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Highlights 
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● Analysis of relative sea-level rise and climate dynamics as drivers of floods 

● Reconstruction of environmental impacts resulting from recurrent coastal flooding 

● Past data suggest that present climate drivers will favour frequent coastal flooding 
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Abstract 

In the context of industrial-era global change, Mediterranean coastal areas are threatened by 

relative sea level (RSL) rise. Shifts in the drivers of coastal dynamics are forecasted to trigger 

changes in the frequency of flooding of low-lying areas, with significant effects on marine-

coastal environments, societies, economy and urban systems. Here, we probe coastal floods in 

the eastern part of the Gulf of Venice (coastal Croatia) to understand the drivers of saltwater 

intrusions. We reconstructed RSL rise in the north-eastern Adriatic during the Holocene based 

on 43 RSL index points and analyzed the evolution of coastal submersions on the Istrian 

Peninsula for the last 5200 years based on inputs of marine components and increases in 

supratidal scrubs. We produced pollen-based climate reconstructions to analyze the potential 

effects of air temperature and precipitation changes on submersions. We investigated the 

response of precipitation and temperature to mid-late Holocene summer/winter insolation 

forcing and insolation-induced changes in sea surface temperatures (SSTs). We found that 

during periods of warmer SST, coastal flooding increased markedly. This process seems to have 

been initiated by warmer atmospheric temperatures that led to increases in summer evaporation, 

counterbalancing the effects of heavy precipitation during winter. As a result, freshwater flows 

into coastal areas were reduced and resulted in recurrent inputs of saltwater inland. Our study 

suggests that present-day climate drivers (increases in SSTs and air temperatures, and decreases 

in precipitation) will probably favor frequent coastal flooding, a process that will be amplified 

by RSL rise. 

 

Keywords: Coastal submersions, Saltwater intrusions, Paleoclimate, Relative sea-level rise, 

Coasts, Croatia, Adriatic, Mediterranean, Holocene 
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1. Introduction 

Relative Sea Level (RSL) rise features prominently among the consequences of climate change 

(Nicholls et al., 2007; Kopp et al., 2014, 2017). In 2017, more than 600 million people lived in 

coastal areas (less than 10 meters above sea level) and nearly 2.4 billion people (~40% of the 

world’s population) resided within 100 km of the coast (UN Ocean Conference, 2017). The 

coastal zone accounts for only 20% of all land area (CIESEN, 2000) but population densities in 

coastal regions are about three times higher than the global average. The risk of coastal flooding 

and increased saltwater intrusions on coastal areas therefore concerns at least ~10% of the 

world’s population. In the Mediterranean, coastal flooding events are amongst the most feared 

hazards as the region is particularly vulnerable to the effects of ongoing climate change (Satta 

et al., 2017) with densely populated seaboards (Wolff et al., 2020) and mass tourism (Cortés-

Jiménez, 2008), infrastructure and heritage sites (Reimann et al., 2018; Anzidei et al., 2020) 

situated close to the shore and with often limited adaptive capacity (Cramer et al., 2020). By 

2025, ~174 million people will live in coastal areas, estuaries and deltas (~33% of the 

Mediterranean’s population; Fabres, 2012). RSL rise and storm-related floods will make low-

lying zones and coastal activities increasingly exposed to submersion and beaches vulnerable 

to erosion (Hzami et al., 2011), and aquifers more sensitive to saltwater intrusion (Nicholls et 

al., 2021). 

Among the threatened areas in the northern Mediterranean, the Gulf of Venice has been 

identified as a hot spot according to the Coastal Vulnerability Index, the Coastal Exposure 

Index, and the Coastal Risk Index (Satta et al., 2017; Furlan et al., 2018, 2021). This situation 

is worrying as populations and coastal infrastructure in low-elevation areas will potentially face 

recurrent submersion events (Antonioli et al., 2017; Marsico et al., 2017; Bonaldo et al., 2020). 

UNESCO World Heritage sites such as the Episcopal Complex of Poreč, the Stato da Terra - 

Stato del Mar occidental, Aquileia, or Venice (Camuffo et al., 2014) will all be exposed to 
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coastal flooding and erosion with RSL scenarios based on the Representative Concentration 

Pathways (RCP 2.6, RCP 4.5 and RCP 8.5; Reimann et al., 2018; Zanchettin et al., 2020). While 

the whole northern Adriatic coast system seems vulnerable, analysis of future RSL rise and 

storm surges at a narrow geographic scale (north-western coast - northern coast - north-eastern 

coast) shows a more contrasting pattern and underlines the uncertainty behind the extent of RSL 

rise (regional forcings versus remote effects; Scarascia and Lionello, 2013), its impacts, and the 

severity of storm surges on either side of the Gulf of Venice (Lionello et al., 2012; Conte and 

Lionello, 2013; Kaniewski et al., 2016; Bonaldo et al., 2020). Bonaldo et al. (2020) also showed 

a shift in directional wave-energy contributions in the northern Adriatic resulting in a possible 

local increase in wave climate severity along the northern and north-eastern coasts. This process 

could be aggravated in northern Croatia by coastal subsidence amounting to 0.4 mm per year 

(Faivre et al., 2019a, 2021), which is coherent with the estimated 0.45±0.6 mm per year 

subsidence in southern Croatia (Faivre et al., 2013; Shaw et al., 2018). Moreover, RSL changes 

for the last 1500 years along north-eastern coasts seem consistent with shifts in temperature and 

consequently with periods of rapid climate change (Faivre et al., 2019a). 

