Palaeogeography, Palaeoclimatology, Palaeoecology 699 (2026) 113992

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

journal homepage: www.elsevier.com/locate/palaeo

A 10,000-year record of environmental change and human forcing in the Po

Delta (northern Italy)

S. Catena?, V. Rossi™ , M. Cacciari”, A. Vecchi?, M. Marchesini°, S. Marvelli®, S. Giuliani®,

L. Bellucci®, C. Pellegrini "', A. Amorosi

a,l1

& Department of Biological, Geological and Environmental Sciences, University of Bologna, Via Zamboni 67, 40126 Bologna, Italy
b Laboratorio di Palinologia, C.A.A. “Giorgio Nicoli”, Via Sant'/Agata 835, 40014 Crevalcore, (BO), Italy
¢ Istituto di Scienze Marine (ISMAR-CNR), Via Gobetti 101, 40129 Bologna, Italy

ARTICLE INFO

Editor: Laura Sadori

Keywords:
Palynology
Facies analysis
Climate change
Late Holocene
Little Ice Age

ABSTRACT

Deltaic successions are complex archives of both natural and human-driven landscape changes, which govern the
preservation and temporal resolution of palaeoenvironmental signals in the stratigraphic record. Integrated
sedimentological, meiofaunal, and palynological analyses of a 40 m-long borehole, constrained by a robust
chronological framework based on radiocarbon (14C) and short-lived radionuclide (137Cs, 210Pb) dating, delin-
eate Holocene vegetation changes and environmental evolution in the Po Delta area. High-resolution strati-
graphic analysis, supported by the identification of six pollen zones and ten subzones, highlights the strong
potential of stratigraphically expanded, prograding deltaic successions to preserve records of environmental
change particularly over the last ~2500 yr B.P. These records reflect the combined influence of climatic vari-
ability, anthropogenic activity, and catchment dynamics, providing an integrated view of landscape evolution
across the land-sea continuum. Transgressive, open-bay to inner-shelf deposits document the rapid landward
shift of the shoreline during the Early-Middle Holocene. This interval, associated with depositional hiatuses and
stratigraphic condensation (0.11 cm/yr), records early afforestation, punctuated by short-lived phases of climatic
deterioration, followed by the establishment of persistently warm and humid conditions during the Holocene
Climatic Optimum. The 31-m-thick Late Holocene succession of prodelta, delta-front and delta-plain deposits,
accumulated under increasing Po River influence and high sedimentation rates (up to 8 cm/yr), provides
centennial- to sub-centennial-scale resolution of vegetation-based environmental and climate variability. Pollen
assemblages record the onset and progressive intensification of human impact since the Iron Age. Despite strong
anthropogenic forcing over the last two millennia, climatic signals remain clearly detectable in the pollen record,
which captures short-lived episodes of regional cooling, including the onsets of the Late Antique Little Ice Age
(LALIA) and Little Ice Age (LIA), as well as associated intervals of reduced solar activity.

1. Introduction

progressively intensified during the Holocene, becoming a major driver
of environmental change (Renaud et al., 2013; Anthony et al., 2014),

The Holocene represents a key period for unravelling high-frequency
post-glacial climatic and environmental dynamics (Walker et al., 2012).
Despite being milder than most of the Pleistocene, it was characterized
by numerous short-term variations in temperature and/or humidity (e.
g., Bond et al.,, 1997; Mayewski et al., 2004; Wanner et al., 2011),
accompanied by changes in sea level (Lambeck et al., 2011), fluvial
activity (Stanley and Warne, 1994; Besset et al., 2019), and vegetation
(Allen, 2003; Kaplan et al., 2009; Roberts et al., 2011). Human activity
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particularly in the Mediterranean, where cultural landscapes emerged at
least from the mid-Holocene (Magny et al., 2007; Mercuri et al., 2012;
Sadori et al., 2013; Mercuri and Sadori, 2014). Evidence of human
impact is preserved in various geological archives (Ruddiman, 2003;
Dusar et al., 2011; Berger et al., 2016; Gibling, 2018), especially sedi-
ment cores, enabling multi-proxy reconstructions of landscape evolution
and its driving forces (Birks and Birks, 2006; Last and Smol, 2006;
Pellegrini et al., 2021).
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Fossil pollen represents a valuable proxy for palaeoenvironmental
studies and coastal areas are ideal settings for reconstructing Holocene
landscape dynamics, as they record the interplay of natural processes (e.
g., sea-level fluctuations, river discharge, subsidence) and human ac-
tivities, including land use, agriculture, and hydraulic interventions (Di
Rita et al., 2015, 2022; Ghilardi et al., 2023, 2026; Kaniewski et al.,
2024; Palli et al., 2025; Zhao et al., 2025). In the subaqueous sector of
fluvial-dominated coastal systems, pollen assemblages are mainly
controlled by river transport and reliably represent catchment vegeta-
tion (Brown et al, 2007), as demonstrated in the Rhone prodelta
through comparison with the modern pollen rain (Beaudouin et al.,
2005). Offshore, longshore currents may play a minor but significant
role in shaping pollen assemblages (Mudie and McCarthy, 2006;
Cacciari et al., 2024), depending on the vegetation patterns along the
shoreline. In contrast, the local contribution from airborne pollen is
usually considered negligible because it would be hardly possible to
assess its buoyancy in an open-marine setting subject to riverine and
marine currents. Onshore, within non-marine facies, the contribution of
local vegetation notably represents one of the main contributors to
pollen.

Among coastal systems, deltas represent exceptional stratigraphic
archives, as rapid sediment accumulation enhances chronological reso-
lution and increases the potential to resolve short-term environmental
variability (Syvitski et al., 2009; Pellegrini et al., 2024).

Several Holocene deltaic records have been investigated in the
Mediterranean through a bio-sedimentary approach integrating ana-
lyses of molluscs, meiofauna, and palynomorphs, including those from
the Nile (Bernhardt et al., 2012; Hennekam et al., 2015; Pennington
et al., 2017), Rhone (Bassetti et al., 2016; Fanget et al., 2016), Tiber
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(Milli et al., 2013) and Po (Correggiari et al., 2005a; Amorosi et al.,
2019, 2020; Rossi et al., 2021) deltas, among others. In the Po Delta
(Northern Italy), a pollen-based analysis was applied to a mixed, Holo-
cene marine and continental succession characterized by numerous
stratigraphic discontinuities (Cacciari et al., 2020, 2024).

By focusing on a relatively continuous (40-m-thick) cored strati-
graphic succession from the modern Po della Pila delta lobe, this study
aims to: (i) reconstruct the Holocene vegetation history of the Po Delta
in relation to its palaeoenvironmental evolution, (ii) provide a well-
resolved record of landscape-climate-human interactions over the last
three millennia, taking advantage of stratigraphically expanded pro-
delta successions; and (iii) assess how pollen-derived signals are pre-
served across different depositional environments within a shallow-
marine transgressive-regressive cycle, highlighting the role of facies-
controlled sedimentation rates and temporal resolution.

2. Stratigraphic and environmental setting
2.1. The Po Delta

The Po Delta represents one of the largest and most dynamic deltaic
systems of the Mediterranean (Maselli and Trincardi, 2013; Fig. 1). Its
delta plain stretches along the western Adriatic coasts for about 120 km
(Correggiari et al., 2005a) and occupies a ~ 1550 km? wide, flat area
(Bondesan et al., 1995). The modern multi-lobe delta covers an area of
about 400 km? (Simeoni and Corbau, 2009).

The Po Delta morphology results from the complex interplay be-
tween natural processes and increasing human influence (Maselli and
Trincardi, 2013). Shoreline evolution (Fig. 1) was mainly controlled

Fig. 1. Location of core S1P within the Po Delta plain. The map shows the main distributary channels and the progressive seaward migration of the shoreline
following the Holocene maximum marine ingression, from the Bronze Age to the modern period. Bathymetric contours of the Adriatic shelf are shown for reference.
Palaeoshorelines and the maximum marine ingression are after Correggiari et al. (2005b) and references therein; Western Adriatic Coastal Current (WACC) indication

follows Artegiani et al. (1997).
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by fluvial sediment supply (Nelson, 1970; Correggiari et al., 2005b;
Bever et al., 2009) and secondarily by marine processes, resulting in a
cuspate morphology (Galloway, 1975). The delta is fed by the 673-km-
long Po River, draining a > 70,000 km? catchment (Trincardi et al.,
2020) and delivering large water (mean discharge: 1525 m>/s,
Syvitski and Kettner, 2007) and sediment inputs to the Adriatic Sea
through its five distributary channels (Fig. 1): Po della Pila, the main
branch, accounting for 61% of water discharge and 74% of sediment
load, followed by Gnocca, Tolle, Goro, and Maestra, with a progressively
lower contribution (Nelson, 1970; Correggiari et al., 2005a).

Sediment delivered by the Po River generates a river plume that
interacts with the northern Adriatic circulation, particularly the
southward-flowing Western Adriatic Coastal Current (Vona et al., 2025).
This current transports sediment alongshore for several hundred kilo-
meters, extending beyond the Gargano Peninsula (Orli¢ et al., 1992;
Artegiani et al., 1997; Cattaneo et al., 2003; Pellegrini et al., 2015).
Plume dispersal is further influenced by Bora and Scirocco winds (Orlic
et al., 1994). Marine circulation and wind regimes control sediment
distribution and play a key role in the modern asymmetric progradation
of Po delta lobes (Correggiari et al., 2005b).

