining Mediterranean meso-
philous forest species under global warming conditions.

1. Introduction

biodiversity hotspots, yet one of the most threatened due to its sensi-
tivity to climate change (Myers et al., 2000; Cuttelod et al., 2009). The

The Mediterranean realm is known to be one of the world's main Italian peninsula lies at the center of the Mediterranean and presents a
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large variety of landscapes hosting numerous plant species typical of
different European biomes, spanning from arctic-alpine to subtropical
vegetation types (Pignatti, 1997, 1998; Blasi et al., 2018; Lang et al.,
2023), which are expected to undergo major compositional and distri-
butional shifts as a consequence of ongoing global warming (Dobrowski
et al., 2021). From an ecological perspective, species and community
displacements are expected to occur particularly in warm and dry hab-
itats where plant species characteristics of temperate ecosystems are
already growing close to their heat or drought tolerance threshold
(Piovesan et al., 2008; Penuelas et al., 2017; Morales-Molino et al.,
2021; Del Martinez Castillo et al., 2022; Machado Nunes Romeiro et al.,
2022). Due to their low drought tolerance, beech forests are currently
restricted to elevations above ca. 800-1,800 m a.s.l. in the Apennines
and elsewhere in the Mediterranean (Horvat et al., 1974; Diaz-Gonzalez
and Penas, 2017; Pignatti et al., 2017). There, Fagus sylvatica faces sig-
nificant threats due to the increasing frequency of drought events
(Piovesan et al., 2008; Morales-Molino et al., 2021; Frei et al., 2022).
However, palaeoecological evidence (Magri et al., 2015; Buonincontri
et al., 2023) suggests that, in the past, beech forests also thrived in the
mesomediterranean Italian lowlands in competition with evergreen oaks
(Buonincontri et al., 2023). Today, the co-occurrence of Fagus sylvatica
with Quercus ilex is extremely rare in the Italian lowlands below ca. 800
m a.s.l. (Cavalli and Drosera, 1989; Scoppola and Caporali, 1998; Croce
et al., 2008; Di Pietro et al., 2010; Spicciarelli et al., 2011). Although
above 800 m a.s.l. to uppermost elevations of 1,000-1,200 m a.s.l., the
two species can co-occur in human-disturbed, transitional vegetation
settings (e.g., Bartolo et al., 1990; Chirici et al., 2014), the Mid Holocene
co-dominance of Fagus sylvatica and Quercus ilex in lowland forests re-
mains ecologically enigmatic.

Detailed observation of past vegetation dynamics under varying
climatic conditions is essential to get better insights into current and
future scenarios of plant communities’ composition and biodiversity.
The reconstruction of past vegetation dynamics at ecologically mean-
ingful (annual to decadal) temporal scales requires continuously
sampled, high-resolution palaeoecological time series, which unfortu-
nately are only very rarely available. Of particular interest are periods of
past rapid climate change or with warmer climatic conditions than
today. The Holocene thermal maximum (HTM) lasted approximately
10,000—5,000 cal years before the present (BP) and was characterized
by higher summer temperatures than the recent industrial period in the
northern hemisphere, probably as a consequence of higher orbitally-
forced summer insolation (Wanner et al., 2008; Samartin et al., 2017;
Fischer et al., 2018; Cartapanis et al., 2022; Lang et al., 2023). Climate
models, marine records, and pollen-independent proxies such as fossil
chironomid assemblages show that in the Mediterranean realm, during
the HTM, summer temperatures were on average ca. 1-2 °C warmer
than those of the past ca. 30 years (Fischer and Jungclaus, 2011;
Samartin et al., 2017; Marriner et al., 2022). Major changes in plant
community composition characterized the HTM. Because it is plausible
to assume that they were mainly caused by warmer summer tempera-
tures, vegetation reorganizations may re-occur under future global
warming. Thus, the HTM period may be regarded as an analogue for
projected warmer conditions (Fischer et al., 2018). Nevertheless, this
analogy is only approximate as it does not consider important factors,
such as divergent drivers of global warming (Williams and Jackson,
2007) and human pressure (Mercuri et al., 2013). When interpreting
past vegetation dynamics, it is important to disentangle climate and
human impact, although this is not always unproblematic, given that
they may act together and land use may also be influenced directly by
climate change (van Geel and Mauquoy, 2010; Woodbridge et al., 2014;
Rey et al., 2019). However, predicting the consequences of possible
displacement scenarios of mesophilous Mediterranean forest species
may markedly benefit from integrating highly resolved multiproxy
palaeoecological time series disclosing the causes and mechanisms of
forest species and community responses to past climate change.

Our continuous high-resolution study (8,450-7,050 cal years BP)
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from central Italy has the goal of reconstructing decadal-scale vegetation
dynamics during the period of the HTM when forest gradually shifted
from a natural to an anthropogenically disturbed state in response to the
first Neolithic agriculture. The primary goal of our study is to investigate
the long-term ecology of the formerly widespread, today almost extinct
co-existence of beech and evergreen oak forests under warm HTM
conditions. This period allows us to study the transition from primeval
forests to early land use, focussing on various degrees of human impact,
from absent to moderate. We are particularly interested in disentangling
the effect of climate, fire, and first human impact on forest vegetation
dynamics and species diversity using continuously sampled, high-
resolution data. Such a procedure allows us to disclose the causes of
the marked forest composition and structure changes observed in central
Italy during the Early and Mid Holocene, thereby enhancing our un-
derstanding of the sensitivity and vulnerability of these particular
Mediterranean forest communities to climatic and land use changes. Our
study of past vegetation dynamics in response to climate and land use
changes may help to better assess future ecological responses to global
warming and human pressure. Specifically, it may provide novel insights
for maintaining future forest diversity through management, conserva-
tion, and restoration strategies.