Here, our aim is to investigate the environmental patterns that may have favoured coastal 

submersions and increased saltwater inputs inland during the last 5200 years in the north-

eastern Adriatic (Istrian peninsula - Croatia, Fig. 1), one of the most vulnerable areas to present-

day changes (Bonaldo et al., 2020). Our study explores the role of RSL rise, variations in 

Mediterranean SST, climate shifts and winter/summer insolation as potential forcing agents that 

may have promoted coastal submersions during the Mid-to-Late Holocene, and to infer whether 

present-day trends could play out in a similar manner. By trying to understand how all these 

environmental drivers may have acted conjointly during the past, this study seeks to identify 

the processes/patterns behind coastal flooding events. 
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2. Marine influence 

The term “marine influence” in this study encompasses all the processes leading to increases in 

seawater in the coastal zones of Croatia (including coastal submersions with temporary flooding 

or permanent intrusion, and an increase in storm activity at the marine-terrestrial boundary). 

The difference between saltwater inundations and saltwater intrusions was made based on the 

pattern of coastal freshwater inputs. When coastal freshwater discharges are reduced, the 

saltwater penetrates inland and becomes a long-term intrusion. Inversely, when coastal 

freshwater flows increase, the saltwater only remains an inundation. 

Saltwater in coastal areas, estuaries, and deltas today constitutes a pressing problem affecting 

the sustainability of freshwater resources (Alvarado-Aguilar et al., 2012; Mastrocicco et al., 

2019; Bellafiore et al., 2021). Saltwater inputs in the hinterland has been proven to affect 

aquifers/karst springs by increasing salinity (Bonacci and Gabrić, 2007; Terzić et al., 2008; 

Brkić et al., 2020), with implications for the groundwater table and agricultural productivity 

(Terzić et al., 2008). Recent data from Italy's largest river delta (the Po Delta) suggests that 

changes driven by climate and RSL rise will accentuate, in the near future, saltwater intrusions 

in its surface waters (Bellafiore et al., 2021). Currently, these occur mostly during the summer 

season when warm and dry conditions lead to low freshwater discharges to coastal areas. 

Saltwater intrusions are nowadays exacerbated by aquifer overexploitation for water supply and 

irrigation, land subsidence, RSL rise, and climate change, which contribute to diminished 

natural groundwater recharge (Bonacci and Roje-Bonacci, 1997; Botto et al., 2020). 

 

3. Material and methods 

3.1. RSL in north-eastern Adriatic 

We reconstructed the sea-level evolution of the north-eastern Adriatic Sea by coupling the sea-

level data available in Vacchi et al. (2016) with those produced by Covelli et al. (2006), Faivre 
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et al. (2011, 2019a-b), Furlani et al. (2011), Trincardi et al. (2011), and Trobec et al. (2018). 

We thus assembled a set of 43 RSL index points (points that constrain the palaeo mean sea-

level (MSL) in space and time; Shennan et al., 2015; Fig. 2a-b) derived from radiocarbon-dated 

samples of fossil Lithophyllum byssoides rims in Premantura, Uboka, and Brseč (Croatia) and 

sediment cores taken from the Gulf of Trieste and along the Istrian coast (Fig. S1; map from 

Becker et al., 2009). All the radiocarbon ages were re-calibrated into sidereal years with a 2σ 

range using the recent Calib-Rev 8.2. We employed the IntCal20 and Marine20 datasets for 

terrestrial and marine samples, respectively (Reimer et al., 2020). The regional average marine 

reservoir correction (ΔR) was applied for L. byssoides (ΔR of -209 ± 35 14C yr; Faivre et al., 

2019b) and for shells from the Adriatic (ΔR of -59± 117 14C yr; Faivre et al., 2015) recalculated 

with Marine20 (Heaton et al., 2020). The indicative range (i.e. the relationship of the samples 

with respect to the former mean sea level) of each RSL index point was established according 

to Vacchi et al. (2016) and Faivre et al. (2019a-b). We then calculated the rate of RSL change 

using the Errors in Variables Integrated Gaussian Process (EIV IGP) Model (Fig. 2c). The EIV 

IGP was used to perform Bayesian inference on historical rates of RSL change (Cahill et al., 

2016). The dataset is available in the supplement of this paper (Dataset S1). 

