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Summary of Deliverable

This deliverable (D4.4) accompanies the Task 4.4 dataset and assessment of trade-off-sensitive best-
management strategies for wetland management and biodiversity restoration across Europe. It uses
outputs from the BioScore model to identify wetland areas where rewetting can deliver combined
benefits for greenhouse gas mitigation, biodiversity restoration, and other ecosystem services. It also
evaluates management options that can reduce unavoidable trade-offs during restoration and
translates these findings into area-specific no-regret guidance, including a numerical no-regret score

for implementation in the Servi-Peat decision-support system.
Main outputs:

Assessment of the trade-offs identified in D4.1 and their biogeochemical drivers:

The report evaluates the mechanisms and management implications of the four major trade-offs
identified in D4.1: reduced CO, and N,O emissions versus potential increases in CH, emissions;
greenhouse gas mitigation versus biodiversity recovery; greenhouse gas mitigation versus nutrient
mobilization and retention; and differences in hydrological requirements among wetland biodiversity
targets. The literature synthesis identifies water-table depth and stability, vegetation composition,
previous land use and nutrient legacy, salinity, and substrate availability as key controls on restoration
outcomes. These drivers are pivotal because they regulate aerobic decomposition, methanogenesis,
methane oxidation, denitrification, phosphorus mobilization and retention, nutrient export, carbon
burial, and the establishment of target wetland vegetation. Trade-offs can therefore be mitigated, and
in some site-specific cases largely avoided, by maintaining wet conditions that are not persistently
deeply inundated, limiting nutrient availability, promoting vegetation that supports methane oxidation,

reducing labile carbon pulses after rewetting, and strengthening nutrient retention or export pathways.

BioScore-based spatial assessment and hotspot identification

The BioScore-based spatial assessment shows that rewetting is generally beneficial for the
biodiversity of wetland species across Europe. In 2030, hotspots for plant biodiversity, bird biodiversity
and greenhouse gas emission reduction potential show considerable spatial differences, but the
hotspots will converge and overlap with the 2050 rewetting targets. Combined hotspots for all three
categories can be found in temperate countries, from Ireland to Lithuania, with the highest combined
benefits in areas with highly intensive agriculture. Rewetting of northern peatlands is expected to
result in trade-offs, with western peatlands (Scotland, Norway and northern Sweden) mostly benefiting
biodiversity, and eastern peatlands (Latvia, Estonia, Finland and southern Sweden) mostly benefiting
emission reduction. Taxa not included in the BioScore model also clearly benefit from rewetting,

although restoration of (near-)natural communities may take decades to establish.



Evaluation of practical abatement strategies:

The deliverable evaluates management strategies that can reduce the trade-offs identified in D4.1.
These include topsoil removal to reduce nutrient availability and support target vegetation
establishment, selection of paludiculture crops with lower methane-emission potential, water-level
management to avoid prolonged inundation and persistent open-water conditions, and promotion of
bog-forming species such as Sphagnum to support carbon-rich soil formation and methane oxidation.
These strategies represent a selection of currently supported and practically applicable options, but
additional abatement strategies and combinations of measures will need further testing across wetland

types and restoration contexts.

Extension of the Servi-Peat decision-support system:

The report links trade-off-sensitive management strategies to the Servi-Peat decision-support system.
Servi-Peat supports preliminary rewetting planning for peatlands, which are a major wetland type and
a central focus of the Nature Restoration Regulation targets, by estimating ditch-block spacing and
height, rewetting influence area, water storage gains, greenhouse gas emission outcomes, nutrient
dynamics, biodiversity responses, and indicative ecosystem-service values. In this deliverable, Servi-
Peat is extended with no-regret measures and a numerical no-regret score. A test scenario for the
Biebrza wetland illustrates how ditch conditions can strongly influence the number of interventions

required for successful rewetting.

Stakeholder-informed restoration planning:

Input from the RRR2025 co-creation workshop highlights the importance of context-specific restoration
planning. Stakeholders evaluated spatial rewetting options, land-use choices, and mitigation
measures, for example, catchments in the Netherlands, Germany and Poland. The workshop
emphasized that rewetting decisions must account not only for ecological and climate outcomes, but

also for feasibility, costs, governance, land use and long-term management.

