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e New curve for the Holocene RSL history of Venice Lagoon
e Freshwater wetlands transitioned into salt marshes around 6655+70 BP
e A first ecological upheaval resulted from marine intrusions

e Projected sea-level rise will generate a second ecological upheaval
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Abstract

Venice Lagoon (Italy), the largest wetland in the Mediterranean basin, is extremely vulnerable
to variations in relative sea level (RSL) which is locally defined by an average rising rate of
about 2.5 mm per year, resulting from both sea-level change and vertical land movements. The
environmental pressures stemming from projected higher RSL rising rates will have a profound
impact on Venetian coastal ecosystems with a significant loss of wetlands partly due to a drastic
reduction of salt marsh habitats. To understand how changes in marine influence could create
such ecological upheaval in the near future, and fully remodel these coastal salt marshes, we
reconstructed 5650 years of RSL rise history and land subsidence impacts on ecosystem
dynamics during the Holocene transgression of Venice Lagoon. We show that the evolution of
ecosystems mainly mirrors the gradual intrusion of salt water that progressively reshaped the
coastal vegetation by turning the area into salt lagoon habitats. Before marine influence became
dominant, the area was mainly fed by substantial freshwater supplies allowing the development
of a diversified alluvial vegetation. Environmental pressures increased markedly about 6800-
6600 years ago when seawater began to significantly influence the area, affecting marsh-swamp
ecosystems. These marine inputs promoted the spread of halophytic and salt-tolerant vegetation
types which laid the foundations for what would become the current salt marsh habitats. Venice
Lagoon serves as a stark reminder of how rising sea levels, accompanied by increased saltwater
intrusion into freshwater habitats and adjacent lands, can drastically alter and reshape pre-
existing ecosystems. The lagoon's long-term ecological record indicates that contemporary
fluctuations in RSL pose a substantial ecological threat, potentially culminating in a major

upheaval of aquatic habitats in the near future.
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1. Introduction

Throughout the 20" and early 21% centuries, relative sea-level (RSL) rise has emerged as a
principal driver of coastal transformation (Plater and Kirby, 2011; Williams, 2013), a trend that
is projected to intensify throughout this century and beyond due to human-induced global
warming (Nicholls and Cazenave, 2010; Woodroffe and Murray-Wallace, 2012; Kulp and



Strauss, 2019). According to the IPCC (2019), global mean sea level, as recorded by tide gauges
and satellite altimetry observations, increased from 1.4 mm yr* over the period 1901-1990 to
3.6 mm yr? over the period 2006-2015 (Oppenheimer et al., 2019), with a predicted sea-level
rise of 0.21 to 0.82 m under Representative Concentration Pathway (RCP) 2.6 and 0.45 to 1.65
m under RCP 8.5 for the year 2100 (Horton et al., 2020). Coastal subsidence may exacerbate
sea-level rise, accentuating flooding hazards (Shirzaei et al., 2020), especially in densely
populated areas where human-induced subsidence can lead to rates of local RSL much higher
than rates of climate-induced RSL (Nicholls et al., 2021; Tay et al., 2022; Wu et al., 2022). RSL
rise, resulting from both climate-induced sea-level rise and land subsidence, is a looming threat
for many low-lying coastal areas (< 10 m a.s.l.) that already face serious risks due to their high
exposure and vulnerability (Magnan et al., 2022). RSL rise is moreover predicted to severely
degrade or even damage many coastal ecosystems that will be lost or redistributed (Nicholls
and Cazenave 2010; Braun de Torrez et al., 2021). Projections at a global scale suggest that
between 20 and 90 % (low and high sea-level rise scenarios) of present-day coastal wetland
areas will be lost, resulting in the loss of biodiversity and ecosystem services (Spencer et al.,
2016; Schuerch et al., 2018).

