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Abstract

Coastal wetlands play a substantial role in regulating Earth’s climate through exchanges of
greenhouse gases (GHGs). Current European policies promote widespread coastal wetland
restoration to reverse historical losses and ongoing pressures. However, substantial uncertainty
remains regarding how carbon dioxide (CO;) and methane (CH,4) fluxes respond to restoration
across different coastal wetland types and whether these responses translate into net climate
mitigation in terms of CO; equivalents (CO,-eq). We measured simultaneous CO, and CH4 fluxes
using static chambers across four seasons at multiple locations spanning preserved, altered and
restored sites within six European coastal wetlands of different ecological types. By comparing
GHG exchanges and resulting CO,-eq balances across wetlands, we identified dominant
biogeochemical drivers of CO; and CHs dynamics and assessed the climate mitigation potential
of conservation and restoration actions. CO; fluxes were primarily controlled by landscape-scale
vegetation cover and inundation, whereas CH, emissions responded to less evident changes in
water quality, salinity and wetland hydrodynamics. Comparisons of CO,-eq balances between
altered and restored sites showed that seagrass replantation was associated with significant
mitigation potential under both 100-year and 20-year CH; warming scenarios, while
eutrophication reversal through improved water treatment was only significant under the 20-
year scenario. In contrast, other restoration measures modified CO, and CH, fluxes in opposing
directions, resulting in no significant net change in combined CO,-eq balances. Overall, our
results demonstrate that climatic responses to coastal wetland restoration are both GHG-specific
and wetland-type dependent, underscoring the need for tailored restoration strategies and
robust, multi-GHG monitoring to detect and accurately quantify potential climatic benefits.

Keywords: coastal wetlands, ecological restoration, CO, fluxes, CH; fluxes, climate change
mitigation
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1. Introduction

Coastal wetlands are relevant components of the global carbon (C) cycle and are widely
recognized as blue carbon ecosystems. Despite their relatively low areal extent, they exert a
disproportionate influence on the global climate by providing long-term C-sequestration and
regulating atmospheric greenhouse gas (GHG) concentrations (Mitsch et al., 2013). Wetlands in
good conservation status are highly productive ecosystems, where low oxygen availability limits
aerobic organic matter degradation, resulting in net uptake of carbon dioxide (CO;) and
sequestration of C in sediments and biomass (Reddy et al., 2022). At the same time, wetland
anoxic sediments act as hot spots for methane (CH4) emissions, making up 20-30% of global CH,4
emissions (Saunois et al., 2016), particularly when they are degraded by alterations enriching
the organic content such as eutrophication (Morant et al., 2020a, 2020b). While the magnitude
of CO; exchanges typically exceeds that of CH4, the higher global warming potential of the latter
has the potential to overcome the effects of CO, uptake and might result in a net balance that
favours atmospheric warming (Canadell and Monteiro, 2023). Ultimately, the net radiative
forcing of coastal wetlands is largely determined by the net balance of CO, and CH; exchanges
with the atmosphere.

Diverse historical and current pressures have led to important reductions of the extent and
quality of global wetland ecosystems (Fluet-Chouinard et al., 2023). While areal loss
guantification remains challenging, especially when assessing coastal zones with high historical
development and land-reclamation practices, estimates of European coastal wetland loss exceed
65% during the last century (Airoldi and Beck, 2007). Further, the majority of remaining European
standing water bodies have a poor or bad ecological status (European Environment Agency,
2024) and experience diverse natural and anthropogenic pressures (Maes et al., 2020). Although
conservation policies, such as those under Ramsar (Ramsar Convention, 1971) and the EU
habitats Directive, help preserve the remaining wetlands, their historical losses mean that
widespread restoration is still needed. In this context, the recent EU Nature Restoration
Regulation aims at reverting this widespread degradation and recovering crucial ecosystems
services lost (European Union, 2024). Among the potential benefits of restoration, climate
change mitigation is increasingly being used as a supporting argument. However, large
uncertainties remain on the climatic mitigation capacity of coastal wetland restoration (Jones et
al., 2024).

Coastal wetlands influence climate primarily through CO, and CH. exchange, governed by the
balance among photosynthesis, aerobic and anaerobic respirations releasing CO,, as well as
methanogenesis (Reddy et al., 2022). While local climate and wetland type shape baseline GHG
fluxes (Camacho et al., 2017), ecosystem alteration and restoration can modify these fluxes by
changing key controls, including vegetation, nutrient inputs, hydrology, salinity, and sediment
redox conditions (Camacho-Santamans et al., 2025; Morant et al., 2024). The biomass and type
of dominant primary producers exert a large impact on the primary productivity of wetlands, as
they represent the basic functional standing stock for photosynthetic CO, uptake. While
nutrients are essential to maintain plant photosynthetic rates, excessive nutrient loads, namely
nitrogen and phosphorus, can lead to eutrophication and uncontrolled proliferation of benthic
algae and phytoplankton blooms (Zilius et al., 2014). This shift in primary producers results in a
cascade of biogeochemical consequences, including anoxia and organic matter degradation
through methanogenesis, that ultimately lead to severely enhanced CH, emissions (Bonaglia et
al., 2025). Wetland hydrology is one of the key factors regulating ecosystem functioning, as it
influences both primary production through water availability and the balance between
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respiration and methanogenic degradation of organic matter through limitation of oxygen
diffusion into the sediments (Cui et al., 2024; Rochera et al., 2025). However, anoxic conditions
do not always result in elevated wetland CH4 emissions, as the supply of sulphate by saline waters
can severely limit methanogenesis through resource competition with more energy-efficient
sulphate reduction metabolisms under the right redox conditions (Lovley and Klug, 1983;
Miralles-Lorenzo et al., 2025). Emissions of CH,4 are further modulated by the existence of plant-
mediated transport mechanisms, which can bypass oxidation back to CO, during upward
diffusion through oxic sediment horizons (Ge et al., 2024).

While the general biogeochemical controls of wetland CO, and CH4 exchanges are relatively well
understood, large uncertainty remains on how these interact under practical cases of ecological
restoration, leading to poorly constrained climatic mitigation potential (Griscom et al., 2017).
Wetland restoration generally enhances CO; uptake outweighing increases in CHs emissions and
resulting in net climate benefits (He et al., 2024). However, existing literature is dominated by
studies focused on inland systems (peatlands) and on just a few coastal wetland types
(mangroves, saltmarshes), which do not capture coastal wetland diversity accurately (Misteli et
al., 2025; Taillardat et al., 2020). Other synthesis efforts on coastal wetland restoration focus
exceedingly on C sequestration (i.e., Blue Carbon), overlooking the large role of CH, emissions
on the net climatic outcome of wetland restoration (Bertolini and da Mosto, 2021). In addition,
while valuable for identifying broad patterns, global syntheses often aggregate the high diversity
of wetland types, alteration histories and restoration strategies into a limited number of
categories (O’Connor et al., 2020), thereby obscuring relevant contextual factors and limiting
process-based effective transferable knowledge for management. Overall, current evidence is
still scarce on how coastal wetland restoration influences GHG fluxes (Macreadie et al., 2019;
Misteli et al., 2025) and coordinated, multi-site assessments are needed to reveal common
controls that are robust across wetland types and restoration pathways.

In order to better understand the climate mitigation potential of restoring and conserving
European coastal wetlands, this study examines concomitant CO, and CH,4 exchanges and their
combined carbon dioxide equivalent (CO,-eq) climatic effect across six diverse European case
pilot coastal wetlands: saltmarshes, seagrass meadows, freshwater and brackish marshes,
riverine lakes and freshwater coastal lagoons. By explicitly embracing the diversity of coastal
wetland types, conservation status, and restoration pathways represented across Europe, we
aim to move beyond site-specific assessments and identify common patterns and drivers
governing GHG flux responses to alteration and restoration. Using standardized static chamber
measurements conducted during four seasonal sampling campaigns, we compare instantaneous
GHG exchanges across wetland sites representative of preserved, altered, and restored status.
Our objectives are to (i) systematically identify the main biogeochemical drivers controlling CO,
and CH, fluxes in the main European coastal wetland types, and (ii) quantify the extent to which
restoration and conservation modify their net climatic effect, expressed as daily CO,-eq fluxes.
We hypothesize that (i) the drivers and sensitivity of GHG fluxes to the conservation status differ
between CO; and CHj, reflecting their distinct production and consumption pathways, and that
(i) the net climatic response to restoration depends on both the type of anthropogenic alteration
and the wetland type considered. At the same time, we expect that consistent cross-system
patterns will emerge, allowing the identification of shared controls on GHG fluxes despite the
heterogeneity of wetland types and restoration contexts examined.
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2. Methods
2.1. Study areas

Six case pilots were strategically selected to cover a wide range of European coastal wetland
types, thereby providing a representative sample of the ecosystem and climatic diversity across
the continent, covering major European coastlines (Atlantic, Mediterranean, Black Sea, Baltic
Sea). The selected case pilots were (Figure 1, Figure S1): South-West Dutch Delta (DU, intertidal
salt marshes, Netherlands), Ria de Aveiro (Rl, intertidal seagrass beds, Portugal), Camargue (CA,
freshwater marshes and ponds, France), the Valencian wetland Marjal dels Moros (VA, brackish
marshes, Spain), Danube Delta (DA, freshwater lakes and ponds with reed beds, Romania) and
Curonian Lagoon (CU, freshwater lagoon with reed and submerged vegetation, Lithuania).
Within each case pilot, sites representing three conservation statuses were selected in duplicate:
preserved, altered, and restored. Preserved sites served as reference systems with unaltered
structure and function, whereas altered and restored sites reflected wetland-specific dominant
anthropogenic pressures and corresponding restoration measures. Accordingly, the “restored”
category represents context-dependent interventions linked to the ecological functioning and
alteration history of each wetland system rather than a standardized restoration approach across
case pilots. Sites within each pilot wetland were geographically close, ensuring comparable
climatic conditions and allowing differences in biogeochemical functioning to be attributed to
the conservation status. Site characteristics are summarized in Table 1, with further details
provided in supplementary materials and in Oliveira et al. (2026).
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Figure 1. Map showing the location of the six case pilots. Map lines do not necessarily depict accepted
national boundaries. Representative pictures can be found in Figure S1.
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Table 1. Summary descriptions of studied wetland type, main alterations and restoration activities for each
of the six case pilots.

Case pilot Wetland type Alteration Restoration
South-West Dutch Intertidal salt marshes Erosion-protection coastal Removal of barriers and
Delta (DU) infrastructures passive saltmarsh recovery
Ria de Aveiro (RI) Intertidal Zostera noltii Bait-digging, trampling, Active re-vegetation
seagrass meadows vegetation loss (transplantation)
Camargue (CA) Freshwater marshes and Land-use change and Habitat reconstruction (Soil,
ponds artificial hydrological hydrology, morphology,
regime vegetation)
Marjal dels Moros Brackish marshes Desalination, Habitat reconstruction (Soil,
(VA) hydromorphological and hydrology, morphology,
soil degradation, invasive vegetation)
species
Danube Delta (DA) Freshwater lakes and Land-use change (crops Habitat reconstruction
ponds with reed beds and livestock) (hydrology, morphology,
vegetation)
Curonian Lagoon Freshwater littoral with Water quality Passive restoration through
(cu) submerged vegetation (eutrophication) the reduction of nutrient
and reed beds load and hydrological
changes.

