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Abstract. Dissolved organic matter (DOM) is a key component in aquatic ecosystems, representing the main source of energy
for microbial metabolism and playing a crucial role in C sequestration and export. Its optical properties (absorption and
fluorescence) provide integrated information on its quality (average molecular weight and aromaticity degree, main sources,
presence of protein like and humic-like substances). This paper provides an assessment of the impact of catchment
characteristics, seasonality and ecological conditions (altered, restored, well-preserved) on DOM dynamics across six
European coastal wetlands of contrasting ecological types. DOM concentration and optical properties show inter-wetland
differences, with the highest concentrations of DOC in evaporation-driven Mediterranean systems and the lowest ones in
Atlantic daily tidally-flushed wetlands. Water-isotope data and optical properties indicate that hydrological confinement,
water-residence time and catchment inputs primarily control DOM accumulation and composition, while microbial and
photochemical processing modulate its removal within sites. Wetland restoration effects on DOM are evident where
hydrological modification reduced eutrophic stress. In evaporation-driven Mediterranean systems, the recovery of more natural
flooding regimes limits connectivity and promotes the accumulation of recalcitrant DOM, potentially contributing to long-
term carbon sequestration. In tidally renewed systems, changes in DOM concentration and optical properties, potentially
associated with restoration, are less evident, as the strong diel flux overcome possible changes. Because DOM biological
lability is directly linked to carbon processing, these patterns suggest that future climate scenarios, characterized by enhanced
evaporation, warming and hydrological connectivity, will amplify existing contrasts among wetland types and thereby
influence carbon balances. This study provides the first continental-scale baseline of DOM dynamics in European coastal
wetlands and highlights the value of optical properties as early-warning proxies to anticipate shifts in carbon cycling under

ongoing climate and land-use change.

Keywords: Dissolved Organic Matter, Coastal wetlands, Carbon cycle, Ecological restoration, climate change
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1 Introduction

Coastal wetlands are highly dynamic ecosystems at the land-sea interface, where physical, chemical and biological processes
regulate the cycling of matter and energy. Despite covering less than 5 % of the Earth’s surface, their high productivity and
carbon-rich soil and sediments allow them to store approximately 35% of terrestrial carbon (C), highlighting their key role in
global C dynamics (Garcia et al., 2022; Robertson et al., 2025). In these systems, dissolved organic matter (DOM), a complex
mixture of organic compounds of both natural and anthropic origin, plays a central role in ecological and biogeochemical
processes (Retelletti Brogi et al., 2015; Deininger and Frigstad, 2019; Kurek et al., 2024). DOM strongly influences water
quality and microbial metabolic activities through multiple mechanisms, including: (1) binding metals and organic pollutants,
especially mercury, thereby changing their bioavailability and toxicity (Chiasson-Gould et al., 2014); (2) providing an essential
substrate for heterotrophic microbial growth, supporting respiration and secondary production (Hessen, 1992; Amaral et al.,
2021; Yao et al., 2024); and (3) affecting water transparency and light penetration, influencing primary production of
phytoplankton and aquatic plants (Hader et al, 2015). The main external inputs of DOM to wetlands include: (1) diffuse
sources, like water and soil run-off following precipitation events and (2) point sources, which result from wastewater treatment
plans (WWTP), according to the implementation of Water Framework Directive (WFD). Diffuse sources are the most
challenging to quantify, as they depend on land use and climatic events. In the water, DOM can be produced by primary
production, mainly by phytoplankton and plant, and by the degradation of terrestrial plants debris (Shang et al., 2018; Voss et
al., 2021). Removal processes are mainly driven by microbial degradation, which converts the labile fraction of DOM into
inorganic nutrients, CO, and microbial biomass, as well as photodegradation, which turns DOM into oxidated compounds and
CO; (Viéhitalo and Wetzel, 2008; Cory et al., 2015). The balance between these processes is strongly influenced by
environmental variables but also by the ecological conditions of wetlands (Fukushima et al., 1996; Wen et al., 2022).
Hydrologic connectivity regulates the input of allochthonous DOM and controls the salinity gradient, which can also affect
DOM concentration and quality through aggregation and flocculation (Asmala et al., 2014). In tidally influenced coastal
wetlands, tidal flushing regulates both the concentration and composition of DOM by diluting freshwater inputs and enhancing
mixing between terrigenous and marine organic matter.

DOM dynamics is also affected by seasonality, influencing ecological and hydrological processes at the land-sea interface
(Zhang set al., 2022; Kurek et al., 2024). In the warmest months, high temperatures promote microbial removal of DOM, but
also enhances the evaporation of water, resulting in DOM accumulation. Similarly, high solar irradiation has a double effect,
it enhances the photosynthetic production and therefore the release of DOM in-situ, but it also increases DOM
photodegradation. In autumn-winter, rainfall increases the terrigenous fraction of DOM by runoff inputs, thereby impacting
microbial mineralization rates (Chupakov et al., 2024). The seasonal growth and decay cycle of vegetation leads to a cyclic
input of DOM from plant litter and root exudates (Singh et al., 2014). Importantly, these seasonal drivers not only shape DOM
quantity and quality within the wetland, but also control the amount and composition of DOM exported to adjacent coastal

waters.
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When in good ecological status, wetlands provide essential (a) ecosystem services (e.g. C storage) (Mitsch et al., 2015), (b)
provisioning services (e.g. natural resources for human consumption, energy production, and freshwater supply), (c) cultural
services, namely with aesthetic, recreational and inspirational value (e.g. fishing, tourism). Nowadys, the overexploitation of
these services, especially the provisioning services, has led to the degradation and loss of wetland ecosystems (Van Asselen et
al.,2013; Hader & Barnes, 2019). Over the past centuries, a significant proportion of the world’s wetlands has been fragmented,
degraded and lost due to human activities, with the rate of loss increasing sharply in recent decades (Fluet-Chouinard et al.,
2023). In response to habitat degradation, several policies have prioritized wetland restoration, such as the EU Nature
Restoration Regulation (Regulation (EU) 2024/1991), which aims at reversing biodiversity loss and mitigate the impacts of
climatic change. Restoration efforts include a variety of actions, from passive regeneration to active management of sediment,
water, vegetation and salinity (Williams, 2001; Herbert et al., 2015; Elsey-Quirk et al., 2019; Misteli et al. 2025). There is a
clear lack of empirical evidence on how restoration influences DOM concentration and quality, as well as on its role in C
fluxes.

The main goal of this study is to provide a novel and comprehensive assessment of DOM dynamics across European coastal
wetlands. This paper reports the first seasonal data on DOM concentration and optical properties (absorption and fluorescence)
at two Mediterranean coastal marshes and wetlands, characterized by temporary hydrology and intensive artificial water
management (Morant et al., 2020); two Atlantic intertidal ecosystems, strongly influenced by tidal dynamics and salinity
gradients; one large lagoon and one river delta, which act as transition and buffer zones between major river basins and the
marine environment.

In this study we investigated the impact of catchment characteristics, seasonality and ecological conditions (altered, restored,
well-preserved) on DOM dynamics. The hypotheses we want to test are: (1) DOM dynamics (in terms of concentration and
quality, assessed through optical properties) is driven by catchment characteristics and hydrological regimes, leading to
differences across the six wetlands and influencing the role of DOM in C storage; 2) restoration actions, which are wetland-

specific, may influence DOM concentration and quality; (3) seasonal variability can be an important driver of DOM dynamics.

2. Material and methods

2.1. Study site and sampling design

The study was conducted at six European coastal wetlands distributed along a broad geographic gradient, from Atlantic tidal
systems to continental and Mediterranean marshes (Oliveira et al, under review), which showed contrasting hydrological
regimes and restoration contexts (Fig. 1). Ria de Aveiro (Portugal) and the Dutch Delta (Netherlands) are tidal wetlands
dominated by seagrass beds and saltmarshes, respectively, both have experienced physical alterations due to erosion and
coastal protection structures and are currently under restoration through seagrass transplantation and dike removal. Further

east, the Danube Delta (Romania) and the Curonian Lagoon (Lithuania) represent more permanent freshwater systems,
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formerly affected by agricultural conversion and eutrophication, respectively. Here, restoration includes hydro-morphological
recovery, vegetation management, and sediment remediation. In the Mediterranean region, Camargue (France) and Marjal dels
Moros (Spain) are shallow freshwater to brackish marshes historically impacted by hydrological modification, rice cultivation,
and freshwater or wastewater intrusion; both are being restored through actions aimed at reestablishing the natural hydrological

regime (Oliveira et al., under review).
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Figure 1: Map of the six European coastal wetlands studied in the RESTORE4Cs project in 2024

To capture the full range of conditions, influencing DOM dynamics across different conservation and hydrological scenarios,
these six wetlands, considered as case pilots, were studied (Fig. 1 and Table 1). At each case pilot, we selected 6 subsites,
characterized by 3 different ecological conditions: altered (A), restored (R), and well-preserved (P). For each condition, 2
subsites were selected. The well-preserved subsites correspond to the reference or near-natural conditions that the restored
areas aim to recover, whereas the altered subsites represent the most impacted area of each wetland. In the Danube Delta, one
altered subsite corresponded to a crop field and therefore lacked surface water for sampling. At the Marjal dels Moros, one
well-preserved site was completely dry in autumn and summer. At each subsite, samples were collected at 3 locations,

randomly selected, in order to cover the variability within the subsite.
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Table 1 summarizes the main features of each wetland, including alteration type and specific restoration measures. Sampling

was carried out during the four seasons to cover the different hydrological and meteorological conditions, namely: Autumn

(September - October 2023), Winter (February - March 2024), Spring (May 2024) and Summer (July - August 2024).

