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Abstract  
Coastal wetlands are fundamental for climate-change mitigation thanks to their ability to store large amounts of organic 

carbon in the soil. They also represent the first natural emitter of methane (CH4). Salinity is known to inhibit CH4 production, 

but its effect in brackish ecosystems is still poorly understood. Our study aims to understand how environmental variables 10 

may affect greenhouse gas emissions (GHGs) in coastal temperate wetlands. We present the results of over one year of 

measurements performed in four wetlands located along a salinity gradient on the northeast Adriatic coast near Ravenna, 

Italy. Soil properties were determined by collecting soil samples, while carbon dioxide (CO2) and methane (CH4) fluxes from 

soils and standing waters, water levels, surface, and groundwater physical-chemical parameters (temperature, pH, electrical 

conductivity, and sulphate concentrations of water) were monthly monitored by a portable gas flux-meter and 15 

multiparametric probes, respectively. Principal component analysis (PCA) was used to investigate emergent relationships 

between GHGs fluxes and environmental variables. Our results suggest that, among all variables, temperature and irradiance 

play a significant role in CH4 emissions from water and soil whereas water column depth and salinity are limiting factors of 

GHGs emissions. 

 20 
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1. Introduction 

Wetlands store large amounts of carbon (C) in sediments and soils for long periods and in a more effective way than other 

environments (Whalen, 2005; Saunois et al., 2016), and this capability puts them among the largest C pools of the world. 25 

Even though the majority of C tends to remain in wetland soils, some of it is recombined producing carbon dioxide (CO2) and 

methane (CH4), two greenhouse gasses (GHGs) released into the atmosphere. CH4 is the second most important GHGs after 

CO2, responsible for 20% of the direct radiative forcing since 1750 (Mar et al., 2022). Increased CH4 emissions in wetlands 

could trigger a positive feedback loop that further increases temperatures, potentially making wetlands the first natural 

emitters of CH4 in nature and worsening climate changes effects (Gedney et al., 2019; Saunois et al., 2016).  30 

Over the last three decades, variations in wetland emissions have dominated the year-to-year variability in surface emissions, 

and it is estimated that just in the 2000s natural wetlands have accounted globally for the production of 175-217 Tg CH4 yr-1 

(Kirschke et al., 2013); among them, if only temperate wetlands are considered, they have been reported to emit an average 

of 0.109 g/m2/day of methane (Turetsky et al., 2014). In a recent study by Peng et al. (2022), it is estimated that between 

2019-2020 the emissions from wetlands have increased by 6.0 ± 2.3 Tg CH4 yr−1. Nevertheless, large uncertainties still affect 35 

estimates of the total contribution of wetlands at different scale (Abdul-Aziz et al., 2018). Therefore, understanding C cycle 

in wetlands is a key factor in fighting climate change and achieving climate targets by compensating anthropogenic carbon 

emissions (Erwin, 2009; Howard et al., 2017). 

Water table level, temperature, and salinity are only some of the environmental factors that have an impact on air-water 

CH4 fluxes, especially in wetlands (Huertas et al., 2019). Salinity has an inhibitory effect on the organic carbon mineralization 40 

and CH4 production especially in coastal systems due to the presence of sulphate (SO4
2-) (Poffenbarger et al. 2011). This ion, 

at certain concentrations, allows sulphate-reducing bacteria to outcompete methanogens for energy sources, consequently 

inhibiting CH4 production. No consensus has been reached for salinity threshold under which the system becomes a CH4 

source. This process can be complicated by site-specific conditions that can allow CH4 production to continue in coastal 

environments despite the inhibitory effect of SO4
2- (Megonigal et al., 2004; Poffenbarger et al., 2011). 45 

The water table level has a direct effect on CH4 production by affecting vegetation productivity, redox potential, and 

oxidation process in the rhizosphere (Bhullar et al., 2013), but its overall function is still unclear, posing a significant source 

of uncertainty for estimating its contribution to the global budget of CH4 (Whalen, 2005; Calabrese et al., 2021).  

Site-specific conditions highly affect CH4 production, resulting in an high spatial-temporal heterogeneity in these ecosystems 

(Poffenbarger, et al. 2011). Each type of coastal wetland ecosystems must be taken into account separately because of the 50 

differences in CH4 release and regulatory mechanisms in order to properly estimate global wetland methane emissions and 

to evaluate possible changes as a result of environmental stressors (Turetsky et al., 2014). 

To our knowledge no previous studies have been conducted on GHGs emissions in coastal wetlands in the Po River Delta, 

and just an exiguous number of studies has been carried out in the overall Mediterranean Basin (Huertas et al., 2019; Venturi 

et al., 2021). Temperate Mediterranean coastal wetlands are unique ecosystems that are subject to Mediterranean climate 55 

forcing and therefore subjected to a strong seasonality (Alvarez Cobelas et al., 2005). Although some earlier studies have 

been conducted from both global perspective and within regional context of coastal wetlands, few are known on temperate 

wetlands and specifically on temperate coastal systems (de Vicente, 2021).  

In this work, we explore the relationships between CH4 and CO2 fluxes and environmental variables from a group of four 

different coastal wetlands located in the province of Ravenna, an area in the Northern Adriatic coastal zone (Italy). The 60 
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selected four different ecosystems are located along a salinity gradient, ranging from fresh- to strong-brackish water and, 

being near to each other, belonging to the same climate zone. This set-up offers the opportunity to closely investigate 

physical-chemical environmental drivers and their relationships with CH4 and CO2 production. Our findings can be useful for 

modelling the C cycle accounting in temperate coastal wetlands models and for improving environmental management 

strategies and evaluate climate change future trends (increase in temperature, sea level rise, change in precipitation 65 

patterns).  

In the paper, after the characterization of the study area (Section 2), we examine the physical and chemical variables that 

affect CH4 and CO2 production (Section 3) and provide detailed analysis on the relationships between the environmental 

variables and the measured gases (Section 4). We close by discussing the meaning of the findings for future environmental 

management.  70 

2. Materials and methods 

2.1 Study Area 

The study site is located along the Northern Adriatic Coast, in the province of Ravenna (Italy) (Fig. 1) and includes four natural 

wetlands in pristine conditions named Punte Alberete, Pirottolo, Cavedone and Cerba, delimited to the North by the Lamone 

River and to the South by the Cerba channel. The entire area is part of the Po River Delta Natural Park, protected by the 75 

European Union legislation (Punte Alberete SCI/SPA IT4070001 and San Vitale pine forest IT4070003; EEC 1979; 1992). The 

site is characterized by a temperate climate with annual rainfall of about 643 mm (data from Dext3r website 

(https://simc.arpae.it/dext3r/), mainly concentrated in autumn and spring. Temperatures range from 24 °C in summer to 3 

°C in winter (Zannoni, 2008), with mean annual temperature of 13.3°C. Precipitations, temperature and evapotranspiration 

greatly influence the water table, saltwater intrusion (Laghi et al., 2010; Giambastiani et al. 2021) and soil salinity (Buscaroli 80 

and Zannoni, 2017)  

The topography of this area lies below mean sea level and the coastal area is prone to saltwater intrusion for both natural 

(subsidence and high hydraulic conductivity) and anthropogenic stressors (Antonellini et al. 2010; Giambastiani et al. 2021); 

river banks, palaeodunes in the forest and current coastal dunes,  constitute the highest areas with elevation of 1-3 m a.s.l. 

The alternation of highs and lows in the topography, which correspond to different past coastlines and the different stage in 85 

the Po Delta evolution (Amorosi et al., 1999) affects vegetation distribution. 

The water table is around  0 m a.s.l. or below sea level, and the coastal phreatic aquifer is salinized with the occasional 

presence of shallow freshwater lenses floating on brackish-salty water and shallow freshwater–saltwater interface 

(Antonellini et al. 2008a; Giambastiani et al. 2021). During the dry and warm season, water table decreases (Giambastiani et 

al., 2021) and groundwater salinity increases in most of the area, as shown in Fig. 1b. Salinization of surface and ground 90 

waters is especially significant in, and along, canals and rivers, and close to the Piallassa Baiona lagoon, which is directly 

connected to the Adriatic sea (Fig. 1; Antonellini et al. 2008a).  