 

3.2. Cores, chronology, and correlations 

We collected two continuous cores from the delta of the Mirna River (MIR IV, 45°20’11.55’’N, 

13°39’30.29’’E, 1 m above current Mean Sea Level (MSL)) near Novigrad, Istrian peninsula 

(Kaniewski et al., 2016) and the bay of Busuja (S411, 45°15’55.05’’N, 13°34’36.61’’E, 1 m 

below current MSL (bcMSL)) near Poreč, Istrian peninsula (Kaniewski et al., 2018; Fig. 1). The 

core MIR IV was drilled in the silty deposits of a micro-delta while the core S411 was drilled 

underwater in the silty-clay/sandy-clay deposits of the bay of Busuja, ~70 meters from the 

present shoreline. These two cores were selected because they contain undisturbed sediment 
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sequences. Their chronology (Fig. S2) is based on thirteen 14C dates on short-lived samples (11 

samples: terrestrial seeds; 2 samples: small leaves from terrestrial vegetation). All calibrated 

ages are provided with 2σ (95% probability) calibrated years BP (indicated as cal. BP in the 

text). A composite core was subsequently constructed based on radiometric (14C dates), 

sedimentological and palaeoecological (layer of Posidonia oceanica debris and pollen analysis) 

correlations to build a sequence covering the last 5200 years (Fig. S3). 

 

3.3. Biological data 

The raw biological data derive from two studies (Kaniewski et al., 2016, 2018). Pollen data 

were initially shown as frequencies (%). Dinoflagellate cysts (marine plankton) were counted 

on pollen slides, reported as concentrations (cysts per cm-3), and here provided as z-scores. 

Foraminifera, marine bivalves, and Posidonia oceanica debris were extracted from the same 

samples as the pollen grains and dinoflagellate cysts. These marine components (Foraminifera, 

marine bivalves) and P. oceanica debris were initially picked from the washed sediment 

fraction. The marine components were originally displayed as concentrations (remains per cm-

3) and transformed into z-scores. All data were analysed using XL-Stat2019 

(https://www.xlstat.com/fr/) and the software package PAST, versions 2.17c and 4.03 (Hammer 

et al., 2001). A regular chronological interpolation (20-yr) was first applied to the dataset. 

Biological data were investigated using cluster analysis (descending type; Fig. S4). The cluster 

analysis was used to calculate a dendrogram, using branches as ecological distances between 

groups of taxa. The test was calculated using Paired group as an algorithm and Correlation as 

the similarity measure. Pollen taxa of each cluster were summed to derive vegetation dynamics 

(Fig. S5) from the supratidal zone (backshore scrubs) to the hinterland (mixed oak forest), 

referring to modern patches of vegetation (Fig. S4). The vegetation patterns are shown with 

their long-term trends displayed as sinusoidal regressions (phase Free, with Pvalue < 0.001) and 
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smoothing splines (Fig. S5). The backshore scrubs assemblage was then transformed into z-

scores. 

The marine influence scores (Fig. 3) correspond to the average of two patterns. The first pattern 

was calculated by averaging the z-scores of the marine components, dinoflagellate cysts and 

backshore scrubs. The second pattern was calculated by excluding the backshore scrubs 

assemblage, which could be influenced by climate and/or marine influence. These two initial 

patterns appear as background in Fig. 3. The dataset is available in the supplement of this paper. 

 

3.4. Pollen-based climate reconstruction 

The pollen-based model used to reconstruct the climate variables (Figs 3, 4) has been proven to 

provide coherent climate reconstructions (Cheddadi and Khater, 2016; Cheddadi et al., 2016, 

2017; Kaniewski et al., 2019, 2020). We calculated two different models, with and without 

backshore scrubs. The main reconstructions presented in this study correspond to the average 

of the two models (which appear as background in Figs 3, 4). All reconstructions are shown 

with their estimated errors, and with their long-term trends (Fig. 3, 4, 5). Summer precipitation 

was then used to calculate a freshwater discharge index (Fig. 6). All reconstructed climate data 

are available in the supplement of this paper. 

 

3.5. Agriculture 

Agricultural activities were reconstructed by summing the cereals, cultivated trees and weeds 

(Fig. S4). The sum was then transformed into z-scores (Fig. 7). The initial threshold sizes used 

to discriminate cereals from other Poaceae (e.g. annulus thickness, pore diameter) are 47 μm 

for the grain diameter and 11 μm for the annulus diameter (e.g. Joly et al., 2007; Kaniewski et 

al., 2018). Agricultural activities are shown with their long-term trends displayed as sinusoidal 

regressions (phase Free, with Pvalue < 0.001; Fig. 7). The potential impact of submersions on 
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agriculture was tested by comparing the agricultural activities with a continuous gradient of 

marine influence (Fig. 7a-b). To establish if anthropogenic activities were modulated by the 

coastal flooding, a cross correlation (P < 0.05) was calculated (Fig. 7c). The cross correlation 

assesses the time alignment of two time series by means of the correlation coefficient (CC). 