The city of Venice (Italy), one of UNESCO’s most famous World Heritage Sites, its lagoon
and the associated salt marshes are affected by both natural and human-induced land subsidence
(Carbognin et al., 2004; Da Lio et al., 2018; Tosi et al., 2018), climate-induced RSL rise
(Pirazzoli, 1987; Pirazzoli and Tomassin, 2008; Madricardo and Donnici, 2014; Zanchettin et
al., 2021) and human activity in surrounding catchments as well as storm-surge barriers leading
to sediment starvation (Nosengo, 2003; Tognin et al., 2021). From the preindustrial era to 1930,
land subsidence slightly fluctuated (Wdppelmann et al., 2006) and ranged from 0.6 to 1.6 mm
yr! (Tosi et al., 2013; Zanchettin et al., 2021). Since the 1930s, the subsidence rate has risen,
ranging from 1.0+0.7 (period 2003-2010) to 1.7+0.5 mm yr* (period 2014-2020; Tosi et al.,
2013; Zanchettin et al., 2021). For the lagoon, the average subsidence rates for the 21% century
are estimated to be 3-4, 1-2 and 2-3 mm yr? for the northern, central and southern parts,
respectively (Tosi et al., 2018; Zanchettin et al., 2021). As the city and lagoon undergo gradual
subsidence, The rate of sea level rise (RSL) stands out as a critical factor shaping the future
trajectory of the region. The current estimate of the average rate of RSL rise during the period
1872-2019, based on tide-gauge data after removing subsidence effects, is 1.23+0.13 mm yr?
(Zanchettin et al., 2021). Combining the two contributors (RSL and subsidence) an average

RSL rising rate of 2.5 mm yr?! is observed for the past 150 years. The predicted RSL rise for



the year 2100, only resulting from natural local subsidence, is about 10 cm relative to the late
20" century. The climate-induced RSL rise lies in the ranges of 21-52 cm (RCP2.6) and 48-100
cm (RCP8.5; Zanchettin et al., 2021).

Venice Lagoon (~550 km?; mean depth 1.1 m; tidal range 0.6-1 m) is a shallow microtidal basin
defined by a complex network of channels and intertidal flats forming a major salt marsh
complex (Carniello et al., 2009; Ivajnsi¢ et al., 2018). The extensive intertidal salt marshes are
located mainly in the southwest and northeast parts of the lagoon (Day et al., 1998). However,
these ecologically valuable and protected habitats are already threatened (~12,000 ha at the
beginning of the century, ~4,000 ha in 2018) mainly due to human activities (Carniello et al.,
2009; Sarretta et al., 2010; Ivajnsic et al., 2018). Land subsidence and sea-level change will
further affect the geography of salt marsh habitats in the near future. Projected losses for 2050
concern all habitats (Bellafiore et al., 2014), especially the halophytic vegetation, key to tidal
salt marsh stability and functioning (Ivajnsic¢ et al., 2018). Its loss is likely to exacerbate any
projected adverse effects of climate change. Moreover, the loss of salt marsh vegetation would

be reflected in the whole biota.

Here, using multiproxy observations from Venice Lagoon (Lio Piccolo, Italy), but with wide
implications for similar coastal wetlands worldwide, we reconstructed the effects of rising sea
level on coastal ecosystems at a plurisecular scale. We investigate 5650 years of RSL rise and
land subsidence impacts on ecosystem dynamics based on the Holocene transgression history
of Venice Lagoon. These datasets were used to identify the level of alteration of coastal habitats
and the magnitude of impact on ecological systems to infer potential effects of the current RSL
trend in the northern Adriatic. Understanding the past is crucial for gauging the extent of

ecological transformation and reconfiguration triggered by rising sea levels.

2. Venice Lagoon

Venice Lagoon, situated in the North-Western Adriatic, is bounded by the Sile River to the
North and the Brenta River to the South (Taramelli et al., 2021). The area receives freshwater
from eleven major tributaries plus several minor rivers and a number of human-regulated
channels used primarily for agriculture. The lagoon is connected to the sea by three inlets and
is subdivided into three basins, Lido in the North (276 km?), Malamocco in the middle (112
km?) and Chioggia in the South (111 km?). A large part of the lagoon (~80%) consists of
mudflats, tidal shallows and salt marshes of high ecological value but today under threat. The
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salt marshes are covered by dense populations of halophytic vegetation species such as
Arthrocnemum macrostachyum, Aster tripolium, Halimione portulacoides, Limbarda
crithmoides, Limonium narbonense, Puccinellia festuciformis, Salicornia procumbens ssp.
procumbens, Salicornia veneta, Sarcocornia fruticosa, Spartina maritima, and Suaeda
maritima. This vegetation occupies the numerous intertidal flats (Silvestri and Marani, 2004;
Ivajnsic et al., 2018; Taramelli et al., 2021). Underwater spermatophytes such as Cymodocea
nodosa, Zostera marina, Nanozostera noltii, Ruppia cirrhosa, and Ruppia maritima have
colonized the lagoon (Sfriso et al., 2009). Marginal freshwater habitats are dominated by
Phragmites australis and Juncus maritimus. Coastal areas are mainly dominated by patches of

Pinus pinea.