Data availability:
The supporting Task 4.4 dataset, including relevant BioScore outputs and supplementary materials

has been deposited in Zenodo: https://zenodo.org/records/20391812

Submission of this deliverable was delayed to allow integration of the final BioScore post-processing

results, the SERVI-PEAT no-regret measures, and stakeholder workshop outcomes.

Overall, this deliverable shows that wetland and peatland rewetting can provide substantial benefits for
climate mitigation, biodiversity recovery, and ecosystem-service restoration. However, outcomes
depend strongly on site conditions, restoration targets, and management choices. Although the trade-

offs identified in D4.1 cannot always be fully avoided, they can often be reduced through spatial


https://zenodo.org/records/20391812

prioritization, adaptive water-level management, nutrient control, vegetation management including

harvesting for paludiculture, and clearly defined restoration goals.
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1 Introduction

1.1 Background and Context

Wetlands are highly valuable ecosystems for life both within and beyond their boundaries. As
transition zones between aquatic and terrestrial zones, they are shaped by the interplay among
hydrology, nutrient dynamics, vegetation and soil structure (Mitsch & Gosselink, 2015). These
interactions create strong environmental gradients over short distances. In many wetlands, even a few
centimetres of elevation can create entirely distinct microhabitats, supporting highly specialized plant,

animal, and microbial communities (Diamond et al., 2020).

Wetlands also provide a wide range of benefits to humans. They have long been used for food, fibre,
building materials, and medicinal plants, including wetland crops such as cranberries, reed, alder,
Sphagnum, and sundew (K&bbing et al., 2013; Temmink et al., 2026). Furthermore, wetlands play
crucial roles in regulating the climate globally by storing carbon, particularly in peatlands where slow
decomposition allows organic matter to accumulate over millennia, and locally by influencing surface
energy balance and evapotranspiration (Wu et al, 2010; Oke & Hager, 2020; Pacheco-Cancino et al.,
2023). Wetlands also regulate water quantity and quality by storing water (Laitinen et al., 2008;
Breeuwer et al., 2009; Hanslin et al., 2017) and by taking up nutrients (Ribot, et al., 2017; Geurts, et
al., 2020) and pollutants (Kumari & Tripathi, 2015; Lei et al., 2023). Since 1700, approximately 21% of
global wetland area has been lost (Fluet-Chouinard et al., 2023), with losses reaching up to 70% in
countries such as the Netherlands, Germany, and ltaly (Verhoeven, 2014) through conversion to
agricultural land and forestry. The conversion to agriculture and forestry is generally achieved through
drainage and is often accompanied by land-use practices like fertilization (Herzon & Helenius, 2008).
The combined effects of drainage and land-use practices disrupt the hydrological and nutrient
properties of wetlands, destroying the habitat on which highly specialized species rely. Alongside
biodiversity loss, the regulatory benefits of wetlands are also lost. Drained wetlands release massive
amounts of carbon. Drained peatlands account for 5% of all anthropogenic carbon emissions (Joosten
et al., 2016), are experiencing widespread eutrophication (Bennett et al, 2001; Nieminen et al, 2017;
Donahue et al, 2022), and downstream areas are experiencing an increasing frequency of floods
during periods of high precipitation and drought during periods of low precipitation because water is no
longer stored. Restoration of wetland ecosystems is therefore crucial to achieving climate goals,

ensuring water safety, and protecting wetland biodiversity.

Restoration of wetlands requires the restoration of natural hydrological conditions, a process known as
‘rewetting’. In the Nature Restoration Regulation (NRR), goals have been set for wetland restoration.
In 2030, 30% of peatlands and 7.5% of all wetlands require restoration through rewetting. In 2040,
40% must be restored (13.3% through rewetting); in 2050, 50% must be restored (16.7% through
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rewetting). Furthermore, the European Union has committed to achieving climate neutrality by 2050
(European Union, 2024).

