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ssa Baiona is a shallow temperate coastal lagoon influenced by a variety of factors, includ

nal climate change and local anthropogenic disturbances. To better understand how th

rs influenced modern organic carbon (OC) sources and accumulation rates, we measured

ell as stable carbon isotopes (δ13C) in 210Pb-dated sediments within a vegetated saltm

tat and a human impacted habitat. Relative Sea Level (RSL) at the nearby tide gauge sta

and four different Sea Surface Temperature (SST) data sets were analyzed starting from 1

sess the potential effect of sea ingression and warming on the coastal lagoon sedimen

esses. The source contribution calculated from the MixSIAR Bayesian model reveale

d composition of sedimentary OC, dominated by an increase in marine-derived OC after

s, matching with a decrease from autochthonous saltmarsh vegetation (Juncus spp.) in

arsh habitat, and from riverine/estuarine-derived OC in the impacted habitat. RSL rise in

(8.7±0.5 mm yr−1 in the period 1900-2014) has been mainly driven by the land subside

cially during the central decades of the last century, enhancing the sea ingression into

on. RSL rise influenced changes in sedimentary OC sources and accumulation at diffe

 within the two habitats from the 1950s onward; conversely, no direct effect of SST 

ted.  
2 
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Carbon captured and stored in sediments and soils from vegetated tidal wetla

groves, saltmarshes, freshwater and brackish marshes), where the rates of organic car

mulation (OC) from multiple sources is high, constitutes an active fraction of the gl

on sink (Wang et al., 2021). However, a global inventory of this coastal ‘blue carbon’ rem

llenge, as observations of accumulation rates and stock in vegetated tidal wetlands are la

sive, expensive, scarce, and unevenly distributed, with few sediment records even

ively well-studied temperate areas in the Northern Hemisphere (Beaumont et al., 20

nt reviews (Duarte et al., 2005; Wilkinson et al., 2018) report a mean carbon accumula

of 151 g C m−2 yr−1 for saltmarshes (maximum 1720 g C m−2 yr−1), 41.4 g C m−2 yr−1

ons (maximum 340 g C m−2 yr−1), and 62.9 g C m−2 yr−1 for coastal wetlands (maximum 33

−2 yr−1) exceeding the mean burial rate of estuaries and continental shelves (17–45 g C 

.  

The accumulation of ‘blue carbon’ stored in soil and sediments within tidal wetland

itive to rapidly changing climate factors (e.g. temperature, rainfall, sea level rise, 

dation frequency), and non-climatic anthropogenic drivers (e.g. subsidence from groundw

ction, reduction of sediment supply due to river damming, and land use change) (Pendle

., 2012; Macreadie et al., 2013; Arriola, 2017; Kelleway et al., 2017; Simpson et al., 20

rs Lewis et al., 2018; Ruiz-Fernández et al., 2018; Cuellar-martinez et al., 2019; Macre

aintilan, 2019; Negandhi et al., 2019; Rogers et al., 2019).  

Fast rates of relative sea level rise (RSLR) and low sediment supply are the main dri

rtical drowning in tidal wetlands (Mariotti and Carr, 2014; Fagherazzi et al., 2020). A gl
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w suggests that between 60 and 91% of saltmarshes will be drawing under the IPPC predi

 of sea-level rise (Crosby et al., 2016).  

Carbon stable isotopic composition (δ13C) and C/N analysis have been used as tracer

nguish between OC derived from autochthonous C3 and C4 saltmarsh vascular vegetation 

tal blue carbon; δ13C −12‰ to −30‰, C/N 5.80 to 41.10; Khan et al., 2015b), 

hthonous sources including fluvial and marine particulate organic matter (POM) derived f

water or marine phytoplankton (δ13C −12‰ to −30‰, C/N 5 to 9; Lamb et al., 2006), as 

st sea level indicators in coastal vegeted habitats in North West Europe (Wilson, 2017).  

Data on the spatial and historical changes of OC sources and accumulation coupled w

-term time series of climatic factors are limited for vegetated tidal wetlands in 

iterranean, which make it hard to assess the response of OC accumulation to relative sea-l

(RSLR) in this region. Sea level observations from satellite altimetry showed an increas

lute sea level of 2.6±0.2 8 mm yr-1 across the Mediterranean Sea during the period 1993-20

low-lying coastal areas will be prone to marine flooding according to projections for the

ry (Moatti and Thiébault, 2016).   

To better understand the spatial and temporal changes in OC accumulation and sources

s the influence of SST and RSLR, we measured the stable isotopic composition (δ13C) 

tion rates in sediment records, applied the MixSIAR model to estimate the OC sources,

zed Sea Surface Temperature (SST) and Sea Level (SL) climatic data sets in two diffe

 wetland habitats: (i) an impacted habitat affected by strong landscape and anthropog

ations,  and (ii) an undegraded saltmarsh habitat, within a coastal lagoon (Pialassa Baio

ed in the northwestern Adriatic Sea (Mediterranean Sea).  
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aterials and Methods 

2.1. Study area  

Pialassa Baiona is a temperate coastal lagoon (44° 50 N and 12°25 E) adjacent to

hwestern Adriatic Sea (Figure 1). The area forms part of the Natura 2000 European netw

is a wetland of international importance under the Ramsar Convention. The climate is 

er Mediterranean (Köppen-Geiger) with a continental influence, with a mean an

erature of 14.1 °C and a maximum of 29.2°C (Antolini et al., 2016). Annual rainfall ran

 650 mm to 696 mm, mainly from October to March (Mollema and Antonellini, 2012). 