We therefore collected 18 samples at each case pilot in each season for a total of 432 water samples. In Ria de Aveiro, samples

were collected during high tide, whereas in Dutch Delta, due to logistical constrain, samples were collected during the low

tide, in ponds and creeks with standing still water, it is therefore not possible to gain any information on DOM dynamics in

the water column when a salt marsh is flooded.

Site | Country Wetland | Wetland Dominant Soil Type Altered  Site  — | Restored Site -
1D Name Type Vegetation Alteration Type Restoration Type
VA | Spain Marjal Brackish Halophytes, aquatic | Saline soils Hydrological, Soil, morphology, and
dels marshes plants trophic, or vegetation recovery
Moros morphological actions
change
RI | Portugal Ria de Intertidal Zostera noltet, Mud, sand Erosion, stomping, | Vegetation and physical
Aveiro seagrass Spartina maritima, bioturbation, bait protection; passive
Juncus maritimus digging restoration (natural
regeneration) and active
transplantation
DU | Netherlands | South- Intertidal salt | Salt marsh Silt, mud, Stone breakwaters or | Management realignment
West marshes vegetation sandbanks wooden poles to Unintended restoration
Dutch reduce after dike failure
Delta hydrodynamics
DA | Romania Danube Freshwater | Phragmites Peaty/floodplain | Agricultural Hydrological and
Delta australis, soils conversion of morphological
submerged/floating wetlands (dryland restoration
vegetation for crops/pasture)
CA | France Camargue | Freshwater | Reed beds, Gleysols, Hydrological change | Soil, hydrology,
marshes and | halophytes fluvisols (used for rice vegetation,
ponds growing ~30 years) | morphological
reconstruction (former
rice fields)
CU | Lithuania Curonian | Brackish Submerged Muddy and Accumulated mud, | Reduced mud, increased
Lagoon coastal vegetation sandy reduced vegetation | submerged vegetation
lagoon coverage

Table 1. Main characteristics, alteration types, and restoration actions of the six European coastal wetlands studied.

2.2. Sampling and measure of in situ physicochemical parameters

Water column depth, temperature, conductivity, and pH were measured in situ using multiparametric probes. Surface water

was collected using 5 L acid-washed food-grade PET bottles and stored in a cooler with ice packs until processing, which

occurred within few hours from the sampling.

The collected water was used for the determination of dissolved and particulate nutrients, chlorophyll-a, bacterial abundance,

water isotopes, Dissolved Organic Carbon (DOC), Chromophoric (CDOM) and Fluorescent (FDOM) DOM.
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For the quantification of dissolved inorganic nutrients, water was filtered through pre-combusted (450 °C, 5 h) Whatman GF/F
filters (47 mm diameter, 0.7 pum pore size) using a home-made peristaltic pump. The filtrate was distributed into three 20 mL
acid-washed PET vials for the determination of PO4>, NH4*, NOs- (NO, + NO;), Total Dissolved Phosphorous (TDP) and
Total Dissolved Nitrogen (TDN). The two filters were dried and weighted for the quantification of suspended particulate matter
(SPM) and then stored at -20°C to measure the concentration of Total Particulate Phosphorus (TPP) and Total Particulate
Nitrogen (TPN).

A second set of GF/F glass fiber filters was used for chlorophyll-a analyses. After filtration, the filters were immediately frozen
and stored in the dark until extraction and analyses.

For bacterial abundance, a homogenized subsample was taken from the unfiltered water used for the other analyses (e.g.,
nutrients, DOC). A 15 mL centrifuge tube was filled with unfiltered water and fixed with a PBS-buffered solution of
paraformaldehyde : glutaraldehyde at final concentrations of 1% and 0.05% w/v, respectively (Rochera et al., 2024).

Samples for water isotopes were filtered into 20 ml glass vials through a 0.2um Sterivex filter (PVDF, SVGV010RS) by using
a home-made peristaltic pump.

Samples for DOC, CDOM and FDOM were filtered into 60 ml polycarbonate Nalgene bottles through a 0.2um Sterivex filter
(PVDF, SVGV010RS) by using a home-made peristaltic pump. Samples were stored in the dark and at 4°C until the analyses,

carried out within 2 weeks from the sampling.

2.3. Nutrients, chlorophyll-a, water isotopes and bacterial abundance

To assess trophic status and nutrient availability, dissolved inorganic nutrient concentrations (PO4**, NH4*, NO,~, TDN, TDP)
were quantified using an automated continuous flow analyzer (Skalar San++), following Skalar standard methods aligned with
APHA protocols (4500-N, 4500-P). For TPP and TPN, filters were digested with sulfuric acid (H2SO4) to extract particulate
nutrients into soluble forms. After digestion, samples were neutralized and analyzed under the same continuous flow system
(as orthophosphate and TDN, respectively). Detection limits and analytical precision adhered to manufacturer specifications,
with quality control ensured through calibration curves and blanks. Parallel digestions of certified reference material NCS DC
73017 (Stream Sediment) were performed to validate the digestion of filters, with recovery efficiencies of 86 + 13% for P and
96 + 16% for N (n=10). Concentrations of TPP and TPN were calculated considering the volume of water that passed through
each filter.

Chlorophyll-a (Chl-a) concentrations were determined spectrophotometrically, following the procedure by (Lorenzen, 1967).
The 6*H and 6'%0 isotopic composition of water samples was analyzed using a Picarro L2130-i cavity ring-down spectroscopy
(CRDS) analyzer (Picarro Inc., Santa Clara, CA, USA), calibrated to the VSMOW-SLAP as standard (Coplen and Wassenaar,
2015). Subsequently, evaporative enrichment was assessed through the deuterium excess (d-excess), calculated as the deviation
of each sample from the local meteoric water line (LMWL), which was derived from the Global Meteoric Water Line (GMWL)

and adjusted using local (or regional, when unavailable) precipitation data. This parameter is a proxy for evaporation processes,
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since it integrates the combined influence of hydrogen and oxygen isotopic enrichment associated with evaporative processes
across sites. Accordingly, low (more negative) d-excess values indicate strong evaporation and long water residence times.

Bacterioplankton abundance was quantified with a BD FACSVerse CellAnalyzer (Becton Dickinson) flow cytometer
following Rochera et al. (2024). Samples were stained with SYBR Green I (Molecular Probes) in darkness for 1 hour, and
cells were detected by plotting side scatter (SSC) versus green fluorescence (FL1). The ratio between green (FL1) and red
(FL4) fluorescence signals was used to separate bacterial cells from background noise. Fluorescent beads (1 um) served as
size standards, and cell concentrations were calculated from the analyzed volume. The data were collected using BD FACSuite

software, and data analysis was performed with FlowJo 10.8.

2.4. Dissolved Organic Carbon (DOC)

DOC concentration was measured by a Shimadzu TOC analyzer (TOC-L) by high temperature catalytic oxidation. Samples
were first acidified with HCI 2 N and sparged for 3 minutes ultrapure nitrogen in order to remove the inorganic CO,. An aliquot
(150 uL) of the sample was injected into the quartz combustion tube (T~ 680 °C) and the CO; produced was measured by a
non-dispersive infrared detector. From 3 to 5 injections were carried out until the analytical precision was lower than 2%.
Different five-point calibration curves were carried out, in the concentration range of samples, with standard solutions of
potassium hydrogen phthalate following the method reported by (Santinelli et al., 2015). At the beginning and the end of each
analytical day, the system blank was measured using Milli-Q water and the reliability of measurements was checked by

comparison with a DOC Consensus Reference Material (CRM) (Hansell 2005).