2.2. Stratigraphy and Holocene evolution of Po Delta

The shallow subsurface stratigraphy in the Po Delta area consists of a
30 m-thick Holocene transgressive-regressive (T-R) wedge that overlies
Late Pleistocene alluvial deposits. This T-R cycle consists of Early Ho-
locene coastal to shallow-marine deposits overlain by a Middle-Late
Holocene prograding deltaic system (Amorosi et al., 2008). During the
Last Glacial Maximum and following Lateglacial period, the Po Delta
area functioned as a wide alluvial plain. From approximately 10 kyr B.
P., the river system turned into a wave-dominated estuary (Bruno et al.,
2017). Relative sea level stabilized during the Middle Holocene around
7700-7000 yr B.P. (Vacchi et al., 2016), promoting the infilling of the
estuarine system through prograding bay-head deltas (Amorosi et al.,
2017; Bruno et al., 2017). Rapid progradation of a multi-lobe deltaic
system then occurred on the shelf (Correggiari et al., 2005a). Since the
Bronze Age (4250-2900 yr B.P.), the Po River discharge was dispersed
through several distributary channels, forming distinct arcuate, wave-
dominated deltas (Stefani and Vincenzi, 2005). Between the Recent
and\or Final Bronze Age and the Middle Ages (up to 500 yr B.P.), several
distributary branches of the Po River were active (Correggiari et al.,
2005a). The present location of the Po Delta was established after the
Rotta di Ficarolo (1152 CE; Veggiani, 1990), when a major flood trig-
gered an avulsion that shifted the main channel northward to its present
position. Southern distributaries progressively declined, while northern
branches became dominant.

Although a significant human influence on the Po Plain started at the
beginning of the Roman Period (2nd century BCE; Cremaschi et al.,
1980), a strong anthropogenic imprint on the delta system became
evident during the Little Ice Age (ca. 500-100 yr B.P.), when increased
runoff and sediment supply, driven by wetter climate and intense up-
stream deforestation (Veggiani, 1990; Maselli and Trincardi, 2013;
Cacciari et al., 2024), enhanced delta growth. The upbuilding of the
Modern Age delta began after the artificial Porto Viro diversion
(1600-1604 CE), a large-scale hydraulic intervention by the Venetian
Republic aimed at preventing sediment infilling of the Venice Lagoon.
Initially, progradation was mostly directed to the SE through the Goro
and Gnocca branches, later shifting northward with the predominance of
Po di Maestra. During the later stages of the Little Ice Age, multiple
outlets coexisted, with Po di Tolle emerging as the main distributary.
Since the 19th century, Po della Pila has become the dominant branch
(Nelson, 1970; Correggiari et al., 2005a).

2.3. Modern climate and vegetation

The Italian Peninsula is characterized by a sub-Mediterranean
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climatic regime (Blasi and Michetti, 2007; Chelli et al., 2017), with the
central Po Plain belonging to the continental-temperate division (Cf;
Koppen-Geiger classification sensu Koppen, 1936; Kottek et al., 2006;
Peel et al., 2007). The Po Delta area shows strong seasonality, with a
mean annual temperature of 13.5 °C, hot and dry summers (Tpax >
30 °C), cold and humid winters (T < 0 °C), and average precipitation
of ~639 mm/yr (Soldati and Marchetti, 2017; Soboyejo et al., 2021).

The study area lies at the transition between the Central European
and Mediterranean phytogeographic regions (Tomaselli, 1970; Pignatti,
1979). The Po Plain belongs to the Temperate Division (Blasi et al.,
2014) and its Potential Natural Vegetation (PNV; Tiixen, 1956) is
dominated by mesophilous deciduous forests (oaks and hornbeam), with
hygrophilous riparian communities along river courses and black alder
swamps in low-lying portions of the floodplain. Beech forests occur in
the surrounding uplands of Apennine and Alpine regions. At higher el-
evations, coniferous forests dominated by fir, pine, and larch thrive
accompanied by subalpine shrublands.

Across the Po Delta plain, vegetation follows both altitudinal and
longitudinal (inland to coastal) gradients. Today, however, semi-natural
vegetation covers only ~6% of the Po Plain, while the remainder is
cultivated or covered by artificial surfaces (Blasi et al., 2014).

3. Materials and Methods
3.1. Sedimentary facies analysis

Borehole S1P (44°58'14.49”N; 12°29'37.49"E) was drilled about 5
km inland from the Po River mouth, near the main distributary (Po della
Pila). The 40-m-long core was retrieved through a continuous perfo-
rating system. The core was split longitudinally and described for grain
size, colour, sedimentary structures, texture, accessory components,
organic matter (OM) and fossil content.

One hundred and thirty-nine samples were analyzed for the meio-
fauna (benthic foraminifers and ostracods) to reconstruct depositional
environments in terms of water depth, salinity and organic matter.
Sampling density was 3-4 samples/m in muddy intervals; substantially
lower in sand layers, where the meiofauna is absent or transported/
reworked. Samples were processed following the standard procedures
adopted in previous Po Delta studies (Rossi and Vaiani, 2008; Barbieri
et al., 2021), and the >125 pm split fraction of 41 productive samples
was quantitatively analyzed. In the splitted portion, when possible, a
minimum of 300 well-preserved foraminiferal tests and all ostracod
valves were counted. Relative abundances were calculated separately
for benthic foraminifers and ostracods. Species identification and
palaeoenvironmental interpretation were based upon reference works
(Ellis and Messina, 1940, 1952; Bonaduce et al., 1975; Breman, 1975;
Jorissen, 1988; Athersuch et al., 1989; Sgarrella and Moncharmont Zei,
1993; Milker and Schmiedl, 2012; Jorissen et al., 2018).

3.2. Palynological analysis

Ninety-seven samples were processed for palynological studies at the
“Centro Agricoltura e Ambiente-CAA” (Italy), following the procedures
imported and adapted from the Institute of Earth Sciences, Vrije Uni-
versiteit Amsterdam (as in Lowe et al., 1996, and Cacciari et al., 2020).
For each sample, 3.5-8.5 g of dry sediment were treated and a Lycopo-
dium tablet was added to calculate palynomorph concentrations (grains/
g). Samples were deflocculated in 10% Na-pyrophosphate, sieved (0.5
mm sieve and 5 pm filter), and chemically treated (10% HCI, acetolysis,
Na-metatungstate hydrate heavy liquid, HF). Finally, following evapo-
ration at 50-70 °C with ethanol, microscope slides were prepared with
glycerol; for a detailed description of the method, see Florenzano et al.
(2012). Whenever possible, 300 pollen grains per sample were recog-
nized under 400x-1000x magnification (raw data in Catena et al., 2026
- https://doi.org/10.5281/zenodo.19252028). Identification (family,
type or species) was based on morphological characteristics and
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supported by atlases (Reille, 1992, 1995, 1998) and morphological keys
(i.e., Andersen, 1979; Punt et al., 1984; Moore et al., 1991; Blackmore
et al,, 2003; Punt and Malotaux, 2007). Fern spores and selected
non-pollen palynomorphs (NPPs-Chomotriletes sensu Van De
Schootbrugge et al., 2024, dinocysts and foraminiferal linings) were
also identified.

Percentages were calculated relative to the total pollen sum. Fern
and Bryophyte spores were counted on the total pollen sum plus them-
selves (Berglund and Ralska-Jasiewiczowa, 1986). NPPs percentages
were counted with respect to the pollen sum (data available in Table S1).
Heavily folded or fragmented, though well preserved, grains were
labeled as ‘undeterminable’, while those displaying corrosion and
enhanced reddening (due to acetolysis) or belonging to extinct taxa were
labeled as secondary, i.e., not coeval with sedimentation. Secondary and
undeterminable grains were excluded from the pollen sum. Pollen
concentration (grains/g) and the secondary pollen abundance were also
determined.

Pollen and spores were clustered in 4 growth forms (Trees-T, shrubs-
sh, Lianas-L, and Herbs-H) and 12 ecological groups (EGs) based on their
ecological preferences, validated against modern regional vegetation
(Pignatti et al., 2017-2019) and cluster analysis (section 3.3). Growth
forms and ecological spectra were calculated for each sample and
plotted against stratigraphy.

3.3. Statistical analyses

To evaluate the robustness of the ecological grouping adopted in this
study, an unconstrained hierarchical cluster analysis (UPGMA, Pearson's
r similarity measure) was performed on the pollen taxa matrix, following
the methodologies of Tarasov et al. (1998), Kaniewski et al. (2011), and
Cacciari et al. (2020).

The dataset was standardized by aggregating taxa with similar
ecological affinities, combining herbaceous taxa at the family level and,
where appropriate, arboreal taxa at the genus level, in order to reduce
the noise. Rare taxa (maximum abundance <1% and occurrence in
fewer than ~10% of samples) were excluded from the analysis and
grouped as alia (only the herbaceous component); among 97 samples,
one was excluded because of a pollen sum <100 grains (Table S2).

Subsequently, pollen zones (PZs) were defined independently via
cluster analysis to identify hierarchical groupings based on vegetation
similarity among samples (96 out of 97). This analysis was performed
using CONISS (Constrained Incremental Sum of Squares; sensu Grimm,
1987), maintaining the stratigraphical order of samples within the
succession. The input matrix retained the percentages of each ecological
group, with chestnut separated as an individual sub-group from the
other cultivated taxa. The cluster analyses were conducted in PAST v.
4.03 (Hammer et al., 2001).