The lagoon consists of shallow water bodies of saline, brackish or fresh water wetla

 m average depth) completely or partially isolated by levees and crossed by a dend

ork of artificial channels dug in 1850 (~5 m maximum depth). The inner channels conve

a main channel connected to sea through the shipway channel. Salinity in the lagoon (25

 is mainly controlled by tidal flushing through this channel into the channels network resul

layed tidal oscillation and low water exchange with the open sea. On average, the water co

ea of 10 km2 with a tidal range of 0.3–1 m, and usually vast shallow areas emerge during 

.  

The northern area is composed of unvegetated zones alternated with zones dominated

phile species characteristic of temporarily inundated saltmarshes (Juncus maritimus 

us acutus and to a lesser extent by Salicornia spp.; Merloni and Piccoli, 1999), with marg

 with reedbeds of Phragmites australis (Ferronato et al., 2016).  

The southern area is a subtidal habitat consisting of tidal wetlands separated

ntinuous artificial embankments receiving inputs from agriculture runoff, and urban 
5 
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strial wastewater discharges through the main inflow channel. Vegetation is sparse and ma

nt on the embankments.  

This area has been subject to ongoing sea level rise and warming (Cerenzia et al., 20

ano et al., 2021), land subsidence, hydrological alterations (Airoldi et al., 2016), and  chem

tion resulting in higher than expected concentrations of mercury in sediments (Covelli et

; Guerra et al., 2014) and mussels (Capolupo et al., 2017), and alteration of the ben

munity (Guerra et al., 2009; Ponti et al., 2011). The high mercury concentrations found in

ent of this area are in good agreement with the Hg inputs following the booming

chemical industry located near Pialassa Baiona lagoon in the mid-1950s. Chemical pl

ucing acetaldehyde and vinyl chloride from acetylene and using mercury salts as cataly

sed an estimated 100–200 tons of Hg directly into the southern area of the lagoon during

–1978 period (Miserocchi et al., 1993). In 1973, wastewater treatment began, 

ldehyde plant was shut down and the use of Hg catalysts in vinyl chloride and acetaldeh

uction was drastically reduced and finally discontinued by 1991 (Fabbri et al., 1998). 

 

Figure 1. 

2.2. Sampling  

Sampling took place in April and July 2008 at two contrasting habitats within Pial

na coastal lagoon: a) a saltmarsh habitat located northward in a relatively flat area with

nce of saltmarsh vegetation, and b) a human impacted wetland habitat located southw

 to anthropogenic source inputs (Figure 1).  
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Within each habitat, sediment cores were sampled at two random locations by inser

cylindrical Plexiglas hand corer (5 cm diameter, 50 cm long) into the sediment to a dept

5 cm. The cores were extruded in the field, sectioned into 1–2 cm intervals, and analyzed

 organic carbon (OC), total nitrogen (TN), carbon isotope ratio (δ13C) in the laboratory.  

An additional core with no evidence of physical disturbance was taken at each habita

nstruct the chronology of sediment accumulation via Pb-210 dating. Sediment subsect

 these cores, were weighted before and after drying at 60 °C until constant weight, 

ent dry bulk density (g cm−3) was calculated assuming a sediment density of 2.65 g cm−3

ter density of 1.034 g cm−3. After drying, sediment from the 1-2 cm slices were homogen

urther split into two subsamples for 210Pb radiometric analysis and Hg determination. 

Additionally, a total of 12 surface sediment samples (0–5 cm) were collected wi

less-steel grab sampler at six stations in the saltmarsh habitat and six stations at the impa

tat for organic matter description (OC, TN and δ13C) (Figure 1). 

 

2.3. Laboratory analysis  

Freeze-dried sediment samples were treated with HCl (1.5 M) to remove inorganic car

onate). Aliquots of approximately 20 mg were added into silver capsules for the measurem

total organic carbon (OC), total nitrogen (TN), and carbon isotopes (δ13C

/12C)sample/(13C/12C)standard −1] × 1,000) using a FINNIGAN Delta Plus XP mass spectrom

tly coupled to Thermo Fisher FLASH 2000 CHNS Elemental Analyzer. OC and TN con

 expressed as the weight percentage of dried sediment, and carbon isotope results w

rted in the standard delta notation (‰) with respect to the international standard Vienna 
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Belemnite (VPDB). Standard deviation based on replicates of reference standard (IAEA-C

< ± 0.2‰. 

For radiometric analysis, packed sediments (~40–50 g) were set aside for at least 21 d

low 222Rn ingrowth and to establish secular equilibrium between 226Ra and its granddaug

. The 210Pb and 226Ra activities were measured by γ-ray spectrometry, and the excess 2

ity was estimated by subtracting the 214Pb from the total 210Pb activity with self‐absorp

ctions (Cutshall et al., 1983). The excess 210Pb was used to determine ages of sedim

vals using the Constant Flux Constant Sedimentation model (CF-CS; Sanchez-Cabeza 

-Fernández, 2012). Mass accumulation rates (MAR, g cm−2 yr−1) and sediment accumula

 (SAR, cm yr−1) were estimated from the profile of excess 210Pb activity concentration ve

ent depth (cm) and mass sediment depth (calculated using bulk density).  

