Q forests

Review

Holocene Forest Dynamics in Western Mediterranean Islands:
Rates, Periodicity, and Trends

Fabrizio Michelangeli *, Elisa De Luca {7, Donatella Magri (7, Simone De Santis 17, Alessandra Celant !,
Matthieu Ghilardi 2(7, Matteo Vacchi 307, Jordi Revelles 450, Rita Teresa Melis ¢, Juan Ochando -7

José Carrién 8

check for
updates

Academic Editor: Runguo Zang

Received: 28 March 2025
Revised: 1 May 2025
Accepted: 7 May 2025
Published: 13 May 2025

Citation: Michelangeli, F.;; De Luca,
E.;Magri, D.; De Santis, S.; Celant, A.;
Ghilardi, M.; Vacchi, M.; Revelles, J.;
Melis, R.T.; Ochando, J.; et al.
Holocene Forest Dynamics in Western
Mediterranean Islands: Rates,
Periodicity, and Trends. Forests 2025,
16,808. https://doi.org/10.3390/
16050808

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Roberta Pini °0, Gabriel Servera-Vives 1°00 and Federico Di Rita I'*

Department of Environmental Biology, Sapienza University of Rome, Piazzale Aldo Moro 5,

00185 Rome, Italy

2 CEREGE, CNRS-AMU-IRD-Collége de France-INRAE, 13545 Aix-en-Provence, France

Department of Earth Sciences, Universita di Pisa, 56126 Pisa, Italy

4 Institut Catala de Paleoecologia Humana i Evolucié Social (IPHES-CERCA), Zona Educacional 4,

Campus Sescelades URV (Edifici W3), 43007 Tarragona, Spain

Departament d'Historia i Historia de I’Art, Universitat Rovira i Virgili, Av. de Catalunya 35,

43002 Tarragona, Spain

Department of Chemical and Geological Sciences, University of Cagliari, Monserrato, 09042 Cagliari, Italy
Department of Physical Sciences, Earth and environment, University of Siena, Strada Laterina, 8,

53100 Siena, Italy

Department of Plant Biology (Botany Area), Faculty of Biology, University of Murcia, Campus de Espinardo,
30100 Murcia, Spain

Laboratory of Palynology and Palaeoecology, CNR—IGAG, Piazza della Scienza 1, 20126 Milano, Italy
ArqueoUIB, Departament de Ciéncies Historiques i Teoria de les Arts, Universitat de les Illes Balears,
07122 Palma, Spain

*  Correspondence: fabrizio.michelangeli@uniromal.it (FM.); federico.dirita@uniromal.it (ED.R.)

10

Abstract: The forest ecosystems of large Mediterranean islands are critical hubs of evo-
lutionary diversity with unique floristic composition and distinctive vegetation patterns
reflecting long-term population dynamics and ecological legacies. Mediterranean islands
provide invaluable natural archives, preserving crucial insights into the resilience of past
forest ecosystems and their responses to climate variability. In this paper, we provide a com-
prehensive overview of the Holocene vegetation history of major western Mediterranean
islands, with the twofold aim of examining the timing, extent, and rates of vegetation
changes over the last few thousand years, and evaluating the influence of Rapid Climate
Changes (RCCs) on forest ecosystems. The rate of change analysis allowed the identifica-
tion of a distinct pattern of rapid shifts in forest composition, corresponding to periods
of climate instability. These shifts align with the periodicity of Bond events, suggesting
synchronicity between changes in forest ecosystems and centennial-scale climatic oscilla-
tions at a supra-regional scale. A REDFIT spectral analysis applied to palynological proxies
of forest cover changes identified prominent periodicities suggesting a direct influence of
solar activity and/or a relation with complex ocean—atmosphere circulation mechanisms
triggered by global climate forcings.

Keywords: pollen; Holocene; rate of change; Mediterranean islands; Rapid Climate Change;
Bond events

1. Introduction

Island ecosystems, with their unique biodiversity, are especially vulnerable to climate
change and increasing human pressure: enhanced droughts, flooding events, accelerated
sea level rise, coastal erosion, and changes in precipitation regime are deeply affecting the
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stability of insular forest ecosystems all over the world [1-3]. At the same time, overex-
ploitation of natural resources, agricultural expansion, mining activity, environmentally
harmful development, and rising demographic demands are significantly degrading and
fragmenting island ecosystems at unprecedented rates [4,5]. These stress factors severely
affect plant communities, with consequences on habitat provision, vegetation composition,
and ecosystem functioning [6].

Within the Mediterranean Basin, insular ecosystems constitute cradles of evolution-
ary diversity, contributing with high levels of endemism [7,8] to the ca. 25,000 plant
species recorded [9,10]. Among them, the large western Mediterranean islands—Corsica,
Sardinia, Sicily, and the Balearic Islands—occupy a transitional and climate-sensitive posi-
tion, influenced by an array of large-scale atmospheric circulation mechanisms, including
the subtropical high-pressure belt, the mid-latitude Westerly System, the North Atlantic
Oscillation, and the Siberian High-Pressure System, among others [11]. The complex inter-
play of these climate drivers modulates the spatiotemporal distribution of precipitation
and temperature, exerting a direct influence on Mediterranean forest ecosystems [12].
As a result, large western Mediterranean islands are particularly vulnerable to climate
change, so that their ecosystems are expected to face adverse effects in relation to changing
hydroclimatic conditions.

During the Holocene, the hydroclimatic variability of the western Mediterranean was
driven by large-scale teleconnections of coupled atmosphere-ocean processes originating
in the North Atlantic realm [13,14]. Bond et al. (2001) [15] associated nine cooling phases,
marked by enhanced deposition of Ice Rafted Debris (IRD) in the North Atlantic, with
quasi-periodic variations in the North Atlantic Thermohaline Circulation. In the Mediter-
ranean realm, these phases, known as Bond events, appear as hydroclimatic oscillations
determining shifts in forest stability [16,17].

Despite the growing body of palaeoecological evidence linking Bond events to environ-
mental shifts all over the globe, the timing, extent, and causal mechanisms of these Rapid
Climate Changes (RCCs) are still debated. Furthermore, the nature of a quasi-periodic
“1500-year” cyclicity proposed for these climate shifts remains controversial [13,18,19]

Uncertainties in the climate signal of the Bond events and their spatiotemporal vari-
ability may arise from multiple interacting factors. These include intrinsic chronological
errors in palaeoecological records and differences in sampling resolution within and across
different palaeoclimatic/palaeoecological time series. Furthermore, complex meso- and
local-scale hydroclimatic mechanisms interact with broader mid-latitude modes of climate
variability, such as those associated with the North Atlantic-Mediterranean teleconnec-
tion patterns. In recent times, human activity added another layer of complexity, further
blurring the responses of ecosystems to RCCs.