Overall, rewetting will improve the ecological quality of wetlands. Factors such as competing interests,
land-use legacy, and influences from outside the restoration site may result in suboptimal outcomes,
thereby causing trade-offs among various targets. Such factors include economic incentives for
production (paludiculture), an initial increase in methane emissions after rewetting, and phosphorus
release under anoxic conditions. In this report, we discuss spatial trade-offs, identify which areas show
the greatest potential for improvement, and examine in situ trade-offs during practical implementation.
Furthermore, we will discuss which trade-offs are unavoidable and which can be mitigated with

additional measures that achieve high effectiveness and low risk of adverse side effects.
1.2 Objectives of the Report

In this report, we discuss existing trade-offs of wetland and peatland management including
restoration and rewetting. A central theme is how to identify and abate unavoidable trade-offs. We
evaluate field observations in drained and rewetted wetlands for biogeochemical processes and
biodiversity of vascular plants and mosses, compare our findings to existing scientific literature and
complement our results with literature on biodiversity trends in other taxa (i.e. birds, amphibians,
reptiles, fish, and arthropods). Furthermore, we will present the outcomes of BioScore and show which
areas have the highest potential for biodiversity increase in vascular plants, mosses, lichen, and birds.
These outcomes will be compared to each other, as well as to a map of peatland emission hotspots,
ultimately resulting in a map of win-win locations, where the combined benefits are the highest. Based
on the highest benefits, areas are selected to meet NRR goals. Finally, we evaluate peatland
rewetting and restoration methods on their likelihood to provide desired outcomes and capture this in a
"no-regret score". The ‘no-regret score’ is based on the outcomes from field observations, existing
literature and BioScore results, which were produced in a co-creation process. We also provide a list
of unavoidable trade-offs, and management options for these trade-offs will be highlighted using the
Servi-Peat DSS.

2 Data collection

2.1 Previous deliverables

The methods used in field campaigns and data collection are described in detail in the D4.3 report and

will be summarised here. To investigate biogeochemical processes and validate BioScore, we
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surveyed sites with multiple land uses in the area. These land uses included natural or managed semi-
natural sites, drained sites with a range of land uses (mostly forestry and grassland pastures) and
land-use intensities, and rewetted wetlands with various paludiculture crops (Typha, Phragmites, and
Sphagnum) and natural succession. At each site, vegetation surveys were conducted along 200 m
transects using 2 x 2 m vegetation plots. Plant identification was assisted by analogue methods
(identification keys) and digital tools such as mobile apps, and both methods were cross-verified
regularly to ensure data quality. Soil sampling was performed by collecting three topsoil layers (0-10
cm, 10-20 cm, and 20-40 cm). Multiple extractions (MilliQ, NaCl, Olsen-P, and Oxalate-P) were then

performed to provide insight into biogeochemical processes and nutrient availability.

2.2 Post-processing of BioScore output

2.2.1 BioScore

BioScore is a species distribution modelling (SDM) framework that assesses the potential impact of
changing environmental conditions on biodiversity in Europe. SDMs in BioScore are fitted using an
ensemble approach that includes three complementary modelling techniques (GLM, GAM, and BRT).
For WET HORIZONS, we tailored BioScore specifically to wetland biodiversity (see D4.2). To that
end, we extended the model to a selection of key wetland species, including mosses, lichens,
breeding birds, and vascular plants. We also added environmental variables that are expected to
influence the occurrence of these species in wetlands: groundwater level, indicators of inundation
regime and moisture accumulation, and the proportion of anthropogenic land cover upstream of each
wetland site. We evaluated the model's performance using cross-validation, with the area under the
receiver operating characteristic curve (AUC) and true skill statistic (TSS) as performance measures.
We further validated the BioScore output and the input groundwater-level data using independent
empirical datasets. Detailed information on the model, including the interpretation of the model output
and the results of the cross-validation and validation based on independent data, can be found in
Deliverables 4.2 and 4.3.

The BioScore model, like other SDM modelling frameworks, links point observations of a species to
selected environmental variables to estimate the species' potential distribution based on habitat
suitability. It is important to note that the spatial SDM predictions do not reveal the true presence of a
species. Instead, the output represents the probability of occurrence (PoQ) or habitat suitability (HS)
for the species of concern, given the environmental variables used to train the SDMs. However, not all
factors relevant for species occurrence are included; for example, species dispersal constraints could
hamper a species from reaching a site with suitable habitat. In our previous deliverables, the BioScore
outputs were referred to as PoO maps. For this deliverable, we refer to the BioScore output as HS

maps, as we believe this term is more appropriate given the maps' contents and intended application.
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Specifically, this deliverable focuses on identifying areas (or habitats) that could be prioritised for
rewetting, based on the potential suitability of environmental conditions. It is essential to note that for
particular species, especially those with limited empirical data or high ecological specificity, the
BioScore maps should be interpreted in consultation with taxonomic or regional experts to avoid

misinterpretation.

