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A B S T R A C T

Coastal wetlands play a critical role in carbon sequestration, biogeochemical cycling, and ecosystem stability. 
These habitats support diverse microbial communities that regulate organic matter decomposition and green
house gas fluxes, influencing climate-related feedback mechanisms. However, rising sea levels and saltwater 
intrusion may disrupt microbial processes, particularly those associated with the sulfur cycle and methane dy
namics. Here, we characterize soil physicochemical properties and microbial communities along a salinity 
gradient in three temperate coastal wetlands to assess the impact of salinity on organic matter decomposition and 
greenhouse gas emissions. Using full-length Oxford Nanopore MinION 16S rRNA amplicon sequencing, we 
analyzed microbial communities across freshwater, brackish, and saline wetland soils. Our results indicate that 
sulfur-reducing bacteria dominate salinized sites, while brackish environments are characterized by obligate 
anaerobic taxa involved in sulfate reduction, fatty acid degradation, and denitrification. These microbial as
semblages contribute to lower CH4 emissions but increased CO2 fluxes in the brackish areas, highlighting key 
microbial-mediated trade-offs in wetland carbon cycling. By integrating microbial diversity, and metabolic 
functions with soil geochemistry, this site-specific but ecologically meaningful case study improves our under
standing of microbe-soil interactions in temperate wetland ecosystems facing increased salinization due to 
climate change.

1. Introduction

Coastal vegetated wetlands are transitional ecosystems found at the 
edge of terrestrial and marine habitats. The amount of carbon, also 
defined as "blue carbon", stored in coastal wetland soils is estimated to 
equal 25 Pg at the global scale (Duarte et al., 2013) and comes from a 
constant sink of organic matter associated with slow rates of decom
position. Coastal wetlands are among the most efficient ecosystems in 
terms of carbon sequestration rate, storing 67–215 Tg C yr− 1 (Hopkinson 
et al., 2012), thus playing a crucial role in global biogeochemical cycles 
(IPCC, 2022). Wetland soils are home to diverse microbial communities 
that are responsible for driving the processes of organic matter break
down, nutrient cycling, and greenhouse gas (GHG) emissions (Bridgham 
et al., 2013). The elements that drive microbial metabolism, such as 
temperature and precipitation, vegetation, hydrology, soil type, and 
land use (undisturbed vs. disturbed), influence the rates at which 
organic carbon mineralizes (Bonetti et al., 2021).

Coastal wetlands are increasingly vulnerable to saltwater intrusion 
due to sea level rises (White and Kaplan, 2017) and change in freshwater 
flow and availability (Gillanders and Kingsford, 2002; 
González-Ortegón et al., 2015). Methanogenic, fermentative, and res
piratory pathways are only a few of the many archaeal and bacterial 
metabolic activities that drive the complex processes of organic matter 
breakdown in these environments (Liang et al., 2023). Even though 
recent studies evidenced a salinity-driven shift in microbial community 
composition favoring sulfate reducers and excluding methanogens 
(Bartlett et al., 1987; Hartman et al., 2024; Poffenbarger et al., 2011; 
Weingarten et al., 2023; Zhang et al., 2021; Zhao et al., 2023), many 
new methanogenic archaea were also identified in coastal sediments and 
marine ecosystems (Chen et al., 2022; Kumari et al., 2025; Wallenius 
et al., 2025). The sulfur cycle is one of the most important biogeo
chemical cycles in coastal wetland environments, as it is closely linked 
to the production and consumption of CH₄. Sulfate reduction, being 
energetically favored in comparison to fermentative processes and 
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methanogenesis, plays an important role in diminishing gross CH₄ pro
duction, consequently limiting CH₄ emissions into the environment 
(Capone and Kiene, 1988). The significance of sulfate reduction within 
coastal wetland soils is well acknowledged, yet the complexities gov
erning its rates and pathways in these specific environments remain a 
subject of uncertainty (McCuen et al., 2021). Methanogens are known to 
be outcompeted by sulfate-reducing bacteria (SRB) for electron donors, 
which can disrupt microbial activity and lower CH₄ production (An 
et al., 2023). Seawater contains high concentrations of sulfate, and its 
intrusion into coastal wetlands increases sulfate availability, thereby 
promoting the growth and activity of sulfate-reducing bacteria. This 
enhanced sulfate supply further complicates the biogeochemical pro
cesses occurring in wetlands (Jørgensen et al., 2019; Weingarten et al., 
2023; Zhang et al., 2021).

The balance between rates of sea level rise, sulfate intrusion, and 
wetland accretion will have strong impacts on the capacity to store and 
sequester carbon (Candry et al., 2023; Yousefi Lalimi et al., 2018). By 
the end of the 21st century, coastal shallow ecosystems in temperate and 
high latitudes will be at moderate to high risk of submergence and 
erosion under future emission scenarios (IPCC, 2022; Yang et al., 2023), 
and consequently risk of increased salinization. The overall response of 
vegetated coastal ecosystems to rising sea levels depends on the diverse 
interactions among plant growth, sedimentation processes, and inun
dation (Marani et al., 2010, 2006; Yang et al., 2023). In this context, 
biogeochemical studies in wetlands are important for understanding the 
impact of climate change on the ecosystem services provided by these 
environments, improving water quality, and mitigating climate change 
through carbon sequestration (Salimi et al., 2021; Trettin et al., 2019).

In a previous study, Chiapponi et al. (2024) analyzed the environ
mental variables driving CH4 and CO2 emissions from temperate coastal 
wetlands along the Adriatic coast, showing that salinity and water col
umn height are the major limiting factors of CH4 emissions and uptake in 
these environments. Building on the GHG flux measurements reported 

by Chiapponi et al. (2024), this study uses a multidisciplinary approach 
combining microbial community structure and soil geochemistry to 
provide an interpretative framework for observed flux regimes. The 
main objective is to investigate how microbial communities interact 
with sulfur availability in hydromorphic soils across three temperate 
coastal wetlands sites strategically located along a salinity gradient 
within a limited spatial scale. By characterizing microbial composition 
and soil geochemical properties, we assess the influence of salinity on 
methanogenic, fermentative, and respiratory pathways involved in 
organic matter degradation. These biogeochemical patterns are then 
discussed with regard to GHG emissions. Rather than focusing on 
instantaneous correlations, this study links variations in microbial 
communities and soil geochemistry to site-specific GHG flux patterns, 
where the microbiome represents a functional snapshot of the soil sys
tem and the flux measurements reflect the integrated gas exchange 
behavior of each wetland.