2. Material and methods
2.1. Study site

Lago di Mezzano (42°36'42.0"N, 11°46'12.0" E, 452 m a.s.1., 0.5 km?,
31 m water depth) is a maar lake located in central Italy in the caldera of
Latera, which is part of the Vulsini volcanic complex along with the
nearby Lago di Bolsena and the artificially dried-out lake Lagaccione
(Fig. 1). Lago di Mezzano was formed about 100,000 years ago following
a phreatomagmatic eruption and is mainly surrounded by volcanic
bedrock (Giraudi, 2004). The caldera of Latera is located ca. 30 km east
of the Tyrrhenian Sea and ca. 50 km west of the Apennines. The climate
is Mediterranean with warm summers and mild winters. At the nearby
weather station of Pitigliano (ca. 9 km from Lago di Mezzano at 300 m a.
s.l.), the mean annual temperature of the past thirty years (1993-2023)
is 15.2 °C, August mean temperature 24.2 °C, and January mean tem-
perature 6.9 °C (SIR Toscana, 2024). Mean annual rainfall of ca. 910 mm
results in rather humid climatic conditions in the area (Baldi et al.,
2004), with mean precipitation during the three driest months (June-
—August) amounting to 117 mm in total (SIR Toscana, 2024), leading to
slight summer aridity (Blasi, 1994). Our study site in the caldera of
Latera and its surroundings are located in the transition from sub-
mediterranean or supramediterranean deciduous mixed oak forests to
mesomediterranean vegetation with occasional occurrences of Quercus
ilex trees (Blasi, 1994; Lang et al., 2023). Nowadays, the hilly landscape
is characterized by pastures and cereal fields surrounding the lake. The
north-facing slopes are covered by mixed deciduous oak forests domi-
nated by Quercus cerris with rare specimens of Fagus sylvatica. These rare
individuals occur hundreds of meters below the montane belt in which
Fagus sylvatica dominates or co-dominates at altitudes >800-1,000 m a.
s.l. (Pignatti et al., 2017). Other tree and shrub species such as Quercus
pubescens, Carpinus betulus, Corylus avellana, Ruscus aculeatus, Acer
campestre, Ostrya carpinifolia, Castanea sativa, Fraxinus ornus, Acer opalus,
Prunus avium, Cornus mas, Rosa canina, Prunus spinosa, and Ligustrum
vulgare also occur. Few specimens of the evergreen species Quercus ilex
are found in the south-facing areas of the caldera pointing to the prox-
imity of our site to the mesomediterranean deciduous and evergreen
mixed oak woodlands (Lang et al., 2023). Alnus glutinosa, Populus alba,
and Salix sp. are present at the lake shore.

2.2. Temperature recording in the caldera of Latera

We installed four temperature recorders (onset HOBO pendant
temperature data loggers) near Lago di Mezzano in August 2022. Three
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Fig. 1. (a) Map showing the location of the study site. Lago di Mezzano (blue star), important nearby lake sediment sites (light blue stars), and other sites discussed
in the article. Background colors in the map represent different vegetation types (Lang et al., 2023): red (V1) = thermomediterranean evergreen mixed oak and
olive-carob woodlands, orange (V2) = mesomediterranean deciduous and evergreen mixed oak woodlands, yellow (V3) = submediterranean and supra-
mediterranean mostly deciduous mixed oak forests, light green (V4) = temperate central and eastern European deciduous mixed oak forests, dark green (V5) =
temperate western, central, and southeastern European mixed beech and beech-fir forests, dark blue (V6) = montane and subalpine conifer forests, white (V7) =
alpine dwarf shrub, meadow, and tall herb vegetation above treeline and light pink (V8) = eastern European forest steppes. (b) Satellite map of the caldera of Latera
with temperature loggers and climate station's locations (Tulumello, 2023). (c¢) Photograph of Lago di Mezzano (view from the southern shore towards

the northwest).

loggers were placed on the north-facing slope at different altitudes (Mez-
1,42°36'28" N, 11°46/'0" E, 496 m a.s.1.; Mez-2, 42°36'32" N, 11°45'59"E,
484 m a.s.l.; Mez-3, 42°36'29.4" N, 11°45'52.3" E, 543 m a.s.l.) close to
the few Fagus sylvatica trees still existing in the caldera of Latera, while
the fourth recorder was positioned in the deciduous oak forest located in
the plain on the north-eastern side of the lake (Mez-4, 42°36'44.2" N,

Table 1
Radiocarbon dates, calibrated, and modeled ages.

11°46'38.2" E, 462 m a.s.l.). We installed the temperature loggers in the
shade, at about 1-2 m above the ground, and temperatures were
measured for 365 days at 2-h intervals. Data were averaged and mean
monthly temperatures were compared with measurements from two
meteorological stations located at comparable altitudes within a 7-km
radius from Lago di Mezzano, outside the caldera of Latera: Valentano

No.  Laboratory Depth (cm)  Material 14C age (years Median age (cal years  Age, 20 (cal years Age (cal years BP) in
code BP) BP) BP) diagram®
1 BE-13828.1.1 683-683.5 Fagus sylvatica bud scale 6125 + 30 7005 7153-6857 6982
2 BE-13827.1.1 684.5-685 Leaf fragments (cf. Quercus sp.) 6160 + 30 7062 7180-6944 7014
3 BE-13285.1.1 685-685.5 Bud scales indet, charred leaf 6270 + 90 7174 7408-6940 7025
fragments
4 BE-16570.1.1 699.5-700 Leaf fragments indet 6390 £+ 25 7309 7413-7205 7303
5 BE-16571.1.1 710.5-711 Fagus sylvatica bud scale, leaf 6650 + 50 7526 7620-7432 7519
fragments indet
6 BE-16572.1.1 718-718.5 Leaf fragments indet 6845 + 30 7672 7744-7600 7658
7 BE-16573.1.1 718.5-719 Bud scales indet, leaf fragments indet 6820 + 45 7648 7728-7568 7665
8 BE-16574.1.1 722-722.5 Bud scales indet, seed fragment indet 6920 + 45 7747 7855-7639 7721
9 BE-16575.1.1 729-729.5 Fagus sylvatica bud scales, bud scale 6995 + 45 7825 7949-7701 7839
indet
10 BE-16576.1.1 736-736.5 Bud scales indet, leaf fragment indet 7110 + 45 7939 8037-7841 7963
11 BE-16577.1.1 742-742.5 Bud scale indet, leaf fragments indet 7255 + 45 8087 8203-7971 8097
12 BE-16578.1.1 742.5-743  Fagus sylvatica bud scale, leaf 7250 + 25 8088 8198-7978 8106
fragments indet
13 BE-16579.1.1 744-744.5 Bud scale indet 7290 £+ 25 8106 8194-8018 8135
14 BE-16580.1.1 749-749.5 Bud scales indet 7450 £+ 60 8266 8398-8134 8240
15 BE-16581.1.1 756.5-757 Fagus sylvatica bud scale 7600 + 60 8397 8529-8265 8396
16 BE-16314.1.1 853-855 Leaf and seed fragments, wood 8360 + 100 9340 9596-9084 9340"

Note.
# OxCal P-sequence (1-15).
b date 16 not in the P-sequence.
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(494 m a.s.l.) and Ischia di Castro (468 m a.s.l.; Tulumello, 2023).

2.3. Coring and chronology

We retrieved eight parallel sediment cores from the deepest and
central parts of Lago di Mezzano in May 2019 and September 2020. We
visually parallelized the cores according to the lithostratigraphy. The
core parallelization was refined using X-ray fluorescence (XRF) and
hyperspectral imaging (HSI) data to obtain a 1,191 cm long master
sequence. For this study, we focus on a continuous section from 687.5 to
758.5 cm, spanning from ca. 8,450 to 7,050 cal years BP. We present a
chronology based on 15 radiocarbon dates measured on short-lived
terrestrial plant macrofossils (Table 1). The age-depth model (Fig. 2)
was developed using Bayesian approaches (OxCal 4.4, P-Sequence;
Bronk Ramsey, 1994, 1995, 2001; Bronk Ramsey et al., 2001) and the
IntCal 20 calibration curve (Reimer et al., 2020). One additional
radiocarbon date (sample 16: BE-16314.1.1; Table 1 and Fig. 2) was
measured at a depth of 853 cm (9,340 cal years BP) to allow comparison
with other sites located in the study region.

