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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 CO, and CH, 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 CH,
fluxes using static chambers across four seasons at multiple locations spanning preserved,
altered and restored sites within each of six European coastal wetlands of different
ecological types. By comparing GHG exchanges and resulting CO,-eq balances across
wetlands, we identified the dominant biogeochemical drivers of CO, and CH, 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 more subtle changes in water quality, salinity and
wetland hydrodynamics. Comparisons of CO,-eq balances between altered and restored
sites revealed that seagrass replantation and eutrophication reversal generated significant
mitigation benefits, driven by enhanced CO, uptake and reduced CH, emissions,
respectively. In contrast, other restoration measures modified CO, and CH, fluxes in
opposing directions, resulting in non-significant net climatic effects of CO,-eq balances.
Overall, our results demonstrate that climate mitigation outcomes of 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., 2012).
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 (CH,) emissions,
making up 20-30% of global CH, 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 CHy,
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 favors 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
quantification 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 wetlands 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 UE 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.,, 2013). 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
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influences both primary production through water availability and the balance between
respiration and methanogenic degradation of organic matter through limitation of oxygen
diffusion into the sediments (Cui et al., 2024; Rochera et al., 2025a). However, anoxic
conditions do not always result in elevated wetland CH, emissions, as the supply of sulfate
by saline waters can severely limit methanogenesis through resource competition with
more energy-efficient sulfate reduction metabolisms under the right redox conditions
(Lovley and Klug, 1983; Miralles-Lorenzo et al., 2025). Emissions of CH, 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
CH, emissions and resulting in net climate benefits (He et al., 2024). However, existing
literature is dominated by studies focused on inland systems (peatlands) and 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 CHs 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, 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 CH,, reflecting their distinct production and consumption pathways, and
that (ii) 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
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cross-system patterns will emerge, allowing the identification of shared controls on GHG
fluxes despite the heterogeneity of wetland types and restoration contexts examined.

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 (R,
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 dominant anthropogenic
pressures and corresponding restoration measures. 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
Oliveira et al. (submitted).

Curonian Lagoon

DA

South-West Dutch Delta

Camargue 3
L O g’ * ¢
i
OR'\a de Aveiro
Marjal dels Moros
® -
0 500 1,000 km j - o a? T £
] : . 1

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.



181
182

183

184
185
186
187
188
189
190
191
192
193
194
195
196
197

198
199
200
201
202
203
204
205
206
207

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 Intertidal salt Erosion-protection Removal of barriers and
Dutch Delta (DU) marshes coastal infrastructures | passive saltmarsh

recovery

Ria de Aveiro (RI)

Intertidal Zostera
noltii seagrass

Bait-digging,
trampling, vegetation

Active re-vegetation
(transplantation)

regime

meadows loss
Camargue (CA) Freshwater marshes Land-use change and Habitat reconstruction
and ponds artificial hydrological (Soil, hydrology,

morphology, vegetation)

Marjal dels Moros
(VA)

Brackish marshes

Desalination,
hydromorphological
and soil degradation,
invasive species

Habitat reconstruction
(Soil, hydrology,
morphology, vegetation)

Danube Delta
(DA)

Freshwater lakes and
ponds with reed beds

Land-use change
(crops and livestock)

Habitat reconstruction
(hydrology, morphology,
vegetation)

Curonian Lagoon
(CU)

Freshwater littoral
with submerged

Water quality
(eutrophication)

Passive restoration
through the reduction of

nutrient load and
hydrological changes.

vegetation and reed
beds

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 constrains.

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,, CH,, 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=14.4 L, A= 1134 cm?, 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

6
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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 cm?, Figure S2), was adjusted to vegetation height to optimize sensitivity. In
flooded vegetated areas, and to avoid mobilization of sediment CH,, the chamber was
maintained on the water surface either using a flotation ring (Figure S2) or holding it by
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
CH, (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).

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
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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 measurement (1,087 chambers, 94.7%) or,
when both dark and transparent incubations were available due to Vvisible
microphytobenthos (61 chambers, 5.3%), using the same temporal scaling approach
applied to vegetated strata. Daily combined climatic effect as CO,-eq flux was calculated
for each chamber deployment using the daily CO, and CH, fluxes and a 100-year global
warming potential factor of 27 for CH4, mass flux (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, 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 built for each case pilot and net daily flux type (CO,, CH,, CO,-
eq). Data was transformed using the bestNormalize package (Peterson, 2021). A pseudo-
log transformation from the scales package (Wickham et al., 2025), a variant of a signed-log
transformation that transitions to linear scale at low values near zero, was added to the
default bestNormalize function options, and the transformation that maximized normality
was used for each model. Daily flux was modelled as a function of status, season,
vegetation presence, and their full interaction as fixed effects. Site was included as random
effect to account for repeated samplings across seasons and for site-specific intercepts.
Gaussian-distribution models were preferentially used; T-family distribution models were
used when gaussian assumptions were not met. For Ria de Aveiro, vegetation presence was
not included as fixed effect due to the absence of non-vegetated areas in restored sites.
Models were built using the glmmTMB package (McGillycuddy et al., 2025) and validated
using DAHRMa diagnostics (Hartig, 2024).