The time-series have been cross-correlated to ascertain the best temporal match and the 

potential delay between the two time-series. The CC is then plotted as a function of the 

alignment position. This numerical approach is well adapted to detect and quantify potential 

links between environmental data and anthropogenic activities. Positive and negative 

correlation coefficients are considered, focusing on the Lag0 value (with 0.5 or -0.5 as the 

significant threshold). Non-significant values indicate no correlation. All data are available in 

the supplement of this paper. 

 

3.6. SST and insolation 

The reconstruction of SST for the last 5200 years derives from a spatial average for the whole 

Mediterranean basin (Marriner et al., Submitted). Summer and winter insolation scores (45° 

latitude) were extracted from (Laskar et al., 2004; Figs 3, 4, 5). All data are available in the 

supplement of this paper. 

 

3.7. Further statistical analyses 

A homogeneity test was applied to RSL, SST, insolation and marine influence data to detect 

potential shifts in their long-term dynamics (Fig. S6). The homogeneity test is based on a null 

hypothesis that a time series is homogenous. Possible alternative hypotheses such as change in 

distribution, changes in average or presence of trend can be detected and subdivided. Each 

change is highlighted and its average is indicated by “mu” (e.g. Kaniewski et al., 2020). A 

CABFAC/REGRESS analysis (Fig. S7) was used to test the potential weight of each factor 
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(insolation, RSL, SST, temperature, precipitation, marine influence) in mediating the 

environmental signal (e.g. Kaniewski et al., 2020). The CABFAC factor analysis (Q-mode 

factor analysis) implements the classic method of factor analysis and environmental regression 

(CABFAC and REGRESS). The selected environmental data were regressed on the CABFAC 

factors using the second-order (parabolic) method, with cross terms. The environmental 

regression model (RMA) reports the observed values against the values reconstructed from the 

factors. The consistency of each reconstructed model is indicated by the coefficient of 

determination R2. The R2 values were ordered from highest to lowest (Fig. S7). 

 

4. Results 

4.1. RSL rise for the last 10,000 years 

A total of 43 RSL index points was used to frame the Holocene sea-level evolution of the north-

eastern Adriatic (Fig. 2a). At 10,270±16.5 cal. BP, the index point places the RSL at 25.17±1.94 

m bcMSL (Fig. 2b) with a rising rate of 3.3±3 mm per year (Fig. 2c). The index points indicate 

that RSL rose rapidly until 5050±96.5 cal. BP (3.9±1.74 m bcMSL and a rising rate of 2.8±2.2 

mm per year), followed by a slowdown in the rising rates. Since this period, index points 

delineate a significant reduction in the rising rates during the last ~4000 years (4050±119 cal. 

BP: 1.68±1.02 m bcMSL with a rising rate of 1.52±1.2 mm per year), when the total RSL 

variation was within 1.5 m bcMSL (Fig. 2a-b). The significant slowdown in rising rates after 

~5050 cal. BP is consistent with the progressive reduction in glacial meltwater inputs that were 

minimal during the last ~4000 years (Fig. 2c; Milne et al., 2005; Roy and Peltier, 2018). 

 

4.2. Coastal submersions for the last 5200 years 

According to our results, coastal submersions are defined by recurrent periods of higher activity 

during the last 5200 years (Fig. 3a), but with a stronger impact inland before 2580±65 cal. BP 
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and lower since (Fig. S6). The main phase of increasing coastal submersions was recorded from 

5200±60 to 2580±65 cal. BP with two peaks at 4180±65 cal. BP and 3180±70 cal. BP, which 

may correspond to increases in storminess (Kaniewski et al., 2016, 2018). When the RSL is 

superimposed on the coastal submersions, it appears that the major slowdown in RSL rise from 

4200±119 to 2600±103 cal. BP is synchronous with the main phases of marine influence in the 

coastal area (Fig. S6). The tipping-point that marks the transition between high versus low 

coastal flooding also corresponds to a marked transition in the summer insolation, RSL rise and 

SST (Fig. S6), suggesting a link between all these parameters. This link is also highlighted by 

the CABFAC analysis which depicts the respective role of each parameter in the environmental 

signal (Fig. S7). The period 2680±65-760±70 cal. BP is marked by a general decrease in 

submersions with minor events at 1820±70, 1480±70, 1140±85 and 960±85 cal. BP (Fig. 3a). 

From 760±70 cal. BP to 475±70 cal. BP, episodes of marine influence occurred but not with 

the same intensity as those recorded during the period 5200±60 - 2580±65 cal. BP. The last 

events played out at 360±40, 260±15 and 100±45 cal. BP (Fig. 3a). 