2. Materials and methods

2.1. Study area

The research was conducted in three sites in the province of Ravenna 
(Italy) (Fig. 1), along the Adriatic coast. The San Vitale pine forest, along 
with its internal swamp areas, and the Punte Alberete marsh are located 
3-5 km inland of the Northern Adriatic Sea on a palaeodune belt system. 
The area is characterized by the presence of the Piallassa Baiona, a 
brackish intertidal lagoon, and the entire study area is part of the Po 
River Delta Natural Park and SCI (Sites of Community Importance) and 
SPA (Special Protection Areas) under the European environmental 
special protection directive (Sites of Community Importance – SCI Punte 
Alberete SCI/SPA IT4070001 and San Vitale pine forest IT4070003 
legislation (Council Directive 92/43/EEC; Directive 2009/147/EC).

The area is characterized by a subcontinental temperate climate with 

Fig. 1. Study area showing the three temperate coastal wetlands along with the location of sampled cores for molecular and geochemical analysis (coordinate 
system: EPSG 32632).
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about 600 mm of annual rainfall and a monthly mean temperature 
ranging from 3.6 to 24.3◦C in January and July respectively (ARPAE - 
Regional Agency for Prevention, Environment and Energy of Emilia- 
Romagna, weather station of Marina di Ravenna https://simc.arpae. 
it/dext3r/). The coastal area is highly affected by saltwater intrusion 
due to natural and human-induced factors (Antonellini et al., 2019). The 
unconfined coastal aquifer consists mainly of sandy deposits, with a 
finer silt layer at 15-16 m depth (Giambastiani et al., 2007). The only 
topographical features above sea level are riverbanks, paleo- and coastal 
dunes, with elevations of 1-3 m a.s.l. The low-lying terrain leads to 
aquifer salinization, with sporadic freshwater lenses floating on brackish 
water, and shallow freshwater-saltwater interfaces. During the summer 
season, high temperatures and low precipitation further reduce aquifer 
recharge, decreasing the thickness of the freshwater lenses and exacer
bating the salinization of both water and soil (Antonellini et al., 2008; 
Giambastiani et al., 2021).

The entire area is under mechanical drainage that regulates water 
levels for agriculture, preventing floods but promoting inland saltwater 
intrusion from the sea and lagoon (Giambastiani et al., 2021). Salini
zation is particularly severe near Piallassa Baiona lagoon and along 
canals and rivers connected to the sea (Antonellini et al., 2008). The 
three selected sites are characterized by a water salinity gradient, 
ranging from freshwater to slightly brackish to saline waters moving 
west to east, toward the lagoon. Punte Alberete (PA) is the most fresh
water site of the area with a mean annual salinity of 0.7 dS m-1 (0.34 
ppt); Cerba (CER) is an area characterized by slightly higher salinity, 
values between 1.4 and 2.2 dS m-1 (0.70 – 1.12 ppt); while Pirottolo 
(PIR) is characterized by brackish EC values of 6-7.1 dS m-1 (3.26 – 3.90 
ppt) (Chiapponi et al., 2024).

The entire system is human-managed, and the conservation of the 
wetlands relies on managed water levels, making them more vulnerable 
to climate change-related threats. The significance of salinity as an 
ecological process driver in these tidal fresh-/brackish-water wetlands is 
particularly important given the increase of saltwater intrusion, and its 
exacerbation in the future scenario due to climate change (Giambastiani 
et al., 2021, 2020).

Based on regional pedological data from the Emilia-Romagna geo
portal (https://geoportale.regione.emilia-romagna.it/catalogo/materia 
le-cartografico/pubblicazioni/cartografia-e-territorio/pedologia) and 
previous research in the area (Buscaroli et al., 2009; Buscaroli and 
Zannoni, 2010; Ferronato et al., 2016), a succession of soils is observed, 
with topography being the main factor influencing pedogenesis. The 
alternation of dunes and lowlands determines variations in water table 
depth with respect to the ground level, strongly conditioning the soil 
moisture and the salinity degree. Climatic condition, together with the 
carbonate sandy substrate and spontaneous vegetation land use generate 
poorly evolved soil profiles with O/A/C horizon sequence, according to 
the Soil Taxonomy (Soil Survey Staff, 2022). From the dune crests, 
where the water table is deepest, to the perennially flooded interdune 
lowlands, the soil morpho-sequence is classified as Psamments, Aquents, 
and Wassents sub-orders according to the Soil Taxonomy (Soil Survey 
Staff, 2022). In this area, Aquents and Wassents represent hydromorphic 
and subaqueous soils respectively in a typical coastal transition system 
(Ferronato et al., 2016). Seasonal variability also affects the soils of this 
area: spring and autumn rainfall causes salt leaching from soil horizons, 
a decrease in the water table depth and its salt content dilution; summer 
weather conditions cause an increase in water table depth and an in
crease in soil salinity in surface horizons (Buscaroli and Zannoni, 2017, 
2010). Changes in the water table level and the total period of saturation 
have a significant impact on specific soil-forming processes related to 
the S cycle, CaCO3 accumulation and depletion, and P and salt con
centration (Ferronato et al., 2016).

2.2. GHG emissions measurements

In the same study area, emissions of CH4 and CO2 from open standing 

waters and soils at each site scale were collected once a month from 
April 2021 to June 2022 using a portable CH₄–CO₂ flux meter equipped 
with infrared spectrophotometer detectors. Measurements were per
formed along transects or wetland margins at intervals of approximately 
15–20 m. More details about methodology and results are reported in 
the study of Chiapponi et al. (2024) and for convenience, a summary of 
the emission rates is provided in Table 1.

During Fall-Winter, CO₂ and CH₄ fluxes varied across sites, with CER 
showing the highest emissions of both gases (20.34 ± 54.26 g m-²day-1 

and 61.83 ± 250.44 g m-²day-1 of CO₂ and CH₄, respectively), while PA 
and PIR had lower values. In Spring-Summer, both gases exhibited 
increased fluxes at all sites, with CER experiencing a substantial rise in 
CH₄ emissions (mean value of 254.09 ± 549.93 g m-²day-1). The coef
ficient of variation percentage indicates higher variability in CH₄ fluxes 
across both seasons and all sites. Given this high spatial and temporal 
variability, GHG flux measurements were integrated over a 14-month 
monitoring period to obtain site-representative emission patterns, 
while microbial community and soil geochemical data, collected in a 
single campaign in June 2022, were interpreted in relation to these flux 
regimes rather than to instantaneous flux values.