Estimated marginal means (EMMs) were derived for relevant fixed effects using the
emmeans package (Lenth, 2025). EMMs were weighted by the seasonal areal proportions
of vegetated and non-vegetated cover, while maintaining equal seasonal weighting overall;
for Ria de Aveiro, equal weights were applied across seasons. Standard errors and
confidence intervals accounted for the full variance-covariance structure of each model.

To compare fluxes among conservation statuses and estimate restoration and
conservation mitigation capacity, post-hoc pairwise contrasts between EMMs were
performed using t or z tests (for gaussian or t-family models, respectively) following the
emmeans package approach (Lenth, 2025). For each comparison, the difference in EMMs
was divided by the standard error of the difference (computed as the square root of the sum
of squared standard errors), and two-sided p-values were obtained from the appropriate
distribution (normal or t distribution). To account for multiple comparisons within each
grouping, p-values were adjusted using the Sidak correction. Letters (Compact Letter
Display, CLD) were assigned to significantly different EMMs groups in figures using the
multcompView package (Graves et al., 2024). All model-derived estimates (EMMs and
contrasts) were back-transformed to original scales. Figures were produced with ggplot2
package (Wickham, 2016). A 5% significance threshold was set for all statistical tests.
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Scripts used for statistical treatment of data and figures can be found in
https://github.com/MCabreraBrufau/CabreraBrufau_et_al_2026_code.

2.5. Methodological considerations

Several limitations affect the representativity of the GHG flux estimates. 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.,, 2025). Spatially, the highly localized nature of chamber
measurements might derive into large 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 nighttime
measurements. Accordingly, the approach was notintended to generate fully scalable site-
level GHG budgets, but to enable consistent and unbiased comparisons across
conservation statuses to assess the effects of wetland alteration and restoration on GHG
exchanges and climate mitigation potential.

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 = -
23.2, IQR = -214 to 16.7) and Rl (median = -32.4, IQR = - 55.7 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=16.7, IQR
= -56.7 to 85.3) and VA having CO, fluxes closest to net zero (median = 2.0, IQR =-30.2 to
66.1). Eastern sites showed similar CO, flux profiles, with intermediate median fluxes and
relatively low variability for DA (median =6.07, IQR =-4.82 to 24.4) and slightly higher fluxes
for CU (median=9.1, IQR =-0.8 to 35.4).

Net daily CH, fluxes (mmol CH, m?2 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 =-4.2x 103 to 1.6 x 10?) and Rl (median = 8.3
x 103, IQR = 4.4 x 10° to 1.2 x 10?). Mediterranean preserved sites exhibited intermediate
CH, emissions, with CA (median = 1.7 x 102, IQR = 1.8 x 10 to 1.5 x 10™") showing lower
median fluxes than VA (median = 3.4 x102, IQR = 3.4 x102 to 1.4 x 10™") but comparable
variability. Eastern preserved sites showed the highest emissions, with DA (median = 1.1,
IQR=0.7109.9) displaying the highest CH. fluxes and extreme skewness, while CU (median
=0.8,IQR=0.4to 1.7) had lower and less variable CH, fluxes.
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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 (Figure 2c). CO,
generally dominated the CO,-eq balance, with CH, contributing minor proportions (mean *
SD) in Atlantic (2 = 5% in both DU and RI) and Mediterranean (8 £ 19in CA, 7 £ 17 in VA)
sites, but substantially higher shares in eastern wetlands (50 * 32% in DA, 35+ 27% in CU).
Regarding CO,-eq fluxes (g CO, eq. m2d™), values were lowest in the Atlantic tidal wetlands
Rl (median =-1.5, QR =-2.5t0-0.9) and DU (median =-1.0, IQR =-8.9t0 0.7), intermediate
in the Mediterranean wetlands VA (median = 0.3, IQR =-1 to 3.1) and CA (median = 0.8, IQR
=-1.3to 4.2) with ranges spanning net zero, and highestin the eastern wetlands CU (median
=0.9,IQR=0.3t0 2.3) and DA (median =1, IQR = 0.2 to 3.8) with ranges above net zero.
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Figure 2. Daily fluxes across preserved case pilot wetlands of (a) CO., (b) CHa4, and (c) combined CO2-eq. Boxplots show the
median, interquartile range (IQR), and whiskers extending to 1.5xIQR; potential outliers (data outside the previously defined
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visualize differences; y-axis scale differs from the main panel.
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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 Rl and DA, altered sites exhibited significantly higher CO, fluxes
than preserved (p < 0.004) and restored (p < 0.001) sites, which showed similar low fluxes
(p=0.81).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 comparable across conservation
statuses. 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).
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Figure 3. Daily CO; fluxes (mmol m2 d"') according to conservation status for each case pilot wetland. Boxplots show the
median, interquartile range (IQR), and whiskers extending to 1.5xIQR; potential outliers (data outside the previously defined
ranges) are not displayed for clarity. Diamonds represent GLMM-derived EMMs and letters are shown in panels with
significantly distinct EMMs groups (p<0,05, post-hoc t.test or z.test, Table S3) alphabetically ordered according to group ranks.