2.4. Palynological and charcoal analyses

We collected 143 continuous sediment samples with a volume of 0.5

cm?, every 0.5 cm (9.6 + 1.1 years per sample) for pollen, spores, algae,

and microscopic charcoal analyses. Lycopodium tablets were added to
the samples before the treatment to allow the estimation of concentra-
tion (particles-cm’g) and influx (particles-cm’zyear’l; Stockmarr,
1971). The samples were treated using chemical (HCl, KOH, HF, and
acetolysis) and physical (500 pm sieving, decanting) standard methods
(Moore et al., 1991). Pollen and spores were identified by means of
palynological keys and atlases (e.g., Moore et al., 1991; Reille, 1992;
Beug, 2004) and the reference collection of the Institute of Plant Sci-
ences of the University of Bern, Switzerland. Cerealia t. (t. = type) pollen
grains were differentiated into Avena t., Hordeum t., and Triticum t.

680:
690
7004
7104
7201
730
740
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760
7704
780 ’

Depth (cm)

790 ’
800+ g
810 ’
820 ,

8301 /

840 ’

8501 %

860
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following Beug (2004). We counted a minimum terrestrial pollen sum of
500 grains per sample, excluding pollen of aquatic plants and spores of
fungi, ferns, and mosses. In the same slides we used for pollen deter-
mination, we also quantified charcoal particles with a size >10 pm,
which are referred to as microscopic charcoal as a proxy of regional
burning following Tinner and Hu (2003) and Finsinger and Tinner
(2005). Sediment samples with an average volume of 8 cm? were taken
every 0.5 cm and sieved with a mesh width of 200 pm to find short-lived
terrestrial plant macrofossils for radiocarbon dating. The sieved material
was used to quantify macroscopic charcoal particles >600 pm as a proxy
of local burning following Adolf et al. (2018).

2.5. Biogeochemical analyses

Full methodological descriptions of XRF element and HSI pigment
analyses are provided in Beffa et al. (2024). For the purpose of this
study, we utilize the elements titanium (Ti) and iron (Fe) as indicators
for terrigenous detrital sediment delivery from the watershed (Peterson
et al., 2000; Haug et al., 2001) and phosphorus (P) as indicator for
sedimentary nutrient retention under oxic water column conditions
(Makri et al., 2021) and nutrient enrichment (Corella et al., 2012). We
adopted the HSI RABDgys5 index (bacteriopheophytin (Bphe)) as an in-
dicator for the presence of anoxygenic phototrophic purple sulfur bac-
teria and hypolimnetic anoxia (Yurkov and Beatty, 1998; Butz et al.,
2015; Zander et al., 2021), while the HSI RABDgs5_g85max index (total
chlorophylls and colored diagenetic products (TChl)) indicates the
presence of algae bearing green pigments and in-lake primary produc-
tivity (Leavitt and Hodgson, 2002; Zander et al., 2021). Anoxia and lake
stratification may result from either deep-water conditions, warm tem-
peratures, or environmental stability with closed forest and low wind
mixing (Makri et al., 2021) or a combination thereof. Anoxia may also
lead to reductive dissolution and low sequestration rates of sedimentary
Fe and P, and recycling of nutrients (internal loadings) sustaining high
aquatic primary production (here TChl; Tu et al., 2021).

Fig. 2. Age depth model and sediment picture of
Lago di Mezzano. Black points represent the cali-
brated ages of '*C dated terrestrial plant macrofossils
with 95% (206) error bars (IntCal20, Reimer et al.,
2020). The black line is the P-sequence (Bayesian
approach) modeled chronology (OxCal, Bronk Ram-
sey, 1994; 1995, 2001; Bronk Ramsey et al., 2001).
Grey lines show the 95% (20) confidence interval of
the model. The dashed line is a linear interpolation to
the calibrated radiocarbon date 16. Dates are
numbered according to Table 1.

9500 9000 8500 8000 7500
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2.6. Numerical methods

Zonation—We defined statistically significant local pollen assem-
blage zones (LPAZs) using the optimal sum of square partitioning (Birks
and Gordon, 1985) combined with the broken-stick method (Bennett,
1996) using the software R (R Core Team, 2022).

Palynological richness—To evaluate the richness of past plant species
around Lago di Mezzano we used rarefaction analysis, based on a con-
stant minimum counting sum of 508 pollen grains per sample, to esti-
mate palynological richness (PRI; Birks and Line, 1992) and the
probability of interspecific encounter (PIE; Hurlbert, 1971) as a measure
of evenness (e.g., Lepori et al., 2005; Lestienne et al., 2020). PIE allows
evaluating taxa dominance as it indicates the probability that two
randomly chosen individuals in a sample are from the same taxon.

Ordination analysis—To investigate ecological gradients present in
our pollen data, we carried out ordination analyses using Canoco 5 (ter
Braak and Smilauer, 2012). First, we performed a detrended corre-
spondence analysis (DCA) to establish if linear or unimodal ordination
models are better suited to the data. The first axis of the DCA measured
1.2 standard deviation units (SD units; Leps and Smilauer, 2003).
Therefore, we decided to continue with two linear models, principal
component analysis (PCA) and redundancy analysis (RDA). Two cli-
matic and environmental variables were chosen as explanatory variables
for the RDA: microscopic charcoal influx as a proxy for regional fires and
chironomid-inferred mean July air temperature anomalies (°C) (aver-
aged from the Gemini and Verdarolo sediment records; Samartin et al.,
2017). To average the original data from Gemini and Verdarolo, we
followed the procedure of Heiri et al. (2015). In a second step, the
original, individual records of Gemini and Verdarolo, as well as the sea
surface temperature anomalies (SST; Marriner et al., 2022) and the
macroscopic charcoal influx, were passively added to the RDA as sup-
plementary variables for comparison purposes.

Species response curves—To understand the response of selected
important taxa to environmental drivers such as fires and temperature,
we used generalized additive models (GAMs) following Colombaroli
et al. (2010) and Morales-Molino et al. (2021). GAMs were fitted using
Canoco 5 (ter Braak and Smilauer, 2012) assuming a Poisson distribu-
tion curve and a maximum of two degrees of freedom (i.e., polynomial
order of the fitted function) following a stepwise selection based on the
Akaike Information Criterion (AIC). Choosing the model with the lowest
AIC value allowed us to identify the most parsimonious model that
improves the null model (i.e., in which the environmental variables have
no effect on the species values). Specifically, we analyzed the response of
Fagus, Quercus ilex t., Quercus pubescens t., and Corylus to macro- and
microscopic charcoal-inferred local and regional fire activity and mean
chironomid-inferred July air temperature changes (Samartin et al.,
2017). We tested the robustness of the relationship with temperature
using another Mediterranean temperature record, the annual SST
anomalies from Marriner et al. (2022).