2.3. Core sampling

Cores were collected in June 2022 in four replicates at each sampling 
site using single-use transparent plexiglass liners (Fig. 2b). Three cores 
were used for the molecular analysis, while the fourth core was used to 
perform the geochemical analysis (Fig. 2a). Cores used for microbial 
characterization were previously disinfected with a solution of 20% 
NaClO to avoid sample contamination. Each core-liner was inserted in 
soil ensuring that at least 50 cm of soil was retrieved (Fig. 2b). To avoid 
oxidation, the headspace was filled with water sampled in the same 
sampling site and immediately sealed with parafilm and tight stopper. 
To avoid layer mixing, all the tubes have been ensured in vertical po
sition during transport. In the laboratory, a section of sediment sample 
was extruded at 0-20 cm for microbial analysis (Fig. 2c) from each core 
and later preserved at -25◦C in sterilized Falcon tubes for DNA extrac
tion. Cores for geochemical analysis were used as a whole and were 
stored in vertical position at -25◦C until performing any pedological 
analysis.

During core sampling, water temperature (◦C), pH, Eh (mV) and EC 
(dS m-1) were measured at each sampling site using probes logged to an 
EUTECH datalogger. To assess the influence of salinity on shaping mi
crobial communities, water samples were collected to analyze sulfate 
(SO4

2-) and sulfide (S2-) concentrations. At each sampling site, a 500 mL 
water bottle was retrieved without headspace, put in a cooler, and 
transported to the lab for geochemical analysis, performed on the same 
day. SO4

2- and S2- concentrations have been measured by using a HACH 
spectrophotometer (Hach Company, 2019). Moreover, monthly 
physical-chemical parameters of surface and ground waters were 
collected for a year at the same sites and published in Chiapponi et al. 
(2024). These data were also used to support the analysis and discussion.

2.4. Soil characterization

2.4.1. Pedological characterization
Cores were extruded and the soil horizon boundaries were identified 

and marked. For each horizon, thickness, depth, boundaries, matrix 
Munsell color (moist), texture, structure, fluidity, coats/film, redox
imorphic features, peroxide color change, and presence of organic 
fragments or roots, were described. After the core extrusion, in water- 
saturated soil samples, pH, EC, Oxidation-Reduction Potential (ORP), 
and Acid Volatile Sulfides (AVS) were measured in each horizon. All 
other analyses were performed on air-dried soil samples. After drying, 
EC and pH were measured again for all samples in a 1:2.5 (w:v) soil: 
distilled water suspension. In the latter also soluble nitrates were 
determined by Ionic Cromatography. For TOC determination, a 
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carbonates dissolution with 1.5 M HCl was performed before analysis 
with the elemental analyzer (Thermo Fisher CHNS-O Flash EA 2000) by 
Dumas flash combustion at 1800◦C, while for TN and TH determination 
this pretreatment was not necessary (ISO, 1995). To determine the 
presence of sulfidic material, an aliquot of each soil horizon was incu
bated for 16 weeks after which its pH was measured again according to 
the Soil Survey Staff (2022) methodology.

2.4.2. Sulfides from soils
AVS were determined in sampled cores of soils using a semi

quantitative method proposed by Pellegrini et al. (2018). The black
ening of a paper strip, produced by the precipitation of PbS, was 
compared with a reference table, previously calibrated. The paper 
sensor method for S2- is very suitable for field screening and has sensi
tivity levels comparable to laboratory methods. The reference chart was 
prepared by adding standard S2- solutions ranging from 0.1 to 10 
mmol/L following the method suggested by Pellegrini et al. (2018). 
Paper strips (3 × 6 cm) were cut from Whatman ® N.1 filter paper and 
impregnated with 6 drops (approximately 0.3 mL) with 1.5 M Pb(NO3)2 
shortly before use. The impregnated area was 3 × 4 cm, with the 
remaining 3 cm dry for pinching the paper strip to a 250 mL poly
ethylene jar. An aliquot of 10 mL standard solution on fresh soil was 
placed in the disruptor tube, provided by the extraction kit. The cap was 
closed after 50 mL of 6M HCl was added. The jar was then swirled for 15 
seconds to ensure thorough contact between the soil and the acid and to 
speed up H2S volatilization. The volatilized H2S combined with the Pb2+

on the paper strips to generate PbS, which darkened the paper in pro
portion to the amount of H2S developed. The jar was opened after 5 
minutes, and the paper strip was removed and immediately compared to 
the reference colorimetric chart and scanned.

2.4.3. Sulfur characterization
Total sulfur and elemental composition were measured from each 

soil horizon with X-ray fluorescence (XRF). Each aliquot of dried and 
milled material was pressed in a thin pallet in a boric acid binder and 
used to analyze the elemental chemistry with an Axios-Panalytical 
sequential wavelength dispersive XRF spectrometer with a 4 kW Rh 
tube and SuperQ 3.0 software. Thermogravimetric analysis was carried 
out using an Eltra Thermostep thermogravimetric analyzer (Eltra 
GmbH, Haan, Germany) in an oxidant atmosphere (air, 90 mL min-1) at 
10◦C min-1 to 600◦C for organic matter determination and then at 25◦C 
min-1 to 950◦C for carbonate determination (Kasozi et al., 2009).

2.5. DNA extraction, 16S rRNA gene amplification and sequencing

From each sampling site and replicate (3 sites, 3 replicates per site), a 
representative sample of the 0-20 cm core was collected and used for 
DNA extraction. Total DNA was extracted using the E.Z.N.A.® SOIL DNA 
KiT (Omega Bio-Tek) inserting 250 mg of the homogenized sample in
side the Distruptor Tube provided by the manufacturer. DNA extraction 
for each sample was performed on the same day together with two 
negative controls: a tube with only nucleotide-free water and a tube with 
laboratory aerosol. The latter was prepared by leaving a 2 mL Eppendorf 
vial open on the laboratory workbench for several hours and later pro
ceeding with the extraction procedure as the biological sample. DNA 
concentrations were quantified by using the Qubit dsDNA HS As say Kit 
with a Qubit 2.0 fluorometer (Invitrogen).

The portable DNA sequencer (MinION) from Oxford Nanopore 
Technologies (ONT) was utilized to characterize the microbial com
munities (Kerkhof et al., 2017). Following the manufacturer's in
structions, sequencing libraries were prepared using the 16S Barcoding 
Kit (SQK-16S024) from Oxford Nanopore Technologies (ONT), Oxford, 
UK amplifying ~1500 bp of the 16S V1V9 with the primers: 27F: 

Table 1 
Summary of CO2 and CH4 fluxes measured in the three temperate coastal wetlands by Chiapponi et al. (2024) (Note: n.points = n. point source measured; SD =
Standard Deviation; CV(%) = Coefficient of Variation).

Season Punte Alberete (PA) Cerba (CER) Bassa del Pirottolo (PIR)

CO2 

(g m-²day- 

1)

CH4 

(g m-²day- 

1)

CH4/ CO2 

(vol.)
CO2 

(g m-²day- 

1)

CH4 

(g m-²day- 

1)

CH4/ CO2 

(vol.)
CO2 

(g m-²day- 

1)

CH4 

(g m-²day- 

1)

CH4/ CO2 

(vol.)