Total mercury (THg) was determined with a Perkin Elmer Optima 3200 XL inducti

led plasma-optical emission spectrometer coupled to a FIAS 400 hydride generation sys

wing the US EPA method 6010C (USEPA, 2000). Sediments were digested with concentr

 acid (HNO3, Suprapur, Merck; 65%) and hydrochloric acid (HCl, Suprapur, Merk; 37

QC for THg analysis was carried out using sample replicates, method blanks, and certi

ence materials (CRMs, Marine Sediment PACS-2 and MESS-3 from NIST, USA). 

racy of the instrument was consistently within their certified range (3.04±0.20, and 0.91±.

−1, respectively), and all measured samples showed less than 10% deviation from CRMs. 

 depth profiles were employed as an independent marker to corroborate the 210Pb age mo

All concentrations and activities are expressed on a dry weight basis. 
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The carbon accumulation rate (CAR, g C m−2 yr−1) was calculated by multiplying the

ion (%OC/100) in each core interval by the MAR (g m−2 yr−1). Total C stock (g C m−2) 

lated by integrating the CAR over the last century (1900–2008). 

 

2.4. Climatic data  

Existing Sea Surface Temperature (SST) and Sea Level (SL) data sets have been analy

sess the main climatic changes happened after 1900 in the study region and relate them to

tions in sedimentary OC sources and accumulation through multivariate analysis.  

One of the longest SL time series (1987–2014) available within the Northern Adr

n has been recorded at the Porto Corsini/Marina di Ravenna tide gauge station (44.49

8°E), located nearby the entrance to the Piallassa Baiona (Figure 1c), along the main ship

nel connected to the sea (Cerenzia et al., 2016; Zerbini et al., 2017). The Relative SL (R

 given by the combined effect of vertical land movements and SL, used in the climatic anal

he annual means (Figure 3) over the time period 1900–2014 analyzed and provided

nzia et al., (2016). They derive from different data sources and have been prop

ogenized relying upon the information on benchmarks and data overlaps.  

The RSL change presents anomalous rate of increase (8.5±0.2 mm yr−1) within

hern Adriatic and the Northern Mediterranean region. Cerenzia et al., (2016) found out 

 subsidence represents the main cause of local RSL rise measured by the tide gauge due 

 land lowering from 1.8 to 0.2 m above sea level in the time period 1897–2014. The rat

lute SL change during the last decades, obtained by subtracting the rate of land subside

 the rate of RSL change, is equal to 2.2±1.3 mm yr−1, consistently with other tide ga
9 
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rvations nearby (i.e. Venice, Trieste) and the estimate of 3 mm yr−1 computed from altim

e region from Bonaduce et al. (2016).  

SST gridded data sets covering the time period 1900–2018 have been retrieved with

to obtain a robust estimate of the long-term temperature variation of the sea water ente

xiting the coastal lagoon. Three global monthly SST data sets have been considered: (1)

SST from Met Office Hadley Centre for Climate Prediction and Research; (2) the ER

 NOAA National Centers for Environmental Information and (3) the COBE-SST from

n Meteorological Agency (JMA). These products might not fully capture regional details

lighted by (Li et al., 2019) thus a fourth, most recent and accurate regional satellite-based 

Pisano et al., 2016) distributed by the Copernicus Marine Environment Monitoring Ser

EMS) has been considered as the reference to validate the global products and select the m

sentative one for the successive analysis. The main characteristics of the considered SST 

have been summarized in Table 1 and detailed in the Supplementary Material. 

 

Table 1. 

 

The closest sea grid point to the study area (Figure 1) has been selected from each glo

set to first inspect the time series. HadlSST and COBE-SST sea grid points are coincident

grid cell includes the coastal strip [12–13°E; 44–45°N] up to approximately the 40

ymetric (red square in Figure 1b). The ERSST grid cell (blue square in Figure 1b) is w

 the others and it encloses a central area of the Northern Adriatic sea [13–15°E; 43–45

CMEMS SST sea grid points falling inside the HadlSST and COBE-SST grid cell have b
10 
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ted from daily fields to compute monthly averages and represent the best SST estimate of

tal area under investigation. 

A consistency analysis of SST time series has been conducted and is provided in

lementary Material (Figure S1). The consistency among the centennial data sets and CME

 supports their usability to characterize the long term SST variations in the study area. 

SST annual averages and relative anomalies have been computed subtracting from e

 series its relative time average (i.e., 1900-2014 for the centennial datasets, 1982-2018

MS SST). The resulting annual SST anomalies are displayed in Figure 3 together with

al RSL values from Cerenzia et al., (2016).  

The correlation between annual SST anomalies from the centennial datasets and

ence CMEMS SST have been computed over the time period 1982–2018 in order to se

h one to be used in the successive multivariate analysis. The correlation is highly signifi

t is equal to 0.85 for COBE-SST, 0.86 for HadlSST and 0.88 for ERSST. The correlation w

nnual RSL has been computed too and it results minimum for COBE-SST (0.42) 

imum for CMEMS SST (0.63), while it is equal to 0.54 and 0.55 for HadlSST and ERS

ctively. ERSST has been selected due to its highest correlation with both CMEMS SST

. 

2.5. Data analysis  

To estimate the proportional contribution of the different sources to the sediment OC

 of the cores we applied MixSIAR, a Bayesian mixing model framework implemented a

-source R package (Stock et al, 2018). MixSIAR, and mixing models in general, require tr

that characterize the chemical or physical traits of both the sources and the mixtures; th
11 
 



Journal Pre-proof
 

traits . In 

the p

ing 

into rate 

categ fers 

seve ere 

taken s of 

Stoc

and 

Lege nse 

varia ried 

out u ngle 

expl AN, 

whic riod 

prior  the 

RDA ach 

core gle 

expl sted 

using
Jo
ur

na
l P

re
-p

ro
of

 are assumed to predictably transfer from sources to mixtures through a mixing process

resent application δ13C and C/N are used as tracers.  