Cross-correlation analyses—To identify the relationship as well as
leads and lags between fire (micro- and macroscopic charcoal influx),
browsing or grazing (percentages and influx of Sporormiella dung
spores), cultivation (percentages and influx of Cerealia sum pollen), and
the resulting vegetation changes including biodiversity (proxies PRI and
PIE), we calculated cross-correlations (Green, 1981; Clark et al., 1989;
Dodson, 1990; Tinner et al., 1999; Lang et al., 2023) using the program
R (R Core Team, 2022). The time window ranges from 8,450 to 7,050
cal years BP and includes 143 samples (1 sample = 9.6 + 1.1 years). We
calculated cross-correlations coefficients at +30 lags, which corre-
sponds to +288 years, i.e., less than % of the sample size (Bahrenberg
et al., 2008). To exclude major trends from the time series, all data were
linearly de-trended. The correlation significance was estimated by
calculating +2 standard error (SE) of the Pearson correlation co-
efficients, which corresponds to a two-sided significance level («) of 5%
(Tinner et al., 1999; Bahrenberg et al., 2008).
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3. Results
3.1. Temperature variations inside and outside the caldera of Latera

From August 2022 to July 2023, the warmest month in the caldera of
Latera was July with an average of 23.9 °C, while the coldest month was
January with an average of 6.4 °C. This also emerged from measure-
ments at Ischia di Castro and Valentano, which recorded mean monthly
temperatures of 25.9 and 24.8 °C in July 2023 and mean monthly
temperatures of 6.8 and 6.3 °C in January 2023, respectively
(Tulumello, 2023). The temperature difference during the warmest
month at comparable altitudes clearly shows lower summer tempera-
tures in the caldera (—2 °C) than those measured at Ischia di Castro and
Valentano, probably caused by the pooling of cold air in the crater basin
(Fig. S1; Pastore et al., 2022).

3.2. Lithology and chronology

The sediments consist of silty clay gyttja throughout the sequence
(Figs. 2 and 3), with decreasing organic content and increasing pro-
portions of bright silty and clayey materials towards the top (Figs. 2 and
3, 7,500-7,100 cal years BP). Bayesian approaches allowed us to reduce
the mean dating uncertainty (20) to +64 cal years for the period of in-
terest 8,450-7,050 cal years BP (Fig. 2).

3.3. Pollen, charcoal, and biogeochemical analyses—vegetation, fire, and
environmental history

Our high-resolution pollen sequence is divided into four statistically
significant pollen zones (LPAZs) that indicate important changes in the
composition of the regional vegetation around Lago di Mezzano. Pollen
and microscopic charcoal particles deposited in small to medium-sized
lakes are usually considered to derive from extra-local to regional
sources, as they can be transported by wind over intermediate distances
(up to ca. 20-50 km; Conedera et al., 2006; Seppa, 2007; Conedera et al.,
2009; Liu et al., 2022), whereas the heavier macrofossils and macro-
scopic charcoal particles provide a local signal (Birks, 1980; Adolf et al.,
2018).

During the first two LPAZs (Fig. 3), MZZ-1 and MZZ-2 (8,450-7,450
cal years BP), tree pollen shows values > 80% and arboreal pollen (AP)
> 95%, suggesting the presence of closed forests around the lake. The
occurrence of Fagus sylvatica bud scales (14 pieces in 880 years) shows
that this cool-temperate tree species was present locally near the lake.
This is also supported by pollen data, since at the beginning of our
sequence, in MZZ-1 (8,450-8,000 cal years BP), Fagus pollen shows the
highest percentage values in the record with two maxima around 8,400
and 8,200 cal years BP (ca. 45%), whereas Quercus pubescens t. (15%—
20%) and Corylus (9%-15%) have lower values. This percentage-based
interpretation is supported by influx values (e.g., Fagus with ca.
12,000 pollen grains~cm’2~year’l ; Fig. S2(a)) and indicates the domi-
nance of beech in the forests of this time. Quercus ilex t. (7%), Quercus
cerris t. (5%), Ulmus (5%), and Fraxinus excelsior t. (4%) were also
important trees. After ca. 8,200 cal years BP, pollen of evergreen oaks
(Quercus ilex t.) increases, already reaching 18% towards the end of
MZZ-1 (ca. 8,000 cal years BP), while Fagus sylvatica pollen percentages
decrease to 27%. Corylus pollen percentages markedly decline from 16%
around 8,250 cal years BP to 4% around 8,100 cal years BP, suggesting a
shift towards darker forests (tree pollen > 90%, AP > 95%). During
MZZ-1, the first pollen grains of crops and weeds occur, e.g., Triticum t.
at about 8,150 cal years BP and Plantago lanceolata t. at 8,400-8,200 cal
years BP. Microscopic charcoal influx is low (average 5,160 parti-
cles-cm~2.year 1) but starts to increase at around 8,200 cal years BP (ca.
9,430 particles-cm™2-year™!), while macroscopic charcoal influx re-
mains low (ca. 3 particles-cm ™~ 2.year1), suggesting increasing regional
but low local fire activity.

In MZZ-2 (8,000-7,450 cal years BP), Quercus ilex t. pollen
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Fig. 3. Selected pollen percentages, spores, micro-, and macroscopic charcoal
influx (particles-cm~2.year™ 1), lithology, element counts from XRF analysis (Ti,
Fe, P; cts) and HSI analysis (total aquatic productivity TChl and hypolimnetic
anoxia Bphe; pg~ggr1y sediment) Of Lago di Mezzano. Samples were taken contig-
uously every 0.5 cm. Water plants, ferns, and other spores are excluded from
the total terrestrial pollen sum. PRI, PIE, and PCA scores of axes 1 and 2 are also
shown. The yellow dots indicate the Fagus bud scales. Empty curves show 10 x
Exaggeration.

percentages markedly increase to > 35%, whereas those of Fagus, Q.
pubescens t., Corylus, Ulmus, and F. excelsior t. slightly decrease. The
pollen data suggest that forests around the lake were co-dominated by
mesophilous deciduous F. sylvatica and evergreen Q. ilex or Q. coccifera,
species belonging to the cool-temperate and mesomediterranean vege-
tation types, respectively. During this LPAZ anthropogenic indicator
taxa such as Plantago lanceolata t., Rumex acetosella t., Cerealia sum, and
Triticum t. increase, while Quercus ilex t. suddenly stops increasing to
decrease to 15% at ca. 7,550 cal years BP. Micro- and macroscopic
charcoal show low influx values (on average 8,625 micro- and 3 macro-
particles~cm_2-year_1, respectively), indicating low fire activity. From
8,450 to 7,450 cal years BP (MZZ-1 and MZZ-2), PRI and PIE show
constant low values, suggesting rather low species diversity. During this
period, high Bphe and TChl values in combination with low Ti, Fe, and P
values point to stable environmental conditions (low erosion, closed
forest) with a strongly stratified water column (hypolimnetic anoxia)
and high in-lake productivity because of efficient P cycling (Peterson
et al., 2000; Haug et al., 2001; Tu et al., 2021; Zander et al., 2022).