3. Materials and methods
3.1. RSL in Venice

We reconstructed the Holocene sea-level history of Venice Lagoon (Fig. 1) by combining new
Sea-Level Index Points (SLIPs, i.e., a point that constrains the palaeo sea-level in space and
time; Shennan et al., 2015) from our study with data points from Vacchi et al. (2016; Fig. 2a).
A total of 53 SLIPs was assembled from radiocarbon-dated samples retrieved from sediment
cores collected across the lagoon. All radiocarbon ages were re-calibrated into sidereal years
with a 2c uncertainty using the most recent Calib-Rev 8.2 calibration curve. The IntCal20
dataset was used for terrestrial samples and the Marine20 dataset for marine samples (Reimer
etal., 2020). A local marine reservoir correction (AR) of 306 + 80 *4C yr was applied for marine
shells, recalculated with the Marine20 dataset (Heaton et al., 2020). The indicative range (i.e.,
the relationship of each sample to the former MSL) of each RSL index point was determined
according to Vacchi et al. (2016, 2021) and the standardized methodology for the reporting of
RSL data developed by HOLSEA (Khan et al., 2019). We employed the Errors-In-Variables
Integrated Gaussian Process (EIV-IGP) model (Cahill et al., 2016) to derive rates of RSL
change from SLIPs (Fig. 2b), with a local GIA correction of -0.187 mm™ (Marriner et al., 2023).
The EIV-IGP model utilizes a Gaussian Process prior on RSL rate estimates and integrates this
rate process to obtain estimations of the underlying RSL process (Cahill et al., 2016). To address
temporal uncertainty, this inverse approach is embedded within an Errors-In-Variables
framework. The RSL uncertainties related to the SLIPs are incorporated into the statistical

model by introducing observation-specific error terms in the RSL data model. Overall, this



modeling approach provides a comprehensive quantification of uncertainty in both RSL
estimates (Fig. 2b) and the estimated rates of RSL change over time (Fig. S2 and Fig. S3a-c;
Cahill et al., 2016). We also performed an EIVV-IGP model run which included RSL data from
Camuffo et al. (2017) and Camuffo (2022; Fig. S4a-b). To determine the rate of subsidence
during the Holocene, we subtracted the altitude of 53 SLIPs from the ICE6G glacial isostatic
adjustment (GIA) model (Fig. S3a). We then divided the residuals by time (to 0 BP) to obtain

average subsidence rates in millimeters per year (mm).

3.2. Core and chronology

The core LPC21 C02 was drilled in the salt marshes of Lio Piccolo, Cavallino-Treporti
(45°29°35.49”N, 12°28°58.72”E, 2 m a.s.l.), Venice Lagoon (Fig. 1). The lithology of the core
LPC21 CO02 is heterogeneous with a mostly clay matrix mixed with silts and scarce sand
particles (Fig. S1). The upper layer (3 m) was not studied due to anthropogenic disturbance.
Sampling was done according to the different depositional layers. On average, this corresponds
to one sample every 5.5 cm (average 5.5+2.5 cm), but with some variations to respect the core
stratigraphy. The chronology of the core LPC21 CO02 (Fig. S1) is based on seventeen 4C dates
performed on short-lived terrestrial samples (small leaves and seeds). The absence of botanical
macro-remains between 950 and 650 cm depth prevented an accurate dating of this part of the
sedimentary sequence. All the botanical macro-remains were sent to Beta Analytic (Florida).
The 1C dates were calibrated to 2c using Calib Rev 8.0.1 (IntCal20). All the calibrated ages
are denoted in BP. The associated dating error (2c) is averaged to + 70 years for the whole
sequence. The core LPC21 C02 covers the period 8255+70 - 237570 BP.