Bayesian mixing models improve upon simpler linear mixing models by explicitly tak

account uncertainty in source values. MixSIAR, in particular, has the ability to incorpo

orical and continuous covariates to explain variability in the mixture proportions and of

ral options for error parametrization. Two categorical covariates, core and time period, w

 into account. Error was assumed as “residual only”, in accordance with the indication

k and Semmens (2016) for the application of mixing models to sediment sourcing. 

The constrained ordination method of redundancy Analysis (RDA, Legendre 

ndre, 2012) was employed to evaluate the relation between sediment OC data (respo

bles) and the climatic ERSST and RSL data (explanatory variables). The analysis was car

sing the R package VEGAN. The overall significance of the RDA model and of the si

anatory variables was tested using the permutest() and anova.rda() functions of VEG

h are based on permutation methods. Due to the availability of RSL and SST data, the pe

 to 1897 and the periods 1922–1935, 1941–1945 and 1990–1994 could not be included in

. OC data and climatic variables were further averaged over the period comprised by e

 section. Four distinct RDA were performed, one for each core. Correlation between sin

anatory and response variables and between variables and RDA axes was quantified and te

 the Pearson’s r coefficient. 

 

12 
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esults  

3.1. 210Pb geochronology 

The excess 210Pb profile showed a decreasing trend with depth, and activities ranged f

o 33.5 Bq kg−1 in the saltmarsh habitat, and from 14.4 to 58.7 Bq kg−1 in the impacted hab

 an overall mean value of 23.1±17.0 Bq kg−1. The period covered by each sedimentary co

er than 100 years, and the time span from 1900 to 2008 (Figure S2). The average sedim

mulation rates (SAR, 0.15±0.06 cm yr−1 and 0.21±0.06 cm yr−1) and mass accumulation 

R, 0.16±0.07 and 0.17±0.06 g cm−2 yr−1) were comparable in the saltmarsh habitat and

cted habitat, respectively.  

Generally, the THg concentration increased from low near background regional value

ottom layers to the maximum values in the sub-surface layers followed by a rapid decre

rds the upper layers (Figure S2). THg concentrations were <0.12 mg kg−1 up to 9 cm and

epth in the saltmarsh and impacted habitat cores, respectively (1950±4 and 1953±4). 

t of THg concentration was recorded in the middle layers of the impacted habitat core and

arsh habitat core (11 and 8 cm, respectively; year 1957±3). The highest values of THg w

d in the middle layers of the impacted habitat core (6–9 cm, from year 1967±3 to 1977

e the concentrations of THg were always higher than 20 mg kg−1, with a maximum valu

 mg kg−1 (7 cm, year 1977±2).  

The modern (last decades to century) sediment chronologies estimated from the 210Pb 

odel were compared to the profiles of THg concentration mirroring the period of indus

nd release into the study area (1958 and 1978). The results indicate the 210Pb geochronol

lid, although the biggest uncertainty (6.1 years) is found in the saltmarsh core (Table S1)
13 
 



Journal Pre-proof
 

the b ned: 

befo  to 

incre 977 

follo

2%, 

from 2%, 

from lues 

were itat 

(−20 cant 

diffe

2 to 

1.31 itat 

core  the 

saltm itat 

(core .74 

‰ in .21 

to 22

the 

sedim  and 
Jo
ur

na
l P

re
-p

ro
of

asis of 210Pb chronology and historical Hg concentrations, three time periods were defi

re 1957 prior to Hg industrial contamination, between 1957 and 1977 corresponding

asing Hg concentrations due to Hg use as catalyst in industrial processes, and after 1

wing reduction and abandonment of Hg in industrial processes.  

 

3.2. Elemental and isotopic composition of sedimentary organic carbon 

The OC content, C/N ratio and δ13C in the surface sediment ranged from 1.04 to 2.6

 6.92 to 10.99, and from −21.87 to −18.21‰ in the saltmarsh habitat, and from 0.68 to 2.6

 6.98 to 11.1, and from −26.81 to −20.91‰ in the impacted habitat (Table S2). δ13C va

 significantly enriched in the saltmarsh habitat when compared to the impacted hab

.06±1.31 ‰ and −23.34±2.00 ‰; p <0.007), whereas C/N ratios did not show any signifi

rence between the surface sediments from the saltmarsh and impacted habitats. 

In the saltmarsh habitat cores, OC content ranged from 0.38 to 1.38% and from 0.2

% (core 1 and core 2), and from 2.06 to 3.74% and from 2.53 to 3.94% in the impacted hab

s (core 3 and core 4); C/N ratio varied from 6.62 to 12.73 and from 6.32 to 15.80 in

arsh habitat (core 1 and core 2), and from 6.64 to 10.56 and 6.74 11.33 in the impacted hab

 3 and core 4). The range of variation of δ13C was −22.19 to −19.19 ‰ and −20.25 to −17

 the saltmarsh habitat (core 1 and core 2, respectively), and −26.26 to −22.09 ‰ and −27

.76 ‰ in the impacted habitat (core 3 and core 4, respectively) (Figure 2 and Table S3). 