In this deliverable, we aim to examine the benefits of rewetting for wetland restoration across four
groups of wetland species, in the context of projected climate change. The BioScore output for
vascular plants, mosses, and lichens in the current situation (D4.2) serves as the baseline, reflecting
the mean habitat suitability for the modelled species from 1990 to 2018. For the birds, we updated the
BioScore modelling framework (D4.3), which represents the baseline for 2009-2018. Through scenario
analysis, we aim to determine how rewetting may affect habitat suitability under projected future
climatic conditions. To ensure that the results in this deliverable are based on species that we are
confident are well modelled, we selected only species with good model performance (AUC>0.8) and

true positive rate (independent and empirical, where available) > 0.5, based on D4.2 and D4.3.

2.2.1.1 Future climate scenario

To estimate future climatic conditions, we utilise climate projections from the Climatologies at High
Resolution for Earth’s Surface Areas (CHELSA) database (Karger et al., 2017; Karger et al., 2021).
Given the high computational requirements for running BioScore, we focused on one specific emission
scenario, namely the Shared Socioeconomic Pathway (SSP) 3 with the Representative Concentration
Pathway (RCP) 7 (SSP370). This emission scenario assumes slow technological progress, limited
international cooperation, and relatively high, continuously increasing greenhouse gas emissions,
resulting in radiative forcing peaking at approximately 7.0 W/m? by 2100 (Meinshausen et al., 2020;
Riahi et al., 2017). We selected this scenario because it approximates recent trends in anthropogenic
fossil-fuel concentrations (Hausfather & Peters, 2020). From the CHELSA database, we selected
climate data for the SSP370 scenario, representative of the periods 2011-2040 and 2041-2070,
hereafter referred to as the target years 2030 and 2050, respectively. We selected bias-corrected
projections from five climate models (GFDL-ESM4, UKESM1-0-LL, MPI-ESM1-2-HR, IPSL-CM6A-LR,
and MRI-ESM2-0) following Hellegers et al. (2025) and the suggestions of the ISIMIP3b protocol
(Lange, 2019, 2021). We averaged the climatic variables across the models. We then created future
projections of the wetland species’ habitat suitability maps for each of these two target years, utilising
the ensemble models developed under current climatic conditions (1990-2018 and 2009-2018) (D4.2
and D4.3) (Hellegers et al., 2025).
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2.2.1.2 Rewetting scenarios

To explore the potential effects of rewetting on wetland biodiversity, we combined the climate scenario
projections with two rewetting scenarios: no rewetting (baseline) and complete rewetting. The no-
rewetting scenario assumes that no rewetting measures are implemented, thereby keeping
groundwater levels unchanged (D4.2). We included this baseline scenario to estimate the effects of
climate change alone (assuming no effect on groundwater table depth). To simulate the effect of
complete rewetting, we generated groundwater table depth (GWTD) levels from a lognormal
distribution that represents the target post-rewetting hydrological conditions. We assumed a target
mean GWTD level of about 10 cm below the surface, based on the optimal groundwater table for
emission reduction (Lamentowicz, et al., 2019; Evans et al., 2021) with an interquartile range of 9-
17cm. BioScore was constrained to water table levels below the surface. To avoid the simulated
values resulting in drying (lowering of the groundwater table), we kept the original GWTD value in a
grid cell if the simulated GWTD value was greater (meaning deeper) than the original value. We
adopted a lognormal distribution for the simulated GWTD to prevent negative values, because
groundwater levels above the soil surface were not adequately represented in the global GWTD input

dataset used to train the BioScore model (Fan et al., 2013).

Our assumption of a target WTD of 10 cm below surface level affects land use and vegetation
communities. Drainage-based intensive and production-oriented land uses are impossible at our target
water table. Therefore, both land use and water table change are included in the model, which both
affect the resulting vegetation community. We cannot predict effects on plant and bird biodiversity

when rewetting results in large shallow lake systems, which are outside the scope of this study.
2.2.2 Post-processing

BioScore output represents habitat suitability based on the specific climate and (hypothetical)
rewetting conditions. To use these outputs for policy support, post-processing is needed to restrict the
output to areas where rewetting is likely to occur. To that end, we overlaid the BioScore output maps
with a map of European wetlands. We generated our results separately for peatlands and mineral

wetlands (Tegetmeyer et al., 2025), as well as combined results for all European wetlands.