During MZZ-3 (from 7,450 to 7,350 cal years BP) and MZZ-4 (7,350
to 7,050 cal years BP), AP drops twice below 80%, at about 7,450 cal
years BP and again at 7,250 cal years BP, suggesting forest openings. F.
excelsior t., Ulmus, Tilia, Abies, Acer, and Hedera decline together with
Fagus (the latter from 27% to 4%). Conversely, Q. pubescens t. and Cor-
ylus increase together with herbaceous taxa such as Poaceae, Apiaceae,
and Aster t. and anthropogenic indicators such as Cerealia sum, Triticum
t., Hordeum t., P. lanceolata t., R. acetosella t., Urtica, and the dung spore
Sporormiella, suggesting arable and pastoral farming activities that
diminished at around 7,150 cal years BP. Micro- and macroscopic
charcoal as well as Pteridium aquilinum fern spores also show high
values, indicating that fire was likely used to open the forest for agri-
cultural purposes. Markedly increasing Pediastrum values suggest a
change in the lake water conditions during this period. Ustulina spores
decline as well, probably as a consequence of reduced dead wood
availability. During these two LPAZs, PRI and PIE values are higher,
indicating increasing biodiversity in response to early land use.

A striking increase of Ti and Fe suggests high clastic erosional input,
likely due to vegetation opening during MZZ-4 (Peterson et al., 2000;
Haug et al., 2001). High sedimentary P values are probably the result of
P removal from the water column, likely by soil-sourced Fe-oxides in a
well-mixed lake (oxic conditions; low Bphe), causing lower in-lake
production (low TChl; Makri et al., 2021; Tu et al., 2021; Zander
et al,, 2022). The subsequent decrease in erosion (decreasing Ti),
re-establishment of anoxia (high Bphe), lower Fe and P sequestration in
sediments, and efficient P cycling with high aquatic primary production
(TChl) occurred when forests recovered and fire activity declined, likely
in response to reduced agricultural activities (Peterson et al., 2000;
Haug et al., 2001; Tu et al., 2021; Zander et al., 2022).

3.4. Numerical analyses — vegetation ecology

3.4.1. Ordinations

PCA axis 1 explains 41.6% of the total variance within the data,
whereas PCA axis 2 explains 11.9%. If ordered along the age scale, PCA
axis 1 is highly correlated with herbs and palynological diversity (PRI
and PIE), likely summarizing the transition from closed forest to diverse
and open vegetation (Fig. 3). PCA axis 2 mirrors the course of Q. ilex t.
pollen percentages, highlighting the importance of this Mediterranean
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evergreen broadleaved tree for forest development around Lago di
Mezzano. This interpretation is supported by the alignment of the spe-
cies and sample scores (Fig. S3).

Both climatic and environmental RDA variables significantly influ-
ence the variance within the dataset for the period 8,450-7,050 cal years
BP (Fig. 4). Chironomid-inferred mean July air temperature anomalies
explain 37.3% and microscopic charcoal influx 18.7% of the total
variance. Both explanatory variables are positively correlated with
anthropogenic indicators such as Plantago lanceolata t. and Rumex ace-
tosella t., herbaceous taxa such as Poaceae and Cichorioideae and heli-
ophilous taxa such as Ostrya t. and Carpinus betulus. Interestingly, mean
July air temperature anomalies are also positively correlated with the
evergreen Mediterranean taxon Quercus ilex t., which is confirmed by the
linkage with warm SST (Fig. 4). The two environmental variables are
negatively correlated with Fagus, Ulmus, Tilia, Fraxinus excelsior t.,
Quercus cerris t., Acer, and Hedera helix. Taken together this suggests that
human impact and fire activity under warm climatic conditions reduced
the populations of these temperate taxa, while Mediterranean Q. ilex
benefited from high summer temperatures, but not (or less) from high
fire activity and human disturbance.

3.4.2. Species response curves

GAMs show that Fagus responded negatively to increasing regional
and local fire activity, whereas Corylus and Q. pubescens t. were slightly
advantaged (Fig. 5). Q. ilex t. reached the highest abundance at inter-
mediate disturbance levels but responded negatively to very high
regional and local fire activity. This suggests that Q. ilex was favored by
fires only if they were not too frequent or intense (Colombaroli et al.,
2009). GAMs also suggest that high summer (chironomids) and annual
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Fig. 4. RDA of selected species (blue arrows) and two explanatory variables
(red arrows) for the period 8,450-7,050 cal years BP: chironomid-inferred
mean July air temperature anomalies (°C) (averaged from Gemini and Ver-
darolo records; Samartin et al., 2017) influence 37.3% of the data variance and
microscopic charcoal influx (particles-cm™2year™!) influences 18.7% of the
data variance. Purple arrows: mean July air temperature anomalies (°C) from
Gemini and Verdarolo (Samartin et al., 2017), SST (Marriner et al., 2022), and
macroscopic charcoal influx (particles-cm™2year™') as supplementary explan-
atory variables. Abbreviations: Cichor. = Cichorioideae, P. lanc. t. = Plantago
lanceolata t., R. acetosella t. = Rumex acetosella t., A. glut. t = Alnus glutinosa t., C.
bet. = Carpinus betulus, F. excelsior t. = Fraxinus excelsior t., Q. pub. t. = Quercus
pubescens t., Q. ilex t. = Quercus ilex t.
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(SST) temperatures promoted evergreen Q. ilex. Fagus conversely,
responded negatively to increasing temperatures (Fig. 5), probably
indicating less competitiveness under warmer climatic conditions. Q.
pubescens t. and Corylus increased with the highest temperatures, but this
may have resulted from human and fire impact coinciding with tem-
perature peaks.