3.3. Effect of conservation status on CH4 fluxes

CH, fluxes (mmol m2 d™") showed clearer and more consistent 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,
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altered and restored sites (Table S3). In RI, preserved and restored sites exhibited slightly
higher CH, fluxes than altered sites (p = 0.004, and p < 0.001, respectively). In the
Mediterranean wetlands (CA and VA), altered sites showed higher CH, emissions than
preserved sites (p < 0.041), with restored sites displaying intermediate fluxes. In DA,
restored sites had higher CH, fluxes than altered sites (p = 0.044), while preserved sites
were intermediate. In CU, altered sites exhibited substantially higher CH, emissions than
both preserved (p =0.002) and restored (p = 0.004) sites, 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; Figure S4 and S7).

0.1+
u 2
00— -~ -+ —————————— m—
-0.14
0034(@) b a b
0.02+
0.01 2
000+---fF----=--[----- ----
-0.01 -
e a b ba
‘_'-c 4l _
o >
€ 24
©
E oM * -
5 5@ a b ba
5 1.0-
> s
‘® 0.5~
[m]
0.0+ - - + ———————————— ---
(e) ab a b
304
204 (=]
>
10+
oo R
504(f) a b a
40 4
304 &
20 <
104
NI -
Prese':rved Altéred Restlored

Conservation status

13



385
386
387
388

389

390
391
392
393
394
395
396
397
398
399
400
401

Figure 4. Daily CH. fluxes (mmol m™ d) according to conservation status for each case pilot. Boxplots show the median,
interquartile range (IQR), and whiskers extending to 1.5xIQR; potential outliers (data outside the previously defined ranges)
are not displayed for clarity. Diamonds represent GLMM-derived EMMs and letters are shown in panels with significantly
distinct EMMs groups (p<0,05, post-hoc t.test or z.test, Table S3) alphabetically ordered according to group ranks.

3.4. Effect of conservation status on COz-eq fluxes

The effects of the conservation status on combined CO,-eq fluxes (Figure 5) were less
consistent than for CO, and CH, alone. Significant status effects were detected in RIl, CA,
DA and CU (Table S1), with significant differences among altered, preserved and restored
locations in Rl, CA and CU (Table S3). No statistically significant status effect was observed
in DU and VA (p = 0.76), where CO,-eq fluxes were similar across preserved, altered, and
restored sites. In Rl and CU, preserved and restored sites showed comparable CO,-eq
fluxes (p = 0.34) that were lower than those of altered sites (p < 0.046). In CA, preserved sites
had lower CO,-eq fluxes than altered sites (p = 0.018), with restored sites showing
intermediate values. Although DA showed a significant overall status effect, differences
among estimated marginal means were not significant. Across case pilots, seasonality and
vegetation presence strongly influenced CO,-eq fluxes and frequently interacted with the
conservation status where status effects were present (Table S1, Figure S5, Figure S8).
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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,, CH, fluxes varied
among the studied wetland types, main types of alterations and associated restoration
measures. CO, fluxes showed variations associated with the conservation status in only
three of six case pilots, whereas CH, 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 CH, 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 CH,4 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, with labile organic
matter supply being 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. CH, emissions were
more sensitive to subtler 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 CH, 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 consistentimpact 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
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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).

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
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 CH, exchanges across the wetlands studied.
Permanently flooded sediments promote anoxic conditions that favor methanogenesis
(Camacho-Santamans et al., 2025; Rochera et al., 2025b) 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 freshwater systems
characterized by permanently flooded conditions, where salinity does not control
methanogenesis (Camacho et al., 2017; Miralles-Lorenzo et al., 2025; Morant et al., 2024),
such as Danube Delta lakes and the Curonian Lagoon, present by far the largest emission
profiles of CH4. 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
CH, emissions (Figure 4c). CA altered sites hydrodynamics 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 S3), particularly during the summer season (Figure S4),
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coinciding with 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 CH, emissions in the brackish
Mediterranean marshes of Marjal dels Moros, where similar patterns 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).