To assess the relationship between vegetation dynamics and climate
variability, an additional analysis was performed by comparing peaks in
montane taxa with independently defined cold phases based on the
2500-year-long European temperature reconstruction of Biintgen et al.
(2011), in which multi-decadal intervals of sustained negative temper-
ature anomalies were evaluated in the context of well-known historical
climatic deteriorations. Given the remarkable distance of the core site
from the reliefs (more than 50 km), montane taxa are considered a
reliable proxy for cooling events. The temporal correspondence between
montane peaks and negative temperature anomalies was quantified, and
its statistical significance was assessed using a Monte Carlo approach, in
which peak positions were randomly redistributed within the consid-
ered time interval to test whether the observed correspondence excee-
ded that expected by random chance.

3.4. Dating and chronology

The chronology was reconstructed through: (i) AMS 1#C analysis of 7
samples (Table 1) conducted at NOSAM laboratory; (ii) 210pp and 1%7¢s
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radionuclides activity analysis of 14 samples (Fig. S1; Table S3), treated
at CNR-ISMAR laboratories, following standard procedures described by
Frignani et al. (2004) and Bellucci et al. (2007).

For radiocarbon, conventional ages were calibrated differentiating
terrestrial, marine or mixed organic reservoirs, based on the type of
organic material. Five samples consisting of terrestrial organic matter
(wood fragments or peat) were calibrated using the IntCal20 curve
(Reimer et al., 2020). The remaining two samples, derived from river-
influenced marine deposits, were calibrated using the Mixed Northern
Hemisphere curve (Heaton et al., 2020), assuming a 50:50 mixture of
marine and terrestrial organic matter (Table 1).

137Cs is a product of nuclear fission that accumulates in sediments as
distinct peaks, corresponding to the 1963 maximum fallout from at-
mospheric nuclear testing and the 1986 Chernobyl fallout. Initial
deposition in sediments in 1954 (onset of nuclear bomb testing) can also
be traced. 21°Pb dating is effective in stable environments with relatively
uniform accumulation rates (Appleby, 1998), allowing reliable age es-
timates for sediments up to 100 year old (Swarzenski, 2014).

To refine chronology, an age-depth model was computed through
RStudio (R v.4.5.1), using the package rBacon (v. 3.5.2), which re-
constructs accumulation histories for deposits using Bayesian Statistics
(Blaauw and Christen, 2011; Fig. S2). In addition to radiometric dates,
also stratigraphic features were used to further constrain the model. The
model runs millions of iterations to generate weighted mean age esti-
mates at 5 cm intervals, representing the highest achievable resolution
for the dataset.

4. Results
4.1. Core stratigraphy

Based on the integration of sedimentological and meiofaunal data,
six facies associations were identified along core S1P (Fig. 2). They are
described in ascending order.

4.1.1. Open-bay facies association (40-36.97 m)

Description.

This facies association, approximately 3 m thick, consists of grey
muds with silty sand intercalations and abundant organic matter,
including cm-thick, silt to silty-sand layers enriched in organic matter,
vegetal remains and thin peat layers. Bioturbation and shell fragments
are common. Foraminifers are dominated by OM-sensitive, epiphytic
species (up to ~45%), mainly Buccella granulata (~3-28%), Neo-
conorbina terquemi (~2-14%) and Asterigerinata mamilla (~2-11%),
with secondary OM-opportunistic species including Porosononion gran-
osum (~5-18%), Ammonia tepida (~2-17%), and Aubignyna perlucida
(~2-12%). Ostracods are scarce, mainly littoral Cushmanidea turbida,
accompanied by marine (e.g., Sagmatocythere napoliana, Semicytherura
species) and euryhaline, brackish-marine taxa (Cyprideis torosa, Xesto-
leberis communis, Leptocythere bacescoi). This facies is constrained by
three radiocarbon dates: 10681-10,370, 10250-10,122, and
9827-9553 cal yr B.P.

Interpretation.

Sedimentological and faunal evidence indicate deposition in a back-
barrier environment with vegetated bottoms and a high seawater ex-
change, likely an open bay partially confined by sandy spits or coastal
barriers. These conditions promoted the accumulation of organic matter
and plant remains, as well as the development of suitable conditions for
opportunistic foraminifers and euryhaline, brackish-marine ostracods.

4.1.2. Transgressive-barrier facies association (36.97-36.77 m)

Description.

This facies association consists of thin (~20 cm) fine sand, with
abundant mollusc fragments, underlain by an erosional surface. The
sand is massive at the base and slightly laminated at the top. Foramin-
ifers are dominated by hyaline epiphytic species sensitive to organic-
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Table 1
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Chronological dates implied for the S1P age-depth model based on radiocarbon dating (AMS “C) and short-lived radionuclide activity.

Sample depth (m) Dating method Measured activity/ Material Assigned Age [cal. yr B.P. (20) or CE] Chronological reference/calibration
conventional age

2.10 137¢s 13.14 + 0.87 Bq/kg Sediment 1986 CE Chernobyl fallout peak

3.41 137¢s 5.07 £ 0.95 Bq/kg Sediment 1954 CE Onset of nuclear weapons testing

5.24 210pp supported Pb = ~17 Bq/kg Sediment 1920 CE Pb equilibrium depth

21.65 14C AMS 385 + 15 yr B.P. Plant/wood 497-442 cal. yr B.P. IntCal20

27.75 14¢ AMS 2.080 + 20 yr B.P. Organic mud 1867-1688 cal. yr B.P. 50% IntCal-50% Marine

35.65 14¢ AMS 6.210 + 35 yr B.P. Organic mud 6903-6629 cal. yr B.P. 50% IntCal-50% Marine

37.80 14c AMS 9.220 + 45 yr B.P. Peaty sediment 10,504-10,249 cal. yr B.P. IntCal20

37.95 14¢ AMS 8.740 + 45 yr B.P. Peaty sediment 9827-9553 cal. yr B.P. IntCal20

39.73 14c AMS 9.020 + 45 yr B.P. Organic mud 10,250-10,122 cal. yr B.P. IntCal20

39.95 14c AMS 9.320 + 50 yr B.P. Organic mud 10,681-10,370 cal. yr B.P. IntCal20

Fig. 2. Core photographs illustrating the facies associations and lithofacies recognized along core S1P. B: open bay; T: transgressive barrier; S: inner shelf; Pd1-Pd2:
prodelta deposits; Df: delta front; Dp: delta plain; WRS: wave ravinement surface. Depth (m) is indicated along the core boxes.

enrichment (up to ~50%), including B. granulata (~14%), N. terquemi
(~11%), Lobatula lobatula (~6%), and miliolids (~20%). Opportunistic
foraminifers are mainly P. granosum (~11%), while the sparse ostracod
fauna is poorly diversified, with dominant C. turbida and minor occur-
rences of S. napoliana and Cytheretta subradiosa.

Interpretation.

The thin, bioclast-rich sand above an erosional surface indicates a
high-energy coastal environment, interpreted as a transgressive barrier.
This interpretation is supported by the presence of a shallow-marine
meiofauna, dominated by sensitive, mainly epiphytic foraminifers
with few littoral-sublittoral ostracods thriving in highly mobile sub-
strates (Bonaduce et al., 1975; Barbieri et al., 2021). The erosional
surface is interpreted as a wave ravinement surface (Nummedal and
Swift, 1987) that truncates the underlying bay deposits, marking

shoreline retreat during transgression.

4.1.3. Inner-shelf facies association (36.77-36.00 m)

Description.

This facies association, ~80 cm thick, consists of soft silty clay, with
occasional (~2 cm) fine sand-silt interbeds. The meiofauna is slightly
more diversified than in underlying transgressive-barrier deposits, rep-
resenting the richest community of the whole cored succession. OM-
sensitive species, including abundant hyaline and miliolid epiphytic
species, such as B. granulata (~18%), N. terquemi (~10%), and Siphon-
aperta aspera (~4%) remain dominant (~50%). The association also
includes OM-indifferent and OM-opportunistic foraminifers (Ammonia
beccarii, Haynesina depressula, Quinqueloculina seminulum, P. granosum
and A. perlucida).
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Interpretation.

Fine-grained deposits and meiofaunal assemblages indicate a
shallow-marine environment (~20-40 m deep) covered by vegetation
and subject to moderate OM fluxes. These features are consistent with a
low fluvial-influenced inner shelf, comparable to the present North
Adriatic sediment-starved area updrift of the Po River mouth (Barbieri
et al., 2019).

4.1.4. Prodelta facies association (36.00-12.50 m)

Description.

This facies association, ~24 m thick, comprises two facies (Pd1 and
Pd2) stacked in an overall coarsening-upward trend. The stratigraphic
surface that separates these two facies documents a major change in the
meiofauna. Three radiocarbon dates constrain this interval: 6903-6629
cal yr B.P. (35.65 m), 1867-1688 cal. yr B.P. (27.75 m), and 497-442
cal. yr B.P. (21.65 m), respectively.

Facies Pd1 (36.00-31.10 m) consists of light grey, soft clay, with
mm-thick silt and sand intercalations, and typically containing shell
fragments. The meiofauna shows a marked turnover from the underlying
inner-shelf muds, with an abrupt increase in OM-opportunistic taxa (up
to ~80%), mainly A. perlucida (~3-44%), Q. seminulum (~3-40%),
A. tepida (~5-28.5%) and P. granosum (~5.5-19%). Sensitive epiphytic
species are largely reduced, but locally peak (40-55%). Ostracods are
rare and include C. turbida, S. napoliana, C. subradiosa, Leptocythere and
Semicytherura species.