The effects of agriculture have strong and significant implications for the biodiversity of vegetation and
birds in such areas. Agricultural land use was, however, not explicitly included as a parameter within
the BioScore model. Therefore, we masked the scenarios without rewetting with a map of production-
oriented land-uses (pastures, cropland, and forestry) (Witjes et al., 2022; Zanaga et al, 2022) and
made a subset of the full list of plants, mosses, lichen and birds which could occur (or in the case of
birds, breed in) areas dominated by agriculture (list is are provided in supplementary files 9.1, Table

S1). In the other areas, we included all species, agriculture species are included as well as species
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that do not occur in agricultural areas (Table S2-S4). Furthermore, we also assumed that
implementation of rewetting displaces agricultural practices that rely on drainage for their functioning.

We therefore decided to include all species in generating our results for rewetted areas.

The resulting species maps were summed up for each scenario after the masks and filters were
applied. The resulting summarized maps were compared across climate and rewetting scenarios,
producing maps of the net climate and rewetting effects across Europe. Based on the BioScore
outputs combined with appropriate mask layers, priority areas for rewetting (hereafter referred to as
hotspots) were identified in line with the targets of the NRR.

2.2.3 Hotspot comparison

The NRR targets are set specifically for peatlands. Mineral wetlands are therefore excluded for this
last step. The hotspot comparison for peatland rewetting, three maps indicating individual hotspots
were selected: 1. Vascular plants, mosses and lichen, 2. Breeding birds and 3. Greenhouse gas
emissions. The values on each of the maps were normalized to a range from 0 to 1 by dividing all
values with the maximum value. Then, we calculated the weighted average (the combined biodiversity
effects and emissions have equal weight) from the three maps, and selected areas in line with NRR
goals with the highest scores (first degree hotspots for rewetting) and the next highest scores (second
degree hotspots for rewetting). The resulting maps show which areas have the highest potential
benefits for rewetting, as well as the area required to meet the broader NRR targets. Lastly, we
performed pairwise comparison of the hotspot maps to identify trade-offs: areas that are a hotspot in

one map, but a coldspot (low benefits of rewetting) in another.

2.3 No-regret measures and strategies in Servi-Peat

2.3.1 No-regret scores and Bioscore

The Bioscore model allows to localize wetlands and peatlands with a) high potential for biodiversity
gains, b) high potential for GHG emission reduction, c) high potential for both, biodiversity and climate,
and c) a low potential for either. This analysis has been done spatially explicit with a focus on
peatlands, but on rather course scale (European), meaning that many nuances, local factors and
insights from field-informed practice are not captured. Rewetting peatlands has a high climate
mitigation potential because of their carbon rich soils (van Giersbergen et al., 2025). In contrast to
peatlands, rewetting mineral wetlands may provide only limited GHG emission reduction given their
low soil carbon content. We focus the analysis for part 1 on peatlands.
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2.3.2 Stakeholder input in no-regret scores

We facilitated a co-creational process with various stakeholder groups and expert to condense the
trade-off analysis into a no-regret indicator. Inputs for this process derived from several multi-
stakeholder workshop (RRR2025, Society for Wetland Scientist meeting 2024 and the Admire co-
creation workshops 2023-2025). Researchers from RU, AU and WI organized the input and feedback
on no-regret measures and/or indicators. During the stakeholder workshop at RRR2025 several no-
regret and regret measures and strategies were provided to participants for 3 contrasting wetland and
peatland landscapes (NL, DE, PL) case studies. The background information of each case study was
provided, discussion and selection of measures and strategies was facilitated in a game-like setting.
Feedback and questions from the participants were afterwards organized to identify main themes.
Scoring potential of no-regret measures and strategies was an iterative process during the workshop
and done by consensus of each group, which consisted of 4-8 experts. Results from the current
iteration warrant further development to include new insights in biogeochemistry and wetland
management as well as future innovations with respect to trade-off mitigation. Scores of no-regret

measures would also benefit from a broader community calibrating the scores in restoration practice.

2.3.3 Scores assigned to biodiversity gains and climate mitigation

action

Biodiversity scoring puts the emphasis on the restoration of wetland specific communities. Lowest
score (0) is achieved when no significant gain in habitat area or species coverage, presence or
population size is accomplished by a measure or strategy. The lowest score also applies when a
measure includes continuation of degrading management practices (e.g. peat loss, desiccation of

wetlands) that eventually will be detrimental for the wetland community still present.