Fall-Winter 
(Oct-Feb)

n. points 80 80 ​ 121 121 ​ 37 37 ​

​ mean 8.62 7.56 2.41 20.34 61.83 8.34 16.02 1.99 0.34
​ SD 13.87 33.67 ​ 54.26 250.44 ​ 7.83 1.90 ​
​ CV (%) 160.92 445.58 ​ 266.77 405.02 ​ 48.88 95.70 ​
Spring- 

Summer 
(March- 
Sept)

n. points 122 122 ​ 177 177 ​ 84 84 ​
mean 12.38 6.04 1.34 100.62 254.09 6.93 19.37 15.80 2.24
SD 17.20 12.65 ​ 157.87 549.93 ​ 18.11 33.89 ​
CV (%) 138.97 209.55 ​ 156.90 216.43 ​ 93.52 214.52 ​

Fig. 2. (a) and (b) Sediment core sampling design at each sampling site using plexiglass tubes (a and b); (c) core sections at different depths extracted in the 
laboratory for microbial analysis.
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5’-TTTCTGTTGGTGCTGATATTGC AGRGTTYGATYMTGGCTCAG-3′ 
and 1492R: 5’-ACTTGCCTGTCGCTCTATCTTC CGGY
TACCTTGTTACGACTT-3’ For each sample, 10 ng of DNA was used for 
PCR amplification. The PCR procedure consisted of 30 cycles of initial 
denaturation at 95◦C for 1 minute, denaturation at 95◦C, annealing at 
55◦C, and extension at 65◦C, followed by a final extension at 65◦C for 1 
minute. Negative PCR controls (PCR reagents without DNA) were 
amplified at the same time.

Barcoded samples were pooled in equimolar proportions, and about 
82 fmol of the pooled sample was loaded into a MinION flow cell (R10.3, 
FLOMIN111). The flow cell was inserted in the MinION for sequencing 
and the run, operated by ONT's MinKNOW 4.3.12 software (Oxford 
Nanopore Technologies, Oxford, UK) lasted for 20 hours and the raw 
fast5 reads were basecalled and demultiplexed using Guppy v2.3.

Passed reads were analysed using the EPI2ME pipeline (V5.0.2) using 
the workflow wf_metagenomics (v2.4.1) fully available from EPI2ME 
repository (https://github.com/epi2me-labs/wf-metagenomics). Taxo
nomic classification was performed with the integrated Kraken2 classi
fier (v2.1.3) (Wood et al., 2019) against the ncbi_16s_18s database that 
contains 16S ribosomal RNA sequences, corresponding to bacteria and 
archaea type materials. The parameter settings of the workflow were: 
minimum length filter 1350, maximum length filter 1650, mean quality 
score ≥ 7, batch size 32000, bracken length 10000, and default values in 
the remaining parameters. The pipeline of this workflow does not pro
cess by default reads in the unclassified directory. Only taxa with more 
than 9 total reads were included in the phylum- and genus-level abun
dance data.

To detect metabolic or ecologically relevant functions (i.e., nitrogen 
fixation, sulfate respiration or hydrocarbon degradation) of the genera 
retrieved, the database FAPROTAX (Louca et al., 2016) was used. 
FAPROTAX can be used for a fast-functional screening or grouping of 
16S derived bacterial and archaeal data from terrestrial ecosystems 
(Sansupa et al., 2021). Nevertheless, to increase the information about 
the ecological function of different genera, literature references and 
SILVA (Pruesse et al., 2012) and NCBI (Sayers et al., 2022) databases 
have been used.

2.6. Statistical analysis

To assess whether sequencing depth limited the representation of 
taxonomic diversity, the DNA sequencing effort was calculated through 
species accumulation curves on genus-level abundance data with more 
than 9 total reads using rarecurve() function. For all the samples, 
stacked histograms representing microbial taxa at phylum and genus 
levels including their relative abundance were drawn. Prior to the 
analysis, data were rarefied to the minimum number of reads of any 
sample using rrarefy() function.

Alpha diversity was calculated for each sampling site (PA, CER, and 
PIR) on rarefied abundance data at genus level as (1) total taxa richness 
(S), and (2) Pielou's Evenness index (J) (Pielou, 1966). Pielou's Evenness 
index estimates the degree of uniformity in the distribution of in
dividuals among different genera. Spatial differences in diversity indices 
among sites were tested using the aov() function.

Beta diversity analyses were performed on Bray–Curtis dissimilarity 
matrices obtained with vegdist() after Hellinger-transformed data, 
without rarefaction. The spatial differences on microbial community 
structure and functional structure among sites were tested by multi
variate permutational analysis of variance (PERMANOVA) using 
adonis2() function with 9999 permutations. The assumption of homo
geneous multivariate dispersion was evaluated using PERMDISP (beta
disper(), type = "centroids"), with significance assessed by permutation 
tests (permutest(), 9999 permutations).

The pattern in the distribution of samples was displayed using the 
distance-based Redundancy Analysis (dbRDA). Selected environmental 
variables and CO2 and CH4 fluxes were prior standardize using deco
stand() function, then dbrda() was calculated. Significance of the model, 

axis, and the environmental variable were also assessed with anova.cca 
(). Before testing dbRDA model, correlations between environmental 
variables and fluxes were performed using cor() function with 
“spearman” method. Variables that correlated have been not used in the 
dbRDA model.

Similarity percentage (SIMPER) routines (70% cut off; Clarke, 1993), 
were performed to detect taxa and their metabolic functions that 
contributed most to similarity within sites and dissimilarity between 
sites.

All the analyses were performed using R software (version 4.2.2) 
(Oksanen et al., 2022) with the “vegan” package (version 14 2.6-4), 
while SIMPER analyses were performed using Primer 7 (Clarke and 
Gorley, 2015).

3. Results

3.1. Geochemical characterization

The key geochemical parameters of soil horizons are identified in 
each core (Table 2). The PA soil profile consists of four horizons (Ase, 
Ag, Cg1, and Cg2) with a transition from silty loam in the upper horizons 
to silty clay loam in the deeper ones. The total lime content increases 
with depth and it is the largest at 17-32+ cm with 307 gkg-1. The shallow 
layer shows the highest pH, EC, TOC, and TN values, as well as S and 
AVS concentrations and they decline with depth. Overall, PA has the 
highest ORP values and the lowest AVS values compared to the other 
sites, suggesting a less reduced environment with lower sulfide content. 
Based on collected information, this soil profile can be classified as Fluic 
Frasiwassent, fine-loamy, mixed, calcareous, and mesic (Soil Survey 
Staff, 2022).