The large western Mediterranean islands, standing at the core of this highly dynamic
system, are pivotal for assessing rates of change and resilience of insular forest ecosystems
in relation to past climate events.

Palynological research holds remarkable value in tracing the long-term effects of cli-
mate change, the extent of human impact, and the timing of Rapid Vegetation Changes
(RVCs) in isolated vulnerable ecosystems. Until the end of the 20th century, palaeovegeta-
tional research from the largest islands of the western Mediterranean mainly consisted of
pioneering studies from Corsica and the Balearic Islands [20-22]. Recently, new interdisci-
plinary studies on lacustrine sediment cores, especially from coastal areas, and new dating
techniques contributed with novel insights into the main trends in the vegetation history of
Mediterranean islands and their driving factors [23-29].

Here we provide an overview of pollen records from Corsica, Sardinia, Sicily, and
the Balearic Islands, with the aim of (i) examining and comparing the timing, extent,
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and rates of changes in vegetation composition, (ii) identifying biogeographic patterns,
and (iii) evaluating the influence of Rapid Climate Changes (RCCs) on forest ecosystems.
Synthetizing data across multiple sites into a wider regional approach may allow for a
better understanding of local and regional vegetation patterns, offering a cohesive narrative
of past forest dynamics.

2. Materials and Methods

We retrieved 54 pollen records (Figure 1, Table S1) from western Mediterranean islands,
based on the literature and online databases [30,31]. In order to perform an accurate
comparative study of the vegetation dynamics, we excluded the following:

e  Records for which detailed pollen counts are not available;
e  Records with less than four chronological constraints (radiocarbon dates or dated tephras);
e  Records spanning less than 3000 years.
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Figure 1. Map of the major western Mediterranean islands showing the published study sites from
the Balearic Islands (top left), Corsica (top right), Sardinia (bottom left), and Sicily (bottom right).
Red dots represent selected sites, white dots represent sites that do not fulfill the selection criteria
described in Section 2 and for which pollen counts are not available (Table S1).

After applying these stringent selection criteria, we collected pollen counts and
geochronological data of 25 pollen records from Sicily, Sardinia, Corsica, and the
Balearic Islands.

Bayesian age-depth modeling was applied to the selected pollen records using the R
package “rBacon” ver. 3.0.0 [32], to minimize the chronological uncertainty due to different
calibration curves and inconsistent age estimation methods across multiple sites [33,34].
When applicable, the date of core collection was assigned to the top sediment layer, serving
as additional chronological tie point. Optimal prior parameters (accumulation.shape, mem-
ory.strength, memory.mean, accumulation.rate, and thickness) were identified considering
the geochronological and stratigraphic information reported in the original publications or
iteratively estimated following software suggestions and model inspections (Table S2).

Pollen percentages were calculated for each pollen site on a base sum of terrestrial
plants, using the Neotoma categories “TRSH” and “UPHE” (Table S3). Adopting this
approach may overlook the overrepresentation of local taxa linked to site-specific envi-
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ronmental conditions but guarantees a common standard for statistical analysis and data
representation. Synthetic pollen diagrams were produced using the software Psimpoll
4.27 [35]. Pollen taxa were grouped into six ecological groups based on their ecological,
agricultural and bioclimatic affinities, as follows: Arboreal Pollen (AP), mediterranean
forest, mesophilous forest, cultivated trees (Juglans, Castanea, Vitis), herbs, and cereals
(Table S3). Olea was considered separately given its dual role as a natural element of the
Mediterranean maquis and a tree closely related to human activity. Vitis and Castanea may
also have had a dual role, but pollen frequencies from natural stands are negligible in the
studied islands.

Rate of change analysis (RoC) was performed for each selected pollen record using
the R package “R-Ratepol” ver. 1.2.2 [36]. This approach provides a standardized and
robust methodology for evaluating the timing and magnitude of significant compositional
changes within and between pollen sequences, enabling the detection of regional and local-
scale patterns in compositional rate of change [36]. We applied an age-weighted average
smoothing method and adopted a moving window as working units (WUs) to minimize
artifactual alterations of RoC resulting from variations in sample density and sedimentation
rate [37]. Given the uneven temporal resolution of the selected pollen records and the
centennial scale of the investigated vegetation dynamics and climate processes, the size of
time bins was set at 200 years. To estimate RoCs, we adopted a chi-squared dissimilarity
coefficient, which is particularly well-suited for dealing with closed compositional data,
such as pollen percentages. In each WU, pollen counts were standardized to 150 or the
lowest number detected in the dataset.

Significant shifts in RoC scores were identified using non-linear trend methods. This
approach involved fitting generalized additive models (GAMSs) through the RoC scores
and calculating residuals as the distance between fitted and original values. Peaks in RoC
scores were deemed significant if residuals exceeded at least 2 standard deviations. The
proportion of peak points within 200-year time bins was calculated to assess synchronous
periods of Rapid Vegetation Change. The 200-year time binning was selected based on
the sampling resolution of the available pollen records, averaging 121 years. Given the
constraints imposed by data density, the 200-year binning minimized the occurrence of
empty bins and provided a balance between temporal resolution and data availability.

This approach allowed for the recognition of time intervals characterized by prominent
changes in vegetation composition, revealing potential drivers of change across pollen
sequences, also in relation to other palaeoecological and paleoclimatic proxies.

Rarefaction analysis was applied to standardize pollen counts of varying sizes across
samples and estimate the number of pollen types per sample [38]. Using the PAST software
ver. 4.17 [39], we calculated unbiased palynological richness to investigate diversity pat-
terns in standardized pollen counts, including rarefaction of the Shannon H diversity index
to assess dissimilarities between pollen samples, and Pielou’s | metric to compare evenness
among samples [39-41].

We applied a spectral analysis to AP percentages to assess periodicities in forest cover
changes and to explore the possible influence of solar irradiance on forest cover dynamics.
For this purpose, we performed REDFIT analysis using the PAST software ver. 4.17 [42],
selecting only pollen records with at least one chronological constraint every thousand
years and a time resolution per sample not exceeding 150 years, on average. These criteria
minimize the methodological uncertainty highlighted by Vachula and Cheung (2023) [43].

AP% time series were fitted to an Auto-Regressive AR(1) red noise model, and a runs
test (parameters: n50 = 1 segment, rectangular windows; Nsim = 1000 Monte Carlo) was
applied to assess the appropriateness of the AR(1) model to characterize the record (5%
significance level) [39,42]. Time series with runs outside the significance level were excluded
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(see Section 3.5 for further details). In order to examine if any non-AR(1) components could
be identified in the accepted time series, we set the REDFIT by selecting the Welch spectral
window. We scaled the theoretical red-noise spectrum by an appropriate percentile of
the x2-probability distribution to obtain a critical false-alarm threshold. Spectral peaks
exceeding the critical false-alarm level were considered significant and discussed.