2.2. Sampling design

A standardized sampling protocol using static chamber GHG flux measurements was applied
across all case pilot wetlands (Minaudo et al., 2023). All 36 sites were sampled once per season,
between October 2023 and August 2024. In each site, the areal proportion of three land cover
strata classes was estimated in advance using aerial photography and remote sensing images,
then confirmed visually upon arrival: (i) open water areas (i.e., without emergent vegetation and
with >10 cm of water depth), (ii) vegetated areas (i.e., covered by emergent vegetation
(helophytes, and, for Ria de Aveiro, seagrasses), regardless of water presence), and (iii) bare
areas (i.e., covered by soil or sediment exposed to the atmosphere at the sampling time). Strata
representing <10% of the site area at the time of the visit were excluded from sampling. Each
remaining stratum was sampled with a minimum of 3 static chamber deployments, with
additional deployments allocated proportionally to stratum areal cover and randomly
distributed within each of them. On each sampling day, an average of 15 + 2 (mean % SD)
chamber deployments per site were performed, depending on logistical constraints.

All chamber deployments included a dark incubation to minimize heating effects (Lorke et al.,
2015). In vegetated areas, an additional transparent incubation was performed to assess the
effects of photosynthesis on GHG fluxes. Concentrations of CO,, CHs, and H,O were measured by
recirculating chamber headspace through portable gas analyzers (Li-COR 7810, Picarro G4301,
GLA132-GGA). Incubation start and end times were recorded manually and, whenever possible,
via instrument software. Two different custom-built static chambers were used depending on
the strata. Open water fluxes were measured using a floating opaque semi-spherical chamber
(V=14.41, A= 1134 cm2, Figure S2) with 10-15 min incubations to capture diffusive and
ebullitive fluxes. Bare and vegetated areas were sampled using a modular transparent cylindrical
plexiglass chamber with 3-5 min incubations; collars were inserted 1-3 cm into the sediment and
dark conditions were ensured by covering the chamber with an opaque blanket. Chamber
volume (V = 4.6 to 69 L, A= 460 cm2, Figure S2), was adjusted to vegetation height to optimize
sensitivity. In flooded vegetated areas, and to avoid mobilization of sediment CH,4, the chamber
was maintained on the water surface either using a flotation ring (Figure S2) or holding it by

6
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hand. Effective chamber volume was calculated for each deployment based on chamber height
above the water and sediment surface.

2.3. Flux calculation

2.3.1. Instantaneous flux estimates

All data treatment, including flux calculations and statistical analyses, was performed in R version
4.5.0 (R Core Team, 2025). Incubation time periods were mapped onto the raw gas concentration
time series and start-end times adjusted to exclude instrument and manipulation artefacts after
individual visual inspection of each incubation. Ebullitive patterns of CH, timeseries were
identified but not excluded. A total of 52 CO, (1.7%) and 56 CH4 (1.8%) time series were discarded
due to severe artifacts or documented manipulation errors. For the remaining 2,990 CO; and
2,986 CH, time series, instantaneous fluxes were estimated independently for each gas species
using three approaches: (i) a two-point method, where the flux was calculated from the net
concentration change throughout the incubation using the average (10 s) initial and final
concentrations; (ii) a linear model (LM); and (iii) a non-linear (HM) (Hutchinson and Mosier, 1981)
regression model. LM and HM models were obtained using the goFlux R package v2.0.0 (Rheault
et al., 2024). Areal molar fluxes were calculated for each of the three approaches via the ideal
gas law using chamber geometry, and site-specific temperature and atmospheric pressure
recorded by the nearest meteorological station. For each gas time series, a best-flux estimate
was selected from the three available models following sequential objective criteria (see
supplementary materials). The resulting dataset, containing 2,990 CO, and 2,986 CH,
instantaneous fluxes from 2,106 static chamber deployments, is deposited at LifeWatch ERIC
(Cabrera-Brufau et al., 2025). The unprocessed GHG concentration time-series dataset is
deposited at Zenodo (Cabrera-Brufau et al.,, 2026) and code for reproduction of the
instantaneous flux dataset is available through the GitHub repository (Cabrera-Brufau and
Minaudo, 2026).

2.3.2. Data filtering and pooling of non-vegetated strata

To ensure comparability across case pilots and conservation statuses, deployments conducted
outside site boundaries or after substantial manipulation (e.g., vegetation removal) were
discarded (54 deployments). In the two tidally influenced case pilots (Ria de Aveiro and Dutch
delta), deployments during rising and receding tides were also discarded (93 deployments), due
to the transient nature of peak-fluxes under these conditions (Lin et al., 2024) and the difficulty
of attributing them to the conservation status of the location where they were obtained.
Therefore, all subsequent analyses for these case pilots refer only to low-tide conditions. Overall,
147 of the 2,106 deployments with valid fluxes (7%) were excluded from further analysis.
Additionally, to ensure strata representativity across statuses and seasons within each case pilot,
the three sampled strata were pooled into two classes based on the presence or absence of
emergent vegetation (vegetated vs. non-vegetated), enabling robust assessment of strata-
specific status effects.

2.3.3. Daily temporal integration and calculation of CO, equivalent flux

Instantaneous fluxes were temporarily integrated into a single net daily flux for each chamber
deployment, accounting for stratum-specific incubation availability. For vegetated strata, net
daily fluxes were calculated by scaling transparent and dark instantaneous fluxes to the
respective daytime and nighttime fractions at each site and date, based on official sunrise and
sunset times calculated with the suncalc R package (Thieurmel and Elmarhraoui, 2022). For non-
vegetated strata, net daily fluxes were derived either directly from a single dark instantaneous
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measurement (1,087 chambers, 94.7%) or, when both dark and transparent incubations were
available due to visible microphytobenthos (61 chambers, 5.3%), using the same temporal
scaling approach applied to vegetated strata. Daily combined climatic effects as CO; equivalent
(COz-eq) flux were calculated for each chamber deployment using the daily CO, and CH,4 fluxes
and applying the global warming potential (GWP) factors for CHs mass flux of either 27 or 79.7
for 100-year or 20-year time horizons, respectively (IPCC, 2023). In total, 1,917 CO;, 1,916 CH,,
and 1,887 CO,-eq daily fluxes were obtained. Fluxes are reported as daily molar CO; and CH,4
fluxes per unit area and time, or as daily CO,-eq mass fluxes per unit area and time (Neubauer,
2021).

2.4. Statistical treatment

To assess the effects of the conservation status on GHG fluxes, generalized linear mixed effects
models (GLMM) were independently built for daily CO, and CH,4 fluxes for each case pilot. Flux
data was transformed using the bestNormalize package (Peterson, 2021), selecting the
transformation that maximized normality for each dataset. In addition to the default
transformation options, a pseudo-log transformation from the scales package (Wickham et al.,
2025) was included, allowing continuous treatment of positive and negative fluxes while
transitioning to linear scaling near zero. Daily flux was modelled as a function of conservation
status, season, vegetation presence, and their interactions as fixed effects, while site was
included as a random intercept to account for repeated seasonal sampling and site-specific
variability. Gaussian-distribution models were preferentially used; t-family models were used
when gaussian model assumptions were not met. For Ria de Aveiro, vegetation presence was
excluded from the fixed-effects structure due to the absence of non-vegetated areas in restored
sites. Models were fitted using the glmmTMB package (McGillycuddy et al., 2025) and validated
using DHARMa diagnostics (Hartig, 2024).

Estimated marginal means (EMMs) were obtained using the emmeans package (Lenth, 2025).
For models including vegetation presence, EMMs were weighted according to the seasonal
proportional cover of vegetated and non-vegetated areas, while maintaining equal weighting
across seasons for annual estimates. For Ria de Aveiro, equal seasonal weights were applied. A
paired parametric bootstrap approach was implemented independently for each case pilot to
improve the robustness of model-derived estimates. The paired structure additionally allowed
uncertainty from CO, and CH, models to be propagated into combined climate metrics (CO,-eq).
Using the fitted CO, and CH; models, 5000 paired bootstrap iterations were generated by
simulating new response values while preserving the original sampling design, predictor
structure, and correspondence between gases. For each bootstrap iteration, EMMs were
recalculated for both gases, yielding paired model-scale distributions for all relevant predictor
combinations (i.e., status, status within season and status within vegetated and non-vegetated
conditions).

To quantify the magnitude of CO, and CHs fluxes at each predictor level, bootstrap EMM
distributions for each gas were back-transformed to the original molar flux scale, from which
mean estimates, standard errors (SE), and 95% confidence intervals (CI95) were calculated. To
quantify flux differences between predictor levels, pairwise contrasts were calculated from these
back-transformed distributions and mean, SE, and CI95 values were calculated. The significance
of these comparisons was assessed on model scale by recalculating the pairwise contrasts from
the bootstrap EMM distributions. Empirical two-sided p-values were derived directly from
bootstrap contrast distributions. P-values were adjusted for multiple comparisons using the
Holm correction method.
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To estimate combined climate forcing, paired bootstrap distributions of back-transformed CO,
and CH, fluxes were converted into CO,-eq fluxes using both 100-year and 20-year global
warming potential scaling factors for CH,. For each bootstrap iteration, paired CO, and scaled
CH4 estimates were summed, preserving the correspondence between gases across simulations
and generating paired distributions of CO,-eq exchanges. From these paired real-scale COz-eq
distributions, EMMs and pairwise contrasts were calculated, together with their associated SE
and CI95. Empirical p-values for CO,-eq contrasts were derived directly from the bootstrap
contrast distributions and adjusted with Holm correction. Thus, while significance testing for CO,
and CH4 contrasts was performed on their respective model scales, the significance of combined
CO,-eq contrasts was assessed on the real scale.

All figures were produced with ggplot2 package (Wickham, 2016). A significance threshold of a
= 0.05 was applied for all statistical tests. Different letters (Compact Letter Display, CLD) were
assigned to significantly different EMMs groups in figures using the multcompView package
(Graves et al., 2024). The scripts used for statistical analyses and figure generation are archived
at Zenodo (https://doi.org/10.5281/zenodo0.21129514).