2.5. Chromophoric Dissolved Organic Matter (CDOM) analysis

Absorbance spectra were measured from 230 to 700 nm using the UV—visible spectrophotometer (UV2600i Shimadzu)
equipped with a 5 cm quartz cuvette. The spectrum of Milli-Q water was subtracted from each sample spectrum. The absorption
coefficient was calculated according to the equation (1):

a=(2.303 - A))/L (1)
where A is the absorbance and L is the optical path length (in meters).

The spectral slope (S) of the absorption curve was obtained through a non-linear fit using the equation (2):

by - 65 - @
where A is the initial wavelength of the selected range and ay, is the absorption coefficient at Ag. The absorption coefficient at
254 nm (azs4) and the spectral slope between 275 and 295 nm (S275.205) were calculated from the absorption spectra by using
the ASFit tool (Omanovi¢ et al., 2019). a,s4 is used to have semi-quantitative information on CDOM, since primary CDOM
absorption is caused by conjugated systems having the absorption peak near 254 nm (Weishaar et al., 2003; Del Vecchio and
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Blough, 2004). S»75-295 is inversely correlated with average molecular weight and aromaticity degree of DOM pool (Helms et
al., 2008) and can give information of the main sources of DOM, since it can be also related to the percentage of terrestrial
DOC (Fichot and Benner, 2012) and to the occurrence of photobleached or microbial degraded molecules (Helms et al., 2008).
The Specific Ultraviolet Absorption coefficient (SUVA254) was calculated as the ratio between a»s4 and DOC concentration
following (Weishaar et al., 2003).

2.6. Fluorescent DOM and PARAFAC analysis

In order to gain information on the fluorescent fraction of DOM, Excitation-Emission matrices (EEMs) were obtained by using
the Aqualog spectrofluorometer (HORIBA Jobin Yvon) with a 10 x 10 mm quartz cuvette. Emission was registered between
212 and 620 nm every 3.27 nm (8 pixels) with an integration time of 5 seconds. Excitation ranged between 250 and 450 nm
and was measured every 5 nm. EEMs were corrected for instrumental bias. Rayleigh and Raman scatter peaks were removed
by using monotone cubic interpolation. The EEMs were elaborated using the TreatEEM software (Omanovic et al., 2023).

EEMs were corrected for the inner filter effect using the following equation (3):

Absgy+Absgm

Feorr = Fops10 2 3
Where F.,, is the inner filter effect corrected fluorescence intensity, Fos, is the measured fluorescence intensity, Absg, is the
absorbance at fluorescence excitation wavelength, and Absg, is the absorbance at the selected fluorescence emission
wavelength. Absorbance for inner filter correction was measured by the Aqualog spectrofluorometer (HORIBA Jobin Yvon)
on the same sample used for fluorescence analysis. The corrected EEMs were normalized dividing the fluorescence intensity
by the Raman band of Milli-Q water integrated between 371-428 nm (Agx = 350 nm). Fluorescence was therefore reported in
Raman Units (R.U.) following (Lawaetz and Stedmon 2009).
PARAFAC was run with different groups of EEMs, using the drEEM (decomposition routines for Excitation Emission
Matrices) toolbox for MATLAB software (Murphy et al. 2013), in order to investigate if there are differences in the validated
components depending on the sites, the seasons and the ecological conditions. We did the following run:
1.  EEMs grouped by seasons: 4 runs with 112 EEMs for autumn, 109 EEMs for winter, 113 EEMs for spring, 105 EEMs
for summer;
2. EEMs grouped by sites: 6 runs with 66 EEMs for Camargue, 72 EEMs for the Curonian Lagoon, 60 EEMs for Danube
Delta, 72 EEMs for Dutch Delta, 108 EEMs for Ria d’ Aveiro and 61 EEMs for Marjal dels Moros;
3. EEMs grouped by impact: 3 runs with 129 EEMs for altered, 133 EEMs for well-preserved, 141 EEMs for restored.
4.  One run with all the 439 EEMs measured, in order to investigate changes in the intensity of the validated components
across all the samples.
The components validated by the PARAFAC run listed above only showed slight differences in the excitation and emission

spectra when the EEMs were grouped by site. season, site or ecological condition suggesting a similar mixture of fluorophores
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in FDOM pool across EU wetlands without a clear effect of season or ecological conditions on the fluorescent components.

We therefore decided to use the 5-components model validated by using all EEMs together (run 4). The comparison with the

literature was done by using the OpenFluor tool (Table S1), that compares excitation and emission spectra of the validated

components with all the components present in the database and allows to match spectrally similar components by using the

Tucker congruence coefficient (TCC) (Murphy et al. 2014). By comparison with the literature the 5 components were

characterize as follows (Table 2):

Component C1 showed a peak at Agx/Aem = 255-340/440 nm, typical of highly aromatic fluorophores observed in a
variety of inland waters. Several studies (Peleato et al., 2017; Wauthy et al., 2018; Yang et al., 2019; Gullian-Klanian et
al., 2021; Goranov et al., 2024) related this component to humic-like substances of terrestrial origin and to degradation
products of lignin.

Component C2 showed a peak at Agx/Aem = 250-305/430 nm, usually related to terrestrial humic-like substances. This
component is frequently found in lentic waters, and it is associated with bacterial planktonic activity (Lambert et al.,
2017; Marcé et al., 2021; Kurek et al., 2022; Angelotti de Ponte Rodrigues et al., 2024;).

Component C3 showed a peak at Aex/Aem = 275-385/495 nm, typical of fulvic -like substances, common in all the aquatic
environments and representing highly processed, complex organic matter, usually of terrestrial and agricultural origin
(Graeber et al., 2012; Zhou et al., 2019; Zhuang et al., 2021).

Component C4 showed a peak at Agx/Aem = 310/390 nm, corresponding to a microbial or marine humic-like signal. This
component is commonly found in marine surface waters and is associated with microbially processed DOM (Zhou et al.,
2019; Orlova et al., 2024; Ouyang et al., 2024). Peleato et al. (2017) found that this component also associated with
biofiltration, supporting its microbial origin.

Component C5 showed a peak at Aex/Aem = 280/350 nm and was attributed to a tryptophan-like signal, representative of
in-situ produced, protein-like DOM, likely linked to microbial or algal activity (Borisover et al., 2009; Peleato et al.,
2016; Batista-Andrade et al., 2023; Logozzo et al., 2023).

Component EXmax/EmMmax (nm) Fluorescence peak Description
Cl 255-340/440 A, C Humic-like
C2 250-305/430 A, C Humic-like
C3 275-385/495 C Fulvic-like
C4 310/390 M Marine-like
Cs 280/350 T Tryptophan, protein-like

Table 2: Fluorescence peaks positions (Exmax/Emmax) and their corresponding DOM component types reported by (Coble 1996).

10
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These five components collectively captured the main fluorescent DOM pools present in all the studied wetlands, including
both allochthonous and autochthonous sources. The sum of their intensity was therefore used as an indicator of the total

fluorescence (Ftot). The percentage of each component was calculated as C, divided by Ftot.

2.7. Statistical analyses

2.7.1 Transformation of environmental parameters

Descriptive statistics were computed for all environmental and DOM parameters. Most of the environmental variables were
not normally distributed as shown in the supplementary material (Fig. S1). To reduce the weight of outliers, skewed
environmental variables (TDP, TDN, TPP, TPN, Chl-a, Bacterial abundance, DOC, ajs4, Ftot, dissolved NH4*, dissolved
nitrous oxide (NOy)) were logio transformed (Fig. S1).

2.7.2 Variability in environmental conditions across seasonality and conservation state

To assess whether the environmental variables differed across (i) seasons and (ii) ecological conditions (altered, restored, well-
preserved), the Kruskal-Wallis test was applied for each variable per wetland. The environmental variables include water
temperature, salinity, concentrations of TDN, TDP, TPP, TPN, Chl-a, bacterial abundance, DOC, CDOM (as4, SUVA, Sz75.
205), FDOM (Ftot and the percentage of each component). The resulting p-values (-logio transformed) were visualized as a
heatmap. A significant result (p < 0.05) indicates that the distribution of that environmental variable differs among groups.
Thus, the heatmap summarizes which environmental parameters show significant seasonal or ecological conditions related to

differences across wetlands.

2.7.3 Comparative assessment of FDOM quality across wetlands

To summarize and compare FDOM quality across sites, a Principal Component Analysis (PCA) was applied to standardized
(z-score) Excitation-Emission Matrixes (EEMs) of fluorescence. Specifically, each EEM was flattened to a one-dimensional
vector and subsequently centered and scaled (z-score, R scale function). Standardizing emission values across samples, rather
than using raw emission intensities, that are closely linked to fluorescence intensity, focuses the analysis on differences in the
shape of EEM and therefore on FDOM quality.