Nevertheless, CH, emissions were not only influenced by hydrology-driven oxygen
availability of the sediments but also by another of the main regulating factors of CH,
production in coastal wetlands, namely salinity. 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 CH,4
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 Rl Z. noltii
meadows is likely responsible for their extremely low CH, 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 Rl (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 (Remeikaite-Nikiene 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., 2013), 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 CH, 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 CH, emissions observed in
vegetated zones likely result from vegetation-facilitated transfer of CH, from sediments to
the atmosphere, bypassing oxidation in sediments and the water column (Ge et al., 2024).
However, this enhanced CH, release generally does not exceed photosynthetic C
assimilation when assessed in terms of net C balance.

Across wetlands, two non-exclusive mechanisms emerged as primary drivers of changes in
GHG exchange: 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 are lost along with their biogeochemical functioning. The loss
and replantation of seagrass beds in Ria de Aveiro or the land-use changes of the Danube
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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 for this process: 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,4 production and atmospheric exchange were
significantly different (Figures S6, S7). While the above examples represent extremes of
these two mechanismes, 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, often led to opposite flux responses
tothe same environmentalinterventions, 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 CH, emissions to the point
that this gas only represented an average 3% and 2% of CO,-eq exchanges, 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,4 emissions. In seasonally inundated Mediterranean marshes (Camargue and Marjal
dels Moros), CH,4 played a moderate role in their CO,-eq fluxes (18% and 11%, respectively).
In these wetlands, CO,-eq flux changes were detected only when interventions strongly
affected CH, emissions. 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 (43% and 46%, respectively). In these wetlands, ecosystem
interventions had clear but opposite effects for CO, and CH, 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.

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 provide a quantitative estimate of the mitigation capacity 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 capacity 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 with respect to bare sediment areas
and reduced organic C decomposition rates in freshwater lakes compared with agricultural
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land use, respectively. For CH, fluxes, statistically significant mitigation was only observed
following water quality improvement of the Curonian Lagoon, while restoration of natural
hydrodynamics in Camargue achieved marginal CH, reductions that approached statistical
significance. When CO, and CH, were combined as CO,-eq, statistically significant
mitigation potential was statistically significant only for seagrass replantation in Ria de
Aveiro and re-oligotrophication in the Curonian Lagoon.

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. In fact, considering the differences in GHG profile associated to
sites of preserved and degraded conservation status reveals clear trends that demonstrate
the high mitigation potential of maintaining coastal European wetlands in good
conservation status (Table S3). Potentially avoided emissions through conservation were
generally of similar or higher magnitude than those associated with restoration and
achieved statistical significance in more cases. 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 favouring
unintended alternative degraded states (Suding et al., 2004). Overall, the risks inherent to
wetland restoration, recovery pathways and generally slow biogeochemical functional
recovery emphasizes 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.
Itis important to recognise that our current assessment of restoration’s mitigation capacity
does not account for other biogeochemically relevant benefits, such as expansion of
wetland extent or 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 CH,4 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., under review). Therefore, the detected
effects on GHG exchanges can be considered as an additional co-benefit to the impact of
restoration in improving 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,
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although the results show that restoration caused significant increases in emissions of
either CO, or CH4in 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 overall climatic impacts attributable to restoration, the only significant
effects detected for CO,-eq exchanges were net reductions, indicating the generation of a
climatic cooling capacity (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 (Pdrtner 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 favouring 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 relevant GHG fluxes to
avoid incomplete accounting and over-crediting risks prevalent in current carbon offset
markets (Romm et al., 2025). Ultimately, for coastal wetland restoration 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
(Griscometal., 2017), steaming from incomplete understanding of several climate relevant
processes. A common identified issue is the lack of widespread data on how GHG
exchanges, in particular CH, 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 is essential to accurately quantify
net climatic impact (Macreadie et al., 2019). Transient increases in CH, 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 CH, emissions,
such as those of Curonian Lagoon and to a lesser extent Camargue and Marjal dels Moros,
become especially relevant to meet 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 refence conditions measurements are
essential to provide actionable knowledge to managers, thereby allowing quantification of
actual benefits of alteration-specific reversals.
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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 to taking advantage of recent policy momentum,
exemplified by the EU Nature Restoration Regulation, to gather more evidence on the
effects of coastal wetland restoration on GHG regulation, enabling us to quantify more
precisely the magnitude, consistency and reliability of associated climatic benefits.
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5. Conclusions

This study examined how the conservation status and restoration 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 CH,
exchanges were more sensitive to environmental modification and readily responded to
comparatively subtle changes in water quality, salinity, and hydrodynamics.