2.5. Methodological considerations

Several limitations affect the representativeness of the GHG flux estimates presented. Static
chamber measurements are prone to closing/opening artefacts and non-linear patterns (Maier
et al.,, 2022). These were mitigated through careful handling, timeseries screening, and
standardized flux selection, ensuring transparent processing and minimizing subjective biases
(Minaudo et al., 2026). While our approach allowed estimation of CH,4 fluxes in the presence of
ebullitive dynamics, it is important to recognize that ebullition is a stochastic emission pathway
over the short temporal scales of chamber deployments and is generally better constrained by
methods integrating fluxes over longer periods, such as bubble traps (Wik et al., 2013).
Nevertheless, this source of variability was partially mitigated through the high replication of
chamber measurements, which is often logistically challenging for bubble-trap approaches.
Spatially, the highly localized nature of chamber measurements may result in substantial
variability of wetland-level average fluxes. This was accounted for by the stratified sampling
design, ensuring good representation of relevant strata while allowing for the detection of strata-
specific effects. Nevertheless, while the employment of modular chambers allowed for coverage
of most strata, their dimensions precluded the sampling of large (>1.5 m) vegetation stands,
likely resulting in underestimations of CO, uptake for reed dominated sites. Temporally, sampling
was limited to one low-tide event per season and relied on opaque chambers instead of direct
night-time measurements. Consequently, the seasonal patterns reported here should not be
interpreted as robust representations of true climatic seasonality, as they reflect both seasonal
and short-term meteorological variability. Similarly, the integration of daily fluxes from paired
dark and transparent chamber measurements does not fully capture diel variability in GHG
exchange and may introduce biases associated with differences between dark chamber
conditions and true night-time ecosystem functioning. Finally, our measurements were
restricted to surface-atmosphere GHG exchanges and therefore do not account for potential
lateral GHG transport through surface-water or groundwater pathways (Sadat-Noori et al.,
2025), which may represent important additional components of whole-system GHG budgets
(Schutte et al., 2020). Accordingly, the approach was not intended to generate fully scalable site-
level GHG budgets, but to enable consistent comparisons across conservation statuses to assess
how wetland-specific alteration and restoration pathways influence GHG exchanges and
potential climate mitigation signals.
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3. Results

3.1. Fluxes across preserved wetlands

Daily net fluxes at preserved sites varied among case pilot wetlands and GHG species (Figure 2).
Preserved sites generally exhibited daily CO, fluxes (mmol CO; m™ d!) centred around zero but
with substantial variability (Figure 2a). Atlantic tidal sites DU (median =-23.6, IQR=-214 to 17.1)
and Rl (median =-32.6, IQR = - 56 to -18.2), showed net CO; uptake, with DU presenting one of
the largest flux variabilities. Mediterranean sites exhibited similarly high variability, with CA
showing the highest CO; flux (median = 15.7, IQR = -57.2 to 86) and VA having CO; fluxes closest
to net zero (median = 2.0, IQR = -30.3 to 67.2). Eastern sites showed similar CO; flux profiles,
with intermediate median fluxes and relatively low variability for DA (median=6.1, IQR =-4.9 to
24.4) and slightly higher fluxes for CU (median =9.2, IQR =-0.8 to 36.4).

Net daily CH4 fluxes (mmol CH; m2 d) were generally positive across all preserved sites, with
higher median emissions associated with greater variability and strongly skewed distributions
(Figure 2b). Atlantic tidal wetlands showed the lowest CH, emissions, with similar values at DU
(median =1.5x 103, IQR =-4.2 x 102 to 1.6 x 102) and RI (median = 8.0 x 103, IQR=4.3 x 103 to
1.2 x 10?%). Mediterranean preserved sites exhibited intermediate CH; emissions, with CA
(median =1.7x 102, IQR = 1.9 x 103 to 1.5 x 10) showing lower median fluxes than VA (median
= 3.4 x107%, IQR = 3.4 x103 to 1.3 x 10%) but comparable variability. Eastern preserved sites
showed the highest emissions, with DA (median = 1.1, IQR = 0.7 to 9.9) displaying the highest
CH, fluxes and extreme skewness, while CU (median = 0.8, IQR = 0.4 to 1.7) had lower and less
variable CH, fluxes.

The contrasting CO; and CH, flux profiles at preserved sites resulted in CO;-eq distributions
reflecting the dominant contributor to climatic forcing in each case pilot under both 100-year
and 20-year GWP scaling factors for CH,4 (Figure 2c). CO; generally dominated the 100-year CO,-
eq balance, with CH4 contributing minor proportions (mean = SD) in Atlantic (2 £ 5% in both DU
and RI) and Mediterranean wetlands (7 £ 19% in CA, 7 £ 17% in VA), but substantially larger
shares in eastern wetlands (49 + 32% in DA, 34 + 27% in CU). Regarding 100-year GWP CO»-eq
fluxes (g CO, eq. m2 d?), values were lowest in the Atlantic tidal wetlands Rl (median = -1.5, IQR
= -2.5 t0 -0.9) and DU (median = -1.0, IQR = -9.1 to 0.8), intermediate in the Mediterranean
wetlands CA (median=0.8, IQR =-1.2 to 4.2) and VA (median =0.3, IQR =-1.0 to 3.1), and highest
in the eastern wetlands DA (median = 1.0, IQR = 0.2 to 3.8) and CU (median = 0.9, IQR = 0.3 to
2.3). The relative contributions of CH4 to the CO,-eq balances increased markedly under the 20-
year GWP scenario, particularly in freshwater eastern wetlands, reaching 65 + 30% in DA and 52
+ 28% in CU. Mediterranean wetlands showed intermediate CH4 contributions (12 + 23% for both
CA and VA), whereas Atlantic wetlands remained comparatively low despite increased variability
(3 £10% for DU and 3 £ 9% for RI). Under the 20-year GWP scenario, tidal wetlands showed only
minor changes in CO,-eq fluxes (RI: median = -1.5, IQR = -2.5 to -0.9; DU: median =-0.9, IQR = -
9.1 to 0.8). Mediterranean systems showed moderate increases (CA: median=1.1, IQR=-0.4 to
4.7; VA: median = 0.4, IQR = -0.9 to 3.2), while the largest increases under the 20-year GWP
scenario occurred in eastern wetlands, including DA (median = 1.9, IQR = 0.8 to 6.0) and CU
(median=1.6, IQR = 0.6 to 4.1).
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Figure 2. Greenhouse gas fluxes across preserved case pilot wetlands of (a) COz, (b) CH4, and (c) combined
COz-eq under 100y and 20y GWP scenarios. Boxplots show the median, interquartile range (IQR), and
whiskers extending to 1.5xIQR; data outside these ranges are not displayed for clarity. Inset in (b) shows a
zoomed-in view of CHs flux data for DU, RI, CA, and VA to better visualize differences; y-axis scale differs
from the main panel.

3.2. Effect of conservation status on CO- fluxes

Daily CO; fluxes (mmol m? d?) showed wetland-specific patterns related to the conservation
status (Figure 3). Significant status effects were detected in three case pilot wetlands (RI, DA, CU)
(Table S1), with clear differences between preserved, altered, and restored sites (Table S3). In RI
and DA, altered sites exhibited significantly higher CO, fluxes than preserved (p < 0.002) and
restored (p < 0.001) sites, which showed similar low fluxes (p = 0.71) in Rl while restored sites of
DA showed slightly lower fluxes than preserved ones (p = 0.042). In contrast, CU displayed lower
CO; fluxes in altered sites compared to preserved (p < 0.001) and restored (p < 0.001) sites. No
statistically significant status effects were observed in DU, CA, or VA, where CO; fluxes were
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comparable across conservation statuses (p 2 0.39). Beyond status, CO; fluxes were consistently
influenced by seasonality and vegetation presence, often interacting with the conservation
status, even when status alone was not significant (Table S1, Figures S3 and S6). The three case
pilot wetlands with significant conservation status effects on CO, fluxes (RI, DA, and CU) showed
only minor increases from marginal to conditional R? values (Table S1), suggesting limited
additional variance explained by the random site effect.
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Figure 3. CO; fluxes (mmol m2 d!) according to conservation status for each case pilot. Boxplots show the
median, interquartile range (IQR), and whiskers extending to 1.5xIQR; data outside these ranges are not
displayed for clarity. Diamonds represent estimated marginal means (EMMs) derived from parametric
bootstrap distributions. Different letters indicate significant differences among EMMs based on empirical
pairwise contrasts (p < 0.05; Table S3).
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3.3. Effect of conservation status on CH4 fluxes

CH4 fluxes (mmol m2 d?) showed clearer and more frequent statistically significant responses to
conservation status across case pilot wetlands (Figure 4). Significant status effects were detected
in all case pilot wetlands except DU (Table S1), where CH, fluxes did not differ among preserved,
altered and restored sites (Table S3). In RI, preserved and restored sites exhibited slightly higher
CH, fluxes than altered sites (p = 0.006, and p < 0.001, respectively). In the Mediterranean
wetlands (CA and VA), altered sites showed higher CH, emissions than preserved sites (p <
0.022), with restored sites of CA showing fluxes similar to preserved sites (p = 0.26) and lower
than altered ones (p = 0.029), while restored sites of VA showed intermediate fluxes not different
from altered or preserved sites (p > 0.35). In DA, restored sites had higher CH,4 fluxes than altered
sites (p = 0.041), while preserved sites were intermediate. In CU, altered sites exhibited
substantially higher CH4 emissions than both preserved and restored sites (p < 0.001), which
showed similarly low fluxes. As for CO,, CH, flux variability was strongly influenced by seasonality
across all case pilots and by vegetation presence in most cases, with frequent interactions
between the conservation status, season, and vegetation presence (Table S1, Figures S4 and S7).
In contrast to CO; models, CHs models generally showed substantially higher conditional than
marginal R? values (Table S1), indicating that site-level variability contributed importantly to
model explanatory power, particularly in DA (R*m = 0.50, R*c = 0.68).
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Figure 4. CH. fluxes (mmol m2 d?) according to conservation status for each case pilot. Boxplots show the
median, interquartile range (IQR), and whiskers extending to 1.5xIQR; data outside these ranges are not
displayed for clarity. Diamonds represent estimated marginal means (EMMs) derived from parametric
bootstrap distributions. Different letters indicate significant differences among EMMs based on empirical
pairwise contrasts (p < 0.05; Table S3).

3.4. Effect of conservation status on CO,-eq fluxes

The influence of conservation status on combined CO,-eq fluxes (Figure 5) was assessed using
pairwise comparisons of bootstrap CO-eq distributions under both 100-year and 20-year CH,4
GWP scaling factors (Table S3). In general, differences in CO,-eq fluxes among conservation
statuses were less consistent than those observed for CO, and CH, individually and depended on
the selected GWP time horizon. The clearest status-related differences were observed for the RI
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case pilot wetland, where restored and preserved sites consistently showed lower CO;-eq fluxes
than altered sites (p < 0.002), while not differing from each other (p > 0.71) under both 100-year
and 20-year GWP scenarios. The only other wetland showing significant differences in CO;-eq
fluxes among conservation statuses was CU, although these differences were only detected
under the 20-year GWP scenario. In CU, restored and preserved sites showed lower CO,-eq fluxes
than altered sites (p < 0.006), while remaining similar to each other (p = 0.82). Although the
central distributions of COs-eq fluxes appeared to follow status-specific patterns in some
wetlands (e.g., CA or DA), no statistically significant differences among conservation statuses
were detected in these systems (Table S3). As observed for the individual CO, and CH4 flux
components, COz-eq fluxes also exhibited substantial variability that appeared associated with
seasonality and vegetation presence (Figures S5 and S8), although these effects were not directly
quantified for combined CO,-eq metrics.
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Figure 5. COz-eq flux (g CO2 eq. m2 d!) according to conservation status for each case pilot under 100y
and 20y GWP scenarios. Boxplots show the median, interquartile range (IQR), and whiskers extending to
1.5xIQR; data outside these ranges are not displayed for clarity. Diamonds represent estimated marginal
means (EMMs) derived from paired parametric bootstrap distributions of CO2 and CHs4 models after
application of the corresponding GWP factors. Different letters indicate significant differences among
EMMs based on empirical pairwise contrasts (p < 0.05; Table S3).
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4. Discussion

4.1. Biogeochemical drivers of gaseous C exchange in European coastal
wetlands

Across the wetlands examined, the effects of conservation status on CO, and CH, fluxes varied
among the studied wetland types, their specific alterations and associated restoration measures.
CO; fluxes showed variations significantly associated with the conservation status in only three
of six case pilots, whereas CH,4 fluxes were more responsive, with significant effects in five of six
case pilots. Wherever status effects were detected for CO,, they were consistently opposite in
direction to those of CH,, reflecting contrasting conditions that control the underlying processes
regulating CO; and CH, exchanges in the different wetlands considered, with enhancement of
aerobic conditions increasing CO, release, while actions favoring anaerobic conditions (e.g.,
rewetting) increased CH4 emissions. Despite this variability, mostly depending on the specific
features of each wetland type and the conservation status of sites, some common mechanisms
were evident across wetland types.