The REDFIT analysis was also applied to the proportion of peak points in RoC es-
timates to explore possible periodicities in the occurrence of Rapid Vegetation Changes
(RVCs). In addition, Continuous Wavelet Transform analysis was performed on the propor-
tion of peaks points to identify spectral signatures that consider discontinuities and change
in frequency and magnitude through time, enabling the detection of transient periodic
signals in the data. The Morlet Wavelet was chosen as mother wavelet.

3. Results

The direct comparison of multiple pollen records highlights major differences in
the main vegetational traits across the large islands of the Mediterranean [39], revealing
unique patterns of plant composition and distribution in relation to geomorphological,
environmental, and bioclimatic factors. The distinctive long-term forest dynamics for each
island and their ecological legacies are summarized as follows.

3.1. Sicily

The comparative analysis of palaeoecological data reveals a highly dynamic vegetation
history, with recurrent vegetation shifts and dramatic changes in forest cover throughout
the Holocene. From a regional perspective, the best-dated pollen sequences highlight a clear
biogeographical divide between the northern and southern sectors of the island (Figure 2),
reflecting physiographic and climatic patterns. The northern sector is characterized by
mesophilous vegetation, belonging to the supra- and mesomediterranean bioclimatic belt.
In contrast, southern Sicily is dominated by evergreen vegetation typical of the thermo-
mediterranean bioclimatic belt [44]. Pollen records are grouped and discussed in the light
of this bioclimatic divide for a more accurate understanding of vegetation dynamics across
the island.

In the northeastern sector of the island, the pollen records of Urio Quattrocchi and
Urgo Pietra Giordano [23,45] depict a vegetational landscape dominated by Fagus sylvatica
and deciduous Quercus, providing valuable insights into past forest dynamics of the south-
ernmost beech populations of Europe. In these records, real forest conditions occurred only
during the Early and Mid-Holocene. A general reduction in tree cover was found during
the Late Holocene, with alternating phases of semi-open deciduous forest, with Fagus, and
open environments (Figures 2 and S1). In addition to this general pattern, recurrent fluctua-
tions in AP% reflect shifts between forested and open conditions throughout the Holocene.
The record of Urio Quattrocchi, extending back to the Early Holocene, shows three drops
in forest cover between 11 and 7 ka cal BP, corresponding to increases in RoC estimates and
aligning with Bond events 7, 6, 5b, and 5a (Figure 3). After 7 ka cal BP, a temporary abrupt
drop in AP% mainly affects deciduous vegetation. This dramatic collapse of forest cover is
mirrored by a sudden increase in RoC, corresponding to a negative peak in both pollen
diversity and equitability. The pollen record from Urgo Pietra Giordano, located ca. 20 km
apart, shows a concurrent small decrease in AP%, pollen diversity and equitability. After
this temporary event, forest rapidly recovered in both records. From approximately 6 to
5 ka cal BP a moderate decline in forest cover is observed at Urio Quattrocchi along with
slightly rising RoC values. This fluctuation matches a significant peak in RoC estimates at
Urgo Pietra Giordano corresponding to Bond event 4. A major drop in arboreal vegetation
occurred in both records between 5 and 3.5 ka cal BP, with decreasing pollen diversity
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and increasing RoC scores in concomitance with Bond event 3. After this phase of forest
opening, a positive trend in AP% is detected at both sites until approximately 3 ka cal BP.
This reafforestation phase, coinciding with Bond event 2b, is followed by a sudden and
synchronous fall in tree cover, with increasing RoC scores and decreasing pollen diversity
during Bond event 2a. The last two millennia are characterized by a gradual decline in
AP% and an opposite trend for the Shannon-Wiener and Pilou indexes, encompassing the
Bond events 1 and 0.

In the northwestern sector of Sicily, the sites of Gorgo Lungo and Gorgo Tondo show
Late Holocene vegetation dynamics marked by repeated and abrupt shifts between sparse
forests, dominated by deciduous woodlands, and substantially open landscapes [23]. These
fluctuations closely reflect the overall vegetation pattern observed in the northeastern sector,
except for the interval 54 ka cal BP, where only a limited number of samples (n = 2) are
available from Gorgo Tondo, preventing a detailed vegetation reconstruction. A temporary
decrease in forest cover is observed in both records around 3 ka cal BP in concomitance
with the Bond event 2a, though this decline was less pronounced at Gorgo Lungo. Forest
recovered to ca. 1.2 ka cal BP. During the last millennium, tree cover markedly dropped
with significant changes in RoC estimates during Bond events 1 and 0.

In the southwestern sector, the coastal sites of Gorgo Basso and Lago Preola offer
detailed reconstructions of a long history of sclerophyllous Mediterranean vegetation.
These records converge in depicting xeric herbaceous and shrubby communities during
the Early Holocene, with very low AP% corresponding to Bond event 7. A sudden spread
of Pistacia after 10 ka cal BP, probably driven by increasing moisture in the region [46,47],
corresponds to significant peaks in RoC scores at both sites. Then, a negative trend in AP%
encompassed the succeeding two millennia, with an open vegetational landscape during
Bond events 5a and 5b. Forested conditions were reached only after ca. 7 ka cal BP, with
significant peaks in RoC estimates corresponding to a marked increase in evergreen Quercus
and Olea. This forested phase, lasting until ca. 1.2 ka cal BP, is characterized by opposite
fluctuations of evergreen Quercus and Pistacia, balancing the overall land cover through
time (Figures 2 and S1). This repeated turnover is also highlighted by fluctuating RoC
scores and pollen diversity over time, being consistent with Bond events 4, 3, 2a (Figure 3).
Bond events 1 and 0 intercept a remarkable opening of the vegetational landscape.