The CER soil profile consists of four horizons (Ase, Ag, Cse, and 2Cse) 
with a texture ranging from silty loam in the upper layers to sandy loam 
in the deepest horizon. The total lime content is 283 gkg-1 in the su
perficial horizon and decreases with depth to 118 gkg-1. This profile is 
characterized by a decrease in ORP with depth, indicating more reduced 
conditions. The highest AVS and sulfur concentrations are found in the 
surface and deepest horizons, while Fe follows the opposite trend, with 
higher concentrations in the middle layers. pH increases with depth, 
while TOC and TN decrease. Soluble nitrates peak in the intermediate 
horizons and are nearly absent at the top and bottom. Overall, the CER 
profile exhibits strong reducing conditions with significant sulfide 
accumulation at depth. It is classified as Haplic Sulfiwassent, coarse- 
loamy, mixed, calcareous, and mesic (Soil Survey Staff, 2022).

The PIR soil profile consists of five horizons (Oi/Ase, Ase, A/Cse, Cse, 
and Cg) with a sandy loam texture at the surface that becomes sandy 
with depth. The lime content is null at the top horizons and increases to 
62 gkg-1 in the 31-50+ cm horizon. This profile is characterized by 
increasing pH, EC, and ORP with depth. TOC and TN are highest in the 
organic-rich surface layer and decline with depth. AVS concentrations 
follow a similar trend, being highest at the surface and decreasing in the 
bottom horizons. Sulfur remains relatively stable except for a decrease in 
the middle horizon, while iron gradually declines with depth. Overall, 
the PIR profile shows strong organic matter influence at the surface, and 
it is classified as Sulfic Psammowassent, mixed, mesic (Soil Survey Staff, 
2022).

More details on morphological features of soil profiles are listed in 
Tab. S1 in the Suppl. Mat.

3.2. Characterization of microbial communities

MinION sequencing of the 8 core sediment samples yields, after read 
length and quality filters, 2534917 high-quality reads with 0.02% of 
unclassified reads (replicate PA3 are excluded from the analysis due to 
its low number of reads, less than 1000). On average, 310254 ± 119265 
reads are obtained for PA, 365632 ± 73054 for CER samples, and 
257901 ± 123832 reads for PIR. No positive amplification of the PCR- 
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negative controls or extraction-negative controls are observed; there
fore, they are not sequenced.

Species accumulation curves on genus-level abundance data indicate 
that the samples reach a plateau, highlighting that sequencing depth is 
appropriate in all the sample replicates (Fig. S1 in Suppl. Mat.).

3.2.1. Taxonomic composition
The 16S metabarcoding analysis identifies 42 phyla, 648 families and 

2354 genera. The most abundant phyla are Pseudomonodata and 
Thermodesulfobacteriota (Fig. 3a). The most abundant genera are Thi
obacillus, Desulfatiglans, and Syntrophus (Fig. 3b). Sample PA is domi
nated by genera Syntrophus (5.04±1.8%) and Thiobacillus (3.8±2.01%). 
In the CER site, on the contrary, we observe a prevalence of Thiobacillus 
(4.4±1.48%) and Sulfuricurvum (2.97±0.89%). In the PIR brackish- 
water site we observe a different prevalence of taxa compared to the 
other sampling sites. The most abundant taxa are Desulfatiglans (3.55 
±0.71%), and Desulfosarcina (1.94±0.56%).

Taxa Richness (Genus level) (S) is not statistically significant 
different among sites with PA showing an average of 1493±211, CER 
with 1680±30 taxa, and PIR with 1480±163 taxa (F value=0.701, 
p>0.05, Tab. S2 in Suppl. Mat., Fig. S2 in Suppl. Mat.). Also mean 
Pielou’s evenness (J) is not statistically significant different among sites 
(F value=0.819, p>0.05, Tab. S3 in Suppl. Mat., Fig. S3 in Suppl. Mat.).

3.2.2. Community structure and function
The microbial community structures are statistically significantly 

different among sampling sites (R2=0.5448, F=2.9916, p<0.05, Fig. 4, 
Tab. S4 in Suppl. Mat.), while dispersion was not significantly different 
among the groups (PERMDISP, F=1.3307, p>0.05, Tab. S5 in Suppl. 
Mat.). Based on the spearman correlation matrix and ecological meaning 
of the measured environmental variables and CO2 and CH4 fluxes, the 
selected variables for the dbRDA model are EC sp 25◦C and ORP (Figs.4
and S4 in Suppl. Mat.).

The clustering of the sample within sites is also evidenced by the 
dbRDA (Fig. 4). The plot highlights clear clustering patterns, with PA 
replicate samples positioned closely in the top-left quadrant, CER 
replicate samples in the bottom-left and PIR replicate samples in the top- 
right quadrant, showing clear distinct community structures between 
the three sites. The points distribution on the dbRDA plot are displayed 
along a salinity range, with freshwater sites on the left quadrant, and 
brackish sites on the right.

Overall, the dbRDA reveals that EC sp 25◦C and ORP together explain 
54.5% of the variation in microbial community structure. The overall 
model is statistically significant (F=2.9916; p <0.05; Tab. S6 in Suppl. 

Mat.), and both constrained axes are individually significant (dbRDA1: 
F=3.5748, p < 0.05; dbRDA2: F=2.8901, p < 0.05; Tab. S7 in Suppl. 
Mat.). The first axis (dbRDA1) explains 32.5% of the total variance, 
while the second axis dbRDA2) explains 21.9%. Marginal effects tests 
show that EC sp 25◦C independently explains a significant portion in 
community variation (F=3.4682; p < 0.05; Tab. S8 in Suppl. Mat.), and 
that ORP also makes a significant contribution (F=2.5091; p < 0.05; 
Tab. S8 in Suppl. Mat.).

SIMPER analysis reveals that the average similarities of microbial 
communities among replicates within sampling sites is relatively high: 
PA 82.87%, CER 83.18%, and PIR 77.03%. Moreover, the dissimilarity 
between sites is low mainly due to the high number of genera with low 
abundance and it is 23.61% between CER and PA, 24.98% between CER 
and PIR, and 27.87% between PIR and PA (data not shown).

FAPROTAX analysis is utilized to evaluate the difference in func
tional microbial groups within the three sampling sites. Since FAPRO
TAX is non-exhaustive and many organisms known to perform certain 
functions may be missing or may only be partially included in the 
database, we also performed bibliographic research for the most abun
dant genera (Tab. S9 in Suppl. Mat.). 56 out of 2354 genera (2.38 %) are 
assigned to at least one functional group. 12 functional groups are 
represented (i.e., associated with at least one record) (Tab. S10 in Suppl. 
Mat.), while 6 were excluded from the analysis because they were not 
related to microbes associated with soils (invertebrate_parasites, 
human_pathogens_all, human_gut, human_associated, mammal_gut, 
animal_parasites_or_symbionts). Chemoheterotrophy is the group with 
the highest number of genera (51), followed by methylotrophy (18), 
aerobic chemoheterotrophy (17), and metanotrophy, fermentation, and 
hydrocarbon_degradation, all with 16 genera represented (data not 
shown).