These contrasting responses, joined with different relative contributions of CO, and CH, to
net climatic forcing, translated into wetland-specific CO,eq mitigation potentials
associated with restoration and conservation. Replantation of seagrass meadows and
eutrophication reversal through improved water treatment emerged as effective restoration
measures for increasing climate mitigation capacity of degraded wetlands. Other actions,
such as the reestablishment of natural salinity and hydrodynamics regimes showed signs
of reducing CH,4 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 an effective nature-based solution for climate change mitigation. At the same time, the
findings of our study underscore the importance of considering multiple GHG and their
specific biogeochemistry when evaluating the climatic impact of wetland restoration
projects. Further research should therefore aim to simultaneously quantify exchanges of
CO,, CH, and N,O over management-relevant timeframes to better characterize the
functional recovery process and obtain more complete assessments of the climatic
benefits associated to 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 can enhance or, at
minimum, maintain climate regulation functions. Joined 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 climate mitigation
potential.
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Supplementary materials

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 realighment. 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
seasonalflooding 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.
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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
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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.

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 (Huppi 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 (Huppi et al.,
2018); The ratio between the non-linear (HM) flux estimate and the linear (LM) estimate, the
g-fact (Huppi et al., 2018) is below the gas species-specific custom threshold (CO, g-fact <
4; CH,4 g-fact < 3); Akaike Information Criterion corrected for small sample size (AlCc) 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,) 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
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1182 (64%) and HM for 1076 timeseries (36%). For CH, fluxes, the best model was two-point for
1183 631 (21.1%), LM for 1850 (62%) and HM for 505 (16.9%) of the time series.

1184 3. Supplementary Figures

1185

1186  Figure S1. Representative pictures of case pilot preserved wetlands. Pictures
1187  depict (a) saltmarsh of South-west Dutch Delta (DU), (b) Zostera noltii meadow
1188  during low tide in Ria de Aveiro (RI), (c) freshwater marshes and ponds of Camargue
1189  (CA), (d) brackish marshes of Marjal dels Moros (VA), (e) freshwater lakes with reed
1190 beds of Danube Delta (DA), (f) freshwater littoral with reeds and submerged
1191  vegetation of Curonian Lagoon (CU). Pictures facilitated by LifeWatch ERIC.

1192
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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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Figure S3. Daily CO, fluxes (mmol m2 d") across seasons according to wetland
conservation status for each case pilot (a-f panels). Boxplots show the median,
interquartile range, and whiskers extending to 1.5xIQR; potential outliers (data
outside the previously defined ranges) are not displayed for clarity. Diamonds
represent GLMM-derived EMMs and letters represent significantly different EMM
groups in each season (p<0.05, post-hoc t- or z-test) alphabetically ordered
according to group ranks.
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Figure S4. Daily CH, fluxes (mmol m2 d) across seasons according to wetland
conservation status for each case pilot (a-f panels). Boxplots show the median,
interquartile range, and whiskers extending to 1.5xIQR; potential outliers (data
outside the previously defined ranges) are not displayed for clarity. Diamonds
represent GLMM-derived EMMs and letters represent significantly different EMM
groups in each season (p<0.05, post-hoc t- or z-test) alphabetically ordered
according to group ranks.
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Figure S5. Daily CO,-eq fluxes (g CO.-eq m2 d') across seasons according to
wetland conservation status for each case pilot (a-f panels). Boxplots show the
median, interquartile range, and whiskers extending to 1.5xIQR; potential outliers
(data outside the previously defined ranges) are not displayed for clarity. Diamonds
represent GLMM-derived EMMs and letters represent significantly different EMM
groups in each season (p<0.05, post-hoc t- or z-test) alphabetically ordered
according to group ranks.
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(data outside the previously defined ranges) are not displayed for clarity. Diamonds
represent GLMM-derived EMMs and letters represent significantly different EMM
groups in each season (p<0.05, post-hoc t- or z-test) alphabetically ordered
according to group ranks.
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(data outside the previously defined ranges) are not displayed for clarity. Diamonds
represent GLMM-derived EMMs and letters represent significantly different EMM
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4. Supplementary tables

Table S1. GLMM model summaries. 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