The entire study area is subjected to mechanical drainage that is necessary to manage floodwater and allow nearby farmland 

activities by maintaining constant water table depth in the range of 1.5-2 m below ground level during the year (Soboyejo et 

al., 2021). The complex system of drain canals and water pumping stations avoids flooding but creates a general inland-95 

directed hydraulic gradient with consequent saltwater intrusion from the lagoon and sea (Giambastiani et al., 2021). Water 

level is also controlled in large areas of the wetlands, some of which are kept constantly flooded thanks to a system of ditches 
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and sluices. Given the naturalistic and ecological importance of these wetlands, water quality and water table management 

are crucial for preserving these environments against the ongoing salinization process. 

 100 

 
 

Fig. 1 – (a) Study area (EPSG: 32632 – WGS 84 UTM zone 32N) and (b) vertical distribution of groundwater electrical conductivity (EC in 
mS/cm) measured in four piezometers located in the four selected wetlands during the sampling period.  
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2.1.1 Punte Alberete 105 

The site of Punte Alberete (PA) (Fig.1), about 190 ha, is a predominantly hygrophilous forest dominated by Fraxinus oxycarpa, 

Ulmus minor, Populus alba, and Salix alba (Merloni and Piccoli, 2001). The area is almost permanently flooded, and sediment 

grain size is typically fine (<64 µm). The sediments are calcareous and moderately alkaline. It alternates microenvironments 

and plant formations depending on the depth and seasonal variation in water levels. A predominance of common reeds 

patches of hygrophilous and flooded forest is observed (RER, 2018b). The sedimentary substrate is calcareous and 110 

characterized by fine-grain size (<64 µm) in western part and coarser in eastern part. Soils have different texture depending 

of the substrate, are calcareous, moderately alkaline and with superficial organic horizons (RER, 2021). Punte Alberete is 

classified as “wetlands of international importance” under the Ramsar Convention and falls entirely within a protected oasis 

(EEC, 1979; 1992; RER, 2018b). The local municipality is in charge of the management of the area, and specifically of 

vegetation, and water levels. The water inflow is through a sluice located on the right bank of the Lamone River. This area is 115 

characterized by the presence of superficial inflow: water flows westward along the west perimetral canal till the Fossatone 

Canal, and from here it feeds the entire forest through sub-lagoonal canals. This area is characterized by the presence of 

surface freshwater, and a slightly saline deep groundwater (Fig. 1b) (Giambastiani, 2007). Part of the Lamone water comes 

from the Canale Emiliano Romagnolo (CER), which is the channel that brings the Po River water to the Romagna region for 

drinking, agricultural, and industrial uses. The water recharge of the area is often stopped in summer (June-August) when 120 

the mowing of the helophytic vegetation is often performed.  

 

2.1.2 Cerba 

The monitored site belonging to the Cerba area (CE) is an elongated wetland located between palaeodunes deposited 

between the 10th and 15th century at the mouth of the Po River delta (Lazzari et al., 2010; Regione Emilia Romagna 2018a). At 125 

a larger scale, the site is part of the San Vitale pine forest, the northernmost of the coastal forests that historically separated 

the city of Ravenna from the sea. The forest is characterized by a succession of ancient dune belts and interdunal wetland, 

with sandy and calcareous soils forming on sand bar deposit consolidated by old forestations (Zannoni, 2008; Vittori Antisari 

et al., 2013; Ferronato et al., 2016; RER 2018a). Here, soils with thinner vadose zone may accumulate salts in the surface 

horizons during summer season (Buscaroli and Zannoni, 2017). In this area surface water is fresh, whereas groundwater 130 

becomes increasingly saline with depth ( Fig. 1b) (Giambastiani, 2007). 

2.1.3 Bassa del Pirottolo 

The northern part of San Vitale pine forest is crossed from north to south by the Bassa del Pirottolo (PIR), a reed swamp of 

fresh and brackish water located in an interdunal zone. The swamp originates from the southern bank of the Lamone river 

and is crossed in the east-west direction by numerous feeder canals ((Vittori Antisari et al. 2013; RER 2016; 2018a). The water 135 

here is superficially slightly saline till becoming brackish along the depth (Fig. 1b) (Giambastiani, 2007) The soils have a 

medium-grain sandy, sandy-loam texture and hydromorphic or subaqueous features (Vittori Antisari et al., 2013; Ferronato 

et al., 2016). 
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2.1.4 Buca del Cavedone 

The Buca del Cavedone (CAV) wetland is located south of the Bassa del Pirottolo and has slightly brackish water. This strip of 140 

interdunal lowlands extends until the adjacent Pialassa Baiona (Vittori Antisari et al. 2013; RER 2018a) and has sandy, 

calcareous soils with subaqueous features (Ferronato et al., 2016). Shallow water is medium saline, with salinity increasing 

along the depth, till reaching very saline concentrations (Fig. 1b) (Giambastiani, 2007). The area is permanently flooded. The 

progressive water freshening due to freshwater inflow from the Fossatone canal and isolation from the Pialassa Baiona basin 

is causing the disappearance of the halophilic vegetation. This habitat is of considerable naturalistic and ecological value, 145 

with rushes and large open water pools harbouring submerged hydrophyte communities, typical of still water (RER 2018a). 

 

2.2 Data collection 

2.2.1 Gas fluxes 
Field observations were collected once a month from April 2021 to June 2022 for a total of 748 point fluxes observations. 150 

Direct measurements of gas fluxes from soils and standing water were performed by a portable CH4-CO2 flux-meter (West 

Systems srl, Pontedera, Italy) equipped with two infrared spectrophotometer detectors: (i) Licor 8002 for CO2 and (ii) tunable 

laser diode with multipass cell for CH4. All measurements were retrieved using a dark chamber, equipped with a floating 

device for measurements on standing water (Fig. S1 in Supplement), recording a measurement approximately every 15-20 

m along a transect or the wet border of the wetland. Spacing depended on environmental conditions and settings. (Fig.S2 in 155 

Supplement). Every point was georeferenced by GPS included in the portable fluxmeter.  

Gas flux measurements were based on the accumulation chamber “time 0” method (Cardellini et al., 2003; Capaccioni et al., 

2015). Based on the linear regression of increased CH4 and CO2 concentration values over time inside the dark chamber, 

fluxes from single point source were estimated, using the Flux Revision Software produced by West System s.r.l. (Giovenali 

et al., 2013). All measurements have been recorded after a minimum of 90 seconds analysis. Based on the lowest sensitivity 160 

limit of the instrument, a value of 0.05 mol/m2/day was assigned to all fluxes larger than zero and lower than this value to 

avoid over estimation. The 21 negative measurements and the 55 zero measurements were considered incorrect and thus 

removed from the dataset, resulting in 671 single observations used for data analysis.  

Soil samples were collected using a soil corer and extracting a 40 cm long core. The samples were weighted and later dried 

in the oven for 24 hours at 105°. The dry weight was used to obtain bulk density (Al-Shammary et al., 2018). Later the sample 165 

was homogenized in a mortar to perform Loss on Ignition analysis: 2-3 gr of sample were then dried in crucibles in furnace 

for 8 hours, gradually increasing the temperature from 100°C to 450°C (Roner et al., 2016). After cooling, all samples were 

reweighted and organic carbon contents calculated (Roner et al., 2016).  

 

2.2.2 Environmental variables 170 

Monthly physical-chemical parameters such as EC, pH, Eh and T of surface water were retrieve using Eutech probes 

connected to a data logger in all four sites. All measurements were repeatedly performed in the same spot for every location.  

Moreover, four piezometers at 6 m depth were monitored to retrieve monthly physical-chemical parameters for 

groundwater in every location. Phreatimeter and level logger were used to measure water table level, EC, T and pressure, 

respectively (Fig. 1a).  175 
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Irradiance was retrieved monthly from both in-situ measurements and the nearby ARPAe weather station of Ravenna (Fig. 

1a), whose data are available from the Dext3r website (https://simc.arpae.it/dext3r/). The local weather station also 

provided atmospheric pressure measurements to calibrate the calculation of the gas fluxes.  

Finally, water samples were collected monthly at each station and in the same spot to measure SO4
2- concentrations by using 

a HACH DR/2010 spectrophotometer.  180 

2.5 Statistical Analysis 

All data were tested for normality distribution using the Shapiro-Wilk Normality Test (Package stats version 4.2.1) and, for 

homoscedasticity with the Fligner-Killeen Test (Package stats version 3.6.2) in R (version 4.2.2).   