The vegetation dynamics in the southeastern tip of the island generally match the
overall pattern observed for the western coastal sites, although the vegetational land-
scape appears considerably more open, in relation to enhanced semi-arid climatic condi-
tions [44,48]. A rapid increase in forest cover at Biviere di Gela [49] around 7 ka cal BP
is consistent with afforestation trends at Gorgo Basso and Lago Preola. However, fully
forested conditions persisted for a relatively short period (ca. 5.7-4.6 ka cal BP). Similar to
SW Sicily, compositional turnovers between evergreen Quercus- and Pistacia-dominated
communities drove periodic transitions from oak woodlands to xerophilous shrublands or
even semi-arid open landscapes. During the Late Holocene, a general decrease in AP% is
marked by repeated drops in tree cover coinciding with Bond events 3, 2a, 1, and 0. The
marine pollen record ND2 supports the regional existence of extensive xeric grasslands
and Mediterranean steppes, with scattered forest stands oscillating through time [50,51].
During the last few centuries, a positive trend in RoC scores marks the anthropogenic
increase in Pinus at both Biviere di Gela and ND2.
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Figure 2. Scheme of the main vegetation types across the major western Mediterranean islands.
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Figure 3. Synthetic pollen diagrams, rate of change (RoC) estimates, and diversity indexes in Sicily.

The pollen diagrams represent cumulative percentages of cultivated trees and cereals (orange), Olea

(pale green), Mediterranean forest (dark green), mesophilous forest (pale brown), other AP (grey),

and the smoothed AP profile (dashed blue line). RoC sequences include error estimates (grey area),

trends (blue line), and peak points (green dots). Shannon pollen diversity (light blue lines) and

equitability (red lines) are shown both with their raw values and smoothed curves for each pollen

record. The smoothing factor (S) is indicated for each curve. Numbered tiles show the timing of Bond

events [15].
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3.2. Sardinia

A peculiar vegetational feature for Sardinia is the persistence of extensive Erica wood-
lands, driving the ecological trajectory of the island throughout the Holocene. Although
little is known about the Pleistocene and postglacial dynamics of Sardinian vegetation, the
earliest evidence for the emergence of this distinctive vegetational trait can be traced back
to at least the Early Holocene.

At the Early-to-Middle Holocene transition, pollen records converge in depicting
a vegetation characterized by exceptionally high values of Erica, even exceeding 85%
(Figures 2 and S1). Between 8 and 7 ka cal BP, a dramatic decline in Erica is first recorded
at Lake Baratz, followed by Stagno di Chia [52]. This abrupt event is characterized by
remarkably high RoC scores, accompanied by a sudden increase in pollen diversity and
greater evenness in plant communities (Figure 4).

In the western sector of the island, the pollen record of Stagno di Sa Curcurica shows
a smoother decline in Erica.

After 7 ka cal BP, Erica experienced a gradual and general decrease while remaining a
major component of the vegetation (Figure S1), limiting the expansion of evergreen oak
forests. This vegetation dynamics, fostering the persistence of resilient and fire-adapted
scrubland communities over millennia, has been interpreted as an ecological response of
Mediterranean vegetation to increased summer droughts and intensified fire regimes, in
relation to enhanced seasonality during the Middle Holocene [52-56].

Between 6 and 5 ka cal BP, fluctuating percentages of Erica and Pistacia, along with
low values of Quercus, provide a heterogenous vegetational signal across the different
sectors of the island during Bond event 4. Around 5 ka cal BP, the fire-adapted scrubland
communities in the eastern and western sectors of Sardinia lost ground, paving the way to
Quercus ilex forests (Figure S1). In the south, this process appears less pronounced, with
holm oaks remaining subordinate to Erica, and accompanied by Pistacia.

A direct comparison of the pollen records from Baratz and Stagno di Chia reveals
that the northern and southern sectors of the island had overall opposite trends in tree
cover. At Baratz, a significant increase in RoC estimates is detected from 4.2 to 3.8 ka cal BP,
corresponding to the maximum AP% values of the sequence. At the same time, at Stagno
di Chia a phase of tree cover decline is recorded. High RoC scores are observed at both
sites between 3.4 and 2.7 ka cal BP, encompassing the time of Bond Events 2a and 2b. This
phase coincides with a decrease in tree cover at Baratz and an increase at Stagno di Chia.
No significant changes are found at Mistras and Sa Curcurica, located at the western and
eastern coasts of Sardinia, respectively.

During the last 2000 years, the palaeoecological record shows diverging trajectories in
the studied pollen sites, with a progressive reduction in trees at Baratz and Stagno di Chia,
with the last being more open, while Sa Curcurica remains forested (Figure 4).
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Figure 4. Synthetic pollen diagrams, rate of change (RoC) estimates, and diversity indexes in Sardinia.
The pollen diagrams represent cumulative percentages of cultivated trees and cereals (orange), Olea
(pale green), Mediterranean forest (dark green), mesophilous forest (pale brown), other AP (grey),
and the smoothed AP profile (dashed blue line). RoC sequences include error estimates (grey area),
trends (blue line), and peak points (green dots). Shannon pollen diversity (light blue lines) and
equitability (red lines) are shown both with their raw values and smoothed curves for each pollen
record. The smoothing factor (S) is indicated for each curve. Numbered tiles show the timing of Bond
events [15].



Forests 2025, 16, 808

11 of 27

3.3. Corsica

Corsica stands out as one of the richest Mediterranean islands in terms of palaeoeco-
logical records, especially during the Late and Mid-Holocene. At the onset of the Holocene,
the pollen records of Lac de Creno and Bastani reveal a steppe phase in the mountain
sector of the island, dominated by Artemisia, Pinus nigra subsp. laricio, and Alnus alnobetula
(Figure 2). This floristic configuration reflects the palaeoecological legacy of the Younger
Dryas, which determined cold and arid climatic conditions at the highest elevations of the
island. During the Early Holocene, a general increase in tree cover is observed in the hinter-
land, which appears substantially unresponsive to Bond events 8, 7, and 6 (Figure 5). At ca.
8 ka cal BP, a sudden increase in Erica arborea marks a vegetational breakpoint confirmed
by significant peaks in RoC values at Bastani (Figures 5 and S1). A concurrent, though
less pronounced, increase in tree heath is recorded at Lac de Creno. The timing and extent
of this expansion of Erica corresponds to the spread observed in Sardinia, highlighting a
synchronous vegetation change at a supra-regional scale, possibly reflecting increasing
temperature and humidity, as also suggested by the occurrence of Taxus at Lac Creno 2
and the co-occurrence of Ulmus and Corylus at Bastani Lake (Figure S1). After this pulse,
there is a decline in the percentage of heath, that has remained stable at low values up to
the present.

Additional pollen records are available for the Mid-Holocene, providing evidence for
vegetation features in the coastal sector [20,25,27,28,57,58]. They are characterized by the
pervasive presence of Erica woodlands, which persisted even during the development of
evergreen oak forest. In coastal areas, Erica and Quercus often display opposite behaviors,
showing a dynamic balance similar to that of Sardinia. This common pattern may reflect
either competition between the two species [20] or a response to sustained fire regimes,
enhanced seasonality, and unstable climatic conditions, promoting the persistence of Erica-
dominated tall shrublands [59].