In the saltmarsh habitat, δ13C values were slightly but significantly depleted in 

ents deposited before the 1950s than in the last decades (1980s–2008) (−21.15±0.60 ‰
14 
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41±0.21 ‰ , p <0.001 ) in core 1; conversely, core 2 did not display any significant differe

 time (−19.12±0.55 ‰ and −19.18±1.03 ‰, respectively).  

In the impacted habitat, δ13C values displayed a marked and significant enrichmen

ents deposited in the last decades (1980s–2008) (−22.54±0.39 ‰ in core 3 and −23.61±0

 core 4) in comparison to the sediments deposited during the 1960s–1970s (−24.82±0.69

.001 in core 3, and −25.84±1.43 ‰, p = 0.003 in core 4) and prior to the 1950s (−25.49±0

 <0.001 in core 3 and −25.62±0.77 ‰, p = 0.002 in core 4). 

In the saltmarsh habitat, C/N ratios did not display any significant increase from sedim

sited in the last decades (1980s–2008) to the sediments deposited prior to the 1950s in co

±1.20 and 9.04±1.56) and in core 2 (8.38±1.05 and 9.71±3.47). In the impacted habitat, 

s displayed a slight but significant increase in sediment deposited in the last decades (198

) when compared to the sediments deposited prior to the 1950s both in core 3 (8.11±0.61

±1.20, respectively; p = 0.038) and core 4 (7.85±0.70 and 9.41±0.79, respectively; p = 0.0

Carbon accumulation rate (CAR) ranged from 8.0 to 14.6 g C m−2 yr−1 and 4.5 to 15.5

yr−1 in the saltmarsh habitat (core 1 and core 2), and from 32.4 to 57.6 g C m−2 yr−1, and 2

.7 g C m−2 yr−1 in the impacted habitat (core 3 and core 4). In the saltmarsh habitat, C

es were slightly but significantly higher in sediments deposited in the 1960s–2008 than in

ents deposited prior to the 1950s both in core 1 (12.97±1.35 g C m−2 yr−1 and 9.35±1.23

yr−1, respectively; p = 0.003) and in core 2 (13.79±1.25 and 8.40±3.69 g C m−2 y

ctively; p = 0.047). In the impacted habitat, no significant differences were detected in C

een the sediments deposited before the 1950s, in the 1960s–1970s, and in the last deca

0s–2008) in core 3 (44.82±8.30, 39.04±4.48, and 41.63±4.68 g C m−2 yr−1, respectively

 4, CAR values were significantly higher in sediments deposited prior to the 1950s tha
15 
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ents deposited in the 1960s–1970s, and in the last decades (1980s–2008) (43.57±7

1±2.11, and 33.78±8.20 g C m−2 yr−1; p <0.001 and p = 0.034, respectively) (Figure 2).  

Figure 2. 

3.3. Climatic site characterization 

The RSL time series over the considered 1900–2014 time period (Figure 3) is character

 total variation of 98.4 cm with a continuous rise starting from the 1940s until pres

acterized by a steep increase from the 1940s to the 1970s. The RSL trend is equal to 8.7±

yr−1, which reduces to 7.0±1.4 mm yr−1 in the most recent 1982–2014 time period. 

Cerenzia et al. (2016) highlight the dominant role of land movement on the RSL rise in

and report a natural subsidence trend of about 6 mm yr−1 in the time period 1897–1

wed by a noticeable increase over the period 1950–1970, corresponding to a rate of abou

yr−1. Bruni et al., (2019) also describe a moderate RSL rising tendency before 1940, a s

ase from the 1940 to the 1970s and its significant reduction after 1980. 

The effect of human activities in the study area is thus predominant in the area with res

L rise, especially from the 1940s until the 1970s, when subsidence due to groundw

drawal from surface aquifers and gas extraction have superimposed onto the regional tect

ponent. As a consequence, the sea water ingression within the coastal lagoon increased in ti

ulated by tidal flow. 
16 
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SST annual anomalies (Figure 3) appear mainly negative during the first two deca

0–1920), they fluctuate approximately between ±0.5°C from 1920 to 1970 with the m

ounced ERSST negative anomalies during the 1940s. Between 1970 and the early 1980s

alies become mainly negative, but since that period the SST start a continuous warm

ency characterized by always positive anomalies approximately after the year 20

istently, CMEMS SST anomalies appear mostly negative before the year 2000 and posi

wards. 

The total ERSST variation over the 1900–2018 time period is equal to 1.0°C wi

tant increase of 0.009±0.002°C yr−1. SST increases mainly from the early 1980s, thus

r trends in the time period 1982–2018 is provided too: ERSST trend is equal to 0.034±0.01

 and CMEMS SST is 0.044±0.009°C yr−1. The latest value is comprised within the estim

isano et al. (2020) for the whole Mediterranean Sea (0.041±0.006°C yr−1) and the Adri

0.045±0.007°C yr−1). 

Starting from the 1980s the effect of subsidence slowed down due to mitigation effects

ise continues at a rate of about 2.2 mm ±1.3 mm yr−1 (1990-2011; Cerenzia et al., 2016)

emporary SST increases with unprecedented rate. 

 

Figure 3. 

 

17 
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iscussion  

4.1. Carbon sources 

Tidal wetlands ecosystems represent the convergence of terrestrial and marine syste

e stable carbon isotopes (δ13C) and the ratio of organic carbon to total nitrogen (C/N) va

ese environments will depend on the relative contributions of carbon derived from saltm

ular vegetation, phytoplankton, seagrasses, algae, and particulate organic carbon (PO

ported by rivers and tides (Lamb et al., 2006). δ13C and C/N together are able to differen

ces of OC that accumulate in coastal depositional records, specifically between C3 and

tation and freshwater and marine organic matter (Kemp et al., 2010, 2012; Khan et al., 201

ka et al., 2018). 