3.4.3. Time-series analysis

Cross-correlations disclose leads and lags between fire (micro- and
macroscopic charcoal influx), browsing or grazing (Sporormiella dung
spores percentages and influx), cultivation (Cerealia sum pollen per-
centages and influx), and the resulting vegetation (pollen %) and
biodiversity changes (PRI and PIE; Fig. 6). Trees and herbs show
maximum negative, respectively maximum positive correlation with
microscopic charcoal at lag +2 (ca. 19 years after a fire), suggesting that
in the region small and short-lived grassland species were promoted by
fire on the expense of long-lived and tall woody plants. Sporormiella
dung spore percentages show a maximum positive correlation with
microscopic charcoal influx at lag +2 (ca. 19 years after a regional fire),
likely indicating the use of fire to establish pastures. Conversely, Spor-
ormiella dung spores influx shows a significant negative correlation with
Cerealia sum pollen percentages at lag —8 (ca. 75 years before a culti-
vation peak) and significant positive correlations with Cerealia sum
pollen percentages at lag 0. This may suggest reduced (forest) grazing
before and increased grazing with the start of cultivations around Lago
di Mezzano. Pollen percentages of trees show a maximum negative
correlation with Cerealia sum influx at lag 0, conversely, herbs show a
maximum positive correlation with Cerealia sum influx at lag 0, con-
firming that forest disruption and the creation of open land by fire was a
result of land use. Taken together agricultural activities were a main
driver of fire and vegetation changes already during the earliest
Neolithic together with climate change, as emphasized by the GAM re-
sults. Pollen percentages of trees vs. PRI and PIE reach maximum
negative correlation at lag 0, whereas pollen percentages of shrubs vs.
PRI show maximum positive correlation at lag —4 (ca. 40 years before a
major expansion of shrubs) and pollen percentages of herbs vs. PRI and
PIE show maximum positive correlation at lag 0. This indicates that
biodiversity (PRI and PIE; Fig. 3) was related to vegetation structure,
increasing when open land enlarged in response to human disturbance
(e.g., fire, grazing, and browsing).

4. Discussion

4.1. Vegetation dynamics under different climates in the caldera of
Latera

Before human societies started to significantly influence plant com-
munities, climate and other environmental (e.g., soils, disturbance) and
biotic factors (e.g., competition, facilitation, dispersal) were the main
drivers of vegetation dynamics (Birks and Berglund, 2018; Lang et al.,
2023). During the Late Glacial and the Holocene, major climate changes
were associated with important shifts in vegetation structure and
composition (Vescovi et al., 2007; Di Rita et al., 2015; Masi et al., 2018;
Lang et al., 2023). After the onset of the Holocene at ca. 11,700 cal years
BP to ca. 10,000 cal years BP summers were warm and dry and sea-
sonality was higher than today (Laskar et al., 2004), which probably
prevented mesophilous Fagus sylvatica from spreading. Cold and frosty
winters on the other hand probably hindered the expansion of Quercus
ilex at most sites in Italy. During this period, Corylus, deciduous Quercus,
and Pinus were the dominant taxa in the region (Sadori, 2018).

After ca. 10,000 cal years BP seasonality started to decrease (Laskar
et al., 2004). Slightly cooler and moister summers as well as milder
winters with less (late) frost may have allowed beech forests to expand
on moist and sheltered areas of the caldera of Latera (Sadori, 2018). F.
sylvatica is an oceanic mesophilous species adapted to low-temperature
variations that prefers cool, humid summers, and cold winters. In
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Fig. 5. Response curves of the main pollen taxa for the period 8,450-7,050 cal years BP to (a) microscopic charcoal influx as proxy for regional fire activity, (b)
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period 1 to 1,850 AD (stacked for two sites; Samartin et al., 2017) and (d) SST (Marriner et al., 2022) anomalies relative to the average of Mediterranean temperature

Holocene reconstructions.

comparison to other temperate species, it is very sensitive to harsh
winter frost, late frost, and summer drought (Pignatti, 2005; Ellenberg,
2009). Nowadays, F. sylvatica is widespread in Southern and
Central Europe. South of the Alps beech forests usually occur above ca.
800-1,000 m a.s.l., where high summer temperatures and drought are
not a limiting factor (San-Miguel-Ayanz et al., 2016). There, F. sylvatica
often grows together with Abies alba (Pignatti et al., 2017; Lang et al.,
2023), deciduous Quercus, other temperate tree species, and Ilex aqui-
folium (e.g., in Sicily; Tinner et al., 2016). Occasionally, F. sylvatica may
occur below ca. 800-1,000 m a.s.l. in the submediterranean and meso-
mediterranean vegetation belts, where microclimatic and soil conditions
are particularly favorable, e.g., in cool calderas or other topographic
depressions (Buonincontri et al., 2023). On the basis of the ecological
preferences of the species, we, therefore, assume that after 10,000 cal
years BP, F. sylvatica and other cool-temperate deciduous trees probably
grew abundantly on north-facing slopes around Lago di Mezzano, with
cooler and more humid microclimate, while submediterranean decidu-
ous Quercus forests with Corylus avellana undergrowth were distributed
in more sun-exposed areas and where spring or winter frost occurrence
was high.

After ca. 8,200 cal years BP evergreen Quercus, probably Q. ilex,
became co-dominant with F. sylvatica and deciduous Quercus in the
caldera of Latera. Q. ilex is well adapted to climatic conditions charac-
terized by dry summers and humid, mild winters, but is very sensitive to
winter frost (Pignatti et al., 2017). Thus, continuing decreasing Mid
Holocene seasonality (Laskar et al., 2004) implying declining winter
frost occurrences (Colombaroli et al., 2008; Lang et al., 2023; Ganz et al.,
2024) probably allowed its spread in the Lago di Mezzano area. In
addition, decadal to centennial-scale periods with particularly warm
and dry summers (Vinther et al., 2006; Magny et al., 2007; Giraudi et al.,
2011; Samartin et al., 2017; Sadori, 2018; Marriner et al., 2022) likely
advantaged warm-loving Q. ilex on the expense of cool-temperate F.
sylvatica (Fig. 5). We assume that Q. ilex partly displaced the sub-
mediterranean deciduous oak forests and Corylus avellana to the shadier
and wetter areas previously occupied by temperate beech forests. F.
sylvatica and other temperate trees, being less competitive under warmer
and drier summer conditions, declined (Figs. 3 and 7).