3.3. Palaeoecological data

A total of 198 samples from the core LPC21 C02 were prepared for pollen analysis using
standard procedures for clay-silt samples (Faegri and Iversen, 1989). Pollen grains were
counted under x400 and x1000 magnification using an Olympus microscope. The mean pollen
sum is 451+68 pollen grains, with a minimum of 331. The median value is 436 pollen grains,
with a 25" percentile of 408 and a 75" percentile of 480 pollen grains. The mean number of
taxa is 64+5 with a minimum of 42. Pollen frequencies (expressed as percentages) are based on

the terrestrial pollen sum, excluding local marsh plants (macrophytes and helophytes) and



spores of non-vascular cryptogams. Marsh plant frequencies (wetland component group) were
calculated by adding the local macrophytes and helophytes to the terrestrial pollen sum.
Dinoflagellate cysts (marine plankton) were counted on pollen slides and are reported as
concentrations (cysts per cm®). Foraminifers, ostracods, marine bivalves and Charophyta
debris were extracted from the same samples as the pollen grains and dinoflagellate cysts to
avoid any analytical bias. The marine (foraminifers, ostracods, marine bivalves) and freshwater
(Charophyta) debris were picked from the washed sediment fraction and are displayed as

concentrations (scores: remains per 10 cm).

3.4. Marine components

The marine component signal is based on an average incorporating foraminifers, ostracods,
marine bivalves and dinoflagellate cysts. The concentrations were transformed into z-scores
and the resulting data were averaged (with a standard deviation). As we focused on trends, a
regular 20-yr chronological interpolation and a 400-yr moving average were applied to the
dataset. The scores were then plotted on a linear age-scale with the 26 dating error and the
standard deviation (Fig. 2c). The long-term trend was calculated using polynomial models

(termed PM; Pyaiie < 10°%) with a Puaie based on a F test - two-tailed, with no adjustment.

3.5. Ecosystem dynamics

The pollen dataset (frequencies) was first analyzed using a cluster analysis (descending type;
Fig. S5) to calculate a dendrogram, using branches as ecological distances between groups of
taxa. The test was performed using Paired group as the algorithm and Correlation as the
similarity measure. Each cluster was summed to generate pollen-derived vegetation patterns
(PdVs; Fig. S6) and assigned to a potential location, from the alluvial floodplain to the salt
marshes, referring to modern patches of vegetation. A regular 20-yr chronological interpolation
was applied to the dataset (Fig. S6). The long-term trend of each PdV was calculated using a
400-yr moving average and a polynomial model (termed PM; Pyaive < 1073; Fig. S6) with a Pyalue

based on a F test - two-tailed, with no adjustment. The average value of each PdV is underlined.

The PdVs were transformed into z-scores and a second cluster analysis (descending type; Fig.
3a) was calculated (with Paired group as algorithm and Correlation as the similarity measure)

to test the ordination of terrestrial vegetation against charophytes and marine indicators. A



Spindle diagram was then performed based on z-scores and contrasted with the RSL estimate
(Fig. 3b).

The ecosystem dynamics signal is based on a principal component analysis (PCA) which was
subsequently performed to test the ordination of samples by assessing major changes in the
PdV-scores (frequencies; Fig. 4a). The first axis (PCA-Axis 1), which carries the maximum
variance (88.9% of total variance), was extracted and termed coastal vegetation. The PdVs
resulting from an alluvial influence are loaded by the positive PCA-AXxis 1 scores while the
PdVs showing a marine influence are loaded by the negative scores (Fig. S5). A + 1o error was
added to the PCA-Axis 1 scores based on the 2.5-97.5" percentiles. A regular chronological
interpolation (20-yr) was applied to the PCA-AXxis 1 scores. The long-term trend was calculated
using a 400-yr moving average and a polynomial model (termed PM; Pyaie < 10°3; Fig. 4a) with

a Pvaiie based on a F test - two-tailed, with no adjustment.

3.6. Environmental evolution

The marine components and the coastal vegetation proxy were further contrasted with the RSL
estimate using long-term trends (Fig. 4b). The 400-yr moving average and the polynomial
models (termed PM; Puae < 1073; Fig. 4a) were used to highlight the link between RSL rise,
increases in marine components and changes in coastal vegetation. Each PdV influenced by the
alluvial system was also plotted against RSL rise using long-term trends (Fig. S7). An average

and a standard deviation were calculated using all the taxa included in each PdV.

The link between coastal vegetation and the RSL estimate was tested, ranking the RSL values
in ascending order and retaining the associated coastal vegetation scores (Fig. S8a). Because
we focused on trends, coastal vegetation and RSL estimates were smoothed using a polynomial
model (termed PM; Pyaie < 1073; Fig. S8a) with a Pyaie based on an F test - two-tailed, with no
adjustment. The results are shown with the + 1o error. The same process was applied for the
link between the marine components and the RSL estimate (Fig. S8a). Cross-correlations were
also performed to ascertain the best temporal match between i) the RSL estimate versus coastal
vegetation, and ii) marine components versus coastal vegetation. The correlation coefficient
(R?) is provided, with a focus on the Lago value (with the associated Pyaie), and the significant
thresholds are set at +0.50 and -0.50.