 

4.3. Climate 

Phases of coastal submersions from 5200±60 to 2580±65 cal. BP mainly occurred during 

periods of warmer winter temperatures (Fig. 3b) and sustained winter precipitation (Fig. 3c). 

Temperatures are important as they were defined by the CABFAC analysis as the main 

parameter behind the observed changes (Fig. S7). The two main events (storms) seem to occur 

during cooler and slightly drier winters encompassed in these periods (Fig. 3b-c). The highest 

peak of submersion at 3180±70 cal. BP is linked to winter temperatures of 2.34±0.4°C and 

winter precipitation of 200±3.3 mm while the averages for the period 5200-2580 cal. BP are 

respectively 3.64±0.3°C and 207±2.7 mm. Warmer SSTs are also linked with the main phases 

of saltwater intrusions in the north-eastern Adriatic (Fig. 3b-c). Summer insolation seems to be 
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a driver behind all these processes because the system seems to be less active during winter 

insolation (Fig. 3c). 

Episodes of coastal submersions also occurred during years of warmer summer temperatures 

(Fig. 4a) and lower summer precipitation (Fig. 4b). The two major phases that correspond to 

storm events (peaks at 4180±65 cal. BP and 3180±70 cal. BP) occurred during years 

characterized by a slightly cooler but mostly drier summer season (Fig. 4c). 

When all factors are pieced together, using only long-term trends (Fig. 5a-b), it appears that 

higher marine influence in the coastal area is linked with summer insolation, transgressive RSL, 

warm SSTs, warmer temperatures for all seasons, and stronger winter precipitation. Lower 

summer, spring and autumn precipitation also favoured coastal submersions. All the climatic 

parameters for each season are detailed in the supplementary material (Figs S8, S9). 

 

4.4. Saltwater inundations or intrusions? 

The distinction between long-term processes (intrusion of saltwater) and short-term events 

(inundation) may be done using both the marine influence, precipitation and riverbank 

vegetation. One of the main parameters that nowadays controls the intrusion of saltwater in 

aquifers is the summer precipitation (Bonacci and Roje-Bonacci, 1997; Botto et al., 2020). 

Reconstructed summer precipitation was here coupled with macrophytes-helophytes and 

riparian trees to create an index of freshwater discharge (Fig. 6). The average of both time series 

(marine influence and freshwater discharges) was used to subdivide the signals into low versus 

high scores. We assume that flooding activity that lead to saltwater intrusions is attested by 

phases of freshwater discharges below average (Fig. 6). The periods where the freshwater 

discharges were above average correspond to a weakening of marine influence and are defined 

as coastal inundation by saltwater. The marine influence was compared and contrasted with the 

freshwater discharges and two main phases were defined (Fig. 6), divided by the tipping-point. 
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Before the tipping-point (2580±65 cal. BP; Fig. S6), the area is mainly affected by saltwater 

intrusions resulting from important coastal flooding and low freshwater inputs (Fig. 6). After 

the tipping-point, the area seems to have been mainly affected by recurrent/permanent saltwater 

inundations due to higher inputs of freshwater to the coastal area and a weakening of all 

parameters favoring important coastal flooding (Fig. S6). 

 

4.5. Agricultural activities and marine influence 

The agricultural activities in coastal areas appear to be modulated by saltwater (Fig. 7a), as 

suggested for the modern period (Terzić et al., 2008). Each phase defined by significant activity 

in terms of marine influence (Fig. 6) is concomitant with a major decline in agriculture, 

suggesting saltwater intrusions, which probably affected aquifers by rising salinity, and further 

impacted the groundwater table. When the evolution of agricultural activities is compared and 

contrasted with marine influence, it is clear that saltwater modulates these activities (i.e. the 

more saltwater penetrates inland, the more these activities decline, or even disappear, Fig. 7b-

c). This suggests a causal link between the two processes (e.g. Bonacci and Gabrić, 2007; Terzić 

et al., 2008; Brkić et al., 2020). 

 

5. Discussion 

As emphasized by the International Panel on Climate Change (e.g. IPCC, 2007, 2014), present-

day climate change effects are expected to substantially increase global mean sea level (Chang 

et al., 2011), significantly affecting erosion and flooding of coastal areas in the near future 

(Aucelli et al., 2017). This rise will also have a severe adverse effect on saltwater intrusion 

processes in coastal aquifers whereas the need for freshwater is increasing as burgeoning 

population levels require more water for their domestic, agricultural and industrial uses 

(Cominelli et al., 2009). While coastal freshwater resources are intensively used nowadays to 
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meet this demand (Mollema et al., 2013), increasing efforts are being made to understand the 

consequences of environmental change for society, particularly for water resource management 

(García-Ruiz et al., 2011). In the dry Mediterranean basin, changes in water resources are 

particularly relevant as water availability is a limiting factor for economic development. 