The diversity of wetland types and ecological conditions examined allowed identification of key
drivers of CO, and CH4 exchanges, strongly modulated by seasonality. CO; fluxes were primarily
controlled by vegetation cover and sediment oxygen availability, which regulated the balance
between photosynthetic uptake and respiration-mediated release of CO,. Emissions of CH, were
mostly related to hydrology-driven oxygen availability in the sediment, salinity conditions, and
presence of reed-type vegetation, while labile organic matter supply was important in some
systems. CO, exchange responded mostly to alteration and restoration actions that severely
modified the landscape of the wetlands, either through substantial loss or gain in abundance of
primary producers or through profound changes in inundation patterns related to land-use
change. CH4 emissions were more sensitive to less evident hydrological changes, either through
variations in water quality and salinity or through hydrodynamics modifying the extent and
timing of wetlands flooding and water table depths. This sensitivity is strongly seasonal and
temperature-driven, an effect that becomes increasingly evident at lower latitudes. Global
changes that extend warm periods could potentially extend the duration of the observed
seasonal CH4 emission peaks in summer (Camacho et al.,, 2017; Morant et al., 2024); thus,
accounting for seasonal variability is essential to accurately assess restoration outcomes, or the
consequences of their absence.

Emergent vegetation presence exerted strong and consistent impact on CO; fluxes across all
wetland types where it was evaluated, with vegetated areas generally acting as net CO; sinks
(Table S1, Figure S6). This evidences that, although strongly regulated by seasonality and local
climatic conditions, vegetation standing stock is a primary driver of ecosystem-level primary
production through photosynthetic uptake of CO, (Reddy et al., 2022). While our statistical
framework could not explicitly include this effect for the seagrass meadows of Ria de Aveiro, the
expected stronger CO, uptake by Zostera noltii meadows with respect to bare mudflats becomes
evident when considering the strong differences in vegetated coverage between the sites of
different conservation status sampled. Rl altered sites suffered from erosion, bait-digging and
trampling (Table 1), which reduced their Z. noltii coverage to an average of 8%. Instead,
preserved sites as well as restored sites after seagrass planting showed much higher average Z
noltii coverages (61% and 96%, respectively), which is the likely explanation behind the
significantly enhanced CO, uptake shown by these sites (Figure 3b).
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Plant community composition is also sometimes shown to influence overall CO; uptake rates in
wetlands (Ward et al., 2009). Several of the wetlands studied suffered from alterations that
involved modified vegetation communities such as presence of invasive species and loss of native
vegetation and land use change (Table 1). Generally, the CO, exchange profile in vegetated areas
of different conservation status did not reveal significant differences (Figure S6), indicating that
environmental alterations related to shifts in plant community composition had little impact on
CO; exchange in the studied wetlands. While vegetation composition is a good indicator of the
overall ecological integrity of wetland systems, the potential biogeochemical effects of these
types of shifts (Davidson et al., 2018) were not of sufficient magnitude to be detected in our
study. Although the vegetated areas of the Danube Delta wetlands did show significant
differences that might be associated with differences in primary productivity of reed stands and
agricultural crop species (Figure S6), these coincided with permanently inundated substrates and
agricultural soils, respectively. Thus, the observed differences likely arise from two main factors:
differences in vegetation primary production efficiency and lower aerobic respiration rates due
to oxygen limitation in submerged sediments and the water column compared with well-aerated
agricultural soils (Bianchi et al., 2021). This interpretation is supported by the higher CO;
emissions measured in non-vegetated areas of altered sites relative to preserved and restored
sites in the Danube Delta (Figure S6). These two non-exclusive mechanisms likely resulted in the
status-level differences in CO, fluxes observed in the Danube Delta (Figure 3e). Finally, the
abundance of other primary producers (phytoplankton) appears to be the dominant driver
responsible for the CO, exchange profiles observed in the Curonian Lagoon (Figure 3f). In this
wetland, nutrient load was the main alteration factor related to conservation status and
ecosystem interventions (Table 1), leading to eutrophication and associated massive
phytoplankton blooms in altered sites (Vaicitté et al., 2021; Zilius et al., 2014), as indicated by
water chlorophyll-a concentrations (Table S4). Thus, enhanced CO, uptake and reduced
respiration under anoxic conditions driven by organic C accumulation by phytoplankton in open
water areas (Figure S6) seem to be the main drivers behind the general status-level differences
in CO; exchange profiles of the Curonian Lagoon (Figure 3f).

Hydrology emerged as a dominant control on CH4 exchanges across the wetlands studied, with
site inundation proportion (quantified as the percentage of chambers deployed in flooded areas)
showing a clear positive relationship with CH,4 emissions across systems (Figure S9). Permanently
flooded sediments promote anoxic conditions that favor methanogenesis (Camacho-Santamans
et al., 2025; Rochera et al., 2025) while restricting aerobic respiration and thus CO; releases. This
mechanism is exemplified by the general inter-wetland type variability observed for CH, (Figure
2), where well-preserved freshwater systems characterized by permanently flooded conditions
and limited salinity constraints on methanogenesis (Camacho et al., 2017; Miralles-Lorenzo et
al., 2025; Morant et al., 2024), such as Danube Delta lakes and the Curonian Lagoon, presented
by far the largest emission profiles of CHs. A similar pattern was observed for the freshwater
marshes of Camargue, where wetland hydrology was a main determinant of the conservation
status (Table 1) and CH4 emissions (Figure 4c). The hydrodynamics of altered CA sites favored
flooded conditions, as reflected by 73% of chamber deployments in these sites occurring in
inundated areas with respect to 48% for preserved sites. Accordingly, altered sites presented
overall higher CH, emissions (Figure 4c, Table S$3), particularly during the summer season (Figure
S4), coinciding with the highest discrepancy in flooded area proportion between altered and
preserved sites (82% vs. 40%) and high temperatures that likely limited oxygen availability and
enhanced microbial activity in submerged sediments (Cui et al., 2024). Modified hydrology was
also an important factor regulating CH4 emissions in the brackish Mediterranean marshes of
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Marjal dels Moros, where similar differences in inundation proportion (65% vs 26%) were likely
contributing to the higher CH, emissions observed in altered sites, with respect to preserved
ones (Figure 4d). This strong hydrological control likely also explains why CH. models generally
had larger differences between marginal and conditional R? values than CO, models (Table S1).
Because fine-scale inundation variability was not explicitly represented in the fixed-effects
structure, part of the hydrological variability regulating CH4 production was likely absorbed by
the random site effect, increasing its relative explanatory contribution. This pattern was
particularly evident in the Danube Delta wetlands, where altered sites encompassed strongly
contrasting hydrological conditions (Supplementary Methods).

Nevertheless, CH, emissions were not only influenced by hydrology-driven oxygen availability of
the sediments but also by salinity (electrical water conductivity), which showed a clear negative
relationship with CH, emissions across wetlands (Figure S10). Through the provision of sulfate
as a more energetically favorable electron acceptor than CO,, seawater intrusion regulates the
dominance of sulfate-reducing over methanogenic microbes (Koebsch et al., 2019; Miralles-
Lorenzo et al., 2025). This mechanism helps to explain the gradient in CHs emissions observed
along the progressively more saline altered, restored and preserved sites of Marjal dels Moros
(Figure 4d, Table S4). Additionally, this salinity-driven methanogenesis limitation in tidal
wetlands such as DU saltmarshes and RI Z. noltii meadows is likely responsible for their extremely
low CH4 emissions with respect to the other coastal wetlands examined (Figure 2).

While anoxia and salinity help to regulate the dominant catabolic metabolism in sediments, the
supply of different organic matter substrates is one of the principal factors regulating the overall
rates of organic C degradation, and CH, emissions (Rissanen et al., 2023). Across the wetlands
examined, the effect of labile organic matter supply in regulating CH, production can help to
explain small but significantly higher CH, emissions of preserved and restored Z. noltii meadows
with respect to bare altered sites of RI (Figure 4b), as seagrasses produce and release methylated
compounds that represent an attractive substrate for methanogens (Schorn et al., 2022). Of
more relevance is the pattern observed in the Curonian Lagoon wetland, where enhanced
phytoplankton growth fueled by increased nutrient loads (Table S4) resulted in an accumulation
of labile organic matter in the sediments of altered sites (Remeikaité-Nikiené et al., 2016). Rapid
degradation of phytoplankton-derived organic-C leads to anoxic conditions which, together with
the freshwater character of the sites (Zilius et al., 2014), resulted in an ideal environment for
methanogenesis, helping to explain the stark differences in CH, overall emissions between the
altered and preserved and restored sites of this wetland (Figure 4f). Additionally, although these
increased emissions of CU eutrophic sites were consistently detected in both open-water and
vegetated areas, the magnitude of CH4 emissions was much higher in reed-covered zones of CU,
which is a common pattern observed across many of the wetlands examined (Figure S7). The
consistently higher CHs emissions observed in vegetated zones likely result from vegetation-
facilitated transfer of CH4 from sediments to the atmosphere, bypassing oxidation in sediments
and the water column (Ge et al., 2024). Ebullitive CH4 transfer likely also contributed to the high
variability observed in CH, fluxes, particularly in freshwater wetlands with high overall CH,4
emissions such as the Danube delta and Curonian Lagoon. Ebullition accelerates CH, transport
to the atmosphere, limiting oxidation during water-column transit, but is also inherently variable
over short temporal scales. Although ebullition was not independently quantified in this study,
visual evidence of ebullitive dynamics was more prevalent in wetlands with higher CH,4
emissions, suggesting that this mechanism likely contributed to the elevated CH, fluxes and
variability observed in these systems.
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Importantly, the restoration actions examined across case pilots were not equivalent
interventions applied across comparable systems, but rather context-specific responses to
different forms of wetland alteration. Thus, comparisons of GHG fluxes among conservation
statuses were made within each case pilot, rather than across them. Nevertheless, two non-
exclusive mechanisms emerged as primary drivers of changes in GHG exchange across wetlands:
shifts in areal habitat composition and changes in process rates within habitats. Major alterations
and restoration actions can modify wetland structure to the point where entire habitats such as
vegetated or open water areas are lost along with their biogeochemical functioning. The loss and
replantation of seagrass beds in Ria de Aveiro or the land-use changes involving draining and
rewetting of the Danube Delta wetlands are extreme examples of this mechanism. Conversely,
subtler interventions that do not visually alter the ecosystem landscape can nonetheless shift
underlying processes and result in significant impacts on biogeochemical process rates. The
degradation and subsequent recovery of water quality in the Curonian Lagoon through
regulation of nutrient-loads is a good example of this mechanism: while the composition of open
water and reed beds habitats remained the same between altered and restored sites, their
habitat-specific rates of CO; and CH, production and atmospheric exchange were significantly
different (Figures S6, S7). While the above examples represent extremes of these two
mechanisms, it is important to recognize the existence of a continuum between them. It is also
important to acknowledge that no single habitat-specific “reference” rate exists for any natural
process. In this context, seasonal variability regulates GHG fluxes through two pathways:
temperature and physiological shifts alter habitat-specific process rates, while seasonal flooding
dynamically redistributes the relative extent of open water, vegetated areas, and bare sediments
within wetlands.