To quantify the relationship between EEMs and environmental conditions, Pearson correlation between the scores of principal

components and environmental parameters was calculated (Pearson’s correlation coefficient r).

11
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In order to evaluate which excitation-emission wavelengths contributed most to each of the principal components, loadings
were extracted. High absolute loading values indicate a strong influence of a given excitation-emission pair on a principal

component.

3. Results

3.1. Environmental characteristics of wetlands

The water column depth in the studied sites ranged from few cm up to about 3 m, with some sites occasionally drying out.
Deeper and more permanent waters occurred in the eastern systems (Curonian Lagoon and Danube Delta) than in the
Mediterranean (Camargue and Marjal dels Moros) and Atlantic tidal sites (Ria de Aveiro and Dutch Delta).

The water temperature ranged from 1.7 to 31.0 °C and showed a seasonal trend across all wetlands (See supplementary
material, Fig. S2a, all p <0.001). The highest values (average > 20°C) were observed in summer in all the sites except in the
Curonian Lagoon, where no difference was observed between spring and summer (Fig. S2a). The largest range in temperature
was observed in the Danube Delta with average values ranging from 5.1 °C in winter to 31.0 °C in summer. The Mediterranean
wetlands showed warmer and more variable conditions than the northern ones (Curonian Lagoon and, especially, the Dutch
Delta). No significant difference in water temperature was observed among sub-sites within each wetland (Fig. S2c, all p >
0.05).

The conductivity ranged from around 0.30 to ~175.00 mS cm™, showing a marked geographic gradient (not shown). The
highest average values occurred in the Mediterranean systems, particularly Marjal dels Moros (49.53 mS cm™), where salinity
is mainly driven by evaporation and geochemical concentration, and to a lesser extent in Camargue (4.66 mS cm™). The tidal
sites (Ria de Aveiro and Dutch Delta) showed high conductivity typical of marine waters (28.69 mS cm™ and 23.65 mS cm™!,
respectively), whereas the Danube Delta and Curonian Lagoon remained largely freshwater (0.90 mS cm!and 0.39 mS cm™,
respectively).

The pH averaged globally 8.3 + 0.6 and indicated generally alkaline conditions across sites. Overall, it tended to be slightly
higher in the Mediterranean than in northern wetlands, where it reflected a limited buffering capacity in both tidal systems.
The 6°H and 6'%0 isotopic composition of the water samples showed that median d-excess values ranked the sites along an
evaporation gradient, with the most negative and variable values (—23.65 + 9.75%0) in Marjal dels Moros (confined
Mediterranean system), intermediate values in Camargue (—10.41 £ 5.02%o), Danube Delta (—8.66 + 4.79%o), and Curonian
Lagoon (—2.72 + 2.18%o), and the least negative values in the tidally influenced Dutch Delta (—2.02 £ 0.81%o) and Ria de
Aveiro (0.05 + 2.51%o), reflecting the effect of marine mixing (supplementary material, Fig. S2b and S2d). A clear seasonal
trend (all p < 0.001) was observed in all the wetlands, where d-excess decreased markedly in summer and increased during
autumn and winter. Seasonal variability was also observed in the tidally influenced wetlands of Ria de Aveiro and Dutch Delta

where water is continuously renewed (Fig. S2b).
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3.2. Trophic condition and bacterioplankton abundances

The concentrations of inorganic nutrients (both dissolved and particulate) revealed marked differences largely driven by
hydrological connectivity and evaporation (supplementary material, Fig. S3 and S4). Seasonality affected TPN concentration
in all the wetlands (Fig. S3b), whereas no effect on TDN was observed in Dutch Delta and Curonian Lagoon (Fig. S3a).
Seasonality affected TPP only in the Danube Delta (p<0.001), Camargue (p < 0.01) and to a less extent in the Ria de Aveiro
(p<0.05) (Fig. S4b), whereas no effect on TDP was observed in Danube Delta and Camargue (Fig. S4a). Ecological conditions
strongly affected (p < 0.001) TPN, TPP, TDP, TDN, in Marjal dels Moros, where the highest values were observed in well-
preserved sites due to intense evapo-concentration of salts, (Fig. S3c-d and S4c-d).

Chlorophyll-a showed a large variability covering 6 orders of magnitude, ranging between 0.03 to 459 pg L' It was
significantly affected (p < 0.001) by seasonality at Dutch Delta (maximum in summer) and Danube Delta (maximum in
autumn) and with a lower significance (p < 0.01) at the Curonian Lagoon (maximum in autumn) and Camargue (p < 0.05)
(supplementary material, Fig. S5a). Interestingly, the Chl-a concentration was significantly affected by ecological conditions
at the (i) Curonian Lagoon (p <0.001), with a maximum at the altered sub-sites, (ii) Ria de Aveiro (p <0.001), with a maximum
in restored sub-sites and (iii) Camargue (p < 0.01), with a maximum in altered sites (Fig. S5¢).

Bacterioplankton abundances ranged between 2.11 - 10° and 12.9 - 10° cells mL™" (supplementary material, Fig. S5b-d). The
highest average abundances occurred at Danube Delta in autumn and summer, in Camargue in autumn followed by Marjal
dels Moros and the Curonian Lagoon, whereas the lowest abundance were observed in Ria de Aveiro in winter and spring, in
Dutch Delta in winter and Camargue in spring. Bacterial abundance was significantly affected by the season at all the sites (p
< 0.001), even if it was less significant in Marjal dels Moros (p < 0.05) (Fig. S5b) In the Curonian Lagoon and Marjal dels
Moros the maximum was in spring. Differences associated with ecological status were only detected in Marjal dels Moros,

where well-preserved sites showed the highest values. (Fig. S5d).

3.3. Dissolved organic matter dynamics

DOC, CDOM and FDOM values covered a very wide range, with clear geographical differences, encompassing the seasons
and ecological conditions (Fig. 2-6). The highest values were observed in the systems strongly affected by evaporation (e.g.
Marjal dels Moros and Camargue), the lowest ones in the tidally influenced sites (e.g. Ria de Aveiro and the Dutch Delta). The
Curonian Lagoon and Danube Delta exhibited intermediate conditions.

Across all samples, DOC ranged between 2 and 321 mg L' (Table 3), with both the lowest values and variability in Ria de
Aveiro (2-5 mg L"), Dutch Delta (2-23 mg L") and in the Curonian Lagoon (3-14 mg L'), whereas the highest concentration
and widest range (12-321 mg L!) were observed in Marjal dels Moros and Camargue (Fig. 2a, 2¢ and Table 3). Only three

samples, collected in Marjal dels Moros during summer at one of the well-preserved sub-sites, displayed exceptionally high
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values (> 250 mg L™"). If these outliers are excluded, maximum DOC concentrations decreased to 177 mg/L, with values below

10 mg L! in around half of the samples.

DOC a254 S275-295 SUVA Fluorescence | Bacterial DTP DTN
(mgL™") (m™) 103*nm") | (LmgC| (R.U) abundance (mmol P/L) | (mmol
m) (10%cells mI") N/L)

Camargue 28 £22 200+179 | 17.3+2.8 62+1.9 11 +10 5.5+£74 4+6 141 + 98

(2-86) (11-622) | (12.6:252) | (2.9-10.8) | (1-35) (0.3-35) (0-26) (22-387)
Curonian 11+£2 75+£18 17.7+0.2 6.7+1.3 44+09 47+26 09+1.1 112 + 102
Lagoon (3-14) (50-105) | (13.6-21.2) | (5-10) (3-6) (1.1-11) (0.3-6.4) (42-379)
Danube 15+10 68 £56 199+2.0 48+1.1 4.8+4.6 13+11 12+14 122 £ 111
Delta (2-49) (15-293) | (15.8-23.8) | 29-7.0) | (1-23) (0.2-38) (0.3-5.1) (20-591)
Dutch 6+4 39425 158+14 64+1.3 33+24 2.6+2.0 49+82 84 =+ 67
Delta (2-23) (11-127) | (12.9-19.7) | 3.2:9.8) | (0.7-12.6) (0.3-9.7) (0.6-50) (12-329)
Ria de | 3+1 17+8 15.1+£0.2 6.6+2.0 1.2+0.6 2.1+3.0 1.0+0.3 75 £ 65
Aveiro (2-13) (7-48) (12.4-18.7) | (0.7-10.2) | (0.5-3.3) (0.2-17) (0.5-1.8) (11-384)
Marjal dels | 73 =67 305+213 | 248+0.5 48+2.0 159+8.9 9.4+12.0 39+184 675 = 976
Moros (12-321) (62-984) (17.1-35.4) (1.3-14.5) (3.8-43.7) (0.8-73) (0.3-138.0) (98-7276)

375 Table 3. Mean + standard deviation and ranges of the different parameters in across the 6 six coastal wetlands taking into

consideration all the databased on the complete dataset.