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

Dataset Best-Supported Model N R?m R%c Effect p-Value
status 0.764
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
DU - CO2 Distribution: t, 349 0.494 0.515
Transformation: pseudo-log status : season 0.011
status : vegpresence 0.418
status : season : vegpresence 0.014
status < 0.001
Call: Flux ~ status * season + (1 | site),
Rl - CO2 Distribution: gaussian, 266 0.315 0.347 season < 0.001
Transformation: pseudo-log
status : season 0.001
status 0.268
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
CA-CO2 Distribution: t, 346 0.473 0.537
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.206
status : season : vegpresence < 0.001
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Dataset Best-Supported Model N R?m R?c Effect p-Value
status 0.627
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
VA - CO2 Distribution: t, 340 0.741 0.749
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 | site), vegpresence < 0.001
DA - CO2 Distribution: t, 296 0.800 0.800
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.003
status : season : vegpresence < 0.001
status < 0.001
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
CU - CO2 Distribution: t, 320 0.763 0.764
Transformation: pseudo-log status : season < 0.001
status : vegpresence < 0.001
status : season : vegpresence < 0.001
DU - CHa4 346 0.141 0.285 status 0.521
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Dataset Best-Supported Model N R?m R?c Effect p-Value
season < 0.001
) vegpresence 0.02
Call: Flux ~ status * season * vegpresence + (1 | site),
Distribution: gaussian, status : season 0.715
Transformation: pseudo-log
status : vegpresence 0.379
status : season : vegpresence 0.945
status < 0.001
Call: Flux ~ status * season + (1 | site),
RI - CH4 Distribution: t, 265 0.221 0.225 season < 0.001
Transformation: pseudo-log
status : season < 0.001
status 0.001
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence 0.232
CA - CHs4 Distribution: gaussian, 345 0.390 0.436
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.78
status : season : vegpresence 0.491
status 0.039
season 0.005
Call: Flux ~ status * season * vegpresence + (1 | site),
VA - CH4 Distribution: gaussian, 337 0.262 0.393 vegpresence < 0.001
Transformation: pseudo-log
status : season 0.057
status : vegpresence 0.04
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Dataset Best-Supported Model N R?m R?c Effect p-Value
status : season : vegpresence 0.63
status 0.011
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence 0.026
DA - CH4 Distribution: t, 306 0.502 0.678
Transformation: log status : season < 0.001
status : vegpresence 0.046
status : season : vegpresence < 0.001
status 0.003
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
CU - CHq4 Distribution: gaussian, 317 0.526 0.585
Transformation: pseudo-log status : season < 0.001
status : vegpresence 0.012
status : season : vegpresence 0.005
status 0.757
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
DU - CO,-eq Distribution: gaussian, 345 0.382 0.393
Transformation: arcsinh status : season 0.211
status : vegpresence 0.192
status : season : vegpresence 0.252

47



Dataset Best-Supported Model N R?m R?c Effect p-Value
status < 0.001
Call: Flux ~ status * season + (1 | site),
Rl - COs-eq Distribution: gaussian, 263 0.325 0.343 season < 0.001
Transformation: Yeo-Johnson
status : season 0.003
status 0.026
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
CA - COz-eq Distribution: t, 342 0.489 0.514
Transformation: arcsinh status : season < 0.001
status : vegpresence 0.004
status : season : vegpresence < 0.001
status 0.96
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
VA - CO,-eq Distribution: gaussian, 333 0.527 0.545
Transformation: arcsinh status : season 0.368
status : vegpresence 0.304
status : season : vegpresence 0.148
status < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), season < 0.001
DA - CO,-eq Distribution: t, 292 0.718 0.718
Transformation: arcsinh vegpresence <0.001
status : season < 0.001
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Dataset Best-Supported Model N R?m R?c Effect p-Value
status : vegpresence < 0.001
status : season : vegpresence < 0.001
status < 0.001
season < 0.001
Call: Flux ~ status * season * vegpresence + (1 | site), vegpresence < 0.001
CU - CO,-eq Distribution: t, 312 0.656 0.682
Transformation: pseudo-log status : season < 0.001
status : vegpresence < 0.001
status : season : vegpresence < 0.001

49



Table S2. Model-derived estimated marginal means (EMMs). EMM, standard error and 95% confidence interval of GHG fluxes (CO,,

CH,, CO»-eq) for different conservation status of each case pilot wetland across seasons and vegetation presence.

CO2 flux (mmol m2 d-")

CH4 flux (mmol m2d)

GWP flux (g CO2-eq. m2d)