In terms of relative abundance, the most abundant functional group 
are Sulfur Oxidation (Thiobacillus, Sulfovorum, Sulfuricurvum), Sulfate 
Reduction bacteria (Desulfatiglans and Desulfosarcina) and Chemo
heterotrophy (Fig. 5). Nevertheless, statistically significant differences 
are observed in the functional structure among sampling sites 
(R2=0.64283, F=4.4995; p < 0.05; Tab. S11 in Suppl. Mat.).

SIMPER analysis indicates high average similarities within sampling 
site (90.18% in PA, 90.76% in CER and 87.98% in PIR) (Tab. S12 in 
Suppl. Mat.). Between sampling sites, the average dissimilarity is 
15.08% between CER and PIR, 15.68% between PA and PIR, and 
17.49% between PA and CER. In PA we observe higher abundance of 
syntrophic and methanol oxidation bacteria compared to CER and PIR. 
(Tab. S12 in Suppl. Mat.).

Table 2 
Properties of water-saturated and air-dried soils for different horizons. Each row in the table corresponds to a specific horizon within a soil profile (codes according to 
Soil Survey Staff, 2022), and the columns present parameters retrieved for both water-saturated and air-dried samples.

Water-saturated soil analysis Air dry soil analysis

Profile Horizon Depth H2O reaction EC sp 25◦C Mean ORP S - AVS H2O reaction EC 1:2.5 25◦C Total lime TOC TN TOC/TN

​ ​ cm pH dS m-1 mV mg kg-1 In pH Fin pH dS m-1 g kg-1 g kg-1 g kg-1 ​
PA Ase 0 - 4 7.16 0.85 -86 412 7.30 7.75 1.77 191 100.5 6.30 16.0
​ Ag 4 - 10 7.00 0.97 -95 10 7.51 7.71 0.74 144 101.2 5.16 19.6
​ Cg1 10 - 17 6.78 1.18 -47 8 7.88 8.01 0.68 231 26.6 2.40 11.1
​ Cg2 17 - 32+ 7.02 0.96 -68 53 8.11 8.26 0.88 307 13.8 1.46 9.4
CER Ase 0 - 5 7.37 1.14 -159 1562 7.58 7.74 2.39 283 36.7 3.67 10.0
​ Ag 5 - 10 7.27 1.91 -130 174 7.81 7.82 1.52 260 23.5 2.38 9.9
​ Cse 10 - 23 7.31 1.44 -223 673 7.96 7.85 1.31 205 11.0 1.21 9.1
​ 2Cse 23 -35 8.25 1.29 -224 1854 8.56 7.94 0.74 118 2.4 0.24 10.0
PIR Oi/Ase 0 - 6/7 7.04 5.01 -233 4568 7.26 7.66 7.46 0 119.6 7.14 16.7
​ Ase 6/7 - 15 7.43 11.60 -113 1508 7.52 6.96 7.80 0 69.8 4.57 15.3
​ A/Cse 15 - 20 7.51 13.80 -77 2461 7.60 7.07 6.03 17 19.5 1.23 15.9
​ Cse 20 - 31 7.33 11.80 -198 2168 7.96 6.99 4.27 19 6.5 0.55 11.8
​ Cg 31 - 50+ 7.34 12.90 -80 658 7.88 7.56 4.79 62 3.4 0.29 11.8

Parameters: AVS = Acid Volatile Sulfides; TOC = Total Organic Carbon; TN = Total Nitrogen; PIR = Pirottolo site; CER = Cerba site; PA = Punte Alberete site. Water 
reaction on air dried soil is reported before and after the 16 weeks of incubation (‘In pH’ and ‘Fin pH’, respectively); Horizon master: O = organic horizon; A = surface 
mineral horizon; C = parent material; I = slightly decomposed material; se = presence of sulfides; g = strong gleying.
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4. Discussion

The previous work by Chiapponi et al. (2024), performed in the same 
study sites, found that salinity and water column height play a major 
role in limiting CH4 and CO2 emissions in these coastal wetlands. That 

study proposed that differences in water column height may modulate 
CH₄ oxidation, with shallow waters favoring CH₄ diffusion and limiting 
oxidation, and deeper waters supporting higher oxidation and associ
ated CO₂ production. In the present study, this interpretation is indi
rectly supported by functional inferences based on FAPROTAX.

Fig. 3. (a) Relative abundance at phylum rank found in each replicate sample. The term “Other” includes those phyla with total relative abundance < 2%. (b) 
Relative abundance at genus rank found in each replicate sample. Genera with total relative abundance < 5% were not shown. PA is for Punte Alberete site; CER is for 
Cerba site; and PIR is for Pirottolo site; replicate PA3 was excluded from the analysis due to its low number of reads.
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Chiapponi et al. (2024) showed that for water column depths less 
than 50 cm, additional constraining factors are identified, particularly 
the inhibitory roles of salinity and sulfate concentrations on CH4 emis
sions; thus, lower fluxes of CH4 are observed in mesohaline environ
ments (i.e. PIR), compared to freshwater sites (PA and CER) (Tab. 1). 
These findings are further confirmed and integrated by the current study 
that gives a complementary look at how seawater presence allows SRB 
(Sulfate Reducing Bacteria) (Fig. 3) to outcompete methanogenic 
archaea for carbon substrates (Lovley and Klug, 1986), suggesting that 

salinity and sulfur availability drive major changes in microbial com
munity structure in these temperate wetlands.

At the same time, recent studies highlight that the relationship be
tween salinity and CH4 emissions is not universally negative and can 
vary depending on ecosystem context. Site-comparative analyses across 
coastal wetlands have demonstrated that CH4 responses to salinization 
range from negative to neutral or even positive, depending on local 
biogeochemical conditions and microbial community composition 
(Bueno De Mesquita et al., 2024). Similarly, ecosystem-scale 

Fig. 4. Distance-based Redundancy Analysis (dbRDA) showing the relationship between microbial community structure and environmental variables across sam
pling sites. Arrows represent the direction and strength of environmental gradients.

Fig. 5. Mean relative abundances of the functional groups per sampling site. Functional groups for each genus are extracted using FAPROTAX (see results) and from 
the cited literature (Tab. S5 in Suppl. Mat.). Shown is also the mean EC value for each sampling site (black line).
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observations of drought-induced salinization showed that strong re
ductions in plant productivity were accompanied by only minor de
creases in CH4 emissions, resulting in a decoupling between 
photosynthetic carbon inputs and CH₄ fluxes (Chamberlain et al., 2020). 
Vegetation responses to salinity may interact with microbial processes 
by modifying organic matter inputs, redox conditions, and then indi
rectly influencing GHG fluxes (Fei Xi et al., 2014; Li et al., 2020; Liang 
et al., 2025). These findings support the interpretation that salinity acts 
as a contextual rather than deterministic control on CH4 cycling, 
consistent with the patterns observed across our study sites.