Seasonal differences in DOC concentrations were observed in the Curonian Lagoon (p <0.001), Danube Delta (p < 0.01), and
Dutch Delta (p < 0.01) (Fig. 2a). Regarding ecological conditions, significant effects (p < 0.001) were detected at Marjal dels
380 Moros, Camargue, and Ria de Aveiro (p < 0.01), though the direction and magnitude of these differences varied among sites
(Fig. 2¢). Intra-site variability was also observed, particularly in Marjal dels Moros, where the two well-preserved sub-sites
exhibited divergent behaviors, and in the Camargue, where the altered sites displayed distinct patterns, suggesting an additional

influence in DOM dynamics by local drivers beyond the ecological conditions.
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Figure 2. Boxplots on a logarithmic scale showing DOC across the six studied European coastal wetlands, grouped by season (a) and
ecological conditions (c) and absorption coefficient a:ss across the six studied European coastal wetlands, grouped by season (b) and
ecological conditions (d). Significant differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns =

no significance).

Comparison of the wetland-averaged absorbance spectra revealed differences in both absorption intensity and spectral shape
(supplementary material, Fig. S6). The spatial pattern of a»ss, closely resembled that of DOC, with the highest values and
variability in Marjal dels Moros and Camargue and the lowest ones in Ria de Aveiro and the Dutch Delta. Seasonal and sub-
site differences also occurred, but without modifying the overall geographical pattern (Fig. 2b and 2d). Values ranged broadly
between 11 and 984 m™!, although in 97% of the samples were below 490 m™'. Significant seasonal differences in ass were
detected at the Curonian Lagoon (p < 0.001), Danube Delta (p < 0.01), and Ria de Aveiro (p < 0.001) (Fig. 2b). With respect
to ecological conditions, azs4 also differed significantly at Marjal dels Moros, Camargue and Danube Delta (p <0.001), and to
a less extent Ria de Aveiro (p < 0.01), although the specific patterns varied between sites (Fig. 2d).

DOM aromaticity was assessed using two complementary optical indicators: S»7s.205 and specific UV absorbance (SUVA).
The S»75-20s and SUVA support contrasting DOM composition and aromaticity degree across wetlands. S»7s.205 ranged from
0.013 to 0.035 nm™! with the highest values and variability in Marjal dels Moros and Danube Delta (Table 3), suggesting the
predominance in the DOM pool of molecules with low molecular weight and aromaticity degree. This observation is further
supported by SUVA, that ranged from 1.3 to 10.2 L mg C! m™! and showed the lowest values in Marjal dels Moros (Table 3).
Both parameters were significantly affected by season in Ria de Aveiro and the Curonian Lagoon (Fig. 3a, 3b), with a clear

impact of photobleaching. The highest values of S»7s.205, usually associated with photodegraded molecules (Helms et al., 2008),
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were observed in Ria de Aveiro in spring-summer, when photobleaching is at its maximum (Fig. 3a). In the Curonian Lagoon,
water temperature decreased from spring-summer to winter (Fig. S2) and S»7s.295 increased from spring to summer, to reach a
pronounced minimum in winter, suggesting a wintertime increase in DOM aromaticity and average molecular weight (Fig.
3a). This observation further indicates a clear cycle of DOM in the Curonian Lagoon with an increase in humic-like substances
from summer to winter. S»7s5.20s showed a significant link with ecological conditions in the Marjal dels Moros and Danube
Delta, indeed in both cases altered sites showed the lowest values (Fig. 3¢). SUVA was significantly (p < 0.01) affected by the
ecological conditions in Camargue and Danube Delta but not at Marjal dels Moros (Fig. 3d). By applying the Weishaar
regression to our SUVA data, the estimated aromatic carbon fraction across all samples ranges between 12% and 74%,

reflecting (supporting) high variability in DOM quality across the studied sites.
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Figure 3. Boxplots of S275.205 across the six studied European coastal wetlands, grouped by season (a) and ecological conditions (c)
and SUVA across the six studied European coastal wetlands, grouped by season (b) and ecological conditions (d). Significant

differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).

As already observed for DOC and CDOM, the highest fluorescence intensity and variability was observed in Marjal dels Moros
and Camargue (Fig. 4-6). Intermediate values, but with high variability, were also observed at Dutch and Danube Delta. The
highest contribution (>80%) to fluorescence was given by humic-like and fulvic-like substances in all the sites (Fig. 4-5). In
most of the samples, protein-like substances represented between 10 and 20% of the total fluorescence (Fig. 6a, 6¢). Significant
seasonal differences in Ftot were observed in Ria de Aveiro (p <0.001), Curonian Lagoon (p < 0.001) and Danube Delta (p <

0.01) (Fig. 6b), whereas ecological conditions significantly (p < 0.001) affected Ftot at Camargue, Marjal dels Moros and
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Danube Delta, but with different pattern (fig. 6d). In Camargue and Marjal dels Moros well-preserved sites showed the highest
fluorescence, whereas Danube Delta the lowest one. Significant seasonal differences (p < 0.01) also affected %C1, %C2 (Fig.

4) and %C4 at all the sites (Fig. 5b, 5d).
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Figure 4. Boxplots of %C1 across the six studied European coastal wetlands, grouped by season (a), and ecological conditions (b)
and %C2 across the six studied European coastal wetlands, grouped by season (c) and ecological conditions (d). Significant

differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).
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Figure 5. Boxplots of %C3 across the six studied European coastal wetlands, grouped by season (a), and ecological conditions (b)
and %C4 across the six studied European coastal wetlands, grouped by season (c) and ecological conditions (d). Significant

differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).
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Figure 6. Boxplots of %CS5 across the six studied European coastal wetlands, grouped by season (a), and ecological conditions (b)
and on logarithmic scale of Ftot across the six studied European coastal wetlands, grouped by season (c) and ecological conditions

(d). Significant differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).
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3.4. Linking variation in FDOM to environmental gradients

To compare the quality of FDOM across sites, seasons and ecological conditions, the excitation-emission matrix (EEM) shapes
were summarized into principal components (Fig. 7). The first 2 principal components, jointly explaining 81.5% of the total
variance (PC1: 60.1%, PC2: 21.4%) and exhibited a significant grouping of samples by wetland (MANOVA, Pillai’s trace: p
<0.001, approx. F = 90; Fig. 7a).

Pearson Correlation

:5 °" d_excess I

e e C3terrestrial fulvic-like (%) 05
SUVA (L mg C-1 m-1)

Humic-like (%)

log10 Dissolved NOx (umol/L)

ns 05
il; -01 terrestrial humic-like (%) I

MANOVA (PC1+PC2 ~ Wetland): cs prolei'n-li'ke (%)

200 # F=90 o1 °8275.295 (nm-1)
log10 Dissolved Ammonia (umol/L)
;dinlly ** o ’ - o
le c4 mlcrobral humic-like (%) C4 microbial humic-like (%)
$ oy Wetland ;
100 o 8 "‘ _log10 D|ssolvegAmmun|a ulmoIIL) log10 Dissolved Total N (pmol/L)
P Camarguie log10 DOC (mg/L)

log10 Ftot
log10 a254 (m-1)

C1 terrestrial humlc like (%) Curonian Lagoon

B{78)
...  J $275-285 (nmy1)
v o Py L}
) log10 Bagerial cells (mL-1)
{umoly
tagi0. Chl a(HglL)

mo'ﬁ&w Particulate Total N (pmol/L)

—_—

o d_excess ba b
c3 lerrestrial fulvlcmgeq‘n]ssolveﬁ NOx go
Q . l"

-100 ' IWIC * al
Dlssolva

Danube Delta log10 Dissolved Phosphate (umol/L)
log10 Dissolved Total P (umol/L)
log10 Chl-a (ug/L)

log10 Particulate Total P (umol/L)

Dutch Delta

PC2 (21.4%)

Marjal dels Moros

log10 Dissolved Phosphate (ulnoliL} atal N'(umolL)

Ria de Aveiro log10 Bacterial cells (mL-1)

SUVA (L mg c 1 m- 1) log10 Particulate Total N (umol/L)
C2 terrestrial humic-like (%)

C5 protein-like (%)

togo Flg 10910 DOC (myiL)
\ )

-200

’ log10 a254 (m-1)
Humic-like (%)

C2 terrestrial humic-like (%) - & 2| Water Temp (°C)
errestrial humic-like
’ i
200 0 200 s ISy
PC1 (60.1%) 3 3 3
=3 n -
g = s
g F 2

Figure 7: PCA biplot (PC1, PC2) of scaled EEMs (z-score) of for all the samples; with vectors refer representing to physical and
chemical parameters (a). MANOVA test with Pillai’s trace test was applied to test for significant grouping of samples in the first 2
PCs by site/Wetland (***p < 0.001) with approximated F-statistic. Pearson correlation of PC scores (PC1-PC3) with environmental
variables (***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05) (b). the dDendrogram represents hierarchical clustering using complete
linkage (R pheatmap package).