In order to estimate the relative contribution of different OC sources supplied to and sto

diments of Pialassa Baiona coastal lagoon, we combined δ13C and C/N values of saltm

tat cores (n = 38), impacted habitat cores (n = 40), and saltmarsh and impacted habitat sur

ents (n = 6 and n = 6, respectively) (Table S2 and S3 in the Supplementary Material). 

, C/N and OC composition of modern sediments (c.a. last century) in the two habitats of

on indicated their spatial and temporal differences (Figure 2 and Figure 4).  

  

Figure 4. 

C/N values in the saltmarsh and impacted habitats sediments is consistently <10 with v

exceptions (Figure 3 and Figure 4). The C/N ratio indicates that the sedimentary OC in

arsh and impacted habitats had a mixed source of freshwater- and marine-derived OC, 
18 
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reshwater source of OC was mainly distributed in the impacted habitat, while the saltm

tat was dominated by marine source OC. Despite the overall low C/N values, still a slight

istent increasing trend from recent layers (1980s–2008) to the pre 1950s sediments can

tified in the impacted habitat (Figure 2b).  

Carbon isotope signatures clearly allocated sediments in two distinct groups, with enric

 values found in the saltmarsh habitat, and relatively depleted δ13C values in the impa

tat lying between values for corresponding marine and riverine-estuarine end-mem

re 4). These δ13C values show a change in OC sources from the saltmarsh to the impa

tat, and reflect contributions from mixed sources of sedimentary OC suggesting 

hthonous freshwater/riverine sources may have a local influence in the impacted hab

e allochthonous marine sources seem to predominate in the saltmarsh habitat. The δ13C va

e saltmarsh and impacted habitats partially overlay the isotopic signatures of saltm

tation of a C3 photosynthetic pathway origin, which have a δ13C extent of −29.88 to −20.2

a C/N of 9.70 to >20 ( Lamb et al., 2006; Khan et al., 2015a). C4 saltmarsh plants are ei

nt or have been recently introduced in North European saltmarshes (Preston et al., 2002

nowledge there is no record of C4 Spartina spp. presence in Pialassa Baiona coastal lag

e scientific and grey literature. 

Locally produced (autochthonous) biomass is generally considered to contri

ficantly to the total OC pool in saltmarsh sediments (Chen et al., 2016). Among saltm

ular vegetation, species of the genus Juncus is the prevailing C3 high marsh plant of Pial

na coastal lagoon (Corticelli et al., 1999). Allochthonous sources are the mar

oplankton OC, imported through tidal flow from the main channel connecting to the sea,

iverine/estuarine phytoplankton OC, brought in by the main inflow channel located on
19 
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ern edge of the lagoon, while Juncus-derived OC is likely produced in situ, and 

sents the autochthonous source in the sedimentary OC of the studied area. 

The contributions of the three OC sources (marine phytoplankton, riverine/estua

oplankton and Juncus spp.) to the sedimentary OC, as determined by the MixSIAR model

n in Figure 5 and reported in Table S4. Tracer values for marine phytoplankton (δ

7±1.0 ‰; C/N: 5.5±0.7) and for riverine/estuarine phytoplankton (δ13C: −29.8±1.3 ‰; C

0.8) were obtained from Tesi et al. (2007) and Guerra et al. (2013). Values for Juncus 

: −22.0±2.5 ‰; C/N: 15.2±5.2) were obtained from Gebrehiwet et al. (2008) and Kelle

 (2017).  

The marine-phytoplankton OC contribution increased from ~50% in the sedim

sited prior to the 1950s to ~70% in sediments deposited in the last decades (1980s–2008

altmarsh habitat. Similarly, marine-phytoplankton OC contribution increased from ~15%

ediments deposited prior to the 1950s to ~40% in sediments deposited in the last deca

0s–2008) in the impacted habitat. Riverine/estuarine phytoplankton OC accounted for <1

50 % of sedimentary OC in the saltmarsh and impacted habitats over the last century; th

ces decreased from ~60% in the pre 1950s period to ~40% in the last decades (1980s–20

e marine-phytoplankton OC contribution increased simultaneously after the 1950s within

cted habitat. These findings indicate that the relative contribution of marine-phytoplank

n the sediments deposited in the last decades is higher than in sediments deposited prio

950s, and is by ~30% higher in saltmarsh habitat than in the impacted habitat.  

An important fraction of sedimentary OC stored in sediment within Pialassa Baiona coa

on is derived from the autochthonous C3 saltmarsh plant Juncus spp. This contribution i

age slightly higher in the saltmarsh habitat than in the impacted habitat sediments (~33%
20 
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, respectively). The MixSIAR model highlighted a decrease in OC contribution from

arsh vegetation, from ~40% in the pre 1950s period to ~20% in the last decades (198

), in the sediment records within the saltmarsh habitat, and from ~30 to ~25% in the impa

tat concomitant with an increase in marine-phytoplankton OC from ~30 to ~25% from

s forward. 

increased contribution of marine phytoplankton to sedimentary OC at the expense of

ribution of freshwater phytoplankton and C3 saltmarsh vegetation, observed in both

tats, reflects the increasing RSL recorded by the near tide gauge after the 1950s. 