The contrasting sensitivities and drivers of CO, and CH,4 often led to opposite flux responses to
the same environmental interventions, making CO»-eq outcomes dependent on wetland-specific
gas dominance. Three general response groups emerged. In tidal wetlands (Dutch Delta and Ria
de Aveiro), constant seawater supply suppressed CH4 emissions to the point that this gas only
represented an average 6% and 4% of CO,-eq exchanges (20-year GWP), respectively. In these
wetlands, only vegetation-related interventions resulted in a significant impact on their climatic
functionality, with changes in CO, fluxes outbalancing all detected variations in CH, emissions
(regardless of GWP scaling). In seasonally inundated Mediterranean marshes (Camargue and
Marjal dels Moros), CHs played a moderate role in their CO;-eq fluxes (25% and 19%,
respectively; 20-year GWP). In these wetlands, high CO; flux variability obscured detected
changes in CH, emissions, leading to no significant differences in CO,-eq fluxes (for both 100-
year and 20-year GWP). In permanently flooded freshwater wetlands (Danube lakes and
Curonian Lagoon), CH, represented a higher average proportion of the wetland GHG balance in
terms of CO,-eq (56% and 62%, respectively; 20-year GWP). In these wetlands, ecosystem
interventions had clear but opposite effects for CO, and CH4 exchanges, which only resulted in
changes of combined CO;-eq fluxes when CO; responses were of relatively low magnitude and
outbalanced by strong CH, changes scaled with a 20-year GWP factor.

4.2. Climate change mitigation potential of coastal European wetland
restoration and conservation

This study offers valuable insights into the potential of European coastal wetland restoration as
a climate mitigation tool through the exemplary results obtained from six diverse pilot wetlands.
Comparison of CO,, CH, and CO;-eq exchange balances between altered and restored sites
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provide a quantitative estimate of the mitigation potential of restoration across different wetland
types (Table S3).

Although the central distributions of daily net fluxes showed apparent reductions in GHG fluxes
following restoration in several pilot wetlands (Figures 3, 4, 5), driven by significant effects of the
conservation status (Table S1), high data variability precluded the detection of statistically
significant mean flux reductions in some cases (Table S3). Across the pilot wetlands, statistically
significant mitigation of CO, fluxes was only detected for the restoration of Ria de Aveiro seagrass
meadows and Danube Delta freshwater lakes, likely driven by increased net primary production
of seagrass relative to bare sediment areas and reduced organic C decomposition rates in
freshwater lakes compared with agricultural land use, respectively. For CH,4 fluxes, statistically
significant mitigation was only observed following water quality improvement in the Curonian
Lagoon, while restoration of natural hydrodynamics in Camargue achieved marginal CH,4
reductions that approached statistical significance. When CO, and CH; were combined as CO»-
eq, significant mitigation potential was only detected for seagrass replantation in Ria de Aveiro
under both 100-year and 20-year CH, warming scenarios and for re-oligotrophication in the
Curonian Lagoon under the 20-year scenario. These different outcomes emphasize that the
climate change mitigation effects of wetland restoration mediated by changes in GHG fluxes
cannot be generalized across intervention types or ecosystems. Restoration actions target
different system-specific degradation pathways and therefore can influence distinct
biogeochemical controls on GHG exchange, resulting in climatic effects that are strongly
dependent on ecosystem context.

The magnitude of potential mitigated emissions associated with the restoration interventions
examined across the pilot wetlands, quantified as significant reductions in GHG fluxes using
altered conditions as baseline (Table S3) and reported here as mean * SE [CI95 range], were
generally within the range reported for other nature-based solutions. Restoration of Rl seagrass
meadows reduced fluxes by -353 + 108 [-567 to -145] g CO,-eq m y! considering only CO, fluxes,
with minimal change when CH, fluxes were incorporated (-351 + 108 [-565 to -144] g CO;-eq m’
2 y1- 20-year GWP). These reductions are comparable to the -73 and -154 g CO-eq m? y?
reported by Oreska et al. (2020) for 12- and 15-year seagrass restoration projects, and fall within
the range of the global average net sink estimated for seagrass systems by Rosentreter et al.
(2023) of -592 + 309 g COz-eq m2 y! (mean % SE), including CO, and CH4 fluxes (100-year GWP).
Restoration of CU substantially reduced CH4 emissions, corresponding to mitigation potentials of
-719 + 319 [-1485 to -230] and -2124 + 942 [-4381 to -679] g CO»-eq m y* under 100-year and
20-year GWP scenarios, respectively. However, these reductions were partially offset by
increased CO; fluxes, such that significant mitigation of combined CO;-eq fluxes was only
detected under the 20-year GWP scenario (-1900 + 942 [-4176 to -447] g COz-eq m2 y1). This
pattern contrasts with that of peatland rewetting described by Darusman et al. (2023), where
reductions in CO; emissions of -522 + 131 [-781 to -226] were partially offset by increased
GWP20-CH4 emissions of 349 + 29 [262 to 407] g CO-eq m? y'1. Nevertheless, the mitigation
potential estimated for CU falls within the ranges reported by Bernal et al. (2018) for other
ecosystem interventions over a 20-year period, including planted forests (-4070 to -450),
agroforestry (-1560 to -1080), and mangrove restoration (-2310 to -670) g CO>-eq m2y’L, Finally,
restoration of freshwater marshes in CA did not significantly affect CO, fluxes (Table S1), but did
significantly reduce CHs; emissions, (Table S3). When considered independently, these CH,4
reductions corresponded to a maximum mitigation potential of -175 + 122 [-496 to -20] g CO--
eq m2y?!under the 20-year GWP scenario. The contrasting outcomes between 100-year and 20-
year CH,s warming scenarios highlight how the perceived climatic effectiveness of wetland
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restoration depends strongly on the temporal framework used to evaluate CO;-eq exchanges.
Thus, careful consideration of these scenarios should be made when assessing the climate
mitigation potential associated with wetland restoration.

The results show mitigation potential for restoration of some types of degraded coastal European
wetlands; however, the cumulative nature of GHG emissions must be considered. Even in cases
where restoration completely reverts the biogeochemical functioning of a degraded wetland
back to pristine conditions, the net effect must account for the time during which the wetland
presented increased emissions incurring in a “recovery debt” (Moreno-Mateos et al., 2017).
While the limited potential impact of restoration might appear discouraging, the same temporal
consideration highlights the elevated and persistent costs of inaction and the necessity to avoid
degradation of coastal wetlands in the first place. Differences in GHG profiles between preserved
and degraded conditions revealed clear trends that demonstrate the climate change mitigation
potential of maintaining coastal European wetlands in good conservation status (Table S3).
Potentially avoided emissions through conservation were often of similar or greater magnitude
than those estimated for restoration of Rl and CU wetlands, while achieving statistical
significance in more cases. For example, in Mediterranean marsh systems where conservation
status did not significantly affect CO, fluxes (CA and VA), avoided CH, emissions through
conservation exceeded those estimated for restoration and corresponded to mitigation
potentials of up to -193 + 121 [-511 to -46] and -139 * 107 [-418 to -21] g CO»-eq m2 y?,
respectively, under a 20-year GWP scenario. These patterns reveal fundamental differences in
the functioning of well preserved and restored ecosystems.

Restoration projects guided by ecological restoration theory typically focus on alleviating
pressures through passive restoration and reconstructing ecosystem structures to accelerate
inherent functional recovery via active restoration (Palmer et al., 2016). However, even when
restoration is well implemented, functional recovery often lags structural recovery due to slow
reestablishment of natural biotic networks underpinning biogeochemical processes (Moreno-
Mateos et al., 2012). Additionally, hysteretic dynamics in the face of ecosystem degradation and
recovery may lead to trajectories favoring unintended alternative degraded states (Suding et al.,
2004). Overall, the risks inherent to wetland restoration, recovery pathways and generally slow
biogeochemical functional recovery emphasize the importance of preserving natural wetlands
in a good conservation status.

Despite the differences shown above, conservation and restoration are complementary tools for
climate mitigation and should not be viewed as alternative management strategies. Additionally,
the climate change mitigation signals (GHG abatement) discussed here should be interpreted
within the scope of the methodological approach employed, which quantified surface-
atmosphere GHG exchanges over limited temporal windows and did not account for potential
lateral GHG transport pathways (see Section 2.5). It is important to recognize that our current
assessment of restoration-associated climate mitigation potential does not account for other
biogeochemically relevant benefits, such as expansion of wetland extent or potential reductions
of nitrous oxide (N,O) emissions (Kasak et al., 2021; Leo et al., 2019), and represents only a
snapshot of the functional recovery process likely to improve over time (Moreno-Mateos et al.,
2017). Thus, the lack of statistically significant reductions in areal CO, and CHs exchanges
reported in Table S3 should not be interpreted as evidence that wetland restoration lacks climate
mitigation benefits. Moreover, none of the restoration strategies implemented across the
different wetlands examined targeted GHG mitigation as an explicit primary objective (Oliveira
et al., 2026). Therefore, the detected effects on GHG exchanges can be considered as an
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additional co-benefit of restoration alongside improvements in other ecosystem services such as
biodiversity, water quality and flood risk mitigation (Meli et al., 2014; Singh et al., 2019; Wu et
al., 2023). Ultimately, although the results show that restoration caused significant increases in
emissions of either CO, or CH4 in some wetlands, these were always accompanied by similar or
greater changes in the opposite direction for the other GHG species studied. Therefore, when
considering the combined CO;-eq exchange patterns associated with restoration of degraded
wetlands, the only significant effects detected were net reductions, indicating a net climatic
cooling effect (Table S3).

This study highlights the diverse biogeochemical controls on GHG regulation across European
coastal wetlands under different conservation statuses. These functional and site-specific
differences must be explicitly considered in restoration and management planning to avoid
trade-offs with other ecosystem services (Portner et al., 2021). Restoration strategies should
therefore incorporate targeted, long-term monitoring to track wetland recovery and detect
structural or functional deviations that require corrective action.

Wetlands have been heavily impacted by land-use change due to the historical undervaluation
of their ecosystem services, often favoring higher-value uses despite substantial ecological losses
(Zorrilla-Miras et al., 2014). This underscores the need to explore financing mechanisms that
recognize the economic value of wetland ecosystem services, particularly their potential for
climate mitigation. However, wetland climate mitigation capacity arises from complex, system-
specific interactions among multiple GHGs, characterized by high spatial and temporal variability.
Financing schemes should therefore be linked to comprehensive, long-term monitoring of all
GHG fluxes relevant to the climatic functioning of each wetland system to avoid incomplete
accounting and over-crediting risks prevalent in current carbon offset markets (Romm et al.,
2025). Monitoring schemes should thus be guided by the understanding of each wetland’s
biogeochemical functioning while making use of standardized methodologies for fair monitoring,
reporting and verification (Misteli et al., 2025). Given the strong seasonal variability observed
across all wetlands examined, single annual measurements would likely be insufficient to
characterize GHG dynamics robustly. However, in systems overwhelmingly dominated by CO;
exchanges such as the Rl seagrass meadows, monitoring resources could be prioritized toward
measuring CO, over CH, fluxes and, if system functioning is sufficiently well understood, even
toward proxies such as vegetation extent or biomass. Ultimately, for coastal wetland restoration
to be an effective nature-based climate solution, projects must demonstrate additionality,
feasibility, and permanence, and provide enough evidence to accurately quantify their climate
benefits (Jones et al., 2024).