Case pilot Status
Mean + SE 95% ClI Mean + SE 95% CI Mean + SE 95% CI
Preserved -324 +5.14 -42.6 to -22.3 0.0079 £ 0.00075 0.00643 to 0.00937 -1.59 £ 0.228 -2.04 to -1.14
RI Altered -13.4 £ 3.44 -20.2 to -6.64 0.00492 + 0.000564 0.00381 to 0.00602 -0.519 £ 0.148 -0.812 to -0.227
Restored -35.4 £ 5.68 -46.6 to -24.2 0.00953 £ 0.000916 0.00773 t0 0.0113 -1.65 £ 0.245 -2.13t0-1.17
Preserved -37.8 £13.8 -64.8 to -10.7 0.00272 £ 0.00315 -0.00347 to 0.00892 -1.09 £ 0.346 -1.77 t0 -0.405
DU Altered -42.1£13.6 -68.8t0-15.4 0.00921 £ 0.00698 -0.00453 to 0.0229 -1.18 £ 0.36 -1.88 to -0.466
Restored -26.1+£ 11 -47.7 t0 -4.63 0.00921 £ 0.00701 -0.00458 to0 0.023 -0.765 £ 0.301 -1.36 10 -0.172
Preserved -5.13£10.5 -25.7t015.4 0.0237 £ 0.0134 -0.00259 to 0.0501 -0.00711 £ 0.289 -0.574 10 0.56
CA Altered 6.1+£10.7 -14.9 to 27.1 0.384 +0.215 -0.038 to 0.806 1.5+0.58 0.364 to 2.64
Restored -9.67 £ 11.2 -31.6t012.3 0.0583 £ 0.0328 -0.00627 to 0.123 0.227 £ 0.3 -0.361 to 0.816
Preserved -13.8 £5.95 -25.4t0-2.13 0.0312 £ 0.0197 -0.00763 to 0.07 0.0204 + 0.254 -0.48 to 0.521
VA Altered -7.98 £+ 4.46 -16.7 to 0.755 0.273+0.169 -0.0592 to 0.606 -0.133 £ 0.258 -0.64 t0 0.374
Restored -6.3 £5.02 -16.1 to 3.55 0.0839 £ 0.0521 -0.0186 to 0.186 -0.0359 + 0.258 -0.543 t0 0.471
Preserved -0.0447 £ 0.844 -1.7 to 1.61 2.38+1.85 -1.25t0 6 3.3+£0.241 2.83103.77
DA Altered 139+14 11.2t0 16.6 0.182+£0.17 -0.151 10 0.514 3.4 +£0.267 2.87 t0 3.92
Restored 1.07 £ 1.11 -1.11t03.24 3.07+24 -1.631t07.77 3.56 £ 0.352 2.87t04.25
Preserved 4.13 £ 0.801 2.56t0 5.7 0.982 +0.339 0.316 to 1.65 0.89 £ 0.293 0.316 to 1.46
Cu Altered -8.7 £ 1.36 -11.4 t0 -6.04 5.32+1.83 1.72 t0 8.92 2.41 £ 0.657 1.12t0 3.7
Restored 5+0.895 3.24106.75 1.07 £ 0.374 0.337 to 1.81 0.346 + 0.226 -0.098 t0 0.789
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Table S3. Post-hoc contrasts between model-derived averages (EMMs) of (a)
CO., (b) chs and (c) CO2-eq daily fluxes between different conservation status
classes of each case pilot. Estimate, standard error, 95% confidence interval and
significance (P-value) are provided for each conservation status contrast across
seasons. Negative flux differences for Preserved — Altered contrast represent
avoided emissions through conservation. Negative flux differences for Restored —
Altered contrasts represent mitigated emissions through restoration. Positive flux
differences for Restored — Preserved contrasts represent functional recovery debt
of restoration. All significance tests were computed in model-scale using t-tests or
z-tests (for gaussian or t-family models, respectively) and flux differences were
back-transformed according to the dataset-specific transformation function (Table
S1).

Table S3a. Daily CO; flux contrasts for conservation status across seasons.

Daily CO: flux difference (mmol m2 d-)

Case pilot Contrast
Estimate £ SE 95% ClI P-value
Preserved - Altered 433+19.4 -33.6 10 42.3 0.994
DU Restored - Altered 159+ 175 -18.3t0 50.2 0.73
Restored - Preserved 11.6+£17.6 -22.910 46.2 0.878
Preserved - Altered -19+6.19 -31.2t0 -6.84 0.004
RI Restored - Altered -22 £ 6.64 -35.1t0-8.93 0.001
Restored - Preserved -2.99 £ 7.66 -18.1t0 121 0.972
Preserved - Altered -11.2+£15 -40.6 to0 18.2 0.831
CA Restored - Altered -15.8+15.5 -46.2t0 14.6 0.65
Restored - Preserved -4.54 +15.3 -34.6t0 25.5 0.987
Preserved - Altered -5.81+7.43 -20.4 t0 8.75 0.817
VA Restored - Altered 1.68+6.71 -11.51t0 14.8 0.992
Restored - Preserved 749778 -7.76 t0 22.7 0.703
Preserved - Altered -13.9+1.63 -17.1t0-10.7 < 0.001
DA Restored - Altered -12.8 £1.78 -16.3 t0 -9.33 < 0.001
Restored - Preserved 111 +£1.39 -1.61 10 3.84 0.81
Preserved - Altered 12.8 +1.58 9.74 t0 15.9 < 0.001
CuU Restored - Altered 13.7 £ 1.63 10.5t0 16.9 < 0.001
Restored - Preserved 0.862+1.2 -1.49 10 3.22 0.852
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Table S3b. Daily CH, flux contrasts for conservation status across seasons.