The first principal component (PC1) captures a gradient highly aligned with the third PARAFAC component of terrestrial
fulvic-like substances (C3: r= -1, p < 0.001; Figure 7) and is tightly coupled to the evaporation regime (d-excess: r = -0.8, p
<0.001), separating tidally influenced wetlands (i.e. Ria de Aveiro and Dutch Delta) from confined wetlands, (i.e. Marjal dels
Moros and Camargue). The latter are characterized by a steep slope between 275-295 nm in the absorption spectra (S»75-290s: T
= 0.9, p <0.001), indicating lower molecular weights, and high levels of bacterial cell counts (r = 0.5, p < 0.001) and total
particulate nitrogen (r = 0.6, p < 0.001).
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The second principal component (PC2) is unrelated to the evaporation regime (d-excess: r =0, p > 0.05) but captures a salinity
gradient (r = 0.5, p <0.001), positively correlated with the proportion of protein-like compounds (C5: r = 0.7, p <0.001). This
suggests an influence of seawater/freshwater mixing by tidal influences on the quality of FDOM (Fig. 7).

The third principal component (PC3), explaining additional 10.5% of the variance in EEMs, in many aspects captures
contrasting DOM characteristics to PC1, however is little correlated to evaporation conditions (d-excess: r = -0.1, p < 0.05),
the percentage of terrestrial fulvic-like substances (C3: r= 0, p > 0.05) and S275-295 (r =0, p > 0.05) (Fig. 7b). In contrast to the
PC2, the variance captured by PC3 is unrelated to Salinity (r = 0.1, p > 0.05) (fig. 7). This suggests that FDOM quality varies
beyond the influences of evaporation, bacterial abundance and seawater/freshwater mixing.

To test whether seasonality had an impact on the shape of the EEM at each wetland site, the distribution of different-season
samples of each wetland in biplots of PC1 and PC2 is reported (Fig. 8). In 4 out of 6 wetlands, EEM profiles grouped
significantly by season in the first two principal components, quantified by MANOVA (Pillai’s trace test). The grouping by
seasonality was most pronounced for the Curonian Lagoon (approx. F = 155, p < 0.001), followed by Ria de Aveiro (approx.
F =29, p <0.001), Dutch Delta (approx. F =9, p <0.001) and Camargue (approx. F =7, p<0.001). In contrast, no significant
season-specific grouping in the first 2 PCs was evident in the Danube Delta and Marjal dels Moros (both p > 0.05; Fig. 8).
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Figure 8: PCA biplot (PC1, PC2) of scaled EEMs (z-score), facetted by site. Color refers to the season at the sampling time. Ellipses
indicate the spread and orientation of samples by season (confidence level = 0.95; ggplot2 R package). For each site, MANOVA test
with Pillai’s trace test was applied to test for significant grouping of samples in the first 2 PCs by season (***p < 0.001) with

approximated F-statistic.
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Beyond seasonal grouping, we also observed a significant clustering of EEMs by ecological conditions (altered, restored, well-
preserved; Fig. 9) in 4 out of 6 wetlands. Especially wetlands without seasonal grouping in the first 2 PCs, group well by
ecological conditions: Danube Delta (approx. F =29, p <0.001) and Marjal dels Moros (approx. F = 12, p < 0.001). Aside of
a seasonal grouping, samples from the Camargue (approx. F = 14, p < 0.001) and Ria de Aveiro (approx. F =7, p < 0.001)
also show a significant partitioning based on ecological conditions. Samples from the Curonian Lagoon and Dutch Delta are

not grouped by ecological condition (both p > 0.05; Fig. 9).
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Figure 9: PCA biplot (PC1, PC2) of scaled EEMs (z-score), facetted by site. Color refers to the anthropogenic impact on the wetland.
The different shapes refer to subsite 1 (circles) or 2 (triangles). Ellipses indicate the spread and orientation of samples by ecological
conditions (confidence level = 0.95; ggplot2 R package). For each site, MANOVA test with Pillai’s trace test was applied to test for
significant grouping of samples in the first 2 PCs by impact type (***p < 0.001) with approximated F-statistic.

4. Discussion

4.1. Main drivers of DOM dynamics in European Coastal wetlands

This study provides evidences of variability in DOM concentration and quality across European coastal wetlands. DOC
concentration increased from the tidally influenced coastal systems (Rio de Aveiro and Dutch Delta) toward the more confined
and temporary inland wetlands (Marjal dels Moros and Camargue). These differences clearly exceeded those driven by
seasonality or ecological conditions, highlighting the dominant role of hydrological confinement and water renewal regime in
shaping DOM dynamics at these sites. The highest DOC concentrations, observed in Marjal dels Moros and Camargue,

coincide with strong evaporative stress and limited exchange with marine or freshwater sources, favoring the accumulation of
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recalcitrant DOM. This observation is supported by the water-isotope data, with the strong depletion of d-excess in Marjal dels
Moros and Camargue indicating intense evaporative enrichment and prolonged water residence. The intermediate d-excess
values, observed in the Curonian and Danube sites, suggest transitional hydrological regimes where partial water renewal
could maintain mixed DOM sources and reduce DOC concentration. Near-zero values at Ria de Aveiro and the Dutch Delta
indicate the prevalence of tidal exchange and marine mixing, which is expected to dilute terrestrial DOM and to introduce in
situ released or marine DOM, resulting in the lowest DOC concentrations. However, it is important to keep in mind that in the
Dutch Delta, samples were collected from pools and creeks during low tide, thus representing stagnant water. Our sampling
strategy does not therefore capture DOM dynamics during high tide, when the salt marsh is flooded. In these dynamic systems,
during spring tide and/or stormy condition, both a decrease in DOC concentration and a change in its optical properties is
expected because of the dilution of the terrestrial DOM accumulated in pools and creeks. During high tide we therefore expect
values similar to those observed in Ria de Aveiro (Fig. 2). In general, the studied wetlands (excluding Ria de Aveiro) feature
much higher DOC concentrations than European rivers (1.1-4.4 mg L!) (Santinelli, 2015; Thibault et al., 2019), highlighting
their important role as carbon storage.

The link between hydrological regimes and DOM dynamics is further supported by CDOM optical properties, suggesting a
change in DOM composition across wetlands. The highest S»75.295 values in Marjal dels Moros indicate that here the molecules
with low molecular weight and low aromaticity degree dominate DOM pool, as usually reported for photobleached DOM
(Helms et al., 2008; Yamashita et al., 2013; Retelletti et al., 2020; Grasset et al., 2024). In contrast, in the tidally influenced
systems, the lowest S»7s.205 support the predominance of molecules with high aromaticity and high-molecular-weight, with
values slightly lower than those observed in the open Mediterranean Sea (Catala et al., 2015; Galletti et al., 2019), supporting
the occurrence of a fraction of terrestrial DOM even in the tidally influenced systems. This observation is further reflected in
the shape of the EEMs, with Marjal dels Moros and Camargue EEMs clustering towards the confined, evaporative end, whereas
Ria de Aveiro and the Dutch Delta occupy the opposite, tidally renewed extreme (Fig. 7), indicating a change in the
predominance of the 5 fluorescent components across the six wetlands.

In all the six studied European wetlands, the fluorescence of the four humic-like components exceeds 80%, suggesting that the
terrestrial legacy is the primary driver of DOM quality, thus potentially masking localized anthropogenic effects. However,
the four humic-like components may have different origins and show distinct distribution across sites, as well as pronounced
seasonality (Fig. 4 and 5). C1 and C4 components have been reported to be released by marine phytoplankton and may
therefore be related to in situ release of DOM (Bachi et al., 2023). These components are also associated with microbially
processed DOM (Zhou et al., 2019; Orlova et al., 2024; Ouyang et al., 2024). Interestingly, the highest dominance (20-30 %)
of C4 was observed at Marjal dels Moros in all the seasons (Fig. 5b, 5d), suggesting microbial reworking as a consequence of
the long resident time of DOM. Taken together C1 and C4 components represent 28-52 % of humic-like fluorescence across
all the samples, indicating that in situ production can be a relevant source of DOM. If protein-like fluorescence (~20%), often
associated to autochthonous DOM production (Stedmon and Markager, 2005; Bachi et al., 2023), is also taken into

consideration, our data support the idea that primary production can play a complementary role compared to terrestrial inputs
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of humic-like and fulvic-like substances. Macrophytes or phytoplankton might contribute to in situ DOM production during
warm, productive periods when oxygen supersaturation and algal biomass peak. A significant increase in protein-like
fluorescence was indeed observed in Ria de Aveiro in summer as well as in the Curonian Lagoon and in Dutch Delta in both
summer and autumn (Fig. 6a, 6¢).