The dbRDA analysis (Fig. 4) indicates that samples are organized 
along the salinity gradient, ranging from the freshwater site PA to the 
more brackish environment of PIR. This gradient is reflected in the 
higher EC values observed at PIR, which increase from 5.01 dS m⁻¹ in the 
surface horizon to 12.9 dS m⁻¹ in the deeper layers. In addition, PIR 
shows higher TOC and TN contents in the shallow horizon compared to 
CER and PA, suggesting enhanced organic matter availability under 
brackish conditions. In saline and brackish wetlands, increased sulfate 
availability strongly influences anaerobic carbon mineralization path
ways. Sulfate acts as a preferential terminal electron acceptor, promot
ing sulfur cycling at the expense of methanogenesis and other redox 
pathways, leading to decreased CH₄ emission (Poffenbarger et al., 
2011). Consistent with this mechanism, sulfate-rich environments such 
as PIR favor sulfate-reducing microbial communities, which outcompete 
methanogens for common substrates, thereby lowering CH₄ emissions 
(Bridgham et al., 2013; Chiapponi et al., 2024). Evidence from both 
natural and restored systems supports this interpretation. In hypersa
line, unrestored salt ponds (151–236 ppt), very high CH₄ emissions 
(490–1607 μmol m⁻² d⁻¹) were reported, likely driven by halophilic 
methanogens operating under conditions where sulfate is no longer 
limiting methanogenesis (Zhou et al., 2022). However, in restored or 
moderately saline systems, reduction in salinity and sulfate concentra
tions can shift microbial community composition toward sulfate re
ducers, resulting in a decrease in net CH₄ emissions. This pattern closely 
resembles the mesohaline conditions observed at PIR. Similarly, salinity 
intrusion into tidal freshwater sediments has been shown to rapidly 
suppress methanogenesis while increasing sulfate reduction in organic 
matter mineralization within a few weeks (Weston et al., 2006). 
Experimental studies further demonstrate that increased salinity in 
wetlands can reduce CH₄ emissions by about 30%, an effect attributed 
both to altered microbial processes and to reduced primary productivity 
(Neubauer, 2013).

However, studies from eutrophic and hypersaline environments 
show that organic matter availability and redox conditions can weaken 
or even counteract the inhibitory effect of salinity on CH₄ emissions. In 
eutrophic brackish coastal systems, high organic matter inputs com
bined with oxygen depletion can cause the sulfate– CH₄ transition zone 
to move closer to the sediment surface, reducing the effectiveness of CH₄ 
oxidation and allowing elevate CH₄ release (Żygadłowska et al., 2024). 
Similarly, in hypersaline lagoons, uneven accumulation of organic 
matter can lead to localized hotspots of CH₄ production despite high 
sulfate concentrations, especially where microbial communities rely on 
methylotrophic pathways using non-competitive substrates (Keneally 
et al., 2024). Overall, these studies indicate that organic matter supply 
and redox conditions play a key role in controlling CH₄ emissions along 
salinity gradients.

The freshwater site PA was dominated by Synthrophus (Fig. 3b), 
whose presence is linked to CH4 production through syntrophic in
teractions with methanogenic archaea. Syntrophus degrades organic 
matter (high in content in PA as indicated in Tab. 2) into smaller mol
ecules (e.g., H₂, and CO₂), which are subsequently consumed by 
methanogens to produce CH₄ (Berrier et al., 2022).

The low EC recorded in PA may explain the almost absence of Hal
iangium, a salt-tolerant myxobacteria found in saline and riparian soils 
(Fudou et al., 2002) and known to have a selective predation for 
methanotrophs (Kaupper et al., 2022). The highest ORP values and the 

lowest AVS values measured in PA compared to the other sites (Tab. 2) 
suggest a less reduced environment with lower sulfide content and it 
could explain the presence of Thiobacillus. These bacteria are aerobic or 
facultatively anaerobic sulfur oxidizers (Bosecker, 1997; Johnson et al., 
2013) that can use ferric iron as an alternative electron acceptor under 
anoxic conditions (Brandl, 2001; Rawlings, 2002).

In contrast, the microbial community structure at CER shows the 
highest species richness among all sites. The presence of Thiobacillus, 
Sulfuricurvum, and Sulfuricaulis indicate that the CER ecosystem is 
involved, not only in sulfur cycling, but also in carbon fixation and ni
trogen cycling through chemolithoautotrophic growth coupled to ni
trate or oxygen reduction, whereas Lysobacter primarily participates in 
organic matter degradation and nutrient recycling. The presence of 
Lysobacter seems related to high concentration of Fe(III) since this genus 
is linked to its presence in soils. Sulfuricurvum and Sulfuricaulis, like
Thiobacillus, are sulfur oxidizing bacteria (SOBs) that are involved in the 
oxidation of sulfur compounds and the production of sulfuric acid 
(Haaijer et al., 2008). These bacteria may be present in soils with high 
sulfur concentrations (She et al., 2016), like the ones we find both in the 
topmost (0-5 cm) and the deepest (23-35+ cm) horizons of CER (Tab. 2). 
Thiobacillus species may be key players in nitrate-dependent iron sulfide 
dissolution in freshwater wetlands (Haaijer et al., 2008); nitrate acts as 
an electron acceptor in the dissolution of iron sulfide, leading to the 
production of Fe(III), N2 and sulfate. Depending on environmental 
conditions and the available compounds, alternative or intermediate 
reactions involving reduced nitrogen species such as nitrite or ammo
nium may also occur.

A distinct shift in the microbial community structure is observable at 
the brackish-water site PIR, where sulfate-reducing bacteria such as 
Desulfatiglans and Desulfosarcina dominate, together with Algorimarina 
and Thiobacillus (Fig. 3b). The differences in microbial community, 
compared to PA and CER, imply that the brackish-water site PIR has a 
distinct microbial community structure, with distinct taxa dominating 
each sample. In this specific context, these sulfate-reducing bacteria 
(SRB) play a key role in sulfur metabolism, reducing sulfate to sulfide 
under anoxic conditions and have been shown to be important decom
poser communities in coastal salt marsh sediments (Jackson et al., 
2014). Their activity can contribute to the reduction of sulfate near the 
sediment-water interface, leading to the precipitation of iron sulphides 
and affecting the cycling of iron and sulfur in the wetland (Fortin et al., 
2000). Anaerohalosphaera is a genus containing obligately anaerobic, 
moderately halophilic and mesophilic taxa that can assimilate sulfate 
(Pradel et al., 2020).