Currently, estimates of climate mitigation capacity of wetland restoration are highly variable
(Griscom et al., 2017), stemming from incomplete understanding of several climate relevant
processes. A common identified issue is the lack of widespread data on how GHG exchanges, in
particular CHs and N,O emissions, respond to coastal wetland restoration (Rosentreter et al.,
2021). While the climatic effect of restoration projects in other ecosystems might be well
represented by simple C balance assessments, in wetlands systems monitoring of these non-CO,
GHG exchanges, and consideration of their time-horizon dependent warming effects is essential
to accurately quantify net climatic impact (Macreadie et al., 2019). Transient increases in CHs4
emissions from restored wetlands can, considering radiative forcings and atmospheric lifetimes
of GHGs, considerably delay climatic benefits of increased C storage (Schuster et al., 2024).
Therefore, wetland restoration actions that achieve timely reductions of CH4 emissions, such as
those of Curonian Lagoon and to a lesser extent Camargue and Marjal dels Moros, become
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especially relevant to meeting climatic mitigation targets. Additionally, the importance of lateral
C and off-site GHG exchanges is increasingly being recognized, and future studies should
therefore aim to obtain a more complete assessment of watershed-level budgets that support
management decisions (Jones et al., 2024; Regnier et al., 2022). Finally, appropriate pre-
restoration baseline reference condition measurements are essential to provide actionable
knowledge to managers, thereby allowing quantification of actual benefits of alteration-specific
reversals.

Given the ample and clear benefits of coastal wetland restoration on the provisioning of other
ecosystem services, widespread restoration of degraded systems should nonetheless be
pursued. We advocate taking advantage of recent policy momentum, exemplified by the EU
Nature Restoration Regulation (Kampa et al., 2025), to gather more evidence on the effects of
coastal wetland restoration on GHG exchange, enabling us to quantify more precisely the
magnitude, consistency and reliability of potential associated climatic benefits.
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5. Conclusions

This study examined how the conservation status and system-specific restoration actions of
diverse European coastal wetlands influence atmospheric exchanges of CO,; and CH, and their
combined effects on climate forcing expressed as CO,-eq. The results of this study show that
GHG fluxes respond differently to degradation and restoration actions depending on the wetland
type and associated main biogeochemical drivers. In particular, CO, fluxes responded primarily
to landscape-scale changes in vegetation cover and inundation, whereas CH4 exchanges were
more sensitive to environmental modification and readily responded to less evident changes in
water quality, salinity, and hydrodynamics.

These contrasting responses, together with the different relative contributions of CO; and CH,4 to
net climatic forcing, translated into wetland-specific CO,-eq exchange patterns associated with
restoration and conservation. Replantation of seagrass meadows consistently emerged as an
effective restoration measure associated with significant reductions in surface-atmosphere CO,-
eq exchanges under both 100-year and 20-year CH, warming scenarios, while eutrophication
reversal through improved water treatment was associated with significant reductions under the
20-year scenario. Other actions, such as the reestablishment of natural salinity and
hydrodynamics regimes, showed signs of reducing CHs emissions, but high CO; flux variability
precluded detection of significant reductions in combined CO,-eq emissions with the measured
data.

While this study did not assess potential changes in N,O emissions, the observed patterns for
CO; and CH, contribute to the growing body of evidence supporting wetland restoration as a
promising nature-based solution for climate change mitigation. At the same time, the findings of
our study underscore the importance of considering multiple GHGs and their specific
biogeochemistry when evaluating the climatic impact of wetland restoration projects. Further
research should therefore aim to simultaneously quantify complete exchange budgets of CO,
CHs and N,O over management-relevant timeframes to better characterize the functional
recovery process and obtain more complete assessments of the climatic implications associated
with wetland restoration.

Within the scope of this study, restoration projects implemented across a range of European
coastal wetland types showed no evidence of significant detrimental effects in terms of CO;-eq.
Instead, the results demonstrate that restoration was generally associated with maintained or
improved COz-eq exchange profiles favoring climate change mitigation. Combined with ample
evidence for other ecosystem service co-benefits, the results of our study support current
regulatory efforts aimed at recovering historically degraded European wetlands while
underscoring the need for targeted, ecosystem-specific restoration strategies to maximize
potential climate mitigation benefits.
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1. Supplementary methods

1.1. Detailed description of European case pilot wetlands

South-West Dutch Delta (DU)

Preserved sites consisted of Intertidal salt marshes showing natural hydrological and
sedimentation processes, vegetated surfaces, and minimal disruption by coastal infrastructure.
These sites maintained natural marsh integrity and ecological processes including tidal
inundation patterns, natural sedimentation, pioneer zone species, and mid-upper marsh
communities. The main alterations were the installation of stone breakwaters or wooden pales
perpendicular to the marsh to reduce hydrodynamics and locally reduce erosion. These hard
structures disrupted natural sedimentation processes and reflected wave energy, leading to
accelerated lateral erosion and creek widening, prevention of natural landward marsh
development and disappearance of pioneer-zone plant species. Restoration involved
morphological reconstruction and recovery of natural hydrodynamics through managed
realignment. In both cases, the displacement of the coastal defense line further inland facilitated
recovery of natural hydrodynamics, tidal patterns, sedimentation processes, and vegetation
establishment on previously reclaimed land.

Ria de Aveiro (Rl)

Preserved sites exhibited healthy intertidal seagrass meadows with high coverage of Zostera
noltii, stable sediment structure, and absence of significant anthropogenic pressures. The main
alteration consisted of erosion and bioturbation from bait-digging activities and physical
disturbance from trampling. Altered sites consist of bare, unvegetated intertidal areas where
meadows have been lost or severely degraded. These areas exhibit high erosion, unstable
sediments prone to resuspension and reduced biodiversity. Restoration actions consisted of re-
vegetation: Active mosaic-pattern transplantation of Z. noltii have been formerly performed in
zones where pressures are no longer relevant. Transplants were able to cover previously
unvegetated areas and develop uniform, robust coverage throughout the restored sites within
one year.

Camargue (CA)

Preserved sites were selected from mediterranean freshwater marshes and ponds that retained
natural hydrological regimes and ecological features, without significant historical land use
conversion or hydrological alterations. These sites maintained intact soil and seasonal flooding
and drying patterns characteristic of Mediterranean freshwater wetlands, supporting native flora
and fauna. This case pilot suffered mainly from hydrological, trophic, and land-use change
impacts. The altered sites included former fishponds and areas that had been subjected to
decades of artificial hydrological regimes, mainly favoring hunting activities. These sites
experienced hydrological alterations driven by artificial irrigation and drainage systems, leading
to long-term changes in water regimes. The natural seasonal hydrological variability was
replaced by highly managed water regimes, with continuous flooding during dry seasons.
Restoration activities involved soil, hydrology, vegetation and morphological reconstruction of
former rice fields and pastures. Topographic reshaping, removal of drainage and irrigation
infrastructure, soil and seed transfers allowed for the recovery of natural flooding and drying
cycles, recolonization by native wetland vegetation and increasing presence of amphibians and
waterbirds in the sites.



Valencian wetland Marjal dels Moros (VA)

The selected preserved sites were coastal brackish marshes with intact emergent swamp
communities, natural hydrological connectivity, and limited structural and water quality
degradation. These areas featured native plant communities adapted to brackish conditions
(reeds, bulrush stands and halophytic shrubs) and natural hydrodynamics controlled by
precipitation, evaporation and seawater intrusion via groundwater. This wetland suffers mostly
from hydrological, trophic, and morphological alterations. The representative altered sites are
subject to artificial water supply from irrigation and wastewater sources as well as morphological
modification (land-use change and soil degradation). These pressures resulted in areas with
reduced native vegetation and proliferation of invasive species, and degraded water quality with
elevated nutrients and loss of characteristic brackish conditions due to desalinization. As
restored sites, areas were selected where various actions were performed. Active restoration
included soil reconstruction to improve substrate conditions, morphological reconstruction of
natural topology and hydrological connectivity, and planting of native vegetation. Hydrological
actions ensure diverse good-quality water sources to maintain aquatic refuges for fauna via flood
regulation while maintaining characteristic brackish conditions. Mowing of helophytic vegetation
is regularly implemented to maintain habitat heterogeneity.

Danube Delta (DA)

Preserved sites consisted of freshwater shallow lakes with native submerged (Potamogeton spp.,
Ceratophyllum spp.) and floating vegetation (Trapa natans L., Nymphaea alba L.) surrounded by
reed beds (Phragmites australis L.). These sites lacked major anthropogenic pressures,
maintained their connectivity to the river network and are classified as having good ecological
status according to the Water Framework Directive. The most relevant impacts of this pilot are
hydrological and morphological alterations related to land-use change. Altered sites were former
freshwater wetlands converted to dryland during the 1980s. One site consisted of an agricultural
field used to grow cereal. The other site was initially used for pasture for cattle but was flooded
due to dike failure and was subsequently abandoned for this use. These areas suffered lack of
native vegetation, soil alteration and high nutrient loads from fertilizers and manure,
respectively. Restoration activities consisted of the morphological and hydrological
reconstruction of wetland habitats from former pastures and degraded wetlands. Restoration of
sites involved the recovery of natural hydrological regimes via their re-connection to the river
network and flood management via pumping stations, as well as the removal of excess reed
cover to create open water habitats.

Curonian Lagoon (CU)

Preserved sites consisted of littoral zones characterized by high coverage of submerged aquatic
vegetation (Chara contraria, Chara apsera, Chara globularis, Potamogeton perfoliatus, Stuckenia
pectinata), with sandy or mixed bottom substrates and emergent reeds (P. Australis). The
relatively low nutrient loads and chlorophyll-a concentrations of these areas are characteristic
of balanced trophic conditions in the Lagoon. The most relevant pressures within the system
consist of eutrophication and organic matter enrichment. Altered trophic state is driven by high
nutrient loads from agricultural runoff and insufficient wastewater treatment from the Neumas
river. The altered sites selected were characterized by elevated nutrient levels and associated
high chlorophyll-a concentrations with episodic cyanobacterial blooms. The accumulation of
organic-rich mud in the substrate promotes anoxic conditions and leads to a reduction in
submerged aquatic vegetation. Restoration actions at the watershed level aimed at improving
water quality and local-scale measures, such as reed harvesting to reduce excess nutrients and
organic matter. Improvements of wastewater treatment infrastructure and reduced fertilizer use



in the upstream Nemunas river basin led to reduced nutrient loads. In addition, hydrological
changes such as increased brackish water intrusions due to the artificial deepening of the
Klaipéda Strait channel (Stakéniené et al., 2023) and decreased annual runoff from the Nemunas
River (ldzelyte- et al., 2023) have likely reduced fine sediment inputs and muddy sediment
accumulation. These changes have affected recovery of sandy sediment areas and promoted the
expansion of submerged aquatic vegetation in restored sites.

1.2. Best-flux estimate selection

A common set of sequential criteria was followed to select a best-flux estimate from those
produced by the three models: two-point, linear model (LM) and a non-linear (HM) (Hutchinson
& Mosier, 1981) regression model. Choosing an appropriate flux calculation method is not trivial,
as different approaches can result in large differences in estimated flux and have different
sensitivities to non-linear patterns of gas concentration within the chamber, which may arise
from both instrument noise and natural processes. On the one hand, simple linear regression
(LM) often underestimates fluxes in non-steady chambers (Silva et al., 2015), which leads many
researchers to default to non-linear (HM) model (Rheault et al., 2024). However, noisy
measurements can lead to the HM model producing unrealistic fluxes (Hlppi et al., 2018).
Additionally, ebullitive dynamics typically force extreme curvatures of HM and might even cause
negative LM flux estimates. To select an appropriate best-estimate instantaneous flux for every
time series, we used sequential criteria based on the presence of ebullitive patterns and on LM
and HM model fit statistics. This set of criteria was designed to balance the model-specific risks
of over- and underestimation of fluxes, especially for cases with ebullitive patterns, while
preserving a transparent and reproduceable approach.