During the Mid-Holocene, counterbalancing oscillations in Erica and Quercus pollen
resulted in relatively stable AP% at Saleccia, Saint Florent, and Crovani. In contrast, the
record of Le Fango highlights two temporary openings of the forest. The first, mostly due
to a decline in Pinus, was centered at 6.5 ka cal BP. The second occurred around 4.5 ka cal
BP and was associated with increasing RoC scores and pollen diversity. These oscillations
align with Bond events 4 and 3 (Figure 5).

During the Late Holocene, Pinus was the main component of mountain vegetation,
while deciduous elements, namely Quercus, Fagus, and Betula, occupied lower altitudinal
belts of the hinterland. The coastal sector exhibits complex dynamics, with repeated
openings in tree cover, suggesting unstable environmental conditions across multiple sites
(Figure 2). Significant peaks in RoC values are observed at the Mid-to-Late Holocene
transition at Le Fango, corresponding to decreasing pollen diversity and equitability, as
well as to a rapid increase in AP%, mainly Erica, Alnus, and Pinus (Figure S1). In contrast, a
decrease in AP% is recorded at Saint Florent, along with a peak in RoC scores coinciding
with Bond event 3. This shift reflects the local expansion of salt-tolerant vegetation, mainly
Amaranthaceae, due to the local development of a lagoon system [25]. However, a similar
rise in Amaranthaceae is also observed in other pollen records from Corsica, which suggests
increasing aridity at a regional scale [20,25,60].

Another phase of vegetation change is observed around 3 ka cal BP, coinciding with
Bond events 2a and 2b. However, diverse directions of changes are recorded throughout
Corsica, possibly in relation to human activity and the heterogeneity of physiography,
producing distinct microclimates. Diverse patterns of vegetation changes are also observed
during the last 2000 years, showing significant shifts in RoC scores and in pollen diversity
indexes (Figure 5), intercepting Bond events 1 and 0.
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(pale green), Mediterranean forest (dark green), mesophilous forest (pale brown), other AP (grey),
trends (blue line), and peak points (green dots). Shannon pollen diversity (light blue lines) and

equitability (red lines) are shown both with their raw values and smoothed curves for each pollen
record. The smoothing factor (S) is indicated for each curve. Numbered tiles show the timing of Bond

and the smoothed AP profile (dashed blue line). RoC sequences include error estimates (grey area),
events [15].

Figure 5. Synthetic pollen diagrams, rate of change (RoC) estimates, and diversity indexes in Corsica.
The pollen diagrams represent cumulative percentages of cultivated trees and cereals (orange), Olea
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3.4. Balearic Islands

Pollen records from the Balearic Islands indicate a moderately forested vegetational
landscape throughout the Mid- and Late Holocene [24,29]. Recurrent oscillations in the
tree cover punctuated the vegetation history of the islands, resulting in alternating phases
of xerophilous grasslands and evergreen semi-open woodlands. Since ca. 4 ka cal BP,
the formation of mosaic landscapes was connected to human activities and drier climate
conditions [61].

A distinctive trait in the vegetation composition of the archipelago is represented
by pronounced pollen percentages of Buxus during the Early and Mid-Holocene, likely
corresponding to the endemic species Buxus balearica. Currently, the distribution of this
species includes the Balearic Islands, southern Spain, Morocco, Algeria, Turkey, and a single
population located in southwestern Sardinia [62]. In the Balearic archipelago, scattered
populations of Balearic boxwood occupy the calcareous slopes of Majorca and Cabrera,
while it is considered extirpated from Minorca and Ibiza [63].

The restricted and fragmented distribution of this circum-Mediterranean relict, as
well as the limited size of its populations across the Mediterranean Basin, suggest range
contractions and progressive regional extirpation. At the genus level, the post-glacial
dynamics of Buxus shows a trend towards gradual disappearance from regions of Southern
Europe [62].

Pollen records from Minorca, where Buxus is no longer present, reveal a clear phase of
boxwood expansion documented in three out of the four available records, encompassing
the Early and Mid-Holocene [22,24]. Buxus percentages averaged around 20% at the Es
Grau and Algendar sites and exceeded 50% in the Calan’ Porter record (Figure S1). In
Majorca, a coeval Buxus expansion is found in the POL12 pollen record from the Albufera
Natural Park, though with lower frequencies [64].

At Algendar, the Buxus-dominated vegetation underwent a two-step reduction with
sharp declines at 8 and 7 ka cal BP, respectively. This depletion corresponds to a significant
peak in RoC estimates, indicating a rapid compositional shift around 7 ka cal BP, accompa-
nied by a negative trend in overall pollen diversity and evenness (Figure 6). Between 6 and
5 ka cal BP, an abrupt vegetational shift is recorded across the Gymnesian islands (Majorca
and Minorca), characterized by a sudden decrease in both boxwood and juniper and a
concomitant increase in Olea and Ericaceae. Significant peaks in RoC estimates, observed at
Calan’ Porter, Albufera Alctadia (POL12), and Es Grau, along with relatively stable values
of pollen diversity and evenness, indicate a major vegetational turning point that led to
the establishment of a new maquis-type landscape, which persisted throughout the Late
Holocene (Figures 6 and S1). The archaeological evidence for pre-Chalcolithic visits to
the Balearics is minimal, yet human-driven landscape transformation may have occurred
before the islands were permanently settled [29,65]. This long history of human activity
may have concurred to the contraction of Buxus population. All the same, a notable drop
in AP% (Figure 6) aligns with the 5.2 ka event [24], indicating a temporary but significant
decrease in tree cover during Bond event 4.

Between 5 and 4 ka cal BP, a general forest recovery encompasses the time span of
Bond event 3, corresponding to significant peaks in RoC estimates at Algendar and Es
Grau, alongside temporary slight increases in pollen diversity and evenness.

In the interval 4-2 ka cal BP, RoC analysis reveals no significant change. Stable values
are observed for pollen diversity and evenness. During this period, a minor oscillation in
AP% can be detected at the time of Bond event 2b, especially at POL12 and Es Grau.
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Figure 6. Synthetic pollen diagrams, rate of change (RoC) estimates, and diversity indexes in the
Balearic Islands. The pollen diagrams represent cumulative percentages of cultivated trees and cereals
(orange), Olea (pale green), Mediterranean forest (dark green), mesophilous forest (pale brown), other
AP (grey), and the smoothed AP profile (dashed blue line). RoC sequences include error estimates
(grey area), trends (blue line), and peak points (green dots). Shannon pollen diversity (light blue
lines) and equitability (red lines) are shown both with their raw values and smoothed curves for each
pollen record. The smoothing factor (S) is indicated for each curve. Numbered tiles show the timing
of Bond events [15].
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During the last two millennia, slightly diachronic oscillations in AP% are observed
across the available pollen records from Minorca and Majorca. At Algendar, a rapid change
in pollen composition is accompanied by a negative trend in pollen diversity between 1.7
and 0.8 ka cal BP, with a marked reduction in AP% corresponding to Bond event 1. At
Es Grau, a negative peak in AP% aligns with a minimum in pollen diversity at around
1.0 ka cal BP. In the last millennium, forest recovered, showing a significant compositional
change around 0.5 ka cal BP. A similar vegetation trend is found in Majorca, where the
POL12 sequence records a drop in AP% around 1.0 ka cal BP, followed by a positive trend
of tree cover during the last millennium.