We finally produced a ratio based on the two main PdVs (halophytes and salt-tolerant
plants/mixed oak forest - with a 95% two-tailed confidence interval), using the polynomial
model (termed PM; Pyaie < 107%) to decipher if RSL rise and increasing ratio scores followed
the same trend during the last 8000 years (Fig. S8b).

3.7. Data availability

The data supporting our results are provided as Supplementary data to this article.

4. Results
4.1. RSL estimate

A total of 53 SLIPs was used to frame the Holocene sea-level evolution of Venice Lagoon (Fig.
2a). At 8010+135 BP, the SLIPs-derived model (SLIPs®™) places the RSL at 11.7+1.8 m below
current MSL (°°MSL) with a rising rate of 1.4+4.6 mm yr'* (Fig. S2). The SLIPs™ suggests that
RSL rose rapidly from 6990+135 (-9.3+0.6 m "MSL - rising rate of 3.9+2.3 mm yr?) to
5990+135 BP (4.4+1.6 m "°MSL - rising rate of 3.7+2.3 mm yr?). This was followed by a
slowdown which is consistent with the progressive reduction in glacial meltwater inputs (Milne
et al., 2005; Roy and Peltier, 2018). From 5590+135 to 3190+135 BP, the SLIPs®™ delineates a
significant reduction in the rising rates (average 0.18+1.05 mm yr?) and an oscillating system
essentially controlled by land subsidence (> 1 mm yr™ with a maximum score of 1.16+0.23 mm
yrt: Fig. S3a-c) and sedimentary compaction. This process remained active until 2490+135 BP
when the RSL stabilized around 1.5+0.7 "°MSL, reaching the highest score (0.8+0.6 "°MSL) at
1490+135 BP (Fig. 2b). Moreover, the most recent part of the RSL estimate (Fig. S4a-b) falls
within the scores of previous Venice sea-level reconstructions (Camuffo et al., 2017; Camuffo,
2022). When the whole dataset is considered, the average rising rate can be estimated to be
1.4+0.3 mm yr? (using the standard error). Focusing on the last 6000 years, the average rising

rate can be estimated to be 0.6+0.2 mm yr? (using the standard error).

4.2. Evolution of marine components

The core LPC21 CO02 included many debris/fragments of foraminifers, ostracods and marine

bivalves as well as numerous dinoflagellate cysts. These biological indicators, markers of an

9



increasing marine influence in the sedimentary deposits, rose significantly in the sequence after
703570 BP when the marine transgression progressively flooded the upper Adriatic coastal
plain (Fig. 2c). A first high score (0.61+0.2) was reached at 5875+70 BP considering the 400-
yr long-term trend (Fig. 2c). The marine component proxy evolved in a manner similar to the
RSL oscillations, with a slight decreasing trend from 5255+70 to 4595+70 BP centered on a
relative drop (0.25+0.2) at 4935+70 BP. The signal finally stabilized at relatively high scores
from 407570 BP (average 0.99+£0.11 from 4075+70 to 2375+70 BP). The growing influence
of seawater in the zone that became Venice Lagoon, attested by both RSL rise and marine
components, changed the local conditions with strong and recurrent inputs of salt into the

ancient freshwater-fed area.

4.3. From wetlands to salt marshes

Before the marine transgression reached Venice, the PdVs (Fig. S5) suggest that the area was
mainly a freshwater basin as attested by both charophytes, macrophytes (up to 10.7%),
helophytes (up to 14.1%), fen trees (up to 25.2%) and a wet meadow (up to 17.8%; Fig. 3a and
Fig. S6). The upper zones were likely colonized by a mixed oak forest with intrusions of
mountain components. Pollen deriving from these upper zones were probably carried into the
basin by freshwater inputs from major tributaries as well as minor waterways (Fig. 3b and Fig.
S6; Bondesan, 2017). A first significant change in ecosystem dynamics occurred from 779570
to 7515170 BP suggesting either an early influx of salt water into the area or a decrease in
freshwater inflow, which could explain the drop in pollen from the upper zones, and the
development of a pine woodland. While the gradual rise of salt marsh vegetation (halophytes
and salt-tolerant plants) has occurred since 7555+70 BP, the first significant (above average)
increase with recurrent values above this threshold was recorded from 6815+70 to 6265170 BP
(Fig. S6). This increase constitutes the first stage of marsh colonization by the halophytes as
suggested by a plateau phase where the scores change very little (average of 40.1+5.3%).
However, since 6175+70 BP, the marine transgression completely remodeled the habitat,
creating a major ecological upheaval (Fig. 3b), reducing all alluvial PdVs (all below average)
and generating a large increase in salt marsh plants (59.8% at 595570 BP). The extent of the
salt marshes seems, however, to have oscillated from 5575+70 to 4315+70 BP as suggested by
variations in halophytes (average 42.4+3.9%). This resulted in the development of a pine