The reconstructed vegetation dynamics reveal an uncommon co-
existence of moisture-loving, cool-temperate Fagus and drought-
tolerant, warm-loving evergreen Quercus forests, a combination now
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to 9.6 £ 1.1 years (mean + standard deviation). The orange dashed lines mark the significance level (p < 0.05).

only very exceptionally found in the Mediterranean realm (Buonincontri
et al., 2023). The existing mixed occurrences are very fragmented, so
little is known about their ecology. In the caldera of Latera the former
and now extinct co-existence of beech and holm oak lowland forests
might be explained by special local environmental conditions. F. syl-
vatica is very rare today in the caldera of Latera, as reflected by very low
pollen percentages (0.2%) in the lake sediment surface sample. Q. ilex is
more abundant but still reaches only 4.2% of the surface sediment. The
significantly higher abundance of these two tree species in the Early and
Mid Holocene unambiguously documents that the HTM forest compo-
sition has no local modern analogue. However, the current location of
various relict individuals of F. sylvatica close to the bottom of the caldera
on humid, cool, and shady slopes as well as the presence of Q. ilex in the
warmest and sunniest areas (today mostly converted to fields) may
reveal their former habitats during the Early and Mid Holocene. A
similar situation documented in the ecological literature at elevations
below 800 m a.s.l. occurs at the Monticchio lakes in the Monte Vulture
caldera (Spicciarelli et al., 2011). However, the underlying causes
remain ambiguous. At Monticchio, small Q. ilex stands grow on sunny
slopes above and below the F. sylvatica forest near the caldera bottom,

thus creating intriguing vegetational patterns in which elements of
mesic forests co-exist with isolated mesomediterranean tree stands.
More generally, unrelated to the co-occurrence of Q. ilex and F. sylvatica,
the vegetation distribution in calderas is often influenced by thermal
inversions (Ai-liang, 1981; Pastore et al., 2022) with cold-loving species
growing at lower elevations than warm-loving ones.

4.2. Comparison with other sites in central Italy

Past climate reconstructions are often based on proxies showing
broad-scale and long-term events (e.g., Vinther et al., 2006; Giraudi
et al., 2011; Samartin et al., 2017) that in many cases do not capture
minor regional variations or microclimatic conditions. Nevertheless,
microclimatic conditions are essential to understanding the vegetation
history at a specific site or at similar sites in a specific region
(Stoutjesdijk and Barkman, 2014). We assume that during the HTM
under warmer and drier summer conditions than today, microclimatic
conditions allowed Fagus sylvatica to co-dominate with Quercus ilex in
the forests of the caldera of Latera, ca. 300-500 m below the current
altitudinal range of the species in the Apennines (Pignatti et al., 2017).
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This assumption is corroborated by similar HTM Fagus occurrences
around other crater lakes in central Italy such as nearby Lagaccione
(Magri, 1999), Lago di Vico (Magri and Sadori, 1999), Stracciacappa
(Giardini, 2007), Lago di Martignano (Kelly and Huntley, 1991), Valle di
Castiglione (Di Rita et al., 2013), and Lago Albano (Lowe et al., 1996),
and in depression areas such as the Rieti Plain (Ricci Lucchi et al., 2000).
At most of these sites (Fig. 1; Lang et al., 2023), however, Fagus was less
important than in the calderas of Lago di Mezzano and Lagaccione,
while deciduous Quercus was more prominent. Warmer and drier cli-
matic conditions may have promoted deciduous Quercus at lower lati-
tudes and altitudes at the sites Stracciacappa, Lago di Martignano, Valle
di Castiglione, and Lago Albano. However, at Lago di Vico at 510 m a.s.l.
and thus at a similar elevation as Lago di Mezzano, deciduous Quercus

Forest Ecosystems 14 (2025) 100345

rather than Fagus was dominant, perhaps because of the larger size of the
lake and thus of its wider pollen catchment area (Magri and Sadori,
1999). Interestingly, outside the rather moist and cool calderas, e.g., at
Lago di Massaciuccoli, a lagoon at the Mediterranean Sea, or at Lago
dell’Accesa, a karstic lake at 157 m a.s.l., the temperate conifer Abies
alba, which is more drought-resistant than F. sylvatica (Ellenberg, 2009),
was associated with Q. ilex during the HTM (e.g., Drescher-Schneider
et al., 2007; Colombaroli et al., 2007, 2008, 2009; Tinner et al., 2013).
However, in the caldera of Monte Vulture, around the Monticchio lakes,
Abies alba grew alongside Q. ilex during the Mid Holocene as well (Allen
et al., 2002), suggesting that the moistening and cooling effect of cal-
deras might be less pronounced at lower, warmer latitudes.

At Lago di Mezzano, Q. ilex expanded ca. 1,800 years later than
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mean temperature of the period 1 to 1,850 AD based on chironomids (Lago Verdarolo and Lago Gemini Inferiore; Samartin et al., 2017), (e) SST (Marriner et al.,
2022) anomalies relative to the average of Mediterranean temperature Holocene reconstructions, (f) 880 NGRIP (Vinther et al., 2006) and (g) July (orange) and
January (blue) insolation curves for 42° N (Laskar et al., 2004). Vertical dashed lines show times of important vegetation changes at Lago dell’Accesa and at Lago di
Mezzano. Changes at ca. 8,000 and 7,500 cal years BP define statistically significant LPAZ boundaries at Lago di Mezzano (Fig. 3).
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Fagus, i.e., after 8,200 cal years BP (Figs. 3 and 7). Similar expansion
dynamics were observed at Lago dell’Accesa (Tuscany; Colombaroli
et al., 2008), at Lagaccione, at other central Italian crater lakes, and in
the Rieti Plain. However, the timing of the mass expansion at these sites
varied substantially between ca. 11,500 and 8,200 cal years BP (Fig. 7).
Congruently, at warmer sites currently located in the meso-
mediterranean belt (Kelly and Huntley, 1991; Lowe et al., 1996; Giar-
dini, 2007; Colombaroli et al., 2008; Di Rita et al., 2013), the increase of
Q. ilex was more pronounced than at cooler and moister sites currently
located in the submediterranean or supramediterranean belt (Magri and
Sadori, 1999; Ricci Lucchi et al., 2000). This points to regional lat-
itudinal or altitudinal temperature and/or moisture effects shaping the
past central Italian Q. ilex population dynamics (Fig. 7). This regional
finding also applies to the European scale, given that after 10,000 cal
years BP, during the Mid and Late Holocene, when conditions became
less continental and generally warmer, Q. ilex spread elsewhere in Italy,
in central and eastern Iberia as well as in the Balkans north of Greece
(Lang et al., 2023).