3.5. REDFIT Analysis of the AP Time Series

A runs test was carried out on the AP time series of Baratz, Bastani, Biviere di Gela,
Calan’ Porter, Crovani, Es Grau, Fangu, Gorgo Basso, Gorgo Tondo, ND2, POL-12, Sa Cur-
curica, Saint Florent, Stagno di Chia, Urgo Pietra Giordano, and Urio Quattrocchi, whose
pollen records meet the selection criteria discussed in Material and Methods. The runs tests
indicate that the AR(1) models are appropriate to characterize 11 out of 16 records. Among
them, significant periodicities were detected in the following time series: POL12 (runs = 24;
5% acceptance interval = 23-29), Crovani (runs = 16; 5% acceptance interval = 10-16),
Biviere di Gela (runs = 24; 5% acceptance interval = 18-33), and Gorgo Basso (runs = 15; 5%
acceptance interval = 15-23) (Figure 7).
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Figure 7. REDFIT analysis of the Crovani, Biviere di Gela, POL12, and Gorgo Basso records. The
periodicity (years) is reported for each significant spectral peak.

In the POL12 pollen record, one spectral peak at ~140 years (frequency 0.0071092)
exceeds the critical false-alarm level of 99.17%. In the pollen record from Crovani, a
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spectral peak at ~230 years (frequency 0.004368) exceeds the critical false-alarm level of
98.39%. At Biviere di Gela, three spectral peaks exceeded the critical false alarm level of
99% at ~420 years (frequency 0.0023461), ~250 years (frequency 0.0039653), and ~150 years
(frequency 0.0064436). In the pollen record from Gorgo Basso, two spectral peaks of
~740 years (frequency 0.001355) and ~270 years (frequency 0.0036124) exceed the critical
false alarm level of 98.85%. The significant periodicities detected have a time interval that
is at least twice the average time resolution of the corresponding time series.

4. Discussion
4.1. Rate of Change Analysis and Rapid Climate Changes (RCCs)

The Holocene vegetation history of the major Mediterranean islands reveals an ex-
tremely complex scenario, marked by significant variability in insular vegetation dynamics
at both regional and supra-regional scales. Remarkable challenges arise from low dating
density, intrinsic dating error, heterogenous and/or sparse sampling resolution, and un-
even spatial distribution of pollen records. In such historically dynamic regions, the rise,
demise, trade, and shifts of ancient civilizations make it hard to discern between the relative
impact of human activities and climatic factors.

Despite these sources of uncertainty, accurate vegetation reconstructions from multiple
sites allow tracing the main ecological trajectories in western Mediterranean islands and
identifying drivers of change including human activity and climate variability [23-25,66,67].
The indisputable role of human impact in causing major landscape transformations has
been extensively explored, especially in the Middle and Late Holocene [45,49,53,59,68,69],
while the role of centennial-scale climate fluctuations remains largely underexplored. In
this regard, Burjachs et al. (2017) [24] made a pioneering investigation to assess the role of
RCCs in determining abrupt vegetation shifts in the Balearic Islands, and highlighted the
correspondence of minima in mesic forests with Bond events. In Sicily, the marine pollen
record ND2 revealed regional short-term declines in forest cover that are consistent with
Bond events during the last 3000 years [51]. Furthermore, the marine record from the Gulf
of Gaeta in central Italy [17,70] shows a clear correspondence of vegetation shifts with the
quasi-periodic signal of Bond events. Beyond these tentative efforts, vegetation changes
documented in pollen records from Corsica, Sardinia, Sicily, and the Balearic Islands have
not been properly examined in terms of recurrent climatic events.

The RoC analysis provides evidence for statistically significant Rapid Vegetation
Changes (RVCs), punctuating the environmental history of large Mediterranean islands
(Figure 8). Peaks in RoC estimates offer valuable insights into the timing and rates of
vegetation changes, capturing abrupt shifts in species composition that may not be evident
in overall forest cover, as highlighted by AP%.

From an overall perspective, RVCs are not evenly distributed through time. The
temporal distribution of significant peaks in RoC estimates reveals an increasing frequency
from the Early Holocene to the present. This pattern likely results from a combination of
factors, including the increasing human impact on forest ecosystems, a greater availability
of pollen data in the Middle and Late Holocene compared to the Early Holocene (orange
line in Figure 8a), and enhanced sensitivity of forests to intensifying climatic dryness and
seasonality variability during this period [71-73].

Starting from the Middle Holocene, when an appreciable number of sites fulfill the
selection criteria, the pattern in the proportion of peak points reveals a noticeable corre-
spondence between periods of high frequency of RVCs (red and green lines in Figure 8b)
and peaks in the geochemical signature of Ice Rafted Debris (IRD) corresponding to Bond
events (blue line in Figure 8b). The proportion of peak points associated with decreasing
forest cover (red line in Figure 8b) aligns with IRD maxima of Bond events 4, 3, 2a, 1, and
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0. The profile of peak points related to no substantial changes in tree cover (dashed line
in Figure 8b) shows a similar pattern, with the exception of the interval 8.5-7 ka cal BP,
where a cluster of peaks corresponds with Bond event 5. The peak points coinciding with
increasing tree cover (green line in Figure 8b) show an overall opposite trend.
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Figure 8. Temporal distribution of statistically significant peaks in RoC scores. (a) Dots indicate RoC
scores for the Balearic Islands (red), Corsica (green), Sardinia (blue), and Sicily (purple). The orange
line shows the number of sites represented in 200-yr time bins. (b) Proportion of significant peaks in
RoC scores (200-yr time bins) during forest decreases (red line), increases (green line), and stability
(dashed line). The blue line shows the IRD variability through time [15].