woodland and a slight increase in alluvial PdVs (Fig. S6). According to the ecosystem
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dynamics, the salt marshes became heavily dominant around 4215+70 - 407570 BP in Venice
Lagoon (Fig. 3b).

4.4. Ecological upheaval

The PCA-Axis 1, loading 88.9% of the total variance, clearly depicts the ecological upheaval
that occurred between 7000 and 6000 BP (Fig. 4a). The threshold (0 score) was exceeded at
6655+70 BP, indicating that the halophytes became the main ecosystem component in the salt-
water habitats under development. When sea-level change and evolution of marine components
are compared and contrasted with the PCA-AXxis1, using long-term trends, the widespread
impact of sea water on the coastal dynamics seems a decisive factor (Fig. 4b). This argument is
strengthened by the cross-correlations sea-level change versus PCA-AXxis 1 (Lago -0.93; Pvaiwe
< 0.001) and marine components versus PCA-AXis 1 (Lago -0.95; Pvaie < 0.001) which both
strongly suggest that marine transgression of northern the Adriatic coast was the main forcing
agent behind observed changes in ecosystem dynamics (Fig. S7). Using sea-level change as the
driver, the marine components and coastal vegetation dynamics both align with this
environmental constraint (Fig. S8a). Moreover, when the salt marsh plants are contrasted with
the mixed oak forest, using a ratio, the signal is coherent with the RSL rise (Fig. S8b). All the
proxies depict an ecological upheaval led by sea-level change as a major constraint.

5. Discussion

This study, based on a new curve for the Holocene RSL history of the Venice Lagoon, has
provided an assessment of when and how freshwater wetlands transformed into salt marshes.
Our data show that these marine intrusions created a first major ecological upheaval in the
lagoon 6655+70 years ago. Our study also provides insights into how projected RSL rise will

generate a second major ecological upheaval in the near future.

5.1. Effect of sea water

Before the marine seawater reached the northern Adriatic coasts, the area near Venice was
already a wetland, fed by freshwater tributaries and outflowing groundwater as suggested by
the high concentrations of macrophytes and helophytes (Bondesan, 2017). Comparable
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arguments were proposed in an environmental study centered on the coastal plains stretching
from the Sile River to the Tagliamento River (Miola et al., 2010). The proposed date of 681570
BP at Lio Piccolo for the first stage of significant marsh colonization by the halophytes
strengthens the ~ 6700 BP date previously suggested for sites located further inland (Miola et
al., 2010). The PdV mixed oak forest and mountain components identified during this early
stage is consistent with the vegetation found in cores drilled in the urban area of Venice (ARS-
S1; Serandrei-Barbero et al., 2005; Donnici et al., 2012) and in the eastern part of the lagoon
(BH2; Canali et al., 2007). The biological indicators of this PdV in core LPC21 C02 likely
originate from areas outside the marsh where probably thicker and more evolved soils are found
and were transported towards Lio Piccolo by recurrent freshwater inputs. The plant community
of the ancient flooded area was most likely composed of macrophytes, helophytes, fen trees and
wet meadows, forming a freshwater wetland of great ecological diversity. Such landscapes can
be found nowadays in the coastal wetland north of Ravenna (the Bardello; Piccoli and Merloni,
1989). Seawater intrusions affected this initial wetland by causing major physical changes in
water and soils (salinity, pH, sediment and nutrient fluxes; Bonometto et al., 2019), even on the
mainland where the salt probably reached the coastal water tables (Di Sipio et al., 2006). The
water probably became increasingly saline due to growing evaporation (leading to high salt
concentrations in groundwater), strong evapotranspiration, evaporation and transpiration of sea
water by halophytes in the newly formed salt marshes, salt secretion by plants, and the leaching
of salts deposited at the surface (e.g. Bonometto et al., 2019). This created an ecological

upheaval that completely redefined the habitats in the forming lagoon.