Candry et al. (2023) demonstrated that sulfate-reducing microbes 
can outcompete methanogens for organic carbon, favouring the pro
duction of CO2 and leading to lower CH₄ emissions in wetlands. 
Consistently, Chiapponi et al. (2024) showed that PIR sites exhibit low 
CH₄ and high CO₂ fluxes, comparable to those observed in freshwater 
environments, particularly CER, as indicated by the low CH₄/CO₂ 
volumetric ratio (Tab. 1). Similar patterns were observed in other 
studies showing that high salinity and atmospheric CO2 increase the SRB 
abundance without eliminating methanogens (Kim et al., 2020), while 
still decreasing CH4 emissions (Poffenbarger et al., 2011).

Microbial pathway shifts provide a mechanistic framework to 
interpret these observations. Experimental evidence from hypersaline 
wetlands shows that methylotrophic methanogenesis can persist within 
sulfate-rich sediments, while CH₄ is simultaneously consumed through 
anaerobic oxidation coupled to sulfate or alternative electron acceptors 
such as iron, resulting in low net CH₄ accumulation (Krause and Treude, 
2021). This “cryptic methane cycle” suggests that low CH₄ emissions do 
not necessarily indicate suppressed methanogenesis, but rather efficient 
internal recycling of CH₄.

SRB competition may also increase CO2 emissions, potentially off
setting the climatic benefits of reduced CH₄ emissions and the carbon 
sink capacity of wetlands (La et al., 2022; Pester, 2012). Also, it is known 
that regular changes in soil redox conditions caused by dry-wet 
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transitions can reduce CH4 output while increasing N2O emissions at the 
same time, offsetting the advantages of CH4 mitigation, too (Peyron 
et al., 2016). Such dynamics may be particularly relevant in these 
human-managed wetlands, where water levels, flooding duration, and 
seasonal management differ markedly among sites: PIR is a pond with 
undefined banks, permanently flooded with considerable seasonal dif
ferences in water level; PA is almost permanently flooded and water 
recharge is often stopped in summer (June-August) when the mowing of 
the halophytic vegetation is performed; while CER, being located in an 
interdunal area, gets partly dry in summer, when the water table de
creases and evaporation increases.

Despite the high abundance of sulfur-cycling taxa, FAPROTAX 
analysis also revealed low-abundance functional groups related to 
methanotrophy, methanol oxidation and methylotrophy, particularly at 
PA site. Since targeted gene quantifications (e.g., qPCR/qRT-PCR of 
mcrA/pmoA) were not performed, FAPROTAX data should be taken 
with caution. Nevertheless, the low abundance of methanogens, could 
likely reflect the shallow sampling depth (20 cm), where partial 
oxygenation from the overlying water column limits the anoxic condi
tions typical of deeper soil layers; nevertheless, their methanogenic ac
tivity can remain ecologically important even when they constitute only 
a small fraction of the community (Angle et al., 2017).

Furthermore, the complexity of the microbial community composi
tion in the samples needs to be taken into consideration. If these or
ganisms are present in low abundance compared to the overall microbial 
pool, they may face competition during amplification, leading to their 
exclusion in sequencing results and falling below the Nanopore detec
tion limit (90 CFU/ml) (Lao et al., 2024). Additionally, the choice of 
primers plays a crucial role, as some studies recommend using 
archaeal-specific primers to ensure proper amplification (Akaçin et al., 
2023; Lao et al., 2024). These technical issues, combined with the fact 
that the metabolic function was only inferred through FAPROTAX, the 
detection of methanogens and other archaea could be underestimated.

Further studies at higher vertical resolution (i.e., at each pedological- 
horizon level) and involving more control replicates and specific func
tional assays can be done to better investigate the presence and role of 
methanogens in these complex environments. Overall, our results 
represent a site-specific but ecologically meaningful case study that can 
inform future multi-site research that at the moment are limited for 
temperate coastal wetlands.

5. Conclusion

In this study, we investigate the microbial communities at three 
managed temperate coastal wetlands of the Northern Adriatic coast 
(Italy) along a salinity gradient to assess the interplay between 
biogeochemical processes in soil and GHG emissions. By characterizing 
microbial communities involved in carbon mineralization under field 
conditions, this work addresses a gap in empirical data for temperate 
Mediterranean coastal wetlands, where microbial ecology, soil 
geochemistry, and GHG fluxes are rarely investigated together. A key 
contribution of this study is the integrated approach, combining soil 
physicochemical and pedological characterization, 16S rRNA gene 
sequencing metabarcoding of microbial communities, sulfur- and redox- 
related geochemistry, and in situ measurements of CO₂ and CH₄ fluxes at 
the same sites. This allows us to move beyond general assumptions, such 
as a simple inhibitory effect of salinity on CH₄ emission, and to identify 
which microbial groups dominate along the salinity gradient, which 
metabolic pathways are favored, and how these shifts correspond to 
contrasting CO₂–CH₄ emission patterns.

The results suggest that EC and S availability are major drivers of 
microbial community structure across sites. The clustering analysis re
veals three distinct community types: freshwater communities; taxa 
associated with shallow-freshwater conditions, and community char
acteristics of brackish environments. In freshwater ecosystems (PA and 
CER), sulfur-oxidizing bacteria (SOB) dominate, while in brackish 

environments (PIR), sulfate-reducing bacteria (SRB) are prevalent. High 
salinity and elevated Fe concentrations at the brackish-water site drive a 
shift in microbial communities towards an abundance of SRB, which 
outcompete methanogens for organic carbon substrates, leading to a 
decrease in CH₄ emissions and an increase in CO₂ production.

Microbial community composition reflects soil conditions shaped by 
long-term salinity and redox regimes, while GHG fluxes represent the 
integrated outcome of these processes at the site scale rather than direct, 
short-term responses to specific microbial groups. By relating microbial 
patterns to long-term, site-integrated flux regimes instead of instanta
neous measurements, this study accounts for the strong spatial and 
temporal variability that characterizes GHG emissions in coastal 
wetlands.

Overall, this work provides a site-specific but ecologically relevant 
case study that supports growing evidence from coastal systems showing 
that CH₄ dynamics along salinity gradients are controlled by the inter
action between organic matter availability, redox conditions, and mi
crobial functional pathways, rather than by salinity alone.

While acknowledging the study limited application and the complex 
nature of wetland systems, the results also point to a potential trade-off 
under increasing salinization, where lower CH₄ emissions may be 
accompanied by higher CO₂ emissions, potentially reducing the net 
carbon sink capacity of wetlands. From a management perspective, 
these findings stress the importance of considering the full GHG balance 
when evaluating wetland responses to salinization and climate-driven 
changes such as sea-level rise and saltwater intrusion.
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