Figure 5. 

 

4.2. Relationship between organic carbon and climatic variables 

Redundancy analysis (RDA) was employed to determine if the observed spatial 

oral variability in sedimentary OC data was related to regional climatic changes (Figure

 model, tested by using the permutest procedure, is highly significant for all the cores ex

 2 (Figure 6b). RDA axes account from 38% (core 4) to 66% (core 1) of the total variat

a large fraction of the differences in sediment OC properties among core sections is

ained by the RSL and SST (Figure 6, Table S5). The first axis (RDA1) accounts for 86% (

 97% (core 1) of the explained variance and was positively correlated with both RSL and S

ugh RSL had higher scores on this axis. The second axis (RDA2), which accounts only

o 14% of explained variance, was mostly related to SST. As a consequence, RDA1 can

preted as the conjunct variation of RSL and SST, while RDA2 as the fraction of SST varia

is not related to the RSL. However, SST presents little independent explanatory power s
21 
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fect, tested using the anova.rda procedure, is in all cases not significant. On the other h

ffect of RSL is highly significant in the three cores (1, 3 and 4) where the RDA model is 

ly significant. Although a direct effect of SST on sedimentary OC has not been detected,

nd SST warming are not independent, due to a contribution of thermal expansion to SL

ing from 30% to 40% approximately (Storto et al., 2019).   

Recent years (after 1977) score high values on RDA1 and, except for core 2, are w

rated from older years (before 1957), which are instead characterized by low values on 

 Years 1957–1977 score intermediate values and overlap with both recent and older ye

 result reflects the steady rise in RSL and SST changes over the last century (Figure 3): 

1 scores before 1957 when both RSL and SST rise are low, intermediate RDA1 sc

een 1957 and 1977 when SST is not increasing while RSL rapidly increases mainly under

t of subsidence, while high RDA1 scores appear after 1977 when both RSL and SST incre

TN is positively correlated with RDA1 and C/N ratio is negatively correlated with RD

l four cores. On the other hand, the relation between other OC variables and RDA1 is

istent among the four cores. OC content is positively correlated with RDA1 and TN con

e saltmarsh habitat (cores 1 and 2), while independent from RDA1 in the impacted hab

s 3 and 4). Correlation between CAR and RDA1 is positive in the saltmarsh habitat, nega

e impacted habitat, although correlation is significant only for cores 1 and 4. δ13C is positi

lated with RDA1 in all cores with the exception on core 2 (saltmarsh habitat).  

In summary RDA suggested that climatic variables, in particular RSL due to the cumul

t of land movement and SL rise, influence OC properties of the sediments. However,

t of this influence differed between the two habitats, and even between cores from the s

tat.  
22 
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Figure 6. 

 

4.3. Carbon accumulation  

Core dating using excess 210Pb confirmed that the sediment bed has accreted du

ent accumulation in the saltmarsh and impacted habitats over the last century. 

rences in geochronology resulting from excess 210Pb and THg vertical profiles can

uted to complex depositional conditions and biogeochemical cycling with northw

ation of Hg causing a delayed THg peak in the saltmarsh habitat (Fabbri et al., 2001; Trom

, 2003; Covelli et al., 2011).  

Pb-210 derived SARs are comparable with published accretion rates measured wi

on tidal saline wetlands (0.13–0.29 cm yr−1) and Long Island Sound (0.1–0.36 cm yr−1) (

nisfeld, 2015; Peck et al., 2020), in microtidal coastal wetlands in the Gulf of California

aribbean Sea (0.04–0.65 cm yr−1) (Ruiz-Fernández et al., 2018), and within Venice lag

r rising sea level, subsidence and increasing frequency of high tides flooding called ‘ac

 (0.13–0.44 cm yr−1) (Bellucci et al., 2007).  

To explore whether Pialassa Baiona lagoon is a net depositional or erosional area, ex

 (Bq cm−2) inventories were estimated at sediment core habitats according to a stand

ique (Appleby and Oldfield, 1992), and then compared to the annual atmospheric flu

 within the latitudinal range 40-50°N (0.0155±0.0075 Bq cm−2 yr−1) (Baskaran, 2011). 

 excess 210Pb inventory for sediment cores at the saltmarsh and impacted habitats is 0.3
23 
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 Bq cm−2, which is lower than the steady state inventory of atmospheric 210Pb (0.50±0.24

) at 40–50°N, and thus the study area is not net depositional.  

Averaged SAR over the period ~1900–2010 (~0.2 mm yr-1) is lower than the local R

ase (Cerenzia et al., 2016) owing to rapid land subsidence in the 1950–1970, thus indica

ccretion balance is negative, the area is not likely to keep pace with the ongoing SL rise

risk of drawing.  

SL rise scenarios for the year 2100 and relative inundations map for the subsiding North

atic coastal plain, predict that the coastal area under investigation will be most prob

erged by that time (Antonioli et al., 2017; Mariano et al., 2021). This trend reflects the

 rise and warming projections under future emission scenarios, which predicted an area 

een 20 to 90% in vegetated tidal wetland at global level by 2100 (IPPC, 2019). Accordin

ent review, accretion rates in salt marshes are on average < 0.5 cm yr−1 in recent time sca

re low when compared to rates of SLR (Crosby et al., 2016).  