4.3. Land use activities

Despite the presence of people in the region around Lago di Mezzano
since the Palaeolithic (Petitti, 2012), the timing of the first vegetational
reorganizations in response to human impact remains unclear. Our new
high-resolution data show that sporadic human cultivation activities,
which, however, did not significantly alter the surrounding vegetation,
began in the region around the lake at about 7,850 cal years BP (Fig. 3).
Increasing abundances of pollen of crops and weeds such as Cerealia
(including Triticum t. and Hordeum t.), Plantago lanceolata t., Rumex
acetosella t., Urtica, and Sporormiella dung fungi spores, suggest a marked
rise of human activities at about 7,450 cal years BP. This shift was
accompanied by increasing soil erosion and changes in lake biogeo-
chemistry and mixing regimes (Lotter, 2001; Zander et al., 2021; Beffa
et al., 2024). Forest disruption by slash-and-burn activities, browsing,
and grazing (Figs. 3 and 6), likely weakened wind sheltering, leading to
the mixing of the lake and the establishment of oxic conditions. This, in
turn, promoted P removal from the water column through adsorption of
PO4 onto Fe-(oxy-)hydroxides and their preservation after burial,
thereby promoting reduced in-lake primary production (Fig. 3; Makri
et al., 2021; Tu et al., 2021; Zander et al., 2022). Our human impact
reconstructions are consistent with the extraordinary archaeological
findings from the lakeshore site La Marmotta on Lago di Bracciano
(Fugazzola Delpino et al., 1993), ca. 80 km south-east of Lago di Mez-
zano. The shores of the lake were inhabited by farmers during the Early
Neolithic between ca. 7,640 and 7,210 cal years BP (Fugazzola Delpino
and Tinazzi, 2010; Caruso Fermé et al., 2021, 2023; Mazzucco et al.,
2022). The archaeological data document the existence of a Neolithic
community exhibiting well-developed expertise in navigation, farming,
crafting, and construction. Among the most significant finds are sickles
containing well-preserved pollen grains trapped within the building
materials, suggesting remarkable arable farming activities during the
earliest Neolithic (Mazzucco et al., 2022; Arobba et al., 2024). In
agreement with these findings, our results show that vegetation struc-
ture and composition in the Lago di Mezzano area underwent unex-
pectedly strong anthropogenic transformations already during the Early
Neolithic. Evergreen holm oak forests were opened at first around 7,550
cal years BP. About 100-300 years later, at 7,450-7,300 cal years BP,
temperate trees such as Fagus sylvatica, Abies alba, Acer, Fraxinus excel-
sior, Ulmus, Tilia, and the evergreen liana Hedera helix, declined mark-
edly as well, leaving space for meadows and fields. Disruptions of
natural vegetation promoted open land plant diversity at the expense of
tree diversity, which decreased (Fig. 6; Colombaroli and Tinner, 2013;
Giesecke et al.,, 2014). High fire activity and increasing land use
occurred when summer temperatures and drought increased (Figs. 3 and
7; Magny et al., 2007; Zanchetta et al., 2007; Vanniere et al., 2008;
Samartin et al., 2017). Warm temperatures and summer drought may
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have induced populations to settle near the lake (Sadori et al., 2004; Rey
etal., 2019), where water was always available. Ultimately, warmer and
drier climatic conditions may have favored the introduction of farming
in central Italy, facilitating the disruption of the dense primeval forests
and therefore the shift from Mesolithic gathering to Neolithic produc-
tion economies. Towards the end of this first forest opening phase, at
about 7,300 cal years BP, Mediterranean vegetation (e.g., Quercus ilex t.,
Quercus cerris t. and Fraxinus ornus t.) recovered more quickly than
temperate trees (e.g., Fagus, F. excelsior t., Ulmus, and Tilia), possibly
because of its better adaptation to fires and high temperatures (Figs. 3
and 5). During the second very pronounced forest opening phase
(7,300-7,050 cal years BP), regional fire activity reached its apex and
many temperate species such as Fagus, Ulmus, Tilia, and Abies collapsed,
whereas evergreen and deciduous Quercus became dominant, creating a
new vegetation type which was more comparable with today's highly
humanized Mediterranean forest communities (Chiappini, 1988; Blasi
and Biondi, 2017; Pignatti et al., 2017; Lang et al., 2023). During the
following millennia, until the end of the HTM around 5000 years ago, F.
sylvatica recovered to reach peak values between 15% and 20% when
land use declined, to repeatedly decrease to values of ca. 5% when
Neolithic farming became more intense (Beffa et al., 2024). Conversely,
Q. ilex remained rather stable at 10%-15% during the remaining HTM.

5. Conclusions

Our new palaeoecological data point to a high climate sensitivity of
Mediterranean vegetation. Temperature and moisture alterations
released strong community shifts, which can be explained by the cli-
matic niches of the species. The responses of Quercus ilex as likely the
most warm-loving tree in the study area and of Fagus sylvatica as the
most drought-intolerant tree were among the most drastic, while
ecologically intermediate deciduous Quercus and Corylus avellana
responded more moderately (Fig. 5). This finding emphasizes that spe-
cies growing at the edges of their climatic niches may respond consid-
erably to subtle changes of, e.g., a few °C (Fig. 5). Increasing heat and
summer drought in central and southern Europe has led to significant F.
sylvatica growth reduction (Jump et al., 2006; Piovesan et al., 2008) and
diebacks (Schuldt et al., 2020; Frei et al., 2022; Klesse et al., 2022) in
recent years. The persistence of beech-dominated forests may therefore
become increasingly difficult at their range edge (Braun et al., 2021; Del
Martinez Castillo et al., 2022; Langer and Bupkamp, 2023; Rukh et al.,
2023). Our palaeoecological reconstructions emphasize the climate
sensitivity of F. sylvatica. Once certain heat and/or drought thresholds
are reached, beech forests may rapidly decline (Figs. 4 and 5). On the
other hand, the palaeoecological evidence and today's occurrence of
relict F. sylvatica stands in the caldera of Latera at mean July tempera-
tures around 25 °C and under reduced summer precipitation shows that
beech forests may grow in humid depressions and calderas even under
warm Mediterranean conditions. The extraordinary and widespread
co-existence of F. sylvatica and Q. ilex forests during the HTM in Medi-
terranean Italy implies that Central European beech forests may persist
in cool and moist habitats, e.g., in topographic depressions, even if Q.
ilex should massively spread north of the Alps in response to strong
climate warming, as anticipated by vegetation modeling (e.g., Overpeck
et al., 2003; Bugmann et al., 2014; Buras and Menzel, 2019).

Farming activities started at ca. 7,850 cal years BP but significantly
affected vegetation only after ca. 7,450 cal years BP. First land use led to
an increase in ecosystem heterogeneity and therefore to major shifts in
the spatial distribution of biodiversity. The local disappearance of tall,
late-successional tree species was offset by an increase in short-lived
open-land species that led to an overall increase in species richness.
Among the tree species, F. sylvatica was particularly affected by human
impact (Figs. 3, 5 and 7). Hence, to foster its spread or recovery,
restoration measures reducing anthropogenic disturbance (e.g., grazing,
fire, cutting) would be needed. Similar conclusions were reached by a
recent study emphasizing that F. sylvatica stands were widespread in the
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Mediterranean Italian lowlands before being strongly reduced by human
disturbance during the Late Holocene (Buonincontri et al., 2023).

On the basis of the past co-existence of dissimilar vegetation com-
munities such as Mediterranean evergreen oak and temperate meso-
philous beech forests during the HTM, we conclude that, if protected
against excessive human disturbance, calderas and other topographic
depressions may serve as cold and humid refugia (Dobrowski, 2011;
Ashcroft and Gollan, 2013; Gubler et al., 2018) in an increasingly hot
and dry Mediterranean landscape to maintain biodiversity.
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