Facies Pd2 (31.10-12.50 m) is ~18.5 m thick and consists of dark
grey, soft silty clay, with thicker (mm- to dm) silt and sand layers,
especially abundant in its upper portion, with an overall coarsening-
upward and thickening-upward trend. It is marked at the base by the
occurrence of degassing features, and a strong decline in meiofauna
abundance. Wave ripples and bioturbation occur only locally. The
meiofauna is very scarce, almost entirely composed of opportunistic
foraminiferal species (A. tepida, A. perlucida, and P. granosum). Ostracods
are nearly absent.

Interpretation.

Alternating clay and silt/sand layers, together with a relatively
diversified foraminiferal fauna dominated by opportunistic species,
indicate deposition of this facies association in a prodelta environment
(Amorosi et al., 2019; Rossi et al., 2021). The scarcity of ostracods likely
reflects the high sediment supply typical of prodelta settings (Barbieri
et al., 2019, 2021; Scarponi et al., 2022).

Facies Pd1 closely resembles the one that thrives on the modern
north-central Adriatic mud wedge around 15-25 m water depth
(Barbieri et al., 2019). The local record of sensitive species is interpreted
to reflect a greater activity of marine (longshore) processes in shaping
and nourishing the seabed.

Facies Pd2 records more stressful conditions, marked by a sharp
decline in the meiofauna and dominance of opportunistic foraminifers,
likely due to high sediment accumulation via river fluxes. Degassing
features further support rapid sedimentation, as gas becomes trapped
during fast mud accumulation (e.g. Garcia-Garcia et al., 2007). Overall,
Pd2 reflects a prodelta increasingly influenced by river plumes. This
interpretation is supported by the pronounced upward coarsening and
thickening trend of sandy beds, marking the approach of the river mouth
(Gamberi et al., 2020).

4.1.5. Delta-front facies association (12.50-8.10 m)

Description.

This facies association displays a general coarsening-upward trend
and consists predominantly of amalgamated fine sand layers, normally
graded and containing bioclasts, mica, and plant remains. Silt interbeds
with parallel lamination occur between sandy units. The faunal content
is extremely scarce, limited to a few reworked benthic and planktonic
foraminifers. The base of this facies association, at 12.50 m depth, is
marked by the occurrence of thick, amalgamated sand bodies.

Interpretation.
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The dominance of fine sands, the near absence of fossils, and strati-
graphic relations with the underlying prodelta deposits, indicate depo-
sition under high-energy conditions and rapid sediment accumulation,
consistent with a delta front environment (Amorosi et al., 2017;
Scarponi et al., 2022).

4.1.6. Delta-plain facies association (8.10 m-top)

Description.

The uppermost ~8 m of the stratigraphic succession consist of dark
grey, very soft and organic-rich muds, with abundant wood fragments
and terrestrial plant remains, locally interbedded with silty-sand layers.
The faunal content is scarce, with poorly preserved foraminifers and
scattered valves of brackish to hypohaline ostracods, mainly Cyprideis
torosa and Candona species.

Interpretation.

This facies association accumulated in an interdistributary area of
the modern Po Delta plain. The fine-grained, organic-rich muds indicate
low-energy conditions, vegetated environments, and episodic river
flooding recorded by sandy interbeds. The occurrence of brackish-
hypohaline ostracods further supports deposition in a slightly brackish
setting.

4.2. Chronology and accumulation rates

Chronology and sediment accumulation rates (SARs) for core S1P
were reconstructed by integrating radiocarbon and short-lived radio-
nuclide dating (Table 1) with stratigraphic constraints derived from
facies analysis, resulting in a robust age-depth model. Of the seven *C
AMS samples analyzed, six yielded reliable results, whereas one (37.80
m depth, Table 1) showed an age inversion and was excluded from the
model.

Key stratigraphic surfaces, corresponding to stratigraphic un-
conformities and major facies boundaries, were used to constrain the
model, and SARs were calculated for the intervening stratigraphic in-
tervals (Fig. 3).

Throughout the manuscript, chronological data related to the sedi-
mentary succession and pollen zones are expressed as calibrated years B.
P. (cal yr B.P.), whereas the CE notation is retained for historically
documented climatic phases and events.

According to the model, the open-bay deposits (up to 36.95 m) re-
cord low SARs (~0.14 cm/yr). The erosional ravinement surface at the
base of transgressive-barrier sands marks a hiatus of ~1000 years.
Above this surface, SAR slightly drops to ~0.11 cm/yr within prodelta
deposits. At 31.00 m depth, the Pd1-Pd2 boundary corresponds to a
short-lived hiatus. Above this surface, SAR progressively increases to
~0.5 cm/yr, between 31 m and 19.70 m. At this stratigraphic level,
dated to shortly after ~500-450 cal yr B.P. (ca. 1450-1500 CE), an in-
crease in the sand proportion within prodelta deposits is associated with
significantly higher SARs (2.94 cm/yr). At 12.50 m depth, the Pd2-Df
boundary marks the base of delta-front deposits, developed around
~130 cal yr B.P. (ca. 1820 CE). Above this boundary, accumulation rates
peak at 7.79 cm/yr and persist up to 2.10 m, the stratigraphic level of the
youngest dated sample.

Short-lived radionuclide data provide independent chronological
constraints for the uppermost delta-plain deposits. The 21°Pb activity
reaches equilibrium (17.5 + 2.4 Bq/kg) with supported values of 17.0
Bg/kg at 5.24 m depth, corresponding to ~100 yr B.P. ¥7Cs profiles
show an initial signal at 3.41 m depth (5.07 + 0.95 Bq/kg), likely related
to the onset of atmospheric nuclear weapons testing at 1954 CE, and a
distinct peak at 2.10 m depth (13.14 + 0.87 Bq/kg), attributed to the
1986 Chernobyl fallout, consistent with previous data from the Po Delta
area (Frignani et al., 2004).

4.3. Pollen groups (EGs)

To support the definition of ecological groups, four main pollen-
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Fig. 3. Stratigraphy and age-depth model of core S1P. The left panel shows the vertical stacking pattern of facies associations identified along the core together with
stratigraphy and dates used to refine the age model. The right panel displays the age-depth model together with the average sediment accretion rates, reported for
each interval.
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derived biomes (PDBs; Fig. 4A) were identified through unconstrained
cluster analysis. The identified PDBs include: (i) a swamp-forest
assemblage, grouping black alder with hygrophilous and aquatic taxa
typical of wetland environments; (ii) a riparian oak-willow forest
assemblage, characterized by meso-hygrophilous arboreal taxa repre-
sentative of alluvial plain woodlands; (iii) a semi-anthropised meso-
hygrophilous grassland assemblage, including cultivated trees and
herbs, disturbance indicators, and open-land ubiquists herbs; and (iv) a
conifer forest assemblage with xero-hygrophilous grasslands, dominated
by conifers associated with dry, halophilous and open-land taxa.

At the highest ecological distance, the dendrogram primarily reflects
a moisture gradient, ranging from wetland and riparian environments to
open and relatively dry vegetation communities. Because vegetation
composition changed substantially throughout the Holocene succession,
these assemblages should not be interpreted as discrete vegetation types,
but rather as groups of taxa that tended to increase or decrease together
under similar environmental conditions. For this reason, the twelve
ecological groups (EGs) adopted in this study integrate cluster results
with present-day regional vegetation physiognomy and the ecological
preferences of the identified taxa, following the floristic classification of
Pignatti et al. (2017-2019). The EGs are described in detail in Table 2,
showing a strong similarity with those previously established for the Po
Plain by Cacciari et al. (2020).

However, montane taxa show a more complex distribution and are
partially dispersed among different biomes. To further investigate the
ecological relationships among montane taxa, an additional cluster
analysis was performed specifically on these (Fig. 4B). This analysis
identified three main assemblages corresponding to conifer forests, hy-
grophilous montane woods, and beech forests respectively. This
distinction supports the palaeoenvironmental interpretation of montane
vegetation dynamics implied in this study.

4.4. Pollen zones

A total of 32,219 palynomorphs were identified, comprising pollen,
fern spores, bryophytes, and secondary grains. Specifically, 28,072
pollen grains were assigned to 172 taxa (64 arboreal and 108 herba-
ceous), 1215 fern spores to 15 taxa, 87 bryophyte spores to 3 taxa and
2845 secondary grains to 14 taxa. Additionally, 223 specimens of Cho-
motriletes and 463 dinocysts were recognized. Pollen concentration
varies considerably, from ~1000 grains/g to 127,000 grains/g, with
higher values at the base and top of the sequence. Secondary pollen also
shows a marked variability along the core. Despite marked variability in
pollen concentration, nearly all samples yielded sufficiently abundant
palynomorphs for palaeoecological interpretation; samples with lower
concentrations were counted until at least 100 pollen were reached.
Only one sample with <100 grains was excluded from palaeoecological
interpretation and statistical analyses (see section 3.3).

4.4.1. PZ1 (40-39.65 m; ~10.5 to ~10.2 cal kyr B.P.)

PZ1 is a thin pollen zone corresponding to the lowermost open-bay
deposits. Pollen concentrations are very high (11-65 k/g) and second-
ary grains are absent or rare. Afforestation is low (22-32%, Fig. 5), as the
landscape is characterized by an open wooded grassland dominated by
spontaneous Poaceae, Cichoriae, and Asteroideae (pm ~43-53%,
Fig. 5), with subordinate wetlands composed of Cyperaceae, ferns,
Sparganium, Potamogeton, and Nymphaea (hyg + hel + hyd ~18%).
Forested areas are limited to scattered shrublands of Quercus, Salix, and
Corylus (Q + I ~ 10-25%). Montane forest taxa are subordinate (Mt
~4-13%) and mainly represented by Pinus, locally accompanied by
Betula, Abies, and Fagus (Fig. 6). Rare taxa are scarce, including halo-
phytes (hal <2%) (e.g., Artemisia, Amaranthaceae, Fig. 7) and indicators
of disturbed environments (As <2%) (e.g., Caryophyllaceae); cultivable
taxa are negligible (<2%), except at 38.49 m depth, where Castanea and
Juglans each reach ~3% (Fig. 8).
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4.4.2. PZ2 (39.65-37.65 m; ~10.2 to ~9.2 cal kyr B.P.)