First, all CH, timeseries with visual evidence of ebullition (recorded during previous inspection)
were assigned to the two-point flux estimate unless the linear model presented an R? above 0.99
(LM.r2 > 0.99). For the rest of the timeseries, absent of ebullitive patterns, the HM model was
chosen only when all the following criteria were met (defaulting to the LM estimate when one
or more were violated): HM model produces a valid flux estimate (HM.flux # NA); LM flux
estimate is above the minimal detectable flux (Christiansen et al.,, 2015); HM curvature
parameter Kappa is below the theoretical maximum (Hippi et al., 2018); The ratio between the
non-linear (HM) flux estimate and the linear (LM) estimate, the g-fact (Hiippi et al., 2018) is
below the gas species-specific custom threshold (CO, g-fact < 4; CH, g-fact < 3); Akaike
Information Criterion corrected for small sample size (AlICc) of the HM model is lower than that
of the LM model; Mean absolute error (MAE) of HM model is at least 5% lower than that of LM
model.

A larger g-fact threshold was allowed for CO; time series (compared to CH,4) to account for cases
where CO; concentration inside the chamber might cause limitation of photosynthetic activity
and associated attenuation of uptake rate during the incubation. Using this set of criteria, the
chosen best model for CO, fluxes was LM for 1914 timeseries (64%) and HM for 1076 timeseries
(36%). For CH4 fluxes, the best model was two-point for 631 (21.1%), LM for 1850 (62%) and HM
for 505 (16.9%) of the time series.



2. Supplementary Figures

Figure S1. Representative pictures of case pilot preserved wetlands. Pictures depict (a)
saltmarsh of South-west Dutch Delta (DU), (b) Zostera noltii meadow during low tide in Ria de
Aveiro (RI), (c) freshwater marshes and ponds of Camargue (CA), (d) brackish marshes of Marjal
dels Moros (VA), (e) freshwater lakes with reed beds of Danube Delta (DA), (f) freshwater littoral
with reeds and submerged vegetation of Curonian Lagoon (CU). Pictures facilitated by LifeWatch
ERIC.



Figure S2. Static chamber types and configurations. (a) Opaque semi-spherical floating
chamber used in open water areas, (b) transparent modular cylindrical chamber with floating
device used in flooded areas with emergent vegetation, (c-f) transparent modular cylindrical
chamber used in non-flooded areas in increasing-volume configurations. Dark incubations using
the cylindrical modular chamber involved the use of an opaque textile cover (not shown).
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3. Supplementary tables

Table S1. GLMM model summaries for CO; and CHs. Model structure (formula call, distribution and data transformation), number of samples (N), marginal
and conditional R-squared values (R?’m and R%c) representing the proportion of variance explained by the model, and significance (p-value) of fixed effects

(conservation status, season, vegetation presence and interactions) for each case pilot-GHG dataset.

Dataset Best-Supported Model N R?m R%c Effect p-value
status 0.771
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
DU - CO2 Distribution: t, 349 0.493 0.514
Transformation: pseudo-log status : season 0.011
status : vegpresence 0.403
status : season : vegpresence 0.014
Call: Flux ~ status * season + (1 | subsite), status < 0.001
RI - CO2 Distribution: gaussian, 266 0.313 0.345 season < 0.001
Transformation: pseudo-log
status : season 0.001
status 0.27
season < 0.001
C'aII:.FIu?< ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
CA-CO2 Distribution: t, 346 0.471 0.534
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.214
status : season : vegpresence < 0.001
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Dataset Best-Supported Model N R?m R%c Effect p-value
status 0.631
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
VA - COz2 Distribution: t, 340 0.741 0.750
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.002
status : season : vegpresence < 0.001
status < 0.001
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
DA -CO2 Distribution: t, 296 0.780 0.783
Transformation: pseudo-log status : season < 0.001
status : vegpresence < 0.001
status : season : vegpresence < 0.001
status < 0.001
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
CU - CO2 Distribution: t, 320 0.760 0.761
Transformation: pseudo-log status : season < 0.001
status : vegpresence < 0.001
status : season : vegpresence < 0.001
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Dataset Best-Supported Model N R?m R%c Effect p-value
status 0.523
season < 0.001
Cgll:_FIu; ~ status * season * vegpresence + (1 | subsite), vegpresence 0.022
DU - CHas Distribution: gaussian, 346 0.139 0.284
Transformation: pseudo-log status : season 0.726
status : vegpresence 0.414
status : season : vegpresence 0.93
Call: Flux ~ status * season + (1 | subsite), status < 0.001
RI - CH4 Distribution: t, 265 0.225 0.229 season < 0.001
Transformation: pseudo-log
status : season < 0.001
status 0.001
season < 0.001
C_aII:_FIu?< ~ status * season * vegpresence + (1 | subsite), vegpresence 0.222
CA-CHa4 Distribution: gaussian, 345 0.390 0.436
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.782
status : season : vegpresence 0.485
status 0.022
season < 0.001
Cgll:_Fqu ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
VA - CH4 Distribution: t, 337 0.311 0.450
Transformation: pseudo-log status : season 0.004
status : vegpresence 0.055
status : season : vegpresence 0.511
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Dataset Best-Supported Model N R?m R%c Effect p-value
status 0.011
season < 0.001
C?II:.FIu?< ~ status * season * vegpresence + (1 | subsite), vegpresence 0.025
DA - CH4 Distribution: t, 306 0.503 0.678
Transformation: log status : season < 0.001
status : vegpresence 0.046
status : season : vegpresence < 0.001
status 0.003
season < 0.001
CtaII:.FIu?( ~ status * season * vegpresence + (1 | subsite), vegpresence <0.001
CU - CH4 Distribution: gaussian, 317 0.522 0.581
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.01
status : season : vegpresence 0.006
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Table S2. Bootstrap-derived estimated marginal means (EMMs) of GHG fluxes. EMMs, standard errors (SE) and 95% confidence intervals (95% Cl) of GHG fluxes (CO,,
CH4, GWP100 CO;-eq, GWP20 CO;-eq) for the different conservation statuses of each case pilot wetland across seasons and vegetation presence. Estimates and uncertainty
metrics were derived from paired parametric bootstrap distributions (5000 iterations; see Methods), with CO,-eq values calculated after application of the corresponding CH,
GWP scaling factors.

CO2 flux (mol m2 y)

CH4 flux (mmol m2 y-)

GWP100 flux (g CO2eq. m2 y-)

GWP20 flux (g CO2eq. m2y)

Case pilot Status
Mean * SE 95% ClI Mean % SE 95% CI Mean % SE 95% CI Mean * SE 95% ClI

Preserved -11.95 +1.93 -16.09 to -8.51 2.827 +£0.275 2.314 to 3.399 -524.6 £ 84.9 -706.9 to -373.1 -522.2+ 849 -704.4 t0 -370.6

RI Altered -4.97 £1.29 -7.69 to -2.61 1.820 + 0.200 1.443 to 2.237 -218.1 £ 56.9 -337.5t0-114.0 -216.6 £ 56.9 -335.91t0 -112.8
Restored -13.01 £2.08 -17.34 t0 -9.23 3.496 + 0.357 2.840t0 4.238 -570.9+91.5 -761.2 to -404.9 -567.9+91.5 -758.2 to -402.0
Preserved -13.49 £ 4.71 -23.68 t0 -5.33 1.31+1.59 -0.91to 5.22 -593 + 207 -1042 to -235 -592 + 207 -1040 to -234

DU Altered -15.32 £ 5.05 -26.56 to -6.69 4.38+4.01 0.36 to 13.99 -672 + 222 -1167 to -292 -669 + 222 -1164 to -288
Restored -11.16 £4.43 -20.60 to -3.31 4.34 £ 3.67 0.39t0 14.03 -489 + 195 -905 to -144 -485 £ 195 -902 to -141
Preserved 1.46 £4.05 -6.13 to 10.09 9.57 £ 5.97 2.48 t0 24.55 69+ 178 -265 to 448 77 +£178 -258 to 454

CA Altered 2.30+4.09 -5.34 t0 10.73 160.5+94.5 46.310410.4 171 £ 185 -177 to 565 306 £ 219 -81 to 786
Restored -6.61 £ 4.80 -17.57 to 1.61 23.4+141 6.5 t0 60.1 -281 £ 212 -766 to 82 -261 £ 212 -746 to 103
Preserved -3.73 £ 1.66 -7.17 to -0.61 11.37 £ 7.96 2.30t0 31.93 -189.1 £73.3 -310.9to -21.1 -149.5+73.9 -302.9t0 -9.5

VA Altered -1.36 £ 1.59 -4.58 to 1.64 119.8 £ 83.3 29.6 to 340.6 -8.1+78.5 -164.9 to 148.4 93+ 127 -106 to 392
Restored -1.72 £ 1.64 -5.19t0 1.26 36.9+24.7 9.11t0102.4 -59.8 £ 72.6 -212.31073.3 -28.7 £ 78.1 -188.8 to 122.2
Preserved 2.448 + 0.629 1.304 to 3.793 1177 £ 1040 182 to 4054 617 + 450 179 to 1868 1612 £ 1330 336 to 5319

DA Altered 9.95 +1.67 6.68 t0 13.48 100 + 103 5to 365 481.1 £ 85.7 328.1 to 669.5 566 + 151 361 to 935
Restored 0.893 + 0.500 -0.078 to 1.907 1534 £ 1310 262 to 5005 704 + 568 151 to 2196 2000 + 1680 377 to 6428
Preserved 1.388 £ 0.300 0.830to 2.017 378 + 137 180 to 712 2247 +61.0 135.11t0 372.3 544 + 176 290 to 974

Ccu Altered -3.391 £ 0.526 -4.510 to -2.449 2069 + 722 994 to 3814 747 + 313 278 to 1518 2496 + 922 1116 to 4751
Restored 1.704 £ 0.340 1.084 to 2.426 408 + 144 193 to 749 251.7 £63.9 153.9 t0 401.9 597 + 185 321 to 1034
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Table S3. Post-hoc contrasts between conservation-status EMMs of GHG fluxes. Post-
hoc contrasts between estimated marginal means (EMMs) of (a) CO,, (b) CH4, (c) GWP100 CO,-
eq, and (d) GWP20 CO,-eq fluxes among conservation status classes for each case pilot across
seasons and vegetation presence. Estimates, standard errors (SE), 95% confidence intervals (95%
Cl), and empirical p-values are derived from parametric bootstrap distributions (5000 iterations;
see Methods). CO-eq contrasts were calculated from paired CO, and CH,4 bootstrap distributions
after application of the corresponding CHs GWP scaling factors. Negative Preserved—Altered
contrasts represent avoided emissions through conservation. Negative Restored—Altered
contrasts represent mitigated emissions through restoration. Positive Restored—Preserved
contrasts represent functional recovery debt associated with restoration.

Table S3a. CO; flux contrasts.