To date, only a limited number of studies report DOM dynamics in coastal wetlands globally, and this study represents, to our
knowledge, the first assessment encompassing diverse wetland habitats at European scale. When compared with DOC
concentrations observed in coastal wetlands in North America, where values typically fall between 10 and 50 mg L™ (Kurek
et al., 2024), our data show lower average concentration in Ria de Aveiro and Dutch Delta, whereas the other sites feature
comparable values. It is noteworthy that the SUVA values observed in our study (4.8—6.7 L mg C™' m™), are markedly higher
than those reported for the U.S. coastal wetlands (1-5 L mg C! m™") (Kurek et al., 2024), suggesting a higher proportion of
aromatic and optically condensed DOM in these European coastal wetlands compared to US counterparts, likely reflecting
different DOM sources. DOM in North American coastal wetlands often derive from boreal peatlands or subtropical systems
(Kurek et al., 2024), whereas the European sites studied here encompass historically converted agricultural soils (e.g., Danube,
Camargue) and mineral-rich estuarine sediments (e.g., Ria de Aveiro, Dutch Delta). This pattern is consistent with observations
showing an important role of catchment geology and edaphic factors in driving DOM nature (Graeber et al., 2012; Lambert et
al., 2014). The high aromaticity (SUVA >4 L mg C' m™"), observed in this study, likely reflects the mobilization of terrestrial
carbon from alluvial and organic-rich substrates, instead of mineral soils and clearwater dominating North American systems.
Differences in soils retention capacity support this observation, as mineral soils rich in clays and oxides tend to sequester
aromatic compounds through adsorption, thereby lowering the SUVA of runoff water (Kalbitz et al., 2005). By contrast, the
organic-rich soils dominating the European wetlands in our study lack this retaining capacity and thus favor the export of
aromatic DOM. Even if there is not a clear link between aromaticity, molecular weight and biological lability, we speculate

that the DOM pool in European wetlands could be more recalcitrant and therefore less prone to rapid microbial mineralization.

4.2. Seasonality

Although we identified the hydrological regime as the main driver of DOM dynamics, our data also show a clear influence of
seasonality in the Curonian Lagoon and in Ria de Aveiro (Fig. 8).

In the Curonian Lagoon, temperature decreased from spring-summer to winter (Fig. S2), DOC increased from autumn to
spring, whereas S»7s.29s showed an increasing trend from spring to autumn, followed by a marked minimum in winter. In
summer-autumn, the high S»7s.295 is a clear indicator of photobleaching reducing the complexity of molecules (Retelletti et al.,
2020; Yamashita et al., 2013; Helms et al., 2008). In winter, the predominance of terrestrial humic-like substances (C1 and
C3) together with a minimum in the percentage of protein-like substances (C5) suggest an input of DOM from the soil as
already observed in the Arno River (Retelletti et al., 2020). This observation is further supported by the minimum in S»75.295

indicating the predominance of high molecular weight and aromatic molecules in DOM pool in winter (Fig. 3a). Our data
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indicate a clear temporal cycle of DOM with a change in DOM quality. If we assume that DOM quality is linked to biological
lability (Romera-Castillo et al. 2011; Zheng et al. 2019; Retelletti et al., 2021), this seasonally variable composition would
have an impact on C fluxes related to DOM mineralization by bacteria. Interestingly, in winter a marked minimum in bacterial
abundance is also observed supporting low DOM removal rate (Fig. S5b). In contrast, in spring when DOC accumulates and
the percentage of protein-like substances increases (Fig. 2a), the highest bacterial abundances are observed (Fig. S5b).

In Ria de Aveiro, the highest DOC concentrations and the highest values of a»s4 and Ftot were observed in autumn, followed
by a progressive decline toward summer (Fig. 2). S275.205 showed the opposite trend (Fig. 3a) indicating a decrease in molecular
weight and aromaticity degree from autumn to summer, likely reflecting the combined effects of photobleaching (Retelletti et
al., 2020; Yamashita et al., 2013; Helms et al., 2008) and microbial transformation of DOM (Kinsey et al., 2018). This
observation is supported by the marked temporal decrease in terrestrial humic-like substances (C1 and C3) (Fig. 4a, Fig. 5a)
and the increase in the proportion of microbial humic-like (C4) (Fig. 5b) and protein-like substances (C5) (Fig. 6a), peaking
in summer. Interestingly, bacterial abundance also peaks in summer (fig. S5b), when the highest %CS5 is observed. High values
of bacterial abundance were also observed in autumn, suggesting an increase in DOM removal rates and bacterial growth
efficiency in these periods.

There are processes at local scale that may partially mask seasonal signals, including short-term hydrological disturbances,
variable water residence times, episodic terrestrial inputs, wind-driven resuspension, and site-specific differences in microbial
processing and primary production. In addition, at several sites the seasonal variability of key climatic, hydrological, or
biological drivers appears to be weak or non-significant, limiting the emergence of clear seasonal patterns in DOM properties
and related indicators in the other studied wetlands. Under these conditions, DOM dynamics is likely dominated by persistent
local controls rather than by seasonal forcing. Furthermore, while our data reveal distinct seasonal shifts in indicators like S»7s.
205 and protein-like fluorescence, we acknowledge that the limited temporal resolution of our sampling may not fully capture
high-frequency events, such as episodic storms or transient algal blooms, which could significantly alter DOM dynamics and

GHG efflux on shorter timescales.

4.3. Restoration effects

Restoration measures produced clear but contrasting signatures in DOM across the studied wetlands, with significant effects
in the Danube Delta, Camargue and Marjal dels Moros (Fig. 9). In confined Mediterranean systems, such as Marjal dels Moros
and the Camargue, restoration increased hydrological confinement and promoted DOM accumulation. At Marjal dels Moros,
DOC and a2ss values are consistently high at both restored and well-preserved sites, reflecting that restoration has successfully
re-established natural confinement and reduced water renewal. This hydrological configuration enhances DOM accumulation
through evaporation and limited dilution, typical of Mediterranean temporary wetlands under strong climatic stress. A similar
pattern is observed in Camargue, although with greater variability among subsites: well-preserved subsites display the highest

DOM concentrations while restored ones remain hydrologically dynamic. The occurrence of other local processes such as the
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presence of caws can also explain the high values observed, hindering a clear assessment of restoration effects on DOM
concentration and quality. In the Danube Delta, restoration alleviated nutrient enrichment and resulted in lower DOC
concentrations than in the altered subsites, although values did not reach the baseline levels observed in well-preserved
subsites. In the Curonian Lagoon, restoration effects are less evident since the strong seasonal signature of DOM dynamics
likely precluded the detection of any potential restoration effect.

In the Atlantic tidally flushed wetlands, frequent marine exchange overrides local restoration effects, resulting in very low (Ria
de ’Aveiro) or no significant (Dutch Delta) effect of ecological conditions. Notably, marked intra-site variability was observed,
particularly in Marjal dels Moros, where the two well-preserved sub-sites exhibited divergent behaviors, and in the Camargue,
where the altered sites also displayed distinct patterns. This variability suggests that local drivers, beyond broad ecological
conditions, exert an additional influence on DOM dynamics.

Because DOM dynamics are tightly linked to hydrological connectivity, restoration outcomes depend on how water exchange
interacts with site-specific biogeochemical processes. In Mediterranean water stressed sites, moderate adjustments in water
renewal may help prevent excessive oxygen depletion while maintaining high carbon retention, although potential effects on
redox balance and greenhouse gas emissions must be considered. In contrast, in tidally flushed systems, frequent water renewal
hinders organic carbon accumulation, and interventions aimed at enhancing organic matter retention may conflict with natural
ecosystem functioning or promote methane emissions.

Overall, our results demonstrate that DOM is a crucial variable, which should be taken into consideration in sustainable
restoration strategies; even if its response needs to be considered on a case-by-case basis, since it is strongly dependent on site-

specific features.