Moreover, there is an unequivocal trend in the Mediterranean towards drier conditions (Guiot 

and Cramer, 2016). Climate models highlight rainfall changes, and the frequency and intensity 

of droughts have intensified since the 1950s (Gao and Giorgi, 2008). This situation will be 

exacerbated in the future (Giorgi and Lionello, 2008) as the Industrial-era increase in aridity 

has accentuated stress on already limited water resources, particularly in coastal regions where 

anthropogenic demands already exceed supply (Cramer et al., 2018). 

 

5.1. Coastal flooding 

Focussing on the last 5200 years, coastal flooding resulting in saltwater intrusions occurred 

several times on the Istrian peninsula, mainly during the period 5200±60 to 2580±65 cal. BP. 

These phases of coastal flooding seem to be triggered by several cumulative causes (Figs 3, 4, 

S7). The main parameters identified correspond to RSL variability (rise and a slowdown of the 

rising rates during the Holocene; Fig. 2), warm SSTs until ~3000±50 cal. BP (Fig. 3), warmer 

atmosphere temperatures for each season (Figs 3b, 4a, S7, S9), and drier conditions (Figs 4b, 

S7, S8). This is correlated with summer insolation (Fig. 5) while increased winter insolation 

seems to have lowered the magnitude of coastal flooding. The main component behind coastal 

flooding and saltwater intrusions seem to be due to marine and atmospheric heat. Warmer 

atmospheric temperatures led to an increase in evaporation during summer in coastal areas, 

counterbalancing the effect of heavy precipitation during winter. This process reduced the 

freshwater discharges in coastal areas and resulted in recurrent intrusions of saltwater inland 

(Fig. 6). 
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The surface temperature and precipitation patterns seem to follow the variations in solar activity 

(Solanski et al., 2005; Vonmoos et al., 2006; Steinhilber et al., 2012), particularly the warmer 

(all seasons; Fig. S9) and drier (summer, spring, and autumn) interval that started ~5200 years 

ago and ended ~2580 years ago. This warmth was coupled with a probable steric effect of sea 

surface temperatures on RSL changes (Carillo et al., 2012), causing thermal expansion of sea 

waters and leading to RSL rise (Carillo et al., 2012; Cazenave and Le Cozannet, 2013). This 

increase was reinforced by land ice melt which only became minimal during the last ~4000 

years (Roy and Peltier, 2018). This process probably favored coastal submersions and saltwater 

intrusions. 

During the period 5200 ± 60 to 2580 ± 65 cal. BP, Mediterranean SSTs show a phase of 

sustained warming. This plateau, defined by an average anomaly of 0.91°C, initially starts at 

9400±50 and ends at 3000±50 cal. BP (Marriner et al., submitted). After 3000±50 cal. BP, the 

SSTs show an overall cooling trend (Mariner et al., submitted), resulting from an expansion of 

the Siberian High over Eurasia. These observations are consistent with core AD91-17 from the 

southern Adriatic (Sangiorgi et al., 2003). When SSTs began cooling, after 3000 cal. BP, the 

marine influence on coastal areas was reduced (Fig. 3a-b), suggesting a link between the two 

processes (Fig. S7). 

When the present-day parameters are compared with past data, it emerges that modern and 

predicted changes can lead to severe coastal submersions and increased saltwater inland in the 

near future. Atmospheric warming due to increased anthropogenic greenhouse gases (e.g. 

Giorgi and Lionello, 2008; Meinshausen et al., 2009) is strongly with glacial melting (e.g. 

Bocchiola and Diolaiuti, 2010; Diolaiuti et al., 2012), thermal expansion of sea waters (e.g. 

Tsimplis et al., 2008), RSL change (e.g. Galassi and Spada, 2014), and warm SST (e.g. Nykjaer, 

2009). Mediterranean regional and global surface temperatures have significantly warmed for 

each season during the Industrial era (Milano et al., 2013; Lionello and Scarascia, 2018). 
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Moreover, it has been suggested that areas situated along the northern seaboard of the 

Mediterranean region will be affected by a reduction in precipitation, mainly during summer, 

while they will not experience a significant drop in precipitation during winter (Lionello and 

Scarascia, 2018). It appears that all the present-day parameters seem to fit with what has been 

observed as factors favouring coastal submersions and saltwater inputs inland during the last 

5200 years. 

 

5.2. Storm events 

The two main peaks of marine influence recorded at 4180±65 cal. BP and 3180±70 cal. BP 

correspond to important periods of floods resulting from recurrent storm surges in coastal 

Croatia during periods of low freshwater discharges (Figs 3a, 6), leading to saltwater intrusions 

inland. Nowadays, severe storms usually affect coastal regions in the northern Adriatic during 

winter and, to a lesser extent, in summer (De Biasio et al., 2017). The storm surges that occur 

in the Adriatic Sea (e.g. Camuffo et al., 2000; Lionello et al., 2012), more frequently from 

autumn to spring, are regularly associated with the Scirocco, a steady, moist and warm south-

easterly wind (Orlić et al., 1994), and to the Bora, a northeastern wind (Boldrin et al., 2009). 