Principal Component Analysis (PCA) is a multivariate statistical technique used to analyse the linear components of the 

considered variables. PCA was used to summarize and visualize the relationships between CH4 and CO2 fluxes with 185 

environmental variables by using the “FactoMineR” (Lê et al., 2008) and “factoextra” (Komlan Mawuli Afiademanyo et al., 

2020) R packages. The first principal component PC1 captures the maximum variance in the dataset, whereas the second 

principal component captures the remaining variance in data and is uncorrelated with PC1. In a Cartesian plain with the first 

and the second PCs as principal axes, the point measurements of the several variables considered in this study were plotted 

and a vector was calculated for each variable. Variable vectors which are close to each other are positively related, while 190 

opposing variables are negatively related.  

We also investigated the sample structure through the score plot. The position of observations along the components 

indicates similarities between the samples that are positioned close to each other. Observations particularly influenced by a 

specific variable will be positioned along its vector.  

Autocorrelations between CH4 emissions and environmental variables were calculated using the Pearson correlation matrix 195 

in the R “ggplot2” package (Wickham, 2016). The same package was used to compute the probability density function (PDF) 

of CH4 and CO2 fluxes. The effect of different environmental variables was statistically proven by the Mann Whitney test 

function performed with the “ggstatsplot” package in R (version 0.10.0).  

3. Results 

3.1 GHGs fluxes and environmental variables 200 

3.1.2 Environmental variables  

For a general overview, data are divided in two groups, i.e. those collected in the Fall/Winter (FW) period and those collected 

in the Summer/Spring (SS) period (Tab.1).  

PA is always the site with the coldest water temperature (9.4 °C in FW and 18.7 in SS), and the lowest water EC value (0.67 

mS/cm both FW and SS) of the whole study area for both seasons. This site also always has the second highest water column 205 

levels (51 cm in FW and 58 cm for SS) of the overall study area, and the lowest irradiance values (139.7 W/m2 in FW and 

532.2 W/m2 in SS).  

CE, while still being a freshwater site, has higher salinity than PA during both seasons (1.49 mS/cm in FW and 2.24 mS/cm in 

SS) and records the highest mean water temperature in SS (22.3 °C). In the same period, also air temperature has one of the 

highest values recorded during the field campaign (25.1°C). CE is also the site where the mean water column is the lowest 210 
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(14 cm in FW and 19 cm in SS), and the mean irradiance is the highest (486.4 W/m2 in FW and 650.5 W/m2 in SS) during both 

SS and FW. CE has the lowest mean soil content of organic matter (1.4%) of the four sites. 

PIR has the second highest value of EC (7.06 mS/cm in FW and 6.79 mS/cm in SS) of all four sites during both seasons and it 

has the second highest concentration of SO4
2- during SS (640.8 mg/l). PIR is also the site with the highest water column level 

during both seasons (80 cm in FW and 72 cm in SS), and the highest mean content of organic matter in the sediments (2.2%) 215 

but the lowest bulk density (1 g/cm3). 

CAV is the site with the highest EC of all studied areas during both seasons (38.85 mS/cm in FW and 21.97 mS/cm in SS), and 

the highest concentration of SO4
2- during SS (875.1 mg/l). Here, the mean air temperature is the lowest of all sites during FW 

(13°C). For this site no record on the water column level is collected, due to fluxes being always under the detection limit of 

the instrument.  220 

 

Tab. 1 a) Mean seasonal values for recorded environmental parameters. No values for water column in CAV were collected. B) Mean 
values of bulk density and organic matter content measured on soil cores.  

 

3.1.2 GHGs fluxes  225 

Fig. 2 shows the seasonal pattern in the CH4 emissions recorded through the sampling campaign. Higher fluxes are recorded 

throughout the spring and summer months, declining in winter and fall. Also, fluxes in freshwater environments(PA and CE) 

are often higher than those recorded in brackish environments (PIR and CAV).  

CH4 and CO2 fluxes in PA are always lower than those recorded in CE, while being both sites characterized by the presence 

of freshwater. During SS in particular, PA has the lowest mean flux of CH4 of the whole study area (6.04 g/m2/day) (Tab.2).  230 

The highest mean values of CH4 and CO2 for both seasons is recorded in CE (Tab.2). Mean CH4 fluxes account for 61.83 

g/m2/day during the FW and 254.09 g/m2/day during the SS, and CO2 fluxes for 20.34 g/m2/day during the FW and 100.62 

g/m2/day during the SS (Tab. 2).  

(a) 

Parameters Punte Alberete 

(PA) 

Cerba (CE) Bassa del 

Pirottolo (PIR)  

Buca del 

Cavedone (CAV) 

Fall-Winter (FW) 

(Oct-Feb) 

T air (°C) 15.4 16.2 14.6 13.0 

T water (°C) 9.4 10.9 11.7 14.6 

EC (mS/cm) 0.67 1.49 7.06 38.85 

Irradiance (W/m2) 139.7 486.4 294.2 224.3 

Water column (cm) 51 14 80 - 

SO4
2- (mg/l) 354.2 114.0 945.9 905 

Spring-Summer (SS) 

(March-Sept) 

T air (°C) 23.0 25.1 22.6 22.8 

T water (°C) 18.7 22.3 21.1 22.9 

EC (mS/cm) 0.67 2.24 6.79 21.97 

Irradiance (W/m2) 532.2 650.5 604.4 619.7 

Water column (cm) 58 19 72 - 

SO4
2-(mg/l) 407.6 89.7 640.8 875.1 

(b) 

Parameters Punte Alberete 

(PA) 

Cerba (CE) Bassa del 

Pirottolo (PIR)  

Buca del 

Cavedone (CAV) 

Mean value (April ’21-June’22) Bulk Density (g/cm3) 1.1 1.2 1.0 1.3 

Mean value(April ’21-June’22) SOM (%) 1.5 1.4 2.2 1.5 
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In PIR, CH4 are 1.99 g/m2/day in FW and 15.80 g/m2/day in SS, among the lowest during SS, with exception of PA. CO2 fluxes 

are 16.02 g/m2/day in FW, the lowest record for the season, and 19.37 g/m2/day in SS (Tab. 2). 235 

CAV is the site with both the highest salinity and the lowest emissions. CH4 and CO2 fluxes are the lowest during the FW with 

a recorded mean value of 1.10 g/m2/day and 2.16 g/m2/day, respectively.   

 

Fig. 2 -Bubblegraph representing CH4 fluxes from June 2021 to July 2022 in the four studied wetlands. During January 2022 if was not 
possible to perform measurements due to frosting.  240 

 
Tab. 2 Seasonal values for CO2 and CH4 fluxes.  

Season GHGs 

fluxes 

(g/m2/day) 

Punte Alberete (PA) Cerba (CE) Bassa del Pirottolo (PIR) Buca del Cavedone (CAV) 

Fall-Winter 

(Oct-Feb) 

CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 

n. points 80 80 121 121 37 37 20 20 

mean 8.62 7.56 20.34 61.83 16.02 1.99 2.16 1.10 

max 69.74 184.15 270.62 1269.68 29.81 6.55 6.67 1.21 

min 0.22 1.08 0.27 1.08 9.43 1.08 0.24 1.08 

DV.ST 13.87 33.67 54.26 250.44 7.83 1.90 0 0.00 

CV(%) 160.92 445.58 266.77 405.02 48.88 95.70 0 0.00 

Spring-

Summer 

(March-

Sept) 

GHGs 

fluxes 

(g/m2/day) 

Punte Alberete (PA) Cerba (CE)  Bassa del Pirottolo (PIR) Buca del Cavedone (CAV) 

CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 

n. points 122 122 177 177 84 84 51 51 

mean 12.38 6.04 100.62 254.09 19.37 15.80 21.83 33.63 

max 66.37 52.33 626.39 2214.42 66.53 119.41 89.33 110.18 

min 2.80 1.08 8.34 1.24 7.22 1.08 3.10 1.08 

DV.ST 17.20 12.65 157.87 549.93 18.11 33.89 30.18 39.10 

CV(%) 138.97 209.55 156.90 216.43 93.52 214.52 138.25 116.27 
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3.2 Principal component analysis  

3.2.1 PCA results 245 

PCAs analysis is performed considering separately CO2 and CH4 fluxes to better investigate their correlation with the 

environmental variables and the two Principal Components that better explained the most variance percentages. 

In this section PCA analysis on fluxes from soils and water are presented jointly. Fig. 3 shows the plots of PC1 and PC2 for CH4 

(Fig. 3a) and CO2 (Fig. 3b) and all measured environmental variables. In the first case the two components explain 63.9% of 

the total variance, and specifically PC1 explains 38.5% and PC2 25.4% of variance (Fig. 3). Water temperature, air temperature 250 

and irradiance are clustered in one group to the right, indicating close relation among each other. They all increase as the 

PC1 increases, while they are barely affected by PC2. CH4 emissions also increase as the PC1 increases, but they increase as 

PC2 decreases. On the contrary, both salinity and SO4
2- increase as PC2 increases, showing a limited contribution of PC1 (Fig. 