Individual sites exhibit varied responses, with prominent compositional shifts during
some Bond events while remaining stable during others. The response of insular Mediter-
ranean forests to these climatic events may have been more nuanced than a uniform and
coherent trajectory, reflecting varying degrees of resilience, adaptation, local ecological
processes, and site-specific vegetation dynamics. Rather than triggering synchronous and
widespread forest cover changes, these climatic fluctuations appear to have influenced the
pace of compositional changes. This applies particularly to Corsica and Sardinia, where
dynamic and compensatory equilibria between Erica-dominated shrublands and evergreen
oak forests resulted in a relative stability of AP% through time (Figure S1). This long-term
opposite behavior finds a modern parallel in Sardinia, where the ongoing aridification led
to the retreat of evergreen holm oak forest, fostering the expansion of Erica-dominated
shrublands [74]. The concurrent drought-triggered dieback of evergreen forests and the
expansion of bushy heath vegetation during the last century may represent a good analogue
for past RCVs, suggesting increasing aridity during Bond events.

In Sicily, a more direct correspondence was found between Bond events and the
decline in forest cover (Figure S1), reflecting a higher sensitivity of forest ecosystems
to centennial climatic conditions and consequently greater environmental vulnerability
compared to Corsica and Sardinia. This vulnerability may largely depend on a greater
exposure of Sicily to the northward migration of high-pressure cells from North Africa
with respect to other western Mediterranean islands, as highlighted by synoptic studies
on past climate events [75-78]. The indisputable role of a long-term human occupation,
documented by archaeological sites and pollen records, may have exacerbated tree cover
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oscillations throughout the Holocene. However, the peaks in RoC estimates detected during
the Early Holocene, and coinciding with the arrival of the first Neolithic communities to
Sicily, correspond to a significant forest increase that cannot be ascribed to the human
spread of cultivated trees (Figure 3). Human activity was more likely a factor contributing
to tree cover and compositional changes in later periods, particularly during the Middle
and, especially, the Late Holocene, when a better correspondence between RoC estimates,
tree cover decrease, and cereals occurrences can be observed.

In the Balearic Islands, RVCs concentrate substantially around Bond events 4 and
3, intercepting substantial vegetational reorganization linked to the decline of Buxus and
Juniperus and the setting of mediterranean forest dominated by Erica and Olea. These
changes may have been amplified and accelerated by human activities during the 6th
millennium cal BP, when first sporadic occupations could have occurred, even before the
definitive human settlement in the 5th millennium BP.

Considering all the islands together, a consistent temporal pattern is evident. Without
implying any climatic determinism, the temporal alignment of RVCs with Bond events
suggests that shifts in hydroclimatic conditions significantly contributed to rapid transfor-
mations in the structure and composition of insular forest ecosystems, acting in conjunction
with human impact.

Further insights into the influence of climate events on insular forests composition
emerge from the REDFIT analysis, which reveals a significant millennial-scale periodicity
of 1344 years (Figure 9), aligning with the cyclicity of ~1374 £ 502 years observed in IRD
concentrations for the Holocene [79]. This result is also supported by Continuous Wavelet
Transform analysis, highlighting a consistent periodic signal in the proportion of RoC
peaks (Figure 9). The detection of this cyclicity strengthens the hypothesis that long-term
climatic rhythms played a key role in shaping ecological resilience and forest composition,
providing further context for understanding the climatic forces driving forest cover changes
in large western Mediterranean islands.

4.2. Fundamental Tempo of Forest Cover Variability

The REDFIT test applied to the AP time series for the identification of the fundamental
tempo in forest cover changes reveals statistically significant periodicities that are described
as follows.

The periodicity of ~740 years found at Gorgo Basso has never been investigated
before in the Mediterranean Basin. Evidence of this periodicity was found in flood
records of the Southern Alps influenced by North Atlantic Oscillation variability [80].
In the marine domain, periodicities of ~740-750 years were recently detected by
Le Houedec et al. (2024) [81] in Planktonic foraminiferal 5'80 signals from both western
and eastern Mediterranean records, as well as from a central Mediterranean record, 80 km
apart from Gorgo Basso in the Sicily Strait [82]. Periodicities of 800-700 years, particularly
well expressed in North Atlantic marine records, were attributed to the pacing activity of At-
lantic Meridional Overturning Circulation (AMOC) on oceanic circulation [83]. According
to Dima and Lohmann (2009) [84], these periodicities, as well as those of ~1400-1500 years
underlying the cold Bond climate events [79], may derive from a rectification of an external
solar forcing possibly operated by the Termohaline Circulation (THC), which may explain
their recurrence in palaeoclimate and palaeoceanographic records at the global scale [85,86].
In particular, the variability of the AMOC component of the THC is documented to play an
influence on climate processes of the Mediterranean [87-89]. The periodicity of ~740 years
found at Gorgo Basso supports climate teleconnections between North Atlantic and Sicily
highlighted by previous investigations [17,51].
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Figure 9. (a) REDFIT spectral analysis of the proportion of peak points through time. The 95%
confidence levels of the critical level of x2 are reported on the graph with a green line and a red line.
(b) Wavelet transform of peaks proportion. The white shaded area indicates the cone of influence.
Signal power is shown with a red-blue gradient. The black contour indicated the significance level
corresponding to p = 0.05. The dashed black line corresponds to the period identified by REDFIT
analysis and the white dashed line is the periodicity of Bond events for the Holocene [79]. (c) Total
proportion of RoC peak points within 200-yr time bins.

The ~420-year cycle found at Biviere di Gela was detected in direct proxies of solar
activity. This periodicity may relate to the oscillatory mode of the Sun’s convective zone,
and was identified in #C time series [90]. According to Damon and Jirikowic (1992) [91], it
may represent a harmonic overtone of the Hallstatt cycle (2100-2500 years). The ~420 cycle
was identified in several palaeoenvironmental records connected to hydroclimatic changes,
especially in North America [92], but in Mediterranean countries it was rarely recorded.
For example, a cycle of 430 years was detected by Sabatier et al. (2020) [93] in the records
of total solar irradiance, although the authors attribute a low climatic significance to this
cycle. A similar periodicity was found in §!3C records of speleothems from Northern Iberia,
where it was interpreted as the result of climate forcing mechanisms related to changes in
solar irradiance and North Atlantic circulation patterns [94].