These winds are also influenced by other forcing factors such as the barometric effect 

(associated with the spatial distribution of the atmospheric pressure over the Mediterranean 

Sea), rapid changes in the atmospheric pressure pattern, tides, and vertical land movement (e.g. 

Camuffo et al., 2000). Scirocco is channelled by the orography framing the basin and pushes 

the water towards the Gulf of Venice (Pirazzoli and Tomasin, 2002; Lionello et al., 2012; De 

Biasio et al., 2017). The Scirocco often lasts for days, moving significant amounts of water in 

the Gulf of Venice. Bora winds (Orlić et al., 1994, 2007) regularly generate gyres in surface 

coastal waters, depending on where the Bora’s strongest offshore jets occur (Pullen et al., 2003; 

Signell et al., 2010). The sea-surface gyres, resulting from wind stresses, push waters westward 
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and eastward in the Adriatic basin (Grisogono and Belušić, 2009). The component, which 

controls whether the western or the eastern coast is severely flooded, is dependent on the 

longitudinal wind, the Scirocco (Međugorac et al., 2015). 

Severe storm episodes during the last 5200 years appear synchronous with warm SST but 

cooling surface temperatures (during each season) and drier winters (Fig. 3b-c). The highest 

marine influence activity during the period from 4180±65 cal. BP to 3180±70 cal. BP is 

associated with colder and drier winters and may correspond to an interval marked by a 

strengthened Bora effect over the Adriatic. Bora winds are dry, cold, and spatially 

inhomogeneous (Supić et al., 2012). It has been previously shown that lower winter 

temperatures may be caused by strengthened Bora winds over the Adriatic Sea (Sangiorgi et 

al., 2003). Moreover, it has also been shown that there is a tendency for a strong Bora (called 

“Dark Bora”) to occur before the peak of the surge, being replaced by the Scirocco during the 

most intense phase of the storm events (Lionello et al., 2012). The strengthened storm activity 

during colder and drier periods may indicate when the Bora had a major influence over the 

northern Adriatic, with peaks marking the moment when the Scirocco acted conjointly.  

The climatic conditions that favoured severe storm episodes in the Adriatic during the last 5200 

years (e.g. colder seasons with drier winters), are not attested nowadays or expected in the near 

future (Branković et al., 2012), suggesting a potential attenuation of storminess and saltwater 

intrusions resulting from these patterns. It has been further suggested that future changes in 

synoptic activity will lead to a reduction in Bora winds and to a lowest frequency of Scirocco 

events (Pasarić and Orlić, 2004). Additionally, a study of wind wave severity changes in the 

Adriatic Sea for the period 2070-2099 suggested milder conditions than the present-day pattern 

(Benetazzo et al., 2012). This reduced storm-surge activity could however be modulated by 

RSL rise and land subsidence, two factors that favour coastal submersions (Conte and Lionello, 

2013), even with low severity storm events. While trends suggest a decline in storm activity in 
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the near future, increases in wave severity may occur locally, depending on the local wind 

climate (Benetazzo et al., 2012). 

 

5.3. Agricultural activities 

Coastal submersions and saltwater intrusions (Fig. 6) have a strong impact on irrigated 

agriculture as portrayed during the last 5200 years (Fig. 7) as saline water cannot be used for 

irrigation (e.g. Baric et al., 2008). The drop in freshwater inputs led to important saltwater 

intrusions (Fig. 6) and a drop incoastal agriculture, mainly during the period before ~2580 cal. 

BP (Fig. 7).  

An important prerequisite for the implementation of irrigation systems is the availability of 

freshwater which is nowadays one of the most limiting factors (Tadić, 2012). Water resources 

are estimated based on three criteria: quantity, quality and location (called “water potential”; 

Tadić, 2012). When drier conditions prevail (Fig. 4b, S8), precluding efficient aquifer recharge 

(e.g. Giambastiani et al., 2007), and saltwater intrusions increase (Figs 3a, 6), the water 

potential is affected, with implications for agriculture in coastal areas (Fig. 7). 

The consequences of saltwater intrusions in Croatia have been studied on the Blato aquifer 

(western side of the island of Korčula, southern Dalmatia; Terzić et al., 2008; Ilijanić et al., 

2018), in the Neretva River Valley (southern Croatia; Zovko et al., 2013), in the Vrana Lake 

(Dalmatia; Rubinić and Katalinić, 2014), and at several aquifers from the Istrian peninsula to 

southern Croatia (Bonacci and Gabrić, 2007; Brkić et al., 2020). Studies tend to show that RSL 

rise, drier conditions, and human activities (e.g. pumping of freshwater) are the main forcing 

agents behind saltwater intrusions inland (e.g. Da Lio et al., 2015). In the near future, saltwater 

intrusions will probably increase, with repercussions for the economy, urban life, tourism, 

agriculture and daily life. 
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6. Conclusions 