PZ2, within the open-bay facies association, shows high pollen
concentrations (8-127 k/g) and low secondary pollen (<3%). Affores-
tation is medium-high (T + sh + L ~ 50%), with two peaks at ~80%
(Fig. 5). PZ2 records a marked vegetation shift from PZ1, with strong
afforestation by deciduous oak forests (Q = 36.6%) and montane taxa
(Mt = 27.3%, Fig. 5). Oak forests largely consist of hazel woodlands
(Corylus = 26.3%, Fig. 6), while Pinus, Alnus incana and Abies make up
most of the montane component; hygrophilous trees, especially Alnus
glutinosa (H = 12.5%), are also significant. Upsection, mesophilous and
hygrophilous grasslands shrink (pm ~13%; hyg + hel + hyd ~11%),
whereas true oak forests dominate (Q ~ 20-40%) alongside a first sig-
nificant increase in Mediterraneans (M ~ 3%-10%); montane forests
also increase (Mt ~12%). Mesophilous grasslands range between ~25%
and ~ 45%, whereas the hygrophilous component is represented by
herbaceous hyg + hel + hyd (~14%- ~ 20%): two organic-rich layers
display peaks in hydrophytic taxa, particularly Sparganium (~4-6%,
Fig. 7). The uppermost PZ2 shows a marked peak in mixed oak woods
(Q ~ 40%, Fig. 5), mainly represented by Corylus (Fig. 6), and a con-
current increase of the hygrophilous tree (H ~ 25%) A. glutinosa (Fig. 6).
Montane trees remain stable, whereas Mediterraneans slightly decline
and meso-hygrophilous grasslands significantly decrease (pm ~7%; hyg
+ hel + hyd ~6.5%).

4.4.3. PZ3 (37.65-27.40 m; ~9.2 to ~1.7 cal kyr B.P.)

PZ3 is a very thick pollen zone spanning multiple facies associations
(open-bay muds, transgressive-barrier sands, inner-shelf muds, and
lowermost prodelta deposits). Pollen concentrations range from 1.3 to
12.2 k/g, whereas secondary pollen percentages vary between 1.4% and
11.4%, with a slight upward increase in absolute concentrations from
~32 m. PZ3 is subdivided into four subzones (3a-3d).

PZ3a (37.65-35.00 m; ~9.2 to ~ 6.2 cal kyr B.P.)

PZ3a encompasses the coastal-shallow marine transition and extends
into the lowermost prodelta muds (facies Pd1). Its lower part includes
the wave ravinement surface. Subzone 3a marks a major shift to a
mature forested landscape dominated by Q. pubescens and Q. cerris (Q ~
16%-31%), peaking in the uppermost part and indicating maximum
forest maturity (PNV). The arboreal hygrophilous component (H ~
4-14%), consisting of Salix and Alnus, is subordinate to the mesophilous
oak wood. The Mediterranean component is scarce (M < 4%) and shows
a further decline toward the top of the subzone. However, forests do not
consist of a thick and uniform canopy: extensive mesophilous grasslands
with spontaneous Poaceae and Cichorieae (pm ~19-35%), and subor-
dinate wetlands (hyg + hel + hyd ~17-29%), mainly colonized by
Cyperaceae, are consistently present. Montane taxa, mostly Pinus, are
relatively low (Mt ~7.5-11%) but show two major peaks at the bottom
and at the top (~Mt. = 22%, Fig. 5) dated to ~9.2 kyr B.P. and ~ 6.3 kyr
B.P., respectively. The lower peak is associated to abundant montane
alder and birch, whereas Abies is more representative of the upper peak
(Fig. 6). Cultivated taxa, mainly cultivated trees represented by Castanea
and Juglans, appear (Cc ~3-7.5%, Fig. 8) and become abundant toward
the top of the subzone. A significant increase in cereals, only sporadi-
cally observed in older deposits, is recorded at 37.10 m (Avena-Triticum
= 2.3%, Fig. 8). Indicators of disturbed environments, such as Plantago
and Caryophyllaceae, display notable fluctuations (As ~1.7-8.8%).

PZ3b (35.00-31.80 m; ~6.2 to ~ 3.4 cal kyr B.P.)

PZ3b develops entirely within prodelta facies Pd1. Afforestation is
medium-high (T + sh + L ~ 44- ~ 60%, Fig. 5), with lower values near
the base. The vegetation is dominated by meso-hygrophilous forests
composed of Q. pubescens, Salix, Alnus, and Humulus lupulus (Q ~
14-24%; H ~ 7.5-18%). The Mediterranean component is scarce but
shows a slight upward increase (M ~ 1-7%). Mesophilous grasslands
dominated by wild Poaceae and Cichorieae (pm ~11-27%) are present
along with subordinate wetlands composed of Cyperaceae, Sparganium,
Hydrocharis and other hydrophytes (hyg + hel + hyd ~10-21%).
Cultivated taxa are constantly observed (Cc ~3.6%-8%), mainly
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Fig. 4. Hierarchical cluster analysis of pollen taxa showing the main pollen-derived biomes (PDBs) identified in the S1P record. Panel A: cluster analysis performed
on the full pollen taxa matrix highlighting four main assemblages: (i) swamp forest, (ii) riparian oak-willow forest, (iii) semi-anthropised meso-hygrophilous
grassland, and (iv) conifer forest with xero-hygrophilous grasslands. Panel B: cluster analysis performed on a reduced matrix including only taxa with montane

affinity, identifying three main assemblages: (i) conifer forest, (ii) hygrophilous montane forest, and (iii) beech woods.

Table 2

Ecological groups (EGs) identified in core S1P, with their principal representa-

tive taxa and associated ecological value.

Ecological group

Principal taxa

Ecological value

Montane taxa (Mt) Alnus incana, Alnus viridis, Trees and herbs of the
Betula spp., Fagus sylvatica, subalpine woods.
Abies alba, Pinus spp.,

Saxifragaceae.

Mixed oak forest  (Q) Carpinus betulus, Corylus Deciduous temperate
avellana, Ostrya carpinifolia, trees of the
Cornus spp., Quercus cerris, mesophilous woods.
Q. pubescens, Q. robur,

Fraxinus spp., Acer
campestre, Ulmus.

Mediterraneans M) Buxus, Cistus, Helianthemum, Sclerophyllous taxa of
Quercus ilex, Myrica, Olea the thermophilous
europaea, Phillyrea, Pinus woods.
halepensis.

Woody @ Alnus glutinosa, Humulus Humid and riparian

hygrophytes lupulus, Populus, Salix. taxa of hygrophilous
woods.

Herbaceous (hyg) Carex, other Cyperaceae, Herbs of hygrophilous

hygrophytes Juncaceae, Caltha palustris, grasslands.
ferns.

Helophytes (hel) Butomus umbellatus, Partially or seasonally
Phragmites australis, submerged aquatic
Sparganium erectum, Typha plants.
spp., Isoetes.

Hydrophytes (hyd)  Myriophyllum, Hydrocharis, Fully aquatic plants.
Nymphaea spp., Callitriche,

Litorella uniflora,
Potamogeton, Sparganium
emersum, Salvinia natans.

Pastures and (pm) Asteroideae, Cichorieae, Herbaceous plants of

meadows Fabaceae, wild Poaceae. open mesophilous
grasslands.

Halophytes (hal) Amaranthaceae, Artemisia, Salt-tolerant species
Plantago maritima. of coastal or saline

environments.

Spontaneous (As) Centaurea spp., Xanthium, Disturbance-adapted

anthropic Caryophyllaceae, species, likely of
Convolvulaceae, anthropized habitats.
Papaveraceae, Plantago spp.,
Polygonum spp., Rumex,
Verbascum, Urticaceae.

Ubiquists (w) Amaryllidaceae, Apiaceae, Taxa with broad
Boraginaceae, Brassicaceae, habitat tolerance.
Crassulaceae,

Ranunculaceae, Rubiaceae,
Sanguisorba minor,
Scrophulariaceae.
Cultivates (Ceo) Castanea sativa, Juglans Plants present in the

regia, Vitis, Cannabis sativa,
Avena-Triticum group,
Hordeum group/type,
Triticum, Zea mays.

wild and
domesticated for
cultivation.

Castanea and Juglans, along with occasional Cannabis (Fig. 8). The
montane component is relatively low (Mt ~6.6%-15%) and represented
by Pinus, Fagus, Alnus viridis, and Betula, with a slight increase in the
middle part of the subzone.

PZ3c (31.80-31.00 m; ~3.4 to ~ 2.8 cal kyr B.P.)

A meso-hygrophilous forest, variably dominated by Q. pubescens,
Alnus, Salix, Corylus (Q ~ 12-22%; H ~ 4-15%) characterizes upper-
most prodelta facies Pd1. Extensive mesophilous grasslands are mainly
composed of spontaneous Poaceae and Cichorieae (pm ~20-27%), with
subordinate wetlands (hyg + hel + hyd ~10-18%) colonized by
Cyperaceae and ferns. Indicators of disturbed environments, halophilous
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taxa (Amaranthaceae and Artemisia, Fig. 7), and cultivated taxa (Cc
~3.5-8%) are minor components that decline upward. The Mediterra-
nean vegetation is generally scarce, except at the base (~6-1%). The
montane component is variable (Mt ~11-20%) and represented by
Pinus, Abies, Fagus, Alnus, and Betula, with two marked peaks in Pinus
and Abies and a concurrent decline in hygrophilous trees (Fig. 7).