Difference (mol CO, m2y™)

Case pilot Contrast
Estimate * SE 95% CI p-value
Preserved - Altered 1.84 £6.85 -11.20 t0 15.83 1
DU Restored - Altered 416 +£6.71 -8.7110 17.68 1
Restored - Preserved 2.33+6.40 -10.29 to 14.85 1
Preserved - Altered -6.97 £ 2.31 -11.73 to -2.61 0.002
RI Restored - Altered -8.03+245 -12.88 to -3.30 < 0.001
Restored - Preserved -1.06 £ 2.86 -6.75 10 4.52 0.711
Preserved - Altered -0.84 £5.70 -12.26 to 10.16 0.89
CA Restored - Altered -8.91 £6.39 -22.20 to0 2.58 0.398
Restored - Preserved -8.07 £ 6.26 -21.51 to 3.51 0.398
Preserved - Altered -2.36 £2.28 -6.86 to 1.96 0.929
VA Restored - Altered -0.36 £+ 2.29 -4.89 to 4.17 0.929
Restored - Preserved 2.00+2.35 -2.55 t0 6.60 0.929
Preserved - Altered -7.50+1.78 -11.12t0 -4.04 < 0.001
DA Restored - Altered -9.05+1.74 -12.66 to -5.72 < 0.001
Restored - Preserved -1.555 + 0.798 -3.141 t0 -0.074 0.042
Preserved - Altered 4.779 £ 0.605 3.716 to 6.035 < 0.001
Cu Restored - Altered 5.096 £ 0.624 3.947 10 6.424 < 0.001
Restored - Preserved 0.316 £ 0.457 -0.583 to 1.224 0.495
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Table S3b. CH4 flux contrasts.

Difference (mmol CHs m2 y-')

Case pilot Contrast
Estimate * SE 95% ClI p-value
Preserved - Altered -3.07 £4.32 -13.05t0 2.76 1
DU Restored - Altered -0.03 £5.45 -11.05t0 10.84 1
Restored - Preserved 3.03 +3.99 -2.76 to 13.11 1
Preserved - Altered 1.007 £ 0.337 0.345t0 1.674 0.006
RI Restored - Altered 1.676 £ 0.410 0.893 to 2.492 < 0.001
Restored - Preserved 0.669 £ 0.452 -0.218 to 1.568 0.134
Preserved - Altered -150.9+94.7 -399.7 t0 -36.0 0.001
CA Restored - Altered -137.1 £ 95.8 -388.1to -16.6 0.029
Restored - Preserved 13.8+15.3 -9.5t0 50.8 0.256
Preserved - Altered -108.4 + 83.7 -326.8 t0 -16.2 0.022
VA Restored - Altered -82.9+87.0 -303.3 to 28.7 0.347
Restored - Preserved 255259 -9.1 10 90.7 0.347
Preserved - Altered 1077 £ 1040 48 to 3928 0.066
DA Restored - Altered 1434 + 1310 136 to 4872 0.041
Restored - Preserved 357 + 1680 -3037 to 4025 0.79
Preserved - Altered -1691 + 735 -3444 to -555 < 0.001
Cu Restored - Altered -1661 £ 737 -3429 to -531 < 0.001
Restored - Preserved 30 + 202 -380 to 427 0.876

22



Table S3c. GWP100 CO;-eq flux contrasts.

Difference (g COz-eq. m2 y-', GWP100)

Case pilot Contrast
Estimate * SE 95% ClI p-value

Preserved - Altered 79 £ 301 -494 to 696 1

DU Restored - Altered 183 + 295 -384 10 779 1
Restored - Preserved 104 £ 282 -452 to 654 1
Preserved - Altered -306 £ 102 -516 to -114 0.002

RI Restored - Altered -353 £ 108 -566 to -145 < 0.001
Restored - Preserved -46 £ 126 -297 to0 199 0.712
Preserved - Altered -102 + 255 -611 to 399 0.687

CA Restored - Altered -452 + 284 -1049 to 52 0.246
Restored - Preserved -349 + 276 -943 to 162 0.361
Preserved - Altered -151 £ 107 -366 to 50 0.467

VA Restored - Altered -52 £+ 107 -265 to 156 0.672
Restored - Preserved 99 + 104 -103 to 304 0.672
Preserved - Altered 136 + 455 -355 to 1389 1

DA Restored - Altered 223 + 576 -380 to 1760 1
Restored - Preserved 86 £ 729 -1382 to 1675 1
Preserved - Altered -522 £ 319 -1281 to -27 0.091

Cu Restored - Altered -495 + 320 -1267 to -0 0.1
Restored - Preserved 27.0+89.8 -157.1 to0 206.5 0.743
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Table S3d. GWP20 CO2-eq flux contrasts.

Difference (g COz-eq. m2 y', GWP20)

Case pilot Contrast
Estimate + SE 95% ClI p-value
Preserved - Altered 77 £ 302 -496 to 692 1
DU Restored - Altered 183 + 295 -384 to 781 1
Restored - Preserved 106 + 282 -447 to 659 1
Preserved - Altered -306 + 102 -515to -113 0.002
RI Restored - Altered -351 £ 108 -565 to -144 < 0.001
Restored - Preserved -46 £ 126 -297 to 200 0.716
Preserved - Altered -230 + 280 -802 to 296 0.395
CA Restored - Altered -567 + 306 -1229 to -37 0.112
Restored - Preserved -338 £ 276 -928 to 175 0.395
Preserved - Altered -243 + 146 -579t0 5 0.164
VA Restored - Altered -122 £ 149 -453 to 134 0.533
Restored - Preserved 121 £ 108 -89 to 336 0.533
Preserved - Altered 1047 + 1330 -287 to 4715 0.553
DA Restored - Altered 1435 + 1680 -235 to 5888 0.553
Restored - Preserved 388 + 2150 -3942 to 5068 0.834
Preserved - Altered -1952 + 939 -4188 to -497 0.005
Cu Restored - Altered -1900 + 942 -4176 to -447 0.006
Restored - Preserved 53 + 259 -471 to 568 0.821
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Table S4. Summary of surface water parameters for different conservation status of each
case pilot wetland. Chlorophyll-a (Chl-a), electrical conductivity (EC), total nitrogen (Total N) and
total phosphorus (Total P) were determined using common analytical techniques (Santinelli et al.,
submitted). Total nitrogen and phosphorus include both particulate and dissolved nutrients.

Case Chl-a(ugL?) EC(MScm?) Total N (uM) Total P (M)
! Status N
pilot Mean = SE Mean = SE Mean + SE Mean = SE
Preserved 24 4.40 £0.77 22.73+2.57 90.98 + 13.39 3.85+0.49
DU Altered 24 7.17 +2.87 2475+ 2.40 92.29 + 15.65 13.01£4.51
Restored 24 3.66 +0.72 23.47 £ 2.64 107.24 + 14.28 5.53+0.84
Preserved 24 1.66 £ 0.25 32.76 £ 2.60 40.76 £ 4.65 1.38 £ 0.06
RI Altered 24 1.76 £0.21 26.16 £ 2.90 75.40 £9.28 1.62 £ 0.06
Restored 24 3.18 £0.51 25.28 £3.31 113.47 +£19.88 1.77£0.13
Preserved 21 27.56 £ 12.64 9.80+1.17 258.42 £ 20.85 9.02+1.73
CA Altered 21 1041+£2.41 3.50£0.68 147.15 + 19.56 6.23 £ 1.50
Restored 24 2.21£0.50 1.19+£0.10 73.49 £9.12 1.49 £0.23
Preserved 16 20.77 £ 3.56 84.1+13.21 1513.7 + 461.7 14.32 £9.22
VA Altered 24 13.95 +3.97 17.67 £1.26 286.56 + 32.97 1.09+£0.13
Restored 21 35.35+9.53 60.16 £ 6.37 703.78 £ 80.30 4.90 + 0.66
Preserved 24 49.23 +10.56 0.52+£0.03 137.98 + 28.56 1.74 £ 0.27
DA Altered 12 131.64 + 45.96 0.66 = 0.09 290.10 £ 98.31 15.67 £4.59
Restored 24 28.11 £ 6.96 1.40 £0.25 237.76 £ 27.71 3.00+0.61
Preserved 24 8.17£1.30 0.53+0.11 124.06 + 13.90 2.88+£0.61
Cu Altered 24 64.15 + 7.88 0.32+0.01 217.69 £ 22.22 5.85+0.76
Restored 24 27.50£4.82 0.32+0.01 137.27 £ 16.38 2.32+0.27

25



Supplementary references

Christiansen, J. R., Outhwaite, J., & Smukler, S. M. (2015). Comparison of CO2, CH4 and N20O soil-
atmosphere exchange measured in static chambers with cavity ring-down spectroscopy and gas
chromatography. Agricultural and Forest Meteorology, 211-212, 48-57.
https://doi.org/10.1016/).AGRFORMET.2015.06.004

Hilppi, R., Felber, R., Krauss, M., Six, J., Leifeld, J., & Fuf}, R. (2018). Restricting the nonlinearity
parameter in soil greenhouse gas flux calculation for more reliable flux estimates. PLOS ONE,
13(7), e0200876. https://doi.org/10.1371/journal.pone.0200876

Hutchinson, G. L., & Mosier, A. R. (1981). Improved Soil Cover Method for Field Measurement of
Nitrous Oxide Fluxes. Soil Science Society of America Journal, 45(2), 311-316.
https://doi.org/10.2136/ss5aj1981.03615995004500020017x

Idzelyte-, R., Cerkasova, N., Mezine-, J., Dabuleviciene-, T., Razinkovas-Baziukas, A., Ertlirk, A., &
Umgiesser, G. (2023). Coupled hydrological and hydrodynamic modelling application for climate
change impact assessment in the Nemunas river watershed-Curonian Lagoon-southeastern
Baltic Sea continuum. Ocean Science, 19(4), 1047-1066. https://doi.org/10.5194/0S-19-1047-
2023

Rheault, K., Christiansen, J. R., & Larsen, K. S. (2024). goFlux: A user-friendly way to calculate GHG
fluxes yourself, regardless of user experience. Journal of Open Source Software, 9(96), 6393.
https://doi.org/10.21105/joss.06393

Santinelli, C., Rochera, C., Tropea, C., Schiller, J., Adamescu, M., Ambrosio, R., Attermeyer, K., Bachi,
G., Bégue, N., Bucas, M., Cabrera-Brufau, M., Camacho-Santamans, A., Carballeira, R., Carloni,
M., Cavalcante, L., Cazacu, C., Checcucci, G., Coelho, P, Dinu, V., ... Camacho, A. (n.d.).
Hydrological and landscape controls on dissolved organic matter dynamics in European
wetlands: Implications for management and restoration. Submitted to Biogeosciences.

Silva, J. P, Lasso, A., Lubberding, H. J., Pefia, M. R., & Gijzen, H. J. (2015). Biases in greenhouse gases
static chambers measurements in stabilization ponds: Comparison of flux estimation using linear
and non-linear models. Atmospheric Environment, 109, 130-138.
https://doi.org/10.1016/J.ATMOSENV.2015.02.068

Stakéniené, R., Joksas, K., Kriaucilnieng, J., Jakimavicius, D., & Raudonyté-Svirbutaviciené, E. (2023).
Nutrient Loadings and Exchange between the Curonian Lagoon and the Baltic Sea: Changes over
the Past Two Decades (2001-2020). Water 2023, Vol. 15, Page 4096, 15(23), 4096.
https://doi.org/10.3390/W15234096

26