3a). This result shows a positive correlation between CH4 production, water and air temperature, and irradiance, whereas 

CH4 production is negatively correlated to salinity (Fig. S7 in Supplement). 255 

Points in biplot represents the field measurements. Plotted in Fig. 2a, points in red represent data collected at CAV, and have 

in general higher PC2 values than those collected in the other three study sites. Their distribution goes accordingly the strong 

positive correlation between PC2 and salinity, and CAV presenting higher salinity values than the other sites. Similarly, CAV 

appears to be the site with the lowest CH4 emissions in FW period (Tab.2), given that CH4 emissions increase as salinity 

decreases. We conclude that measurements performed in brackish environments such as CAV are characterized by generally 260 

lower emissions if we compare them to those measured in freshwater sites.  

When the PCA is performed on CO2 and the observed environmental variables, PC1 explains 38.6 % and PC2 24% of total 

variance, accounting together for 62.6% of the total variance (Fig. 3). The results are shown in Fig. 2b. Similarly, to the results 

obtained for CH4, water and air temperature and irradiance cluster together, highly contributing to PC1. These variables also 

show a positive correlation with CO2 production and are highly correlated within themselves (Fig.S8 Supplement). On the 265 

contrary, salinity is displayed along PC2 and shows a negative correlation with CO2 emissions.  
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Fig. 3 – Biplot representing PC1 and PC2 for (a) CH4 fluxes and the observed environmental variables, and (b) CO2 fluxes and the observed 
environmental variables. Along the axis of the biplot, the histograms report the loadings values for the respective component. On the 
right the scree plot shows the percentage of explained variance of each component.  270 
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3.3 GHGs fluxes from flooded areas  

3.3.1 PCA results 
Considering that in our study sites the large majority of surfaces is flooded, we perform further analyses exclusively on data 

measured on standing waters. Here we present the statistical analysis of fluxes coming from flooded areas, i.e. areas 275 

permanently or seasonally characterized by the presence of water. For this dataset, PCA is performed considering CH4 fluxes 

and all environmental variables, alternately excluding sulphate and EC (Fig. 4). The analyses are repeated for CO2 fluxes.   

PCA performed on CH4 fluxes is influenced by water column height and SO4
2- concentrations: PC1 and PC2 explain the 38.3% 

and 24% of variance respectively for a total of 62.3% of total variance  (Fig. 4a). Similarly, considering EC and water column 

height in performing the PCA analysis, it is found that PC1 account for 36.1% of variance and PC2 for the 20.1%, for a total of 280 

56.2% of cumulative variance.  

Fig. 4 (a and b) shows that air, water temperature, and irradiance vectors cluster together on the right of the graph, 

suggesting a strong correlation among them. On the opposite side, along PC2, salinity, sulphate and water column increase 

as PC2 increases, while they are negatively correlated to PC1. CH4 emissions increase as PC1 increases while decrease as PC2 

increases, therefore showing a negative correlation with both EC and water depth. Looking at the distribution of the scores, 285 

representing field observations, their variability is controlled by EC and SO4
2- concentrations, water column height, and CH4 

emissions. All measurements collected in PIR (characterized by brackish waters) fall in the higher part of the graph, where 

PC2 values are positive whereas those collected in CE (shallow and slightly-fresh waters) cluster in the lower-section of the 

graph, and finally observations collected in PA (deep and fresh waters) are in the mid- section of the graph.  

When CO2 fluxes are considered together with sulphate and water column height (Fig. 5a+b), PC1 and PC2 explain 290 

respectively 39.5% and 24% of dataset variance, for a total of 63.5% of cumulative variance (Fig. 5b). When performing the 

same analysis on the dataset considering EC and water depth the first two components explain a total of 57.5% of the 

variance. PC1 account of 37.5% of variance and PC2 for the 20% (Fig. 5b). In both analysis on CH4 and CO2 fluxes, the presence 

of sulphate can better describe the dataset. The results from the biplot (Fig. 5a and 5b) are similar to those obtained for CH4 

(Fig. 4a and 4b). The vectors of air, water temperature, and irradiance are correlated positively with CO2 production and 295 

distribute along PC1 (Fig. 5b). EC, sulphate, and water depth column follow the PC2 axis and have a negative correlation with 

CO2 emissions. 
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 300 
Fig. 4 PCA analysis of CH4 fluxes from open waters in flooded area. The biplot represents the relationships between CH4 fluxes and 
sulfate (a), salinity (b) and water column depth.         
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 305 

Fig. 5 PCA analysis of CO2 fluxes from open waters in flooded area. The biplot represents the relationships between CH4 fluxes and 
sulfate (a), salinity (b) and water column depth.  

https://doi.org/10.5194/egusphere-2023-605
Preprint. Discussion started: 4 April 2023
c© Author(s) 2023. CC BY 4.0 License.



 

15 
 

 

 

 310 

3.3.2 Water column effect 

 

The effect of water temperature and water column height on CH4 and CO2 fluxes distribution is examined and shown in 
Fig.6a-b and 6c-d respectively.  High fluxes occur when the water height is lower than 50 cm, tendentially with high 
temperatures. For larger water heights, the emissions are small despite the presence of high temperatures.  315 
  

 
Fig. 6- a) and c) Heat maps showing fluxes distribution depending on water column height; the colours indicate the water temperature; 
b) and d) represent the Probability Density Function (PDF) showing at which water columns height is more probable to observe high 
(blue), medium (green), and low (pink) fluxes. Top panels are for CH4 fluxes, while bottom panels are for CO2 fluxes.  320 
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The Probability Density Function (PDF) in Fig. 6b shows the probability to observe certain ranges of CH4 fluxes for different 

water column heights. Results show that low fluxes of CH4 (i.e. 1-100 g/m2/day) are observed in both shallow and deep 

waters but medium and high fluxes (i.e. 100-7000 g/m2/day) are observed only when the water column height is less than 

50 cm deep. To further confirm these results, data are grouped in two classes of deep (> 50 cm) and shallow (<50 cm) waters. 

A Mann-Whitney test is run on the two data classes, returning a p value of 4.66 e-06 for CH4 (Fig. S11 Supplement) confirming 325 

that the two classes are statistically different and that there is a threshold depth below which the wetland becomes an 

important source of CH4.   

The same analysis is applied to CO2 fluxes (Fig. 6c). The heatmap shows a behaviour similar to CH4, with higher fluxes recorded 

only for low waters, (Fig. 6c), independently of the water temperature. The PDF in Fig. 6d confirms that low fluxes of CO2 (i.e. 

1-100 g/m2/day) are observed in both shallow and deep waters while higher fluxes (i.e. 100-1300 g/m2/day) are observed 330 

only when the water column height is less than 50 cm deep. However, differently from the analysis performed on CH4 

measurements, the Mann-Whitney test shows a non-significant difference for the two water height classes > 50 cm and < 50 

cm of water depth for CO2 emissions (p=0.82 for CO2) (Fig. S12 Supplement). 

When the influence of salinity and sulphates is considered, both heatmaps in Fig. 7a and Fig. 7b show that higher CH4 

emissions are concentrated in the low-left portion of the graphs, i.e. at water heights smaller than 50 cm and low EC and 335 

sulphate concentrations, and this happens for both EC and sulphates even though it is more pronounced for sulphate than 

for EC. When the water level is higher than 50 cm, CH4 emissions are small, whatever EC and SO4
2- concentrations were 

measured. We notice that there are no data available for the case low water-high EC or for low water-high sulphates, we 

speculate because our study sites do not include shallow salted wetlands.  

If we compare Fig. 6a, 6b, 7a and 7b we notice that independently of T, EC and SO4
2-, emissions of CH4 are low for water 340 

height larger than 50 cm.  