PZ3d (31.00-27.40 m; ~2.4 to 1.7 cal kyr B.P.)

PZ3d, at the base of prodelta lithofacies Pd2, is generally charac-
terized by a meso-hygrophilous forest dominated by Q. pubescens and
Q. robur (Q ~ 9-25%), accompanied by Alnus, Salix, and H. lupulus (H ~
8-15%), with occasional Corylus. The Mediterranean component fluc-
tuates (M ~ 1-7.7%). Well-developed mesophilous grasslands consist
primarily of spontaneous Poaceae, Cichorieae, and Asteroideae (pm
~14.5-22%). Wetland vegetation is dominated by Cyperaceae, ferns,
and hydrophytes, such as Hydrocharis and Myriophyllum (hyg + hel +
hyd ~12-25%). Halophytes (e.g., Amaranthaceae, Fig. 7) and As taxa
slightly increase toward the top. Cultivated taxa are present throughout
(Cc ~3-13%), with peaks in Castanea sativa at the base (~9%, Fig. 8)
and toward the top of the subzone, the latter being associated to a
noticeable percentage of cereals (Avena-Triticum ~ 2%, Fig. 8). High-
altitude trees show a slight increase relative to the underlying subzone
(Mt ~8-25%, Fig. 5) and Fagus is progressively replaced upward by
Pinus and Abies (Fig. 6).

4.4.4. PZ4 (27.40-15.60 m; ~1700-225 cal yr B.P.)

PZ4 largely corresponds to prodelta facies Pd2. Pollen concentration
is low-medium (0.8-7 k/g), while secondary pollen percentages are
generally high (>7%), peaking at ~22%. PZ4 is subdivided into four
subzones (4a-4d).

PZ4a (27.40-23.00 m; ~1700-950 cal yr B.P.)

PZ4a develops on locally laminated muds with degassing features.
Pollen composition is relatively homogeneous, with major changes in
montane and cultivated taxa. Afforestation is lower at the base (T + sh
+ L ~ 44%, Fig. 5), then rising to constant values (~50%). The dominant
vegetation is a meso-hygrophilous shrubland composed by Q. pubescens,
other deciduous oaks, A. glutinosa, Salix, H. lupulus, Ulmus, Corylus, and
rare Fraxinus spp. (Q ~ 10-15%; H ~ 6-17%). Mesophilous grasslands
are widespread, rich in spontaneous Poaceae, Cichorieae, and Aster-
oideae (pm ~19-28%). Subordinate wetlands consist of Cyperaceae,
Carex spp., and ferns (hyg + hel + hyd ~14-20%). Disturbance in-
dicators, mainly Plantago spp., are stable or slightly increasing, while
halophytes (Amaranthaceae) are constant. Cultivated taxa are constant
at the base, decrease in the middle, and rise again upwards (Cc
~5-10%). Montane species, particularly Pinus and Abies, increase at the
base, slightly decline upwards, and stabilize toward the top (Mt
~8-16%).

PZ4b (23.00-20.40 m; ~950-450 cal yr B.P.)

PZ4b encompasses muds with degassing features, locally inter-
bedded with sand layers. Afforestation is medium-high (T + sh + L ~
42-58%, Fig. 5). Vegetation is dominated by meso-hygrophilous forests
and shrublands composed of Q. pubescens, Salix, Alnus, H. lupulus, Cor-
ylus, and Ulmus, with occasional Fraxinus spp. Deciduous oak forests
remain stable, while hygrophilous trees slightly decline upward (Q ~
12-19%; H ~ 5-16%). Mediterraneans are consistently present (M ~
2-5%). Extensive mesophilous grasslands include spontaneous Poaceae
and Cichorieae (pm ~15-29%). Wetlands are subordinate and slightly
decreasing toward the top (hyg + hel + hyd ~12-20%). As taxa are
stable or increasing, dominated by Plantago and Caryophyllaceae. Hal-
ophytes are well represented at the base (hal ~1-5%), but decline to-
ward the top, except for a peak at 20.72 m (~9%, Fig. 5). Cultivated taxa
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Fig. 5. Ecological and growth forms pollen spectra of core S1P, showing relative abundances of pollen groups (Table 1). Pollen zones were identified via CONISS
cluster analysis and are reported on the right. Pollen data are integrated with the stratigraphic log, age markers, and facies associations. (For interpretation of the
references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 6. Pollen percentage diagram showing the relative abundances of selected montane taxa (Mt), woody hygrophilous taxa (H), Mediterranean (M), and mixed
deciduous oak taxa (Q + other deciduous trees). Chronology, facies associations, and pollen zones are reported on the left side of the diagram.

are variable, with recurrent peaks (Cc ~4-10%). The montane compo-
nent is highly variable (Mt ~8-21%) and includes Pinus sp., P. mugo,
A. incana, Abies, and Fagus. Two peaks (~21%) are recorded: the lower
dominated by A. incana and Fagus; the upper by Pinus and A. incana
(Fig. 6).

PZ4c (20.40-19.50 m; ~450-350 cal yr B.P.)

PZ4c comprises a thin interval of degassed muds grading upward
into mud-sand alternations. Vegetation is variable, with peaks in
different ecological groups and higher afforestation than in the under-
lying deposits (T + sh + L ~ 45-60%, Fig. 5). Meso-hygrophilus
woodlands dominate, composed of deciduous oaks with Salix,
A. glutinosa, abundant Humulus, Ulmus, and Corylus (Q ~ 8-20%). Hy-
grophilous trees slightly increase compared to PZ4b (H ~ 11%). The
Mediterranean component is variable, but overall expanding (M ~
3-6%). Mesophilous grasslands are extensive, dominated by sponta-
neous Poaceae, Cichorieae and Asteroideae (pm ~16-30%), whereas
wetlands are subordinate (hyg + hel + hyd ~13%). Cultivated taxa are
well represented (Cc ~6-16%), including Castanea, Juglans, and cereals;
Castanea peaks (11%) near the top, where a marked rise in Juglans
(>3%) is recorded (Fig. 8). Halophytes and some As taxa (e.g., Plantago)
occasionally increase. The montane component, represented by Pinus,
Abies, and Betula is generally moderate (Mt ~14%) but reaches a distinct
peak (~20%).

PZ4d (19.50-15.60 m; ~350-225 cal yr B.P.)

PZ4d includes sand-mud alternations with a thickening-upward
trend. At the base, meso-hygrophilous forests dominated by deciduous
oaks (Q ~ 8-22%) are associated with Salix, Alnus glutinosa and
H. lupulus (H ~ 18-2%), which alternate in dominance upwards. Mes-
ophilous grasslands are widespread, dominated by spontaneous Poaceae
and Chicorioideae (pm ~13-30%), while wetlands remain locally
extensive (hyg + hel + hyd ~10-22%). The Mediterranean component
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is low and stable in the lower part, increasing upward (M ~ 2-9%).
Cultivated taxa, including Castanea, Juglans, Hordeum-type, and later
Zea mays (which shows its first occurrence) are consistently present (Cc
~5-10%). Indicators of disturbed environments, such as Plantago and
Caryophyllaceae, and halophytes remain stable. The montane compo-
nent, mainly Pinus, Abies, and Alnus incana, is constant throughout (Mt
~9-19%): montane alders and pines dominate the lower subzone,
whereas upward Pinus prevails, Alnus declines, and Abies increases
abruptly (Fig. 6). Toward the top, mixed oak woodland expands
alongside rising Mediterraneans and declining mesophilous herbs.

4.4.5. PZ5 (15.60-4.90 m; ~225-25 cal yr B.P.)

PZ5 occurs in uppermost prodelta deposits and persists throughout
the delta-front and the lowermost delta-plain facies association. Pollen
concentrations are generally low (1.6 k/g on average), while secondary
pollen percentages range 1-7%. PZ5 is subdivided into two subzones (5a
and 5b).

PZ5a (15.24-12.40 m; ~225-120 cal yr B.P.)

PZ5a comprises the uppermost prodelta deposits and overlying delta-
front sands. It is characterized by hygro-mesophilous vegetation domi-
nated by forests of Salix, Alnus, Quercus pubescens, and Q. cerris (Q + H ~
12-36%), with a generally low Mediterranean component (M < 1-4%).
Mesophilous grasslands with spontaneous Poaceae, Cichorieae, and
Asteroideae are extensive (pm ~20-30%). Wetlands dominated by
Cyperaceae, Carex, and hydrophytes, such as Hydrocharis and Sparga-
nium, are stable or expanding (hyg + hel + hyd ~8-25%, Fig. 5). In-
dicators of disturbed environments and halophytes fluctuate, while
cultivated taxa show an overall decline. The montane component re-
mains consistently high, except at 14.52 m, where it sharply decreases in
correspondence with a marked peak in Salix at ~15% (Fig. 6). Alnus
incana decreases upward as Abies increases, shaded by the dominance of
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Fig. 7. Percentage pollen diagram showing herbaceous hygrophilous taxa, helophytes, hydrophytes, halophytes, and pasture-meadow taxa from core S1P. Chro-
nology, facies associations, and pollen zones are reported on the left side of the diagram.

Pinus (Fig. 6).

PZ5b (12.40-4.90 m; ~120-25 cal yr B.P.)