CAR values averaged over 1900s–2008 are higher in the impacted habitat compared to

arsh habitat; collectively, CAR values are lower than global estimates of 172 ± 18 g C 

for tidal marshes (Wang et al., 2021), 154.3 ± 8 g C m−2 yr−1 for US saltmarshes (Wang et

), and 161–1017 C m−2 yr−1 for Mediterranean saltmarshes (Ouyang and Lee, 2014),

pare well to CAR of modern sediments (ca < 200 yrs) in vegetated U.K. saltmarsh habitat

 as in salt marshes of Scheldt estuary (Table 2).  

Before the 1950s, CAR values in the impacted habitat were on average higher 

tively correlated with RSL, a trend confirmed as statistically significant for core 3. This co

xplained by a decrease in the amount of suspended sediments entering the inflow chan

 the watershed. While there are no direct measurements available for the time period un
24 
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ideration, this appears to be in line with the recorded hydrological changes in the 

caroli et al., 2011). 

In the nineteenth century, the inland of Pialassa Baiona was made up of wetlands conne

e lagoon though channels. The Lamone River was diverted to flow into the wetlands southw

e lagoon in 1846, to reclaim agricultural land with sediments brought by the river. The r

then shifted northward returning to flow directly into the Adriatic Sea north of Pialassa Bai

e turn of the 1950s. As a result of the reclamation process, the lagoon was gradually cut

 the river’s suspended sediment supply.  

Our hypothesis is that the balance between increasing marine-phytoplankton OC (du

 rise) and decreasing riverine/estuarine OC contribution (due to reduced riverine inputs) 

what negative in the impacted habitat located southward, and resulted in a decrease in C

 the 1950s ahead. Conversely, in the saltmarsh habitat, excluded from riverine/estuarine

ribution at the turn of the nineteenth century, and increased contribution of marine OC resu

 increase of CAR after the 1950s.  

In summary, human and climatic changes have affected the study area after the 1950s

e combination of SL rise and fast subsidence rate, and resulted in changes in OC accumula

sources, with an increase in marine-derived OC and a decrease in OC-derived saltm

tation sources. Similar shifts in δ13C indicative of an increase in marine phytoplankton- 

rass-derived OC have been found in a coastal lagoon of Japan during periods of progres

 rise (Watanabe et al., 2018). 

 

Table 2. 
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4.4. Carbon stock 

Over the last century (1900–2008), the saltmarsh habitat was a more effective C sink 

mpacted habitat (3800±20 g C m−2 and 1223±24 g C m−2). This threefold difference in C s

dicative of high variability between the two habitats of Pialassa Baiona lagoon. Our res

est that increasing RSL, changes in allochthonous sources, and landscape changes had

t on both C stocks and accumulation within the study area.  

Over a century scale (1900–2008), the total C pool stored in the sediments is 7379 M

3682 Mg C in the saltmarsh and impacted habitats (589 ha and 324 ha, respectively), tota

1 Mg C corresponding to an area of ~10 km2. The loss of these habitats could release ~77

CO2 into the atmosphere, which would increase the local municipality emissions by 

MAR-ER, 2019), unless appropriate experimental and management strategies 

emented to protect this tidal wetland ecosystem from increased sea water inundation du

evel rise.  

onclusions 

Carbon accumulation rates and sources, and carbon stock were estimated in 210Pb-d

ent cores from a salt marsh habitat and an impacted habitat within a tidal wetland (Pial

na coastal lagoon) located in the Northwestern Adriatic Sea, and paralleled to the temp

s and changes of SST and RSL in the region. The main findings of this work can

arized as follows: 
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 Carbon accumulation rates showed a significant increasing trend in the saltmarsh hab

and a decreasing trend in the impacted habitat.  

 Allochthonous marine-phytoplankton OC sources showed a consistent increase in 198

2008 when compared to the pre 1950s period, while autochthonous saltmarsh vegeta

(Juncus spp.) contribution decreased, reflecting the increase in RSL in the last decades

 RSL change in the coastal region has been continuously increasing due to the sum

prevailing land subsidence of both natural and anthropogenic origin, and the SL rise. It

been faster during the central decades of the last century, due to the land lowering cau

by ground fluids extraction, while it slowed down during the last decades, when subside

returned to natural rates after the adoption of mitigation measures. 

 SST analysis indicate quite stable SST anomalies until the 1960s, negative anomalie

the 1970s, a rapid and continuous SST increase from the eighties with a trend betw

0.034±0.010°C yr−1 and 0.044±0.009°C yr−1. 

 Differences have been observed between the saltmarsh and the impacted habitats a

sediment OC composition and sources, rate of accumulation, and their relationship w

climatic variables.  

 RSL increase exceeding the accretion rates over the last century indicates that Pial

Baiona is at risk of drowning.  

 

The findings of this study confirm that Pialassa Baiona is a coastal blue carbon ecosys

e in sequestering carbon. However, increasing SL rise and warming are likely to limit 
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 wetland ability to absorb and store atmospheric CO2, unless proper management and coa

ction is implemented. According to SL rise scenarios and inundations map this tidal wetl

ely to be submerged by 2100, and thus specific measures should also be implemente

ate sea ingression. 

There are significant data gaps on carbon accumulation and stock in vegetated t

ands in the Mediterranean Region, and the characteristic variability of these habitats 

enge to predict the likelihood of their future persistence under the IPPC sea level 

ctions. 

Further research and mapping of carbon accumulation rates, C stock, and greenhouse

s including methane (CH4) at higher spatial and temporal resolution in tidal vegetated hab

is region is needed.  
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Table 1. Main characteristics of the SST data sets used and displayed in Figure 3. 1 
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