The ~270-year periodicity found at Biviere di Gela is in line with the ~270-year cycle
found by Degeai et al. (2015) [95] in a storminess record of the northwestern Mediterranean
from a sedimentary sequence of the Gulf of Lion. Degeai et al. (2015) [95] argue that this
cycle appears coherent with the total solar irradiance record. This indicates that the Late
Holocene multi-centennial variability of cyclogenesis in the western Mediterranean was
steered by an external solar-driven climate forcing. Although the origin of the ~270-year
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periodicity is still unclear, the influence of the El Nino Southern Oscillation (ENSO) as
causation of this cycle cannot be ruled out. A similar peak of frequency was also detected
by Azuara et al. (2020) [96] in the coherency analyses of the ENSO variability with both the
Gulf of Lion Sea Surface Temperature and TERR-Alkanes. Although the authors interpret
this specific centennial peak as spurious, they support a clear influence of the ENSO climate
variability over the Mediterranean. Outside the Mediterranean, a 270-yr periodicity was
detected by Gao et al. (2023) [97] in paleoenvironmental records of Northern China and was
attributed to the influence of ENSO in regulating the intensity of the East Atlantic Summer
Monsoon. Regardless of the periodicity of 270 years, Piervitali and Colacino (2001) [98]
revealed a correspondence between phases with a higher (lower) number of drought events
in Sicily and phases with a lower (higher) number of ENSO events.

The 250-year periodicity found at Biviere di Gela was identified in direct prox-
ies of solar activity [99,100]. This peak of frequency is consistent with periodicities of
~250-260 years recorded in various palaeoclimatic proxies of hydrological changes at the
middle and high latitudes of the Northern Hemisphere [80,101-105], as well as in the
Mediterranean Basin [106,107]. Swindles et al. (2012) [105] suggest that 250-260-year
periodicities may reflect quasi-periodic signals of the Suess solar cycle, since they fall in the
bandwidth of this fundamental solar cyclicity [100], or a combination of the Suess cycle
and the Gleissberg cycle.

The ~230-year cycle found at Crovani was also detected in direct proxies of solar
magnetic activity, such as *C time series and historical observations of sunspots [90,108],
and in palaeoclimate and palaeoenvironmental time series worldwide [109-111]. According
to Ron et al. (2012) [112], this periodicity may reflect the influence of the Suess cycle on
Earth rotation and have major implications for climate systems. In the Mediterranean Basin,
a prominent ~230-yr cycle was found in several abundance records of the placolith species
Florisphaera profunda [113 and references therein]. According to Incarbona et al. (2023) [113],
solar variability is a main climatic forcing for water column and phytoplankton dynamics
during the preindustrial age in the western Mediterranean Sea. The periodicity found by
Incarbona in the Balearic Sea and that found at Crovani may be both tightly connected
to ocean—atmospheric coupling mechanisms influencing the northwestern Mediterranean
climate. In particular, this cycle may reflect the influence of total solar irradiance in
modulating the Gulf of Lion gyre activity and the associated atmospheric circulation that
determines hydroclimatic changes also in the western sectors of Corsica [114-116].

Cyclicities of ~150 and ~140 years, found at POL12 and Biviere di Gela, respectively,
may be linked with direct proxies of solar activity. A ~150-year cyclicity was detected in
a long C time series [90,100] and replicated in palaeoclimate and paleoenvironmental
sequences from the Northern Hemisphere, [80,117-121], especially in temperature records.
Also, the 140-year periodicity may be related to solar activity, being included in the band-
width of the Gleissberg cycle, which has a wide frequency band with a double structure
consisting of 50-80-year and 90-140-year periodicities [100]. Ptitsyna & Demina (2021) [122]
suggest that the 140-year cycle is the result of frequency modulation of the Gleissberg cycle
operated by the Suess cycle. Foraminiferal and sedimentological time series from ma-
rine cores in the northeastern Arabian Sea revealed the 140-year periodicity along with
other solar activity periodicities (~250 and 230 years) mentioned above. These were at-
tributed to the impact of solar insolation on the southwest monsoon trends during the
Holocene [123]. However, the ~140-year and ~150-year cyclicities do not present analogues
in other palaeoclimate and palaeoenvironmental records of the Mediterranean Basin.

Of note, solar cycles found in AP time series of large islands were also detected in
paleoclimate proxies, reflecting centennial scale shifts of the Intertropical Convergence
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Zone (ITCZ) [124], whose variability has major implications in regulating hydrological
changes at low and middle latitudes [18].

5. Conclusions

The comparison of multiple pollen records from large western Mediterranean islands
provides a comprehensive understanding of past forest dynamics, with a focus on the
timing and drivers of Rapid Vegetation Changes:

e  TheRoC analysis proved to be a powerful tool for detecting rapid changes in vegetation
composition that may not be apparent in changes in tree cover. This approach is
effective in identifying past vegetation responses to RCCs in large Mediterranean
islands, especially where compensatory vegetation dynamics between oak woodlands
and shrublands/heathlands may result in near-stable AP percentages over time.

e The timing of rapid changes in forest composition detected across large Mediter-
ranean islands is consistent with centennial-scale hydroclimatic oscillations linked
to Bond events. This correspondence highlights a teleconnection between the
North Atlantic climate system and western Mediterranean forest ecosystems, sug-
gesting that shifts in ocean-atmosphere mechanisms may have influenced regional
hydroclimatic conditions.

e  The response of insular Mediterranean ecosystems to these climate events could have
been more complex, with varying degrees of resilience and adaptation depending on
local factors and ecosystem characteristics.

e  The spectral analysis carried out on RoC and AP time series revealed periodicities
that have already been identified in paleoclimate and palaeoenvironmental records
worldwide. Most of them (140-150, 230-250, and 420 years) are related to the influence
of solar activity, possibly in relation to its effect on latitudinal shifts of ITCZ and
the consequent reorganization of climate patterns. Other periodicities (270, 740, and
1350 years) may derive from fundamental modes of solar activity through a rectifi-
cation operated by complex oceanic—atmospheric circulation mechanisms possibly
involving AMOC, ENSO, and NAO, whose influence in climate variability of the
Mediterranean regions is well known.

In conclusion, climate influence on Holocene vegetation dynamics in the Mediter-
ranean realm constitutes a pressing research target in the light of current ecosystems
vulnerability. Understanding the rate of change and resilience of forest ecosystems to
abrupt changes in hydroclimatic conditions is crucial for developing nature conservation
plans and promoting adaptation strategies specifically tailored to island ecosystems [125].
However, the impact of RCCs on Mediterranean insular vegetation is still an underexplored
topic and further research on the spatiotemporal expression of centennial-scale climatic
oscillations is still needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f16050808 /s1, Figure S1: Synthetic pollen percentage diagrams
of the 25 selected sites from large western Mediterranean islands. Red lines and green circles indicate
peaks in RoCs estimates. Mediterranean forest in green, mesophilous forest in brown, herbs in yellow,
cultivated trees and cereals in orange. Additional magnification of low-value curves is indicated in
the labels (x5); Table S1:Pollen records from large Mediterranean islands; Table S2: Selected pollen
records; Table S3: Plant taxa and relative Neotoma categories used in main ecological groups.
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