PZ5b corresponds to delta-front and delta-plain deposits and it shows
variable afforestation (T + sh + L ~ 40-60%, Fig. 5). The meso-
hygrophilous woodland is well represented, though less abundant than
in underlying zones (Q + H ~ 13-21%). Mesophilous grasslands (pm
~19-26%) are consistently present with locally increasing wetlands
(hyg + hel + hyd ~16-25%). The Mediterranean component, repre-
sented by Quercus ilex, shows a slightly increasing upward trend (M ~
1-7%). Indicators of disturbed environments and halophytes are pre-
sent, with local peaks (hal 8.5% at 8.11 m, Fig. 5). Cultivated taxa are
abundant throughout (Cc 2-16%) with recurrent peaks, while ubiquists
also become significant (~11%, Fig. 7). The montane component is high
but fluctuating (Mt ~15-25%).

4.4.6. PZ6 (4.90-top; ~25 cal yr B.P. To present day)

This pollen zone, corresponding to recent delta-plain deposits, shows
a marked shift from the underlying zones. It records the lowest affor-
estation of the entire sequence (T + sh + L ~ 11-43%), reflecting a clear
decline in deciduous oaks (Q ~ 2-6%) and hygrophilous trees (H ~
1.5-19%), mainly Salix and Alnus (Fig. 6). PZ6 is initially dominated by
wet grasslands, with abundant Sparganium emersum and S. erectum
(Fig. 7). Hygrophilous taxa, particularly Carex and other Cyperaceae,
are also abundant. Mesophilous grasslands are represented by sponta-
neous Poaceae, Cichorieae and Asteroideae (pm ~22-44%). Cultivated
taxa decline overall (Cc ~4%), As remains relatively stable, and halo-
phytes slightly increase toward the top (hal ~1.5-7%). The mountain
component is very low (Mt ~5-15%) and mainly represented by Pinus.
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5. Discussion

Integrated sedimentological and palynological analyses of core S1P,
supported by a robust chronological framework, highlight the strong
potential of deltaic deposits to preserve records of landscape dynamics,
anthropogenic activity and short-term climatic shifts. This enables
comparison with regional climatic oscillations and human impacts
(Fig. 9) documented across the central Mediterranean (e.g., Oldfield
et al., 2003; Mercuri et al., 2012; Rasmussen et al., 2014; Magri et al.,
2015; Regattieri et al., 2019).

In contrast to Early-Middle Holocene transgressive coastal to
shallow-marine deposits, typically associated with depositional hiatuses
and/or episodic sedimentation (Cattaneo and Steel, 2003; Bhattacharya
et al., 2019, 2020), the stratigraphically expanded Late Holocene pro-
gradational deltaic succession (31 m accumulated in ~2500 years)
provides a sub-centennial resolution of environmental change, locally
reaching ~10 years per sample.

5.1. Early-Middle Holocene

The lowermost core interval records the Early Holocene marine
ingression into the Po Plain (Amorosi et al., 2017; Bruno et al., 2017).
This transgressive phase was accompanied by major vegetation shifts
reflecting rapid post-glacial warming (Fig. 9A). During the Preboreal,
the establishment of a partially confined open-bay environment coin-
cided with a limited afforestation and the dominance of mesophilous
grasslands (PZ1; Fig. 5), reflecting relatively cool and dry conditions
within a broader warming trend (Magri et al., 2015). During the Boreal
(PZ2), mixed deciduous forests markedly expanded, primarily driven by
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Fig. 8. Percentage pollen diagram showing cultivated, anthropic spontaneous, ubiquist taxa, non-pollen palynomorphs (NPPs), and secondary grains from core S1P.
Chronology, facies associations, and pollen zones are reported on the left side of the diagram.

a sharp increase in hazel (Fig. 6; Huntley and Birks, 1983), a fast-
growing, pioneer broadleaved shrub widely documented in Italian pol-
len records (Magri and Sadori, 1999). Significantly, at the Preboreal-
Boreal transition, the concurrent rise in montane taxa (Fig. 9A),
particularly pine and A. incana (Fig. 6), may indicate either early low-
land conifer recolonization (Accorsi et al., 2004) or the short-lived
cooling event associated with the 10.3 kyr B.P. climatic oscillation
(Bond et al., 1997; Mayewski et al., 2004; Rasmussen et al., 2014).

The establishment of a Quercus-dominated mixed forest (Fig. 9A) and
the first significant occurrence of Mediterranean taxa (mainly Quercus
ilex, in Fig. 6) mark the onset of warmer and more humid conditions
typical of the Holocene Climatic Optimum (HCO). This interval likely
reflects a further phase of lowland recolonization and the development
of Holocene coastal forests (Ferrari, 1997;Accorsi et al., 2004). Pollen
assemblages indicate largely natural vegetation, as local increases in
Castanea sativa and Juglans regia (together up to 7%, Fig. 8) are inter-
preted as following the natural reforestation. A minor peak in montane
taxa (Fig. 9A) may correspond to the 9.3 kyr cold event, widely docu-
mented in European and Mediterranean records (Wanner et al., 2011;
Rasmussen et al., 2014).

The transition to thin transgressive-barrier and inner-shelf deposits,
together with the shift from a deepening-upward to shallowing-upward
trend marked by distal prodelta (Pd1) deposits, records the maximum
marine ingression and the following (early) phase of delta progradation,
the latter promoted by relatively stable sea-level conditions (Vacchi
et al.,, 2016; Amorosi et al., 2019). This interval, spanning from the
early Atlantic to the Subboreal, exhibits the lowest SAR (~0.11 cm/yr)
of the entire succession, indicating pronounced stratigraphic
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condensation under low fluvial input (Fig. 9A). Vegetation changes
(PZ3a-3b) document the full development of mixed deciduous meso-
hygrophilous oak and alder-willow forests, reflecting persistently
warm and humid conditions (Fig. 9A). This pattern is consistent with the
full establishment of the HCO, marked by maximum post-glacial forest
cover across Europe (Roberts et al., 2018) and local wetland expansion
(Accorsi et al., 2004), and has been previously documented by other
pollen-based reconstructions from the Po Plain (Cacciari et al., 2020).

5.2. Late Holocene

Although a further deceleration in relative sea-level occurred since
~4 kyr B.P. (Vacchi et al., 2016), the study area remained sediment-
starved for a prolonged period, lying ~30 km offshore as late as at the
Bronze Age (Correggiari et al., 2005b, Fig. 1). The pronounced peak in
montane taxa between ~3.2 and ~ 2.8 kyr B.P. identified in uppermost
Pd1 (PZ3c; Fig. 5) may correspond to the well-documented cooling at
the Bronze-Iron Age transition (Fig. 9A), widely recognized across
Europe and the Mediterranean (Bond et al., 1997; Mayewski et al., 2004;
Wanner et al., 2011; Magny et al., 2013). A similar increase in montane
taxa has been observed in a continental Po Plain pollen record (Cacciari
et al., 2020); therefore, S1P supports the interpretation of a regional
climatic signal.

5.2.1. Iron Age and the Roman Period

Enhanced sediment flux, recorded at the transition to strongly river-
influenced (Pd2) prodelta deposits, started in the late Iron Age. From
this time onward, high sedimentation rates markedly improved the
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Fig. 9. Time-based synthesis of the S1P pollen record represented by selected ecological groups. The relative abundance of each group is represented through thick-
lines, classified by percentages, along the time axis. Pollen data are compared with facies associations, sediment accumulation rates (SAR), climatic events, and a
temperature curve for the Late Holocene (Biintgen et al., 2011). Blue arrows indicate the main phases of Po Delta development. (9 A) Holocene timeline overview,
showing long-term vegetational shifts. (9B) Close-up view of the Late Holocene timeline covering the last 2500 years. (9C) Comparison between montane taxa peaks
and independently defined multi-decadal cooling phases (grey bands) based on the European temperature reconstruction (Biintgen et al., 2011). Peaks in montane
taxa were treated as temporal windows using a + 45-year age uncertainty, representing an average estimate derived from the variable 95% confidence intervals of
the age-depth model across the last 2000 years, and tested against cold intervals through a Monte Carlo event-coincidence approach. The histogram shows the
distribution of random overlaps, while the vertical dashed line marks the observed number of coincidences. PB: Preboreal; RCO: Roman Climatic Optimum; LALIA:
Late Antique Little Ice Age; MWP: Medieval Warm Period. Historical periods subdivision after Zamboni (2021). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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temporal resolution of the core to the decadal to sub-centennial scale,
enabling detection of subtle changes in vegetation, climate and human
activity (Fig. 9B).

A pronounced peak in cultivated arboreal trees, mainly Castanea
sativa (~9%; Fig. 8), at the base of PZ3d represents the first evidence of
chestnut cultivation age modelled at ~2.4 kyr B.P. Pre-Roman occur-
rences of Castanea sativa have been reported at other Italian sites (Lowe
et al., 1996; Mercuri et al., 2013), suggesting Iron Age cultivation
(Mercuri et al., 2002; Sadori et al., 2010). However, high percentages
similar to those recorded in PZ3d are generally attributed in northern
Italy to the Roman period and later (Lowe et al., 1996; Oldfield et al.,
2003; Conedera et al., 2004). In upper PZ3d, increased cereal pollen,
particularly Avena-Triticum (Fig. 8), suggests extensive land reclamation
and lowland cultivation during the Roman “centuriation” phase (Fig. 9B;
Cremonini et al., 2013; Marchesini and Marvelli, 2017, 2018). During
the Roman Climatic Optimum (RCO), a period of mild climatic condi-
tions, montane taxa remained relatively low, with a concomitant
expansion of lowland forests (wetlands and mixed oak forests, Fig. 9B).
A subsequent peak in montane taxa around ~1700 yr B.P. (Roman
Period), coupled with a decline in cultivated plants, may reflect the
vegetation response to a brief cooling episode documented across
Europe in the third century CE (Wanner et al., 2011) and the concom-
itant demographic decline due to the Plague of Cyprian. This followed
another pandemic event around 165 CE (Zonneveld et al., 2024) and the
interval also coincides with a period of political and social instability in
the Roman Empire, which resulted in partial abandonment of cen-
turiated lands (Cremonini et al., 2013).