 

Similar results are obtained for CO2 fluxes. Fig. 7c, d show that high CO2 emissions are only recorded when the water height 

is lower than 50 cm, while in deeper waters the CO2 emissions are always small, independently from EC and sulphate 

concentrations. In line with the results shown for CH4 fluxes, also in the case of CO2 we confirm that high values of T, EC and 345 

SO4
2- do not influence CO2 emissions (Fig. 6c, 6d, 7c and 7d), that remain small when the water height exceeds 50 cm. As 

already stated, no data were available for low salted waters. 
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Fig. 7- Heat maps comparing the CH4 fluxes distribution depending on water column height and EC values (a) and SO4

2- concentrations 

(b). Heat maps comparing the CO2 fluxes distribution depending on water column height and EC values (c) and SO4
2- concentrations (d). 350 

4. Discussion  

This study explores how the spatial and temporal variability of environmental drivers such as water and air T, salinity,  

irradiance and inundation levels, influence CH4 and CO2 emissions in four adjacent coastal wetlands.  

In general, when all data collected on flooded areas as well as on wet soils were considered, lower fluxes of CH4 were 

observed in meso/polyhaline environments (PIR and CAV), compared to what was observed in freshwater sites (PA and CE) 355 

(Tab.1). PIR and CAV are the richest in SO4
2− (Fig. 1), an ion that can be used by sulphate-reducing bacteria as a terminal 

electron acceptor during anaerobic decomposition (Hackney and Avery, 2015; Zhou et al., 2022). In contrast to 
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methanogenesis, the sulphate reduction process is naturally favoured since sulphate reducer bacteria compete more 

efficiently for available substrates, like acetate and hydrogen, than methanogenic bacteria (Lovley and Klug, 1986). 

Our results confirm the strong inhibiting function of EC and sulphates. In fact, CH4 emissions are found to be negatively 360 

correlated to EC and SO4
2- (Fig. S7 Supplement), which is consistent with the existing literature on coastal wetlands (Hines, 

1996; Poffenbarger et al., 2011; Chen et al., 2018)..  

On average from PCA results, it is possible to observe two groups of environmental controls: i) one aggregated component 

related to seasonality, grouping air and water T and irradiance, with a strong positive control on GHGs emissions; ii) one 

related to the hydrological aspect of the wetlands represented by EC, SO4
2- and water column height with a significative 365 

negative impact on GHGs production.  

CH4 emissions show a seasonal pattern and generally are higher in the warmer season (Emery and Fulweiler, 2014; Al‐Haj 

and Fulweiler, 2020), as shown in Fig. 2 with the highest values recorded in summer (Tab.2). In general, CH4 and CO2 emissions 

are positively correlated with air and water temperature, and irradiance. Temperature affects directly CH4 production 

stimulating methanogenic kinetics (Zinder and Koch, 1984) (Fig. 3a). In fact, methanogens bacteria are reported to be 370 

generally mesophilic, with a growth temperature between 30° and 40° (Zinder, 1993).  

CO2 fluxes are also correlated to temperature and irradiance (Fig.S8 Supplement), highlighting a seasonal pattern with higher 

fluxes in the Spring-Summer season. It is known that CO2 fluxes mainly come from soil respiration, including roots and 

microbial activity (Rustad et al., 2000). Additionally, methanotrophs in the soil surface layer may be able to oxidize part of 

the CH4 and aerobic microbes can use more O2 to oxidize organic matter. This condition is observed in CE (Tab. 2), which 375 

accounts for the overall highest mean fluxes of CO2 during spring and summer.   

CO2 and CH4 emissions are also linked to vegetation composition and organic matter presence. In our case, the second highest 

mean fluxes of CO2 are measured at PIR (Tab. 2). This can be mainly related to the high presence in this area of Praghmites 

australis, which is reported to be particularly effective in transporting gas through its structures, from the submerged soil to 

the atmosphere (Martin and Moseman-Valtierra, 2015). Moreover, the high presence of Phragmites has the potential of 380 

increasing C turnover rates providing an higher rates of primary production that may be offset by enhanced rates of plant 

litter decomposition (Duke et al., 2015). Anyway, this could also explain the high percentage of %SOM measured at the PIR 

site (Tab. 1).  

When we concentrate on flooded areas examining only fluxes collected over standing waters, we observe some important 

differences. Even though the principal components are pretty much in line with those determined for the entire dataset (Fig. 385 

4 and 5), we find a strong influence of water depth on CH4 and CO2 emissions. Fig. 6 and 7 show that there is a water column 

height threshold that separates low from high emissions. It is known that CH4 emission from wetlands depends, in part, on 

the balance between methanogenesis and CH4 oxidation. Methanogenesis occurs in the submerged, anoxic soil layers, and 

so it depends on the vertical extension of the saturated zone determined by the water table level. When the level of the 

water table increases reaching the soil surface, creating anaerobic conditions favouring methanogenesis, which is a strict 390 

anaerobic process  (Mander et al., 2011; Calabrese et al., 2021).. After being produced, CH4 can be transported vertically or 

horizontally. The nature of the transport pathway (length, direction, presence of methanotrophs) determines the potential 

for CH4 to be oxidized or, on the contrary, released as it is in the atmosphere (Dean et al., 2018). The constant presence of a 

deep water column on top of sediments creates the temporal and spatial condition for methanotrophs bacteria to consume 

CH4 in the water column (Henneberger et al., 2015; Sawakuchi et al., 2016), resulting in decreasing rate of CH4 fluxes, as 395 

shown in Fig. 6. This agrees with the case of PA (Tab. 2) where the lower CH4 fluxes compared to those in CE could be linked 

to a deep and permanent water column that may act as a physical barrier to CH4 diffusion (Cheng et al., 2007).. The ensemble 

of these processes creates a critical zone where availability of methanogenic substrates, anoxic portions of soil, and gas 
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transport compete in creating either a favourable or unfavourable environment for CH4 emissions (Calabrese et al., 2021). A 

further increase in the water column level, however, is more likely to decrease CH4 production limiting plant growth and 400 

available substrate for decomposition (Calabrese et al., 2021) 

Even though these processes are well known, in the literature it is not clear if the CH4 emissions steadily increase with 

decreasing the water depth or if, on the contrary, there is a threshold in water column height that separates emitting 

condition from no-emission condition. For the first time regarding temperate coastal wetlands, our results suggest that there 

is a critical threshold of water height, which, in our case, corresponds to about 50 cm below which wetlands release large 405 

quantities of CH4 to the atmosphere. Fig. 6a and 6b show that high CH4 emissions are recorded only where the water height 

is lower than this threshold as further confirmed by the Mann-Whitney test performed on shallow and deep waters (Fig. S11 

Supplement). This process  explains, for instance, also the differences in observed emissions between CA and PA where in 

CA, CH4 emission are 8 times higher than those measured in PA (Tab.2).  These two sites have comparable salinity and 

temperature but differ greatly in their inundation levels (54 cm in PA and 18 cm in CE). 410 

As for the case of CO2 emissions, the behaviour is similar to CH4, however the Mann-Whitney Test suggests that there is no 

significant difference between CO2 emissions in waters higher and lower than 50 cm (Fig. S12 Supplement). Bacteria 

responsible for CH4 oxidation are less limited by exposure to anoxic condition than methanogenic bacteria to oxic (Roslev 

and King, 1996), so CO2 fluxes can be expected at low as well as at heigh water levels. Moreover, CO2 emissions in seawater 

have been shown to be higher than in freshwater for the increased availability of SO4
2- to serve as a terminal electron 415 

acceptor in anaerobic microbial respiration (Zhao et al., 2020).  Finally, there is a relation between oxidation mechanisms 

and CH4 fluxes depending on the efficiency of the gas transport within the ecosystem (Torres-Alvarado et al., 2005). This 

means that diffusion of CH4 in shallow waters avoids significant oxidation by oxidizing bacteria, hence CO2 fluxes are higher 

in high waters. The combinations of all these processes may explain why we do not observe significant differences between 

CO2 emissions in waters deeper and shallower than 50 cm as we instead do for CH4 emissions.  420 

 

Concluding, our results suggest that above a certain threshold, the water depth is the main limiting factor of GHG emissions, 

and that at our study sites such threshold is 50 cm. When water is higher than the threshold, the emission of CH4 and CO2 is 

very limited, regardless the temperature being high or low (Fig. 5), but also independently of EC and sulphate concentrations 

(Fig. 7). High CH4 emissions are observed only in shallow waters with small EC and sulphate concentrations (Fig. 7).  425 

The results presented in this study are of relevance for the water management of this and other wetland areas that are 

controlled and managed by authorities. Knowing that the water depth should never be lower than 50 cm in order to minimize 

GHG emissions is crucial information for proper management of the area, especially for the overall well-being of the 

ecosystem. The water recharge of this area is influenced by meteorological conditions (precipitation and evapotranspiration), 

vegetation, and external sources (recharge and discharge from and to external water bodies), as well as artificial recharging 430 

(Antonellini et al., 2008).  