Table 1 Description of scores assigned to (potential) biodiversity gains and climate action

Biodiversity | Description — wetland community biodiversity Comments

score

0 No gain, continued degradation

1 Small gain Wetter but lack of species

2 Presence of typical wetland species Wetland species are back

3 Significant gain in wetland community including red list More endangered species
species back

4 Functioning wetland (nutrient rich to poor, common species) Functioning, peat forming

5 Near-natural wetland mosaic (nutrient gradient, rare species) | Near-natural, biodiversity

back
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Table 2 Description of scores assigned to greenhouse gas (GHG) reduction potentials

Climate Description — GHG reduction potential Comments

score

0 No reduction, continued degradation or compensation Low effect-size or low baseline

1 Small reduction (~1-5 t COeq) Water level manipulations

2 Shift from long-lived CO2 to short-live CH4 (reducing ~1-5t | Rewetting, very high CH4 e.g.
COeq) mineral wetlands / flooded

3 Clear emission reduction (~5-10 t COeq), in parts peat Successful rewetting, high CH4
forming

4 High emission reduction (~10-15 t COeq), peat forming Carbon sequestration is up

5 Optimal emission reduction (>12t COeq), peat forming, low | Peat formation, CH4 measures
methane

Both scores were averaged to derive at a final score. When biodiversity score remains 0, the overall
no-regret score is limited to 1 or 2 depending on the extent of GHG reduction potential (climate
mitigation). In contrast, the GHG reduction potential can only lower the overall score by two no-regret

units.

Future version may want to include negative climate scores for situations that wetland biodiversity
needs to be restored on the expense of climate benefits. The no-regret indicator score will be low in

these cases.

Some limitations occurred during the process. A few measures could not be scored individually on
their impact on biodiversity or climate because they are usually applied in combination with other
measures (e.g. ditch blocking and introduction of diaspores from other wetland communities).

Depending on the context and region outcomes may no-regret scores may shift by 1 unit.

3 Servi-Peat DSS: structure, functionality, and

application

The Servi-Peat decision support system (DSS), developed within the WP3, Task 3.5, in WET
HORIZONS project, is a tool designed to support planning of peatland rewetting. It integrates
hydrological and biophysical parameters to evaluate the effectiveness and consequences of rewetting

interventions. Servi-Peat DSS is available online at https://servipeat.sggw.edu.pl/.
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The tool estimates:

e recommended dam spacing and height in ditched peatlands in the rewetting scenario,
e expected outcomes of rewetting, including water retention gains, influence range of
rewetting, reduction of greenhouse gas emissions, nutrient dynamics, potential changes in

biodiversity and the indicative monetary value of gained water storage.

The purpose of the tool is to support preliminary decision-making and is intended for land managers,
conservation authorities and practitioners involved in peatland restoration. The tool is based on a
numerical groundwater flow model and incorporates data from land surface models as well as
empirical and physical algorithms. Several parameters depend on the peatland type, ditch condition
and other inputs provided by the user. The integrated land surface models include ORCHIDEE-PEAT
for greenhouse gas emissions (GHG module) and an updated version of BioScore for biodiversity

responses (D4.2).

Additionally, Servi-Peat DSS provides a list of no-regret measures, including recommended target
land-uses and actions, developed within WP4, Task 4.4, which are based on peatland type and land
use. They are available for the user after the algorithm performs its calculations. No-regret measures
can be described as best management practices at drained and rewetted peatlands, including
recommended target land-uses, actions and interventions that facilitate successful restoration and
ensure the long-term outcomes. These measures are designed to be applicable across a wide range

of site conditions, including situations where full rewetting is not feasible.

By simplifying access to complex model outputs, Servi-Peat functions as a valuable, practical and
science-based tool which guides peatland restoration efforts for landowners, practitioners and policy-
makers aiming to achieve hydrological, ecological and climate mitigation goals. Furthermore, Servi-
Peat enables trade-off analysis by quantifying multiple ecosystem service responses to rewetting
scenarios. Through its built-in trade-off analysis function, different management scenarios can be
compared by modifying selected parameters (e.g. ditch condition or land use). When applied across
multiple sites or scenarios, these outputs can be further used to identify “hotspots”, i.e. areas where
particularly high benefits (e.g. strong CO2 reduction) or risks (e.g. elevated phosphorus release)
occur. In this way, Servi-Peat can support not only scenario-based decision-making but also spatial
prioritisation of rewetting interventions, making it a valuable component of broader decision support

systems for peatland restoration.
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4 Stakeholder engagement

4.1 Workshop RRR2025

At the RRR2025 conference in Greifswald, we hosted a co-creation workshop. There were 40
participants present at the workshop, all stakeholders in wetland areas and ranging from scientists to
policy makers and site managers. We had participants from various European countries, including the

UK, the Netherlands, Germany, Denmark and Poland.