5.2. The salt marshes

According to the ecological parameters recorded at Lio Piccolo, Venice Lagoon gradually
transitioned into a salt zone from 7000 BP onwards but became a permanent salt marsh area
after 5000 BP. It has been previously suggested, based on foraminifera, that ancient salt marshes
in the lagoon (since ~ 4350196 BP) were close to the current one (Barbero et al., 2004). This
argument is supported by the halophytic vegetation assemblage from the core LPC21 C02,
which includes families or genus that have modern analogues such as Amaranthaceae (e.g.
Arthrocnemum macrostachyum, Salicornia procumbens ssp. Procumbens, Salicornia veneta,
Sarcocornia fruticosa), Apiaceae (e.g. Crithmum maritimum), Asteraceae (e.g. Aster tripolium,
Dittrichia crithmoides, Limbarda crithmoides), Chenopodiaceae (e.g. Atriplex portulacoides,
Suaeda maritima), Plumbaginaceae (e.g. Limonium narbonense) and Poaceae (e.g. Catapodium
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marinum, Puccinellia festuciformis; Spartina maritima; Silvestri and Marani, 2004; Miola et
al., 2006, 2010; Ivajnsic et al., 2018; Taramelli et al., 2021). Other plants such as Artemisia,
Ephedra fragilis, Matthiola, Medicago, Polygonum or families such as Brassicaceae (e.g.
Cakile maritima), Caryophyllaceae (e.g. Spergularia marina), Euphorbiaceae (e.g. Euphorbia
sp.), Fabaceae or Liliaceae are usually found on coastal Adriatic shores (Wolff, 1968; Stancic
et al., 2008; Milovi¢ et al., 2016). Such mixed assemblages of salt-tolerant taxa have also been
identified in coastal Istria (Croatia - northern Adriatic; Kaniewski et al., 2018, 2021). In Venice
Lagoon, it is evident that RSL changes, initially instrumental in establishing a favorable
physical environment for halophytes, will soon exert an influence on the salt marsh ecosystems.
These ecosystems, having thrived and adapted locally for ~6800-6600 years under the influence
of the marine environment, stand ready to face the imminent impacts of external changes in the
near future. This biological heritage, established thanks to marine contributions and
representative of Venice Lagoon, is nowadays under threat (degradation or even complete

disappearance) by RSL rise.

5.3. Forecasted impacts of RSL rise

Present-day and future sea-level changes accentuated by land subsidence (Madricardo and
Donnici, 2014; Tosi et al., 2018; Zanchettin et al., 2021) and increased erosion resulting from
deeper tidal flats (Carniello et al., 2009) will potentially create a second ecological upheaval in
Venice Lagoon. While it has been shown that salt marshes can be resilient to RSL rise (Rizzetto
and Tosi, 2011), the ecosystems that populate these habitats may, conversely, be profoundly
affected (Carniello et al., 2009; Sarretta et al., 2010). It has been suggested that by 2075, 37 to
51% (model-based scenarios or linear scenario respectively) of Venice Lagoon’s coastal
habitats could lie under water (Ivajnsic et al., 2018). Although nearly all habitats will manifest
a decrease in their extent by 2050 and beyond, the different types of marshes will respond
differently to RSL rise, with clear disparities between the northern and southern parts of the
lagoon (Ivajnsic et al., 2018). While coastal erosion could begin and develop intensively in the
northern lagoon before expanding to the southern part in the second half of the century (Ivajnsic¢
et al., 2018), a study covering the period 1901-2003 highlights a slower erosive trend in the
northern part compared to the faster erosion in the central and southern parts (Carniello et al.,
2009). The LPC21 CO02 core shows indirectly, through vegetation dynamics, the gradual
transformation of the northern part of the lagoon. It also shows how saline seawater intrusions
created a first major ecological upheaval during the Holocene, impacting or even eradicating
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the freshwater habitats that characterized the area. Future physical changes due to RSL rise will
likely exceed those that have occurred over the past 6800-6600 years (taking the first marine
imprint in the area), affecting current habitats through shrinkage, submergence and erosion.
Venice Lagoon will probably, like 7000-6000 years ago, change profoundly, creating a new
environment which will be shaped by RSL rise, land subsidence, climate pressures,

urbanization and anthroposcapes, all due to human behavior.