4.4. Implications for Carbon cycle

Our results highlight the strong potential of wetlands for carbon storage in the form of DOM. DOM in wetlands may have
different external sources or can be released by plants and phytoplankton. DOM sustains heterotrophic metabolism and is
respired to CO; or CHy, or transformed into biomass. The fraction that is quickly removed and respired or transformed into
biomass is defined as labile (Hansell 2013) and may represent an important source of carbon to the atmosphere. A major
fraction, defined as recalcitrant, escapes the rapid microbial removal and in the oceans may accumulate for months to several
millennia (Hansell 2013), playing a key role in carbon sequestration and export (Butturini et al., 2022; Corrales-Gonzalez et
al., 2025). Understanding the factors that determine the persistence of DOM in natural waters is crucial for our understanding
of the role of DOM in the global C cycle. The biological lability is therefore the most important factor determining the role of
DOM in the C cycle and in C fluxes.

In confined Mediterranean wetlands, prolonged residence time together with the intense solar irradiation led to the
mineralization of the biologically labile fraction and/or its transformation into more refractory, optically condensed forms

enhancing the overall recalcitrance of the remaining DOM pool (Corrales-Gonzalez et al., 2025). This process could therefore
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have a dual effect consisting of stimulating CO: release while promoting the persistence of photobleached molecules,
representing a balance between short-term C loss and long-term C stabilization within the dissolved pool. In contrast, tidally
flushed systems such as Ria de Aveiro and the Dutch Delta experience continuous microbial and DOM renewal through
exchanges with coastal ocean. These site-specific contrasts indicate that differences in hydrological confinement and water
exchange directly modulate DOM reactivity and turnover, thereby conditioning carbon mineralization pathways and associated
GHG emissions. Several studies demonstrate how the interplay between catchment-scale and in-lake processes shapes DOM
quality and lability, subsequently influencing carbon processing and greenhouse gas (GHG) emissions (Raymond and Bauer,

2000, He et al., 2022; Valiente et al., 2022; Cui et al., 2024).

4. Conclusions

This study reveals marked variability in DOM concentration and optical properties across European coastal wetlands, largely
driven by hydrological regime and climatic conditions. Mediterranean systems show the highest DOM concentrations as a
result of evaporative stress and hydrological confinement, whereas northern and Atlantic tidal wetlands exhibit low and less
variable values since strong diel water fluxes drive DOM runoff, albeit with discernible differences among systems (Ria de
Aveiro and Dutch DeltaThe Netherlands). Seasonality and ecological conditions introduce secondary but detectable sources
of variability.

This study provides an initial framework to understand, at European scale, how hydrological management and restoration can
modulate carbon retention and transformation in coastal wetlands. DOM emerges as a sensitive indicator of wetland
functioning and a practical tool for guiding restoration toward improved carbon sequestration. Incorporating DOM
concentration and optical properties, such as SUVA, fluorescence components and spectral slopes, into monitoring programs
would allow early detection of shifts in carbon cycling pathways and strengthen climate-mitigation strategies.

As the first European-scale assessment of DOM dynamics in coastal wetlands, this work establishes a baseline to evaluate
future changes. Under emerging climate scenarios, marked by rising temperatures, sea-level rise, enhanced evaporative stress
and altered precipitation patterns, existing differences in DOM concentration and quality are expected to intensify, reinforcing
divergent trajectories among confined, transitional and tidally influenced wetlands. However, predicting the fate of this C
requires coupling DOM concentration and optical properties with biological lability, to reveal whether this C pool is likely to
be retained over the long-term storage or rapidly mineralized. In this context, integrating lateral carbon transport with DOM
transformation pathways, including its conversion into GHG, will be essential to better assess the role of coastal wetlands in

regional and global carbon fluxes.
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This study Description Attribution Reference
(Tucker 0.98)

C1thum Cl Terrestrial humic-like Wauthy et al., 201
e/ demo Soy Terrestrial humic-like Goranov et al 2024
340/440 nm

C1 Terrestrial humic-like Peleato et al., 2017

Cl humic like Yang et al., 2019

Cl Terrestrial humic-like Gullian-Klanian et al., 2021
C2-hum C4 UVA humic-like Marcé et al., 2021
= B Terrestrial humic-like ~ |Angelotti de Ponte Rodrigues et al., 2024
305/430 nm

C2 Terrestrial humic-like Kurek et al., 2022

Cl1 Terrestrial humic-like Lambert et al., 2017
C3futvic C2 fulvic acid-like Graeber et al., 2012
e hemo S humic like Zhuang et al., 2021
385/495 nm ) o

C2 humic/fulvic acid-like C2 Zhou et al., 2019
(C4 microb-hum C4 imicrobial humic like Peleato et al, 2017
phix/  Aem Sog marine humic like Zhou et al., 2019
310/390 nm

C3 imicrobial humic like Orlova et al., 2024

C2 microbial humic like Ouyang et al., 2024
C5up C5 protein like (trp) Logozzo et al., 2023
i/ hemo ey protein like Borisover et al., 2009
280/350 nm L

C7 protein like (trp) Stedmon and Markager, 2005

C5 protein trp Peleato et al, 2016

Table S1 Characterization of the 5 components of fluorescent dissolved organic matter (FDOM) individuated by PARAFAC taking

into consideration all the samples collected at the 6 wetlands by comparison with literature.
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Figure S1: Distribution of environmental variables, DOC, CDOM and FDOM
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Figure S2. Boxplots of water temperature across the six studied European coastal wetlands, grouped by season (a) and ecological
conditions (c) and d-excess across the six studied European coastal wetlands, grouped by season (b) and ecological conditions (d).
Significant differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).
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Figure S3. Boxplots of logarithmic scale of Total Dissolved Nitrogen (TDN) across the six studied European coastal wetlands,

970 grouped by season (a) and ecological conditions (c¢) and logarithmic scale of Total Particulate Nitrogen (TDN) across the six studied
European coastal wetlands, grouped by season (b) and ecological conditions (d). Significant differences were assessed using the
Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).
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Figure S4. Boxplots of logarithmic scale of Total Dissolved Phosphorous (TDP) across the six studied European coastal wetlands,
grouped by season (a) and ecological conditions (c¢) and logarithmic scale of Total Particulate Phosphorous (TDP) across the six
studied European coastal wetlands, grouped by season (b) and ecological conditions (d). Significant differences were assessed using
the Kruskal-Wallis test. (***p<0.001, **p<0.01, *p<0.05, ns = no significance).
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Figure S5. Boxplots of logarithmic scale of Total bacterial abundance across the six studied European coastal wetlands, grouped by
season (a) and ecological conditions (c) and logarithmic scale of Chl-a across the six studied European coastal wetlands, grouped by
season (b) and ecological conditions (d). Significant differences were assessed using the Kruskal-Wallis test. (***p<0.001, **p<0.01,
*p<0.05, ns = no significance).
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Figure S7: The heatmap shows the negative decadic logarithm of p values from Kruskal-Wallis tests assessing differences in the
995  distribution of environmental parameters across seasons (Fig. S7) for each wetland. Text labels indicate significance thresholds: ns:
not significant, p > 0.05; *, p <0.05; **, p <0.01; ***, p <0.001.

44



ns 2 0.05

| *<0.05 | *<0.01 | ***<0.001

. ms  ns ns * log10 Dissolved Total P (umol/L)
* ~ons s * C2 terrestrialhumic-like (%) 8
~ns  ns  ns ~ns §275-295 (nm-1)
foms . ns [ s C3 terrestrialfulvic-like (%)
ST S S T 7 Humic-like (%)
Ens T S S s T ¢ G5 protein-like (%) 6
. nms  ns s T log10 Ftot
* L ns  ns . log10 DOC (mg/L)
* fms s log10 a254 m-12|_ 4
s ns log10 Dissolved Total N (umol/L)

INFSI 1og10 Chl-a (ug/L)
o+ [hms s SUVA (L mg C-1 m-1)

: NS RS ns T RSN 1og 10 Dissolved Phosphate (pmol/L) 2
ARSI T RS RS RSN 10g10 Dissolved NOx (pmol/L)
NS ST RS A ns I nse Water Temp (°C
. ons [ ns * ~ons [ ns * C4 marinehumic-like (%)

- ons  [WRSTT ns RS ns 53910 Dissolved Ammonia (umol/L)
eXCess

log10 Bacterial cells (mL-1

C1 terrestrialhumic-like (%

log10 Particulate Total P Eumol/Lg

*

ek *kk

Kk &

log10 Particulate Total N (umol/L
® & N \p@ R o
) S &
& 9005@ & & Q‘O(\Qé@ o &
¥ \:"’q i W N
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