5. Conclusions 

This study aims to identify the driving and limiting environmental factors for CH4 and CO2 production in temperate coastal 

wetlands with varying water salinity. It shows, for the first time, that CH4 and CO2 emissions in the Po River Delta Natural 

Park exhibit strong variations within a few kilometres and during different periods of the year, indicating a strong dependence 435 

on seasonality and temperature. However, the main finding of our research is that, irrespective of temperature and salinity 
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conditions, there exists a water level threshold that controls GHG emissions, particularly CH4 emissions, which are 

significantly higher when the water column height is less than 50 cm. In fact, high CH4 emissions were recorded only when 

the water level was below this threshold, while in deeper water conditions, emissions were minimal, regardless of 

temperature values, EC, and sulphate concentrations. 440 

For water column heights smaller than 50 cm, we observed other limiting factors. Specifically, we have shown that salinity 

and sulphate concentrations limit CH4 emissions, but we could not determine any specific threshold values for these 

variables.  

Considering that all the environmental variables investigated in this study are influenced by climate change, such as 

increasing salinization, temperature, and water levels, we emphasize the importance of carefully studying and managing 445 

temperate coastal wetlands. It is essential to understand all the competing processes involved in the C cycle, which is 

inextricably linked to other elemental cycles, such as sulphur, through microbial processes. Therefore, further studies 

involving microbial processes are needed.   

 In general, our findings are of relevance for the water management of the area. Given the pressures of climate change on 

these coastal environments, understanding the dynamic of CH4 and CO2 production is critically important to define specific 450 

management strategies to lower wetlands emissions. This is necessary to meet climate targets, such as the 2030 Agenda for 

Sustainable Development and with the objectives of the Paris Agreement on Climate Change (European Commission, 2020; 

Salimi et al., 2021). 

Acknowledgement  

The authors thank Mr. Mauro Altizio and Mr. Marco Assiri for the invaluable help during fieldwork, Prof. Enrico Dinelli and 455 
the BiGeA Department for providing the instrumentation. This study was performed with the support of the Ravenna 
municipality (Italy) that granted access to the reserve and the support of the Office for Biodiversity Protection of Punta 
Marina (Carabinieri Forestali).  
 
Author contribution 460 
EC, BMSG and SS conceptualized the research and carried out the field sampling campaign for data collection. All authors 
(EC, BMSG, DZ, SS, MA) participated into the methodology development and supplied the necessaries resources for the 
research. BMSG, SS, MA supervised the research. EC performed the formal analysis. EC, BMSG and SS interpreted and 
validated the results. EC prepared the original draft and the visualization content, while all authors (EC, BMSG, DZ, SS, MA) 
participated in the revision and editing process. 465 
 
Competing interests 
The authors declare that they have no conflict of interest.

https://doi.org/10.5194/egusphere-2023-605
Preprint. Discussion started: 4 April 2023
c© Author(s) 2023. CC BY 4.0 License.



 

21 
 

References 

Al‐Haj, A. N. and Fulweiler, R. W.: A synthesis of methane emissions from shallow vegetated coastal ecosystems, Glob. Change 470 
Biol., 26, 2988–3005, https://doi.org/10.1111/gcb.15046, 2020. 

Al-Shammary, A. A. G., Kouzani, A. Z., Kaynak, A., Khoo, S. Y., Norton, M., and Gates, W.: Soil Bulk Density Estimation Methods: 
A Review, Pedosphere, 28, 581–596, https://doi.org/10.1016/S1002-0160(18)60034-7, 2018. 

Alvarez Cobelas, M., Rojo, C., and Angeler, D. G.: Mediterranean limnology: current status, gaps and the future, J. Limnol., 
64, 13, https://doi.org/10.4081/jlimnol.2005.13, 2005. 475 

Amorosi, Colalongo, Pasini, and Preti: SSedimentary response to Late Quaternary sea‐level changes in the Romagna coastal 
plain .pdf, Sedimentology, 99–121, https://doi.org/10.1046/j.1365-3091.1999.00205.x, 1999. 

Antonellini, M., Mollema, P., Giambastiani, B., Bishop, K., Caruso, L., Minchio, A., Pellegrini, L., Sabia, M., Ulazzi, E., and 
Gabbianelli, G.: Salt water intrusion in the coastal aquifer of the southern Po Plain, Italy, Hydrogeol. J., 16, 1541–
1556, https://doi.org/10.1007/s10040-008-0319-9, 2008. 480 

Antonellini, M., Balugani, E., Gabbianelli, G., Laghi, M., Marconi, V., and Mollema, P.: Lenti d’acqua dolce nelle dune della  
costa Adriatico-Romagnola, 23, 2010. 

ARPAE: Rapporto IdroMeteoClima Emilia-Romagna, 2020. 
Bhullar, G. S., Iravani, M., Edwards, P. J., and Olde Venterink, H.: Methane transport and emissions from soil as affected by 

water table and vascular plants, BMC Ecol., 13, 32, https://doi.org/10.1186/1472-6785-13-32, 2013. 485 
Bubier, J. L., Moore, T. R., and Juggins, S.: Predicting Methane Emission from Bryophyte Distribution in Northern Canadian 

Peatlands, Ecology, 76, 677–693, https://doi.org/10.2307/1939336, 1995. 
Buscaroli, A. and Zannoni, D.: Soluble ions dynamics in Mediterranean coastal pinewood forest soils interested by saline 

groundwater, CATENA, 157, 112–129, https://doi.org/10.1016/j.catena.2017.05.014, 2017. 
Calabrese, S., Garcia, A., Wilmoth, J. L., Zhang, X., and Porporato, A.: Critical inundation level for methane emissions from 490 

wetlands, Environ. Res. Lett., 16, 044038, https://doi.org/10.1088/1748-9326/abedea, 2021. 
Capaccioni, B., Tassi, F., Cremonini, S., Sciarra, A., and Vaselli, O.: Ground heating and methane oxidation processes at shallow 

depth in Terre Calde di Medolla (Italy): Observations and conceptual model: SOIL HEATING DUE TO METHANE 
OXIDATION, J. Geophys. Res. Solid Earth, 120, 3048–3064, https://doi.org/10.1002/2014JB011635, 2015. 

Cardellini, C., Chiodini, G., Frondini, F., Granieri, D., Lewicki, J., and Peruzzi, L.: Accumulation chamber measurements of 495 
methane fluxes: application to volcanic-geothermal areas and landfills, Appl. Geochem., 18, 45–54, 
https://doi.org/10.1016/S0883-2927(02)00091-4, 2003. 

Chen, Q., Guo, B., Zhao, C., and Xing, B.: Characteristics of CH4 and CO2 emissions and influence of water and salinity in the 
Yellow River delta wetland, China, Environ. Pollut., 239, 289–299, https://doi.org/10.1016/j.envpol.2018.04.043, 
2018. 500 

Cheng, X., Peng, R., Chen, J., Luo, Y., Zhang, Q., An, S., Chen, J., and Li, B.: CH4 and N2O emissions from Spartina alterniflora 
and Phragmites australis in experimental mesocosms, Chemosphere, 68, 420–427, 
https://doi.org/10.1016/j.chemosphere.2007.01.004, 2007. 

Council of the European Union: Council Directive 79/409/EEC of 2 April 1979 on the conservation of wild birds.pdf, OJ 103, 
1–18, 1979. 505 

Council of the European Union: Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of 
wild fauna and flora, Off. J. 206, 92/43/EEC, P. 7-50, 1992. 

Dean, J. F., Middelburg, J. J., Röckmann, T., Aerts, R., Blauw, L. G., Egger, M., Jetten, M. S. M., de Jong, A. E. E., Meisel, O. H., 
Rasigraf, O., Slomp, C. P., in’t Zandt, M. H., and Dolman, A. J.: Methane Feedbacks to the Global Climate System in 
a Warmer World, Rev. Geophys., 56, 207–250, https://doi.org/10.1002/2017RG000559, 2018. 510 

Duke, S. T., Francoeur, S. N., and Judd, K. E.: Effects of Phragmites australis Invasion on Carbon Dynamics in a Freshwater 
Marsh, Wetlands, 35, 311–321, https://doi.org/10.1007/s13157-014-0619-x, 2015. 

https://doi.org/10.5194/egusphere-2023-605
Preprint. Discussion started: 4 April 2023
c© Author(s) 2023. CC BY 4.0 License.