5.4. Other contributory factors

Salt marshes and coastal dynamics have been and will be influenced by other contributing
factors. Human activity within upstream catchments has led to sediment starvation affecting
vertical accretion and vegetation colonization (Gambolati et al., 1998; Mel et al., 2022),
resulting in the drowning of salt marshes and a reduction in their aerial extent (Tognin et al.,
2021). Storm surges still pose severe problems for Venice and its lagoon (Lionello et al., 2012),
damaging urban heritage (Carbognin et al., 2010; Mel and Lionello, 2014) and impacting the
coastal area as well as salt marshes by causing severe flooding (Troccoli et al., 2012). While
threatening, storm surges also act as a powerful agent of salt-marsh sedimentation due to
sediment reworking. This process will probably be lowered by storm-surge barriers,
temporarily closing the lagoon inlets, affecting the redistribution of reworked sediment within
the lagoon and leading to sediment deprivation (Nosengo, 2003; Tognin et al., 2021). Moreover,
numerous erosive processes affect the coast (Adriano et al., 2005; Angeli et al., 2005; Amos et
al., 2010) such as wind-wave power (Tommasini et al., 2019) and human activities such as
intensive clam fishing or tourism (Sarretta et al., 2010). All of these processes will affect, along
with RSL rise, the salt-marsh habitats.

6. Conclusions

Venice Lagoon is a legacy of the Holocene marine transgression and has already been affected
by human-induced sea-level rise, which are significantly reshaping the northern area of the
Adriatic and its coastal ecosystems. Throughout the Holocene, the lagoon experienced
influences solely from natural forces. In contrast, the Anthropocene era is characterized by a
reversal, as unprecedented and substantial pressures, originating from human activities such as

RSL rise, land subsidence, erosion and alterations in land use, have come to the forefront. The
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combined effect of each threat will have the greatest impact on salt marsh habitats. Our study
implies that the preservation of these lagoon habitats is jeopardized not by a single factor but
by a complex interplay of interacting variables. This dynamic interaction is anticipated to shape

a new model for the lagoon, reflecting the ongoing and future threats it faces.
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Figure 1. Geographical location of Lio Piccolo in the northern part of Venice Lagoon, Italy.
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Figure 2. Standardized RSL reconstruction for Venice Lagoon - period 500-8000 BP. (a) The
RSL history is based on 53 SLIPS. The blue boxes represent the SLIPS from the lagoons and
salt marshes. The dimensions of the boxes denote the + 1o altitudinal and + 26 chronological
errors associated with each SLIP. (b) Errors-In-Variables Integrated Gaussian Process model
(EIV-1GP; Cahill et al., 2016) for RSL estimate (with the 1o altitudinal error). (c) The marine

24



component signal (z-scores) display as a regular 20-yr chronological interpolation (termed raw
data) and a 400-yr moving average (blue curve). The scores are plotted with the + 2 dating
error and the standard deviation. The long-term trend was depicted as a polynomial model
(green curve; termed PM; Pyajue < 1079).
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Figure 3. Alluvial versus marine influence in Venice Lagoon. (a) Cluster analysis (algorithm
Paired group - similarity measure Correlation - cophenetic correlation 0.99) showing the
ordination of PdVs against charophytes and marine indicators. The green box emphasizes the
alluvial influence while the blue box underlines the marine influence. (b) Spindle diagram
(based on z-scores) contrasted with the RSL estimate (shown with the 1o altitudinal error). The
letter refers to each branch of the cluster analysis.
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Figure 4. Ecosystem dynamic versus RSL estimate in Venice Lagoon. (a) PCA-axis 1 (coastal
vegetation) shown as raw scores (with + 1c error and + 2o chronological calibration; termed
short-term trend). The long-term trend is displayed as 400-yr moving average (green curve,
with + 1o error) and polynomial model (termed PM; Pyaie < 10°%). (b) The RSL estimate (dark
blue curve, shown with the + 16 altitudinal error) is compared and contrasted with the coastal
vegetation signal (green curve - PCA-AXis 1, 400-yr moving average, with + 1¢ error) and the
marine components (light blue curve, 400-yr moving average, with the standard deviation). The
long-term trends are displayed as polynomial models (termed PM; Pyaie < 107%).
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