5.2.2. The Middle Ages / Modern Age

Within the prograding Pd2 succession, pollen zone PZ4a captures the
onset of the Late Antique Little Ice Age (LALIA, ~1410-1290 cal yr B.P.;
~536-660 CE), a widespread cooling phase across the Northern Hemi-
sphere likely triggered by intense volcanic eruptions (Biintgen et al.,
2016). The effects of this climatic deterioration are evident in the
basal PZ4a, where an increase in montane taxa is followed by a marked
decline in cultivated species (Fig. 9B). This pattern likely reflects the
combined effect of climatic cooling and societal crises associated with
the Justinian plague (~540 CE; Zonneveld et al., 2024) and the
Ostrogothic-Byzantine wars (535-553 CE), which led to widespread
settlement collapse (Ostrogorski, 1968) and contraction of crop fields.
Cultivated taxa then increase again until ~1000 yr B.P., reflecting
renewed agricultural expansion following Early Medieval land recla-
mation (Fig. 9B). A vegetation pattern similar to RCO is recorded during
the Medieval Warm Period (MWP), characterized by well developed
lowland forests and relatively low montane taxa, with an additional
expansion of lowland cultivation.

Uppermost Pd2 deposits record increased climatic variability asso-
ciated with the onset of the Little Ice Age (LIA), a prolonged cooling
phase linked to reduced solar irradiance between the mid-13th and late
19th centuries CE that left a strong stratigraphic expression (e.g.
Cattaneo et al., 2003; Pellegrini et al., 2021). The LIA encompasses four
major Solar Minima (Wanner et al., 2022): Wolf (~1280-1350 CE),
Sporer (~1460-1550 CE), Maunder (~1645-1715 CE), and Dalton
(~1790-1830 CE). Vegetation patterns (PZ4b-PZ5) show pronounced
oscillations among ecological groups: peaks in montane taxa chrono-
logically align with Solar Minima (Sporer, Maunder and Dalton; Fig. 9B)
and generally correspond to declines in cultivated species. Given the
strong reliance of pre-industrial societies on agriculture, this recurrent
pattern suggests a link between colder climatic phases and periods of
socio-economic stress.

Variable vegetation responses suggest differing moisture regimes
associated with the distinct LIA cooling phases. Since pollen assem-
blages were deposited in a prodelta setting, the local origin of montane
taxa can be excluded, as these taxa do not naturally grow in lowland
coastal environments during the investigated intervals; their occurrence
is therefore interpreted as primarily reflecting a regional signal. The
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peak in montane taxa in upper PZ4b, ascribed to the Sporer Minimum, is
characterized by pine dominance with subordinate alder, indicating cool
and dry conditions (Wanner et al., 2022). The Maunder Minimum
(PZ4d), which represents the coldest phase of the LIA (Luterbacher et al.,
2001; Magny et al., 2010; Biintgen et al., 2011), was characterized by
the predominance of conifers (Pinus spp. and Abies alba, Fig. 6).

Two pronounced peaks in montane taxa observed in PZ5a and PZ5b,
respectively (Fig. 5), are interpreted as vegetation responses to the
Dalton Minimum (1790-1830 CE, Steinhilber et al., 2009). In the lower
interval, the co-occurrence of Alnus incana and Pinus (Fig. 6) suggests
relatively cool and humid conditions. Upsection, the replacement of
humid montane by dry montane taxa indicates a transition toward
cooler and drier conditions (Fig. 9B). The overall increase in montane
taxa (mainly Pinus sp., Fig. 6) within PZ5b may partially originate from
the extensive coastal pine plantations emplaced during this period, the
remnants of which persist today (Piccoli et al., 1983). From the second
half of the 19th century human intervention on the coastal landscape
obscured the climatic signal of the later Dalton Minimum, possibly
revealed by a minor Abies alba increase paralleled by Pinus sp. Overall,
the S1P record confirms the sensitivity of Po river catchment vegetation
to both LALIA and LIA climatic oscillations, refining the observation
previously documented in the adjacent delta lobe of Po di Goro (Cacciari
et al., 2024). In particular, the stratigraphically expanded upper portion
of the S1P succession provides a higher chronological resolution of LIA-
related cooling phases.

The comparison between montane taxa peaks and independently
defined cold intervals reveals a non-random temporal coincidence be-
tween vegetation dynamics and climate variability over the last two
millennia. A substantial proportion of montane peaks (>90%) fall within
or overlap multi-decadal periods of sustained negative temperature
anomalies identified from the smoothed reconstruction of Biintgen et al.
(2011) (Fig. 9C). The Monte Carlo test shows that the observed number
of overlaps exceeds the expected random distribution (expected = 9.51,
observed = 14, p = 0.0105, Fig. 9C).

These results suggest that phases of enhanced montane taxa expan-
sion tend to occur preferentially during cooler climatic conditions. The
agreement between the independently defined cold phases and well-
known historical climatic deteriorations (e.g., LALIA, Solar Minima)
further supports the climatic significance of the detected signal.

However, the relationship is not strictly deterministic, as not all cold
intervals from Biintgen et al. (2011) are associated with pronounced
montane peaks, and some variability remains unexplained. This in-
dicates that additional factors such as record resolution, sedimentary
dynamics and/or anthropogenic impact, likely influence the expression
and preservation of the montane signal in the sedimentary record.

The most intense phase of delta progradation, recorded in the up-
permost 20 m was driven in large part by human activities. Among
these: (i) the Porto Viro diversion (1600-1604), which redirected Po
River sediment southward, promoting rapid progradation of a new delta
lobe and contributing to the development of the modern cuspate delta
morphology (Maselli and Trincardi, 2013); (ii) the artificial W-E
straightening of the main feeding river trunk (1886 CE), which led to the
dominance of the modern Po di Pila branch (Correggiari et al., 2005b).

Interestingly, following the Porto Viro diversion, the pollen record
shows more frequent peaks in secondary pollen (Fig. 8), likely indicative
of enhanced fluvial input and/or erosion in the catchment associated
with this major hydraulic intervention.

From the base of PZ5a onward (~1745 CE), cereals show a marked
increase and maintain consistently higher percentages than in older
intervals, indicating a more sustained phase of agricultural intensifica-
tion. A similar trend is observed for other cultivated species, such as
Cannabis sativa and Juglans regia. The first occurrence of Zea mays at the
base of PZ5a provides an additional chronological marker, confirming
modelled ages more recent than the end of the XVI century (Cazzola,
1988). In the topmost portion of the record, facies-driven signals
dominate over regional patterns. In PZ6, the abrupt decline in
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afforestation and the increase in aquatic taxa (notably Sparganium,
Fig. 7) document wetland development (Fig. 9B). The subsequent in-
crease in halophytic taxa (Fig. 5; e.g. Amaranthaceae) reflects vegeta-
tion typical of coastal dunes and brackish habitats of the modern delta
plain.

6. Conclusions

Deltaic successions can provide robust archives for reconstructing
Holocene environmental change. In the Po Delta, the relative contri-
bution of river dynamics, climate variability, and anthropogenic forcing
is clearly reflected by the pollen signal of core S1P. The integration of
radiocarbon dating (7 AMS *C samples), short-lived radionuclide (?!°Pb
and '%Cs) analyses, and pollen-based markers (e.g. increased Castanea
sativa and cereals, first occurrence of Zea mays) provides a robust
chronological framework for the study succession. The main outcomes
of this study can be summarized as follows:

e Detailed facies analysis of core S1P records a Holocene transgressive-
regressive trend, characterized by rapid landward shoreline migra-
tion and the establishment of inner-shelf conditions at maximum
transgression (Early-Middle Holocene), followed by extensive delta
progradation, particularly during the Late Holocene.

Early Holocene pollen assemblages document the post-glacial reor-
ganization of the Po Plain landscape from open mesophilous grass-
lands to mixed deciduous forests. With the onset of the Holocene
Climatic Optimum, meso-hygrophilous woodlands developed,
reflecting climatic amelioration, and persisted throughout the Mid-
dle Holocene. The vegetation was punctuated by short-lived in-
creases in montane taxa, likely reflecting centennial-scale cooling
events.

The stratigraphically expanded interval spanning the last ~2500
years provides a well-resolved record of landscape-climate-human
interactions. From the Iron Age onward, anthropogenic impact
intensified, as reflected by peaks in cultivated taxa (cereals and
chestnut). Between the 2nd-7th centuries CE, landscape changes
were driven by climatic instability, pandemic events and socio-
economic turmoil.

During the LIA recurrent peaks in montane taxa are chronologically
consistent with solar minima, indicating the vegetation response to
centennial-scale climatic forcing even within an increasingly human-
modified landscape.

Overall, the S1P record demonstrates that, despite their complexity,
deltaic successions can provide high-resolution archives of environ-
mental change, acting as integrative systems that reflect climatic
forcing, landscape dynamics, and human activity along the land-sea
continuum.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2026.113992.
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