 

22 
 

Emery, H. E. and Fulweiler, R. W.: Spartina alterniflora and invasive Phragmites australis stands have similar greenhouse gas 
emissions in a New England marsh, Aquat. Bot., 116, 83–92, https://doi.org/10.1016/j.aquabot.2014.01.010, 2014. 

Erwin, K. L.: Wetlands and global climate change: the role of wetland restoration in a changing world, Wetl. Ecol. Manag., 17, 515 
71–84, https://doi.org/10.1007/s11273-008-9119-1, 2009. 

European Commission: COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL, THE 
EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS, , COM(2020) 380, 2020. 

Ferronato, C., Falsone, G., Natale, M., Zannoni, D., Buscaroli, A., Vianello, G., and Vittori Antisari, L.: Chemical and pedological 
features of subaqueous and hydromorphic soils along a hydrosequence within a coastal system (San Vitale Park, 520 
Northern Italy), Geoderma, 265, 141–151, https://doi.org/10.1016/j.geoderma.2015.11.018, 2016. 

Gedney, N., Huntingford, C., Comyn-Platt, E., and Wiltshire, A.: Significant feedbacks of wetland methane release on climate 
change and the causes of their uncertainty, Environ. Res. Lett., 14, 084027, https://doi.org/10.1088/1748-
9326/ab2726, 2019. 

Giambastiani, B. M. S., Kidanemariam, A., Dagnew, A., and Antonellini, M.: Evolution of Salinity and Water Table Level of the 525 
Phreatic Coastal Aquifer of the Emilia Romagna Region (Italy), Water, 13, 372, https://doi.org/10.3390/w13030372, 
2021. 

Giambastiani M.S. Beatrice: The Piallassa Baiona lagoon is located at the eastern boundary of the pine forest. This brackish 
coastal lagoon was formed three to four centuries agoDottorato_Giambastiani_XIXCICLO.pdf, Tesi di Dottorato, 
Università di Bologna, 2007. 530 

Giovenali, E., Coppo, L., Virgili, G., Continanza, D., and Raco, B.: THE FLUX-METER: IMPLEMENTATION OF A PORTABLE 
INTEGRATED INSTRUMENTATION FOR THE MEASUREMENT OF CO2 AND CH4 DIFFUSE FLUX FROM LANDFILL SOIL 
COVER., 11, 2013. 

Hackney, C. T. and Avery, G. B.: Tidal Wetland Community Response to Varying Levels of Flooding by Saline Water, Wetlands, 
35, 227–236, https://doi.org/10.1007/s13157-014-0597-z, 2015. 535 

Henneberger, R., Cheema, S., Franchini, A. G., Zumsteg, A., and Zeyer, J.: Methane and Carbon Dioxide Fluxes from a 
European Alpine Fen Over the Snow-Free Period, Wetlands, 35, 1149–1163, https://doi.org/10.1007/s13157-015-
0702-y, 2015. 

Hines, M. E.: Emissions of sulfur gases from wetlands, SIL Commun. 1953-1996, 25, 153–161, 
https://doi.org/10.1080/05384680.1996.11904076, 1996. 540 

Howard, J., Sutton-Grier, A., Herr, D., Kleypas, J., Landis, E., Mcleod, E., Pidgeon, E., and Simpson, S.: Clarifying the role of 
coastal and marine systems in climate mitigation, Front. Ecol. Environ., 15, 42–50, 
https://doi.org/10.1002/fee.1451, 2017. 

Huertas, I. E., de la Paz, M., Perez, F. F., Navarro, G., and Flecha, S.: Methane Emissions From the Salt Marshes of Doñana 
Wetlands: Spatio-Temporal Variability and Controlling Factors, Front. Ecol. Evol., 7, 32, 545 
https://doi.org/10.3389/fevo.2019.00032, 2019. 

J. P. Megonigal, M. E. Mines, and P. T. Visscher: in: Anaerobic Metabolism: Linkages to Trace Gases and Aerobic Processes, 
vol. Biogeochemistry, Elsevier-Pergamon, Oxford, 317–424, 2004. 

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J. G., Dlugokencky, E. J., Bergamaschi, P., Bergmann, D., Blake, D. 
R., Bruhwiler, L., Cameron-Smith, P., Castaldi, S., Chevallier, F., Feng, L., Fraser, A., Heimann, M., Hodson, E. L., 550 
Houweling, S., Josse, B., Fraser, P. J., Krummel, P. B., Lamarque, J.-F., Langenfelds, R. L., Le Quéré, C., Naik, V., 
O’Doherty, S., Palmer, P. I., Pison, I., Plummer, D., Poulter, B., Prinn, R. G., Rigby, M., Ringeval, B., Santini, M., 
Schmidt, M., Shindell, D. T., Simpson, I. J., Spahni, R., Steele, L. P., Strode, S. A., Sudo, K., Szopa, S., van der Werf, G. 
R., Voulgarakis, A., van Weele, M., Weiss, R. F., Williams, J. E., and Zeng, G.: Three decades of global methane sources 
and sinks, Nat. Geosci., 6, 813–823, https://doi.org/10.1038/ngeo1955, 2013. 555 

Komlan Mawuli Afiademanyo, Kwami Lumo Awaga, Kamilou Ouro-Sama, and Hodabalo Dheoulaba Solitoke: Factoextra: 
Extract and Visualize the Results of Multivariate Data Analyses. R Package Version 1.0.7., 2020. 

Laghi, M., Mollema, P., and Antonellini, M.: The Influence of River Bottom Topography on Salt Water Encroachment Along 
the Lamone River (Ravenna, Italy), and Implications for the Salinization of the Adjacent Coastal Aquifer, in: World 

https://doi.org/10.5194/egusphere-2023-605
Preprint. Discussion started: 4 April 2023
c© Author(s) 2023. CC BY 4.0 License.



 

23 
 

Environmental and Water Resources Congress 2010, World Environmental and Water Resources Congress 2010, 560 
Providence, Rhode Island, United States, 1124–1135, https://doi.org/10.1061/41114(371)123, 2010. 

Lazzari, G., Merloni, N., and Saiani, D.: Flora delle Pinete storiche di Ravenna San Vitale, Classe, Cervia, Parco del Delta del 
Po-Emilia Romagna, L’Arca, Ravenna, 2010. 

Lê, S., Josse, J., and Husson, F.: FactoMineR : An R Package for Multivariate Analysis, J. Stat. Softw., 25, 
https://doi.org/10.18637/jss.v025.i01, 2008. 565 

Lovley, D. R. and Klug, M. J.: Model for the distribution of sulfate reduction and methanogenesis in freshwater sediments, 
Geochim. Cosmochim. Acta, 50, 11–18, https://doi.org/10.1016/0016-7037(86)90043-8, 1986. 

Mander, Ü., Maddison, M., Soosaar, K., and Karabelnik, K.: The Impact of Pulsing Hydrology and Fluctuating Water Table on 
Greenhouse Gas Emissions from Constructed Wetlands, Wetlands, 31, 1023–1032, https://doi.org/10.1007/s13157-
011-0218-z, 2011. 570 

Mar, K. A., Unger, C., Walderdorff, L., and Butler, T.: Beyond CO2 equivalence: The impacts of methane on climate, 
ecosystems, and health, Environ. Sci. Policy, 134, 127–136, https://doi.org/10.1016/j.envsci.2022.03.027, 2022. 

Martin, R. M. and Moseman-Valtierra, S.: Greenhouse Gas Fluxes Vary Between Phragmites Australis and Native Vegetation 
Zones in Coastal Wetlands Along a Salinity Gradient, Wetlands, 35, 1021–1031, https://doi.org/10.1007/s13157-
015-0690-y, 2015. 575 

Merloni, N. and Piccoli, F.: LA VEGETAZIONE DEL COMPLESSO PUNTE ALBERETE E VALLE MANDRIOLE (PARCO REGIONALE 
DEL DELTA DEL PO - ITALIA), Dipartimento di Botanica ed Ecologia dell’Università - Camerino et Station de 
Phytosociologie - Bailleul, 2001. 

Peng, S., Lin, X., Thompson, R. L., Xi, Y., Liu, G., Hauglustaine, D., Lan, X., Poulter, B., Ramonet, M., Saunois, M., Yin, Y., Zhang, 
Z., Zheng, B., and Ciais, P.: Wetland emission and atmospheric sink changes explain methane growth in 2020, Nature, 580 
612, 477–482, https://doi.org/10.1038/s41586-022-05447-w, 2022. 