Daily CH, flux difference (mmol m2 d-)

Case pilot Contrast
Estimate £ SE 95% CI P-value
Preserved - Altered -0.00648 + 0.00766 -0.0215 to 0.00858 0.699
DU Restored - Altered 4.6e-06 + 0.00989 -0.0195 10 0.0195 1
Restored - Preserved 0.00649 + 0.00768 -0.00863 to 0.0216 0.7
Preserved - Altered 0.00299 + 0.000938 0.00115 to 0.00482 0.004
RI Restored - Altered 0.00461 + 0.00108 0.0025 to 0.00672 < 0.001
Restored - Preserved 0.00163 + 0.00118 -0.000694 to 0.00395 0.42
Preserved - Altered -0.36 £ 0.215 -0.783 to 0.0626 0.002
CA Restored - Altered -0.326 £ 0.217 -0.753 to 0.101 0.053
Restored - Preserved 0.0345 + 0.0354 -0.0352 to 0.104 0.596
Preserved - Altered -0.242 £+ 0.17 -0.577 t0 0.0926 0.041
VA Restored - Altered -0.19+0.177 -0.538 to 0.159 0.445
Restored - Preserved 0.0527 £ 0.0557 -0.0569 to 0.162 0.601
Preserved - Altered 22+1.86 -1.44 10 5.83 0.08
DA Restored - Altered 289+24 -1.821t07.6 0.044
Restored - Preserved 0.691 £ 3.03 -5.24 10 6.62 0.994
Preserved - Altered -4.34 £ 1.86 -8 t0 -0.68 0.002
Cu Restored - Altered -4.25 +1.87 -7.93 t0 -0.577 0.004
Restored - Preserved 0.09 + 0.504 -0.902 to 1.08 0.997
Table S3b. Daily CO,-eq flux contrasts for conservation status across seasons.
Daily CO:-eq difference (g CO.-eq m2d-")
Case pilot Contrast
Estimate £ SE 95% CI P-value
Preserved - Altered 0.0889 £ 0.5 -0.895 t0 1.07 0.997
DU Restored - Altered 0.41+0.47 -0.51510 1.33 0.761
Restored - Preserved 0.321 £0.459 -0.582t0 1.22 0.861
RI Preserved - Altered -1.07 £ 0.272 -1.61 to -0.538 < 0.001
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Daily CO:-eq difference (g CO.-eq m2 d-")

Case pilot Contrast
Estimate £ SE 95% CI P-value
Restored - Altered -1.13 £ 0.286 -1.69 to -0.566 < 0.001
Restored - Preserved -0.0568 + 0.334 -0.715 to 0.601 0.998
Preserved - Altered -1.51 £ 0.648 -2.78 10 -0.238 0.018
CA Restored - Altered -1.27 £ 0.653 -2.55 to 0.00645 0.085
Restored - Preserved 0.234 £ 0.417 -0.583 to 1.05 0.92
Preserved - Altered 0.153 £ 0.362 -0.559 to 0.866 0.965
VA Restored - Altered 0.0969 + 0.364 -0.62t0 0.814 0.991
Restored - Preserved -0.0564 = 0.362 -0.769 to 0.656 0.998
Preserved - Altered -0.0967 + 0.36 -0.802 to 0.608 0.99
DA Restored - Altered 0.161 £ 0.442 -0.705 to 1.03 0.977
Restored - Preserved 0.258 + 0.427 -0.578 t0 1.09 0.905
Preserved - Altered -1.52+£0.719 -2.93 to -0.11 0.046
CuU Restored - Altered -2.06 + 0.695 -3.43 t0 -0.702 < 0.001
Restored - Preserved -0.544 + 0.37 -1.27 10 0.181 0.344
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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.

Chl-a (pug L-1) EC (mS cm-1) Total N (uM) Total P (uM)
Case pilot Status N
Mean = SE Mean + SE Mean = SE Mean + SE
Preserved 24 440+0.77 2273 +2.57 90.98 + 13.39 3.85+0.49
DU Altered 24 7171287 24.75+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 24 221+0.50 1.19+£0.10 73.49+£9.12 1.49+0.23
Preserved 16 20.77 £ 3.56 84.07 £+ 13.21 1513.66 + 461.66 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+6.96 140+ 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
CuU 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
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