This study shows that coastal flooding and saltwater intrusions have had a major impact on the 

northeast Adriatic coastal areas over the past thousand years. Enhanced and recurrent 

submersions were triggered by several cumulative factors and processes such as RSL 

variability, warm SSTs, warmer atmospheric temperatures and drier conditions. The drivers 

behind past coastal submersion are similar to the modern and predicted changes, suggesting 

that present-day patterns may lead to severe submersion events and increased saltwater 

intrusions in the near future. The expected drop in freshwater availability due to saltwater 

intrusions, will be aggravated by important human activity in coastal areas, mainly high 

freshwater pumping and increasing pollution. Economic activities in coastal areas will therefore 

be affected as most of them rely on important freshwater availability (e.g. tourism, agriculture, 

industry). Inversely, severe storm events will probably be attenuated as climate conditions do 

not seem to be favorable to the development of extreme events. The real impact of milder storm 

events will be mainly determined by factors other than climate, such as coastal subsidence and 

the rate of RSL rise. 
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Figures 

Figure 1. Geographical location of the Mirna River delta and the bay of Busuja in Croatia. 

 

Figure 2. Relative sea-level reconstruction of the north-eastern Adriatic Sea. a) The RSL 

history is based on 43 index points deriving from radiocarbon-dated samples of fossil 

Lithophyllum byssoides rims in Premantura, Uboka and Brseč (Croatia) and from sediment 

cores taken in the Gulf of Trieste and along the Istrian coasts. The dimensions of the red boxes 

denote the altitudinal and chronological errors associated with each index point. The inset 

corresponds to the last 5000 years. b) Estimates of the RSL with the 2-sigma errors. c) Rate of 

RSL change using the EIV IGP Model. 

 

Figure 3. Reconstruction of the marine influence for the last 5200 years compared with RSL, 

winter temperatures, winter precipitation and SSTs. a) Marine influence (z-scores) versus RSL 

rise (m). Red line: sinusoidal regression; orange line: smoothing spline. b) Winter temperature 

(°C) versus Mediterranean SSTs (z-scores; Marriner et al., Submitted). Dark red line: sinusoidal 

regression; green line: smoothing spline. c) Winter precipitation (mm) versus Mediterranean 

SSTs (z-scores). Dark red line: sinusoidal regression; green line: smoothing spline. d) 

Superposition of all the curves (z-scores) with winter and summer insolation (W/m2; Laskar et 

al., 2004). The long-term trends are displayed as sinusoidal regressions (phase Free, with Pvalue 

< 0.001; a, b, c and d) and smoothing splines (a, b, and c). 

 

Figure 4. Marine influence plotted against summer temperatures, summer precipitation, SSTs 

and insolation for the last 5200 years. a) Summer temperatures (°C) versus summer insolation 

(W/m2; Laskar et al., 2004). The marine influence (z-scores) and the Mediterranean SSTs are 

shaded. Dark red line: sinusoidal regression; yellow line: smoothing spline. b) Summer 
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precipitation (mm) versus summer insolation (W/m2; Laskar et al., 2004). The marine influence 

(z-scores) and Mediterranean SSTs are shaded. Dark red line: sinusoidal regression; yellow 

line: smoothing spline. c) Superposition of all the curves (z-scores) with winter and summer 

insolation (W/m2; Laskar et al., 2004). The long-term trends are displayed as sinusoidal 

regressions (phase Free, with Pvalue < 0.001; a, b, and c) and smoothing splines (a and b). 

 

Figure 5. Long-term trends in RSL, marine influence, temperatures, precipitation and summer 

insolation. a) Long-term trends (sinusoidal regression) in RSL, marine influence, temperatures 

(all seasons) and precipitation (winter) compared with SSTs (z-scores; Marriner et al., 2021) 

and summer insolation (W/m2; Laskar et al., 2004). b) Long-term trends (sinusoidal regression) 

in RSL and precipitation (spring, summer and autumn) compared and contrasted with SSTs (z-

scores) and summer insolation (W/m2). 

 

Figure 6. Saltwater inundations versus saltwater intrusions. The marine influence (z-scores) is 

plotted against the freshwater discharge index (z-scores). The periods of saltwater intrusions 

are shaded in blue while the phases of saltwater inundations are shaded in orange. 

 

Figure 7. Agricultural activities compared and contrasted with the marine influence during the 

last 5200 years. a) Agricultural activities (z-scores) plotted against marine influence (z-scores). 

The long-term trends are displayed as sinusoidal regressions (phase Free, with Pvalue < 0.001). 

b) The potential impact of submersions on agriculture was tested by comparing the agricultural 

activities with a continuous time series of marine influence. c) The cross-correlogram shows 

the link between the marine influence and the agricultural activities with the correlation 

coefficient at Lag0 and the associated Pvalue. 
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Figure 7
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