Poffenbarger, H. J., Needelman, B. A., and Megonigal, J. P.: Salinity Influence on Methane Emissions from Tidal Marshes, 
Wetlands, 31, 831–842, https://doi.org/10.1007/s13157-011-0197-0, 2011. 

Regione Emilia Romagna: Piano Stralcio di Bacino per il Rischio Idrogeologico, 2016. 
Regione Emilia Romagna: MISURE SPECIFICHE DI CONSERVAZIONE DEL SIC-ZPS IT4070003 “PINETA DI SAN VITALE, BASSA 585 

DEL PIROTTOLO,” 2018a. 
Regione Emilia Romagna: RETE NATURA 2000 – SIC/ZPS IT4070001 PUNTE ALBERETE, VALLE MANDRIOLE – QUADRO 

CONOSCITIVO, 2018b. 
Regione Emilia Romagna: Carta dei suoli dell’Emilia Romagna, 2021. 
Roner, M., D’Alpaos, A., Ghinassi, M., Marani, M., Silvestri, S., Franceschinis, E., and Realdon, N.: Spatial variation of salt-590 

marsh organic and inorganic deposition and organic carbon accumulation: Inferences from the Venice lagoon, Italy, 
Adv. Water Resour., 93, 276–287, https://doi.org/10.1016/j.advwatres.2015.11.011, 2016. 

Roslev, P. and King, G. M.: Regulation of methane oxidation in a freshwater wetland by water table changes and anoxia, 
FEMS Microbiol. Ecol., 19, 105–115, https://doi.org/10.1111/j.1574-6941.1996.tb00203.x, 1996. 

Rustad, L. E., Huntington, T. G., and Boone, D.: Controls on soil respiration: Implications for climate change, 6, 2000. 595 
Salimi, S., Almuktar, S. A. A. A. N., and Scholz, M.: Impact of climate change on wetland ecosystems: A critical review of 

experimental wetlands, J. Environ. Manage., 286, 112160, https://doi.org/10.1016/j.jenvman.2021.112160, 2021. 
Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P., Canadell, J. G., Dlugokencky, E. J., Etiope, G., Bastviken, D., 

Houweling, S., Janssens-Maenhout, G., Tubiello, F. N., Castaldi, S., Jackson, R. B., Alexe, M., Arora, V. K., Beerling, D. 
J., Bergamaschi, P., Blake, D. R., Brailsford, G., Brovkin, V., Bruhwiler, L., Crevoisier, C., Crill, P., Covey, K., Curry, C., 600 
Frankenberg, C., Gedney, N., Höglund-Isaksson, L., Ishizawa, M., Ito, A., Joos, F., Kim, H.-S., Kleinen, T., Krummel, P., 
Lamarque, J.-F., Langenfelds, R., Locatelli, R., Machida, T., Maksyutov, S., McDonald, K. C., Marshall, J., Melton, J. R., 
Morino, I., Naik, V., O’Doherty, S., Parmentier, F.-J. W., Patra, P. K., Peng, C., Peng, S., Peters, G. P., Pison, I., Prigent, 
C., Prinn, R., Ramonet, M., Riley, W. J., Saito, M., Santini, M., Schroeder, R., Simpson, I. J., Spahni, R., Steele, P., 
Takizawa, A., Thornton, B. F., Tian, H., Tohjima, Y., Viovy, N., Voulgarakis, A., van Weele, M., van der Werf, G. R., 605 
Weiss, R., Wiedinmyer, C., Wilton, D. J., Wiltshire, A., Worthy, D., Wunch, D., Xu, X., Yoshida, Y., Zhang, B., Zhang, 

https://doi.org/10.5194/egusphere-2023-605
Preprint. Discussion started: 4 April 2023
c© Author(s) 2023. CC BY 4.0 License.



 

24 
 

Z., and Zhu, Q.: The global methane budget 2000–2012, Earth Syst. Sci. Data, 8, 697–751, 
https://doi.org/10.5194/essd-8-697-2016, 2016. 

Sawakuchi, H. O., Bastviken, D., Sawakuchi, A. O., Ward, N. D., Borges, C. D., Tsai, S. M., Richey, J. E., Ballester, M. V. R., and 
Krusche, A. V.: Oxidative mitigation of aquatic methane emissions in large Amazonian rivers, Glob. Change Biol., 22, 610 
1075–1085, https://doi.org/10.1111/gcb.13169, 2016. 

Soboyejo, L. A., Giambastiani, B. M. S., Molducci, M., and Antonellini, M.: Different processes affecting long-term Ravenna 
coastal drainage basins (Italy): implications for water management, Environ. Earth Sci., 80, 493, 
https://doi.org/10.1007/s12665-021-09774-5, 2021. 

Torres-Alvarado, R., Ramírez-Vives, F., and Fernández, F. J.: Methanogenesis and methane oxidation in wetlands. Implications 615 
in the global carbon cycle Metanogénesis y metano-oxidación en humedales. Implicaciones en el ciclo del carbono 
global, 15, 23, 2005. 

Turetsky, M. R., Kotowska, A., Bubier, J., Dise, N. B., Crill, P., Hornibrook, E. R. C., Minkkinen, K., Moore, T. R., Myers-Smith, I. 
H., Nykänen, H., Olefeldt, D., Rinne, J., Saarnio, S., Shurpali, N., Tuittila, E.-S., Waddington, J. M., White, J. R., 
Wickland, K. P., and Wilmking, M.: A synthesis of methane emissions from 71 northern, temperate, and subtropical 620 
wetlands, Glob. Change Biol., 20, 2183–2197, https://doi.org/10.1111/gcb.12580, 2014. 

Venturi, S., Tassi, F., Cabassi, J., Randazzo, A., Lazzaroni, M., Capecchiacci, F., Vietina, B., and Vaselli, O.: Exploring Methane 
Emission Drivers in Wetlands: The Cases of Massaciuccoli and Porta Lakes (Northern Tuscany, Italy), Appl. Sci., 11, 
12156, https://doi.org/10.3390/app112412156, 2021. 

de Vicente, I.: Biogeochemistry of Mediterranean Wetlands: A Review about the Effects of Water-Level Fluctuations on 625 
Phosphorus Cycling and Greenhouse Gas Emissions, Water, 13, 1510, https://doi.org/10.3390/w13111510, 2021. 

Vittori Antisari, L., Dinelli, E., Buscaroli, A., Covelli, S., Pontalti, F., and Vianello, G.: Potentially toxic elements along soil profiles 
in an urban park, an agricultural farm, and the san vitale pinewood (Ravenna, Italy), EQA-International Journal of 
Environmental Quality, 1–14, https://doi.org/10.6092/ISSN.2281-4485/3822, 2013. 

Whalen, S. C.: Biogeochemistry of Methane Exchange between Natural Wetlands and the Atmosphere, Environ. Eng. Sci., 22, 630 
73–94, https://doi.org/10.1089/ees.2005.22.73, 2005. 

Wickham, H.: ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag, New York, 2016. 
Zannoni, D.: Uso sostenibile dei suoli forestali di ambiente costiero in relazione ai fattori di pressione esistenti., 2008. 
Zhao, M., Han, G., Li, J., Song, W., Qu, W., Eller, F., Wang, J., and Jiang, C.: Responses of soil CO2 and CH4 emissions to 

changing water table level in a coastal wetland, J. Clean. Prod., 269, 122316, 635 
https://doi.org/10.1016/j.jclepro.2020.122316, 2020. 

Zhou, J., Theroux, S. M., Bueno de Mesquita, C. P., Hartman, W. H., Tian, Y., and Tringe, S. G.: Microbial drivers of methane 
emissions from unrestored industrial salt ponds, ISME J., 16, 284–295, https://doi.org/10.1038/s41396-021-01067-
w, 2022. 

Zinder, S. H.: Physiological Ecology of Methanogens, in: Methanogenesis, edited by: Ferry, J. G., Springer US, Boston, MA, 640 
128–206, https://doi.org/10.1007/978-1-4615-2391-8_4, 1993. 

Zinder, S. H. and Koch, M.: Non-aceticlastic methanogenesis from acetate: acetate oxidation by a thermophilic syntrophic 
coculture, Arch. Microbiol., 138, 263–272, https://doi.org/10.1007/BF00402133, 1984. 

 

https://doi.org/10.5194/egusphere-2023-605
Preprint. Discussion started: 4 April 2023
c© Author(s) 2023. CC BY 4.0 License.