During the workshop, groups of participants from mixed nationalities and professional backgrounds
were asked to design spatial rewetting plans for one of three example catchments: the Green heart
(the Netherlands), the greater area around Greifswald (Germany) and part of the Biebrza middle basin
(Poland). Each of the sites is related to the example catchments in Wet Horizons, while representing
different scenarios in peatland rewetting projects. The Green Heart represents a large drained
peatland with highly intensive agricultural land use, in a densely populated area. The greater area
around Greifswald represents more extensive drained small peatlands, scattered in the broader
landscape. Biebrza middle basin represents a mix of one of the largest National Parks in the
continental European Union as well as drained agricultural land use. Each group was led by an
employee from the Radboud University or Wetlands International, and provided with an overview map
of the area, an elevation map, a land-use map, an emission map, and a vegetation map, as well as a
short written summary of the area. Furthermore, the groups were also given cards with land uses (e.g.
remains agriculture or paludiculture) and mitigation measures divided in three groups (biological,
hydrological and terrestrial intervention). Policy measures that do not require in situ intervention were
also included, and grouped into one of these three categories. A full list of land uses and mitigation
measures can be found in Supplementary materials 9.2 Workshop materials. For each of the
mitigation measures, information was provided for the type of site it applies to, an indication for the

costs of implementation and the duration the measure will take.

5 Results and Discussion

5.1 Biogeochemical drivers for trade-off mitigation

In the D4.1 report, four shortlisted trade-offs related to wetland rewetting were discussed in relation to

the open-access database. Here, we aim to provide an overview of the biogeochemical processes
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involved in mitigating these trade-offs, using literature from studies of different wetland types across

Europe, including peatlands, inland marshes, riparian and floodplain wetlands, and coastal wetlands.

5.1.1 Trade-off 1: CO2 and N2O vs CH4 post-restoration

General mechanisms across wetland types

In wetlands, and particularly in peatlands, high CO2 emissions following drainage or a drop in the
water table are well-documented, primarily due to an increase in aerobic peat or sediment oxidation
(e.g., Leifield & Menichetti, 2018; Evans et al., 2021). Globally, drained peatlands account for an
estimated 5% of total anthropogenic GHG emissions despite their relatively small share of land
surface area (Joosten et al., 2016). A primary objective of rewetting or reflooding wetlands is therefore
a reduction in GHG emissions, consequently promoting and protecting their role as sinks in the global
carbon cycle (Zou et al., 2022; Zhao et al., 2026).

Rewetting and raising the water table in these ecosystems decreases oxygen availability as conditions
shift from oxic to anoxic, thereby suppressing aerobic decomposition of organic substrates and often
reducing carbon dioxide (CO:2) emissions (Reddy & DelLaune, 2008; Mitsch & Gosselink, 2015).
Simultaneously, microbial metabolism shifts down the so-called redox ladder; as oxygen is depleted,
microbes sequentially use alternative electron acceptors, typically nitrate (NOs"), then manganese
(Mn(lV)) and iron (Fe(lll)) oxides, followed by sulfate (SO4%). Once these electron acceptors are
sufficiently scarce, methanogenesis becomes dominant. Methanogens then produce methane (CHa)
either by reducing CO:2 or bicarbonate (HCOs3-), derived from anaerobic decomposition of organic
matter, or by splitting acetate (CH3COO-), produced during fermentation (Reddy & DelLaune, 2008;
Bridgham et al., 2013). Increased production of CHa is a concern because CH4 has a higher global
warming potential than CO2 — 27.9 on a 100-year time scale for non-fossil CH4 (Smith et al., 2021)-
meaning that post-rewetting reductions in CO2 might be diminished by increased CH4 emissions,
particularly in the initial years after restoration (He et al., 2025; Hemes et al., 2018). However, these
early post-rewetting dynamics are not static. WP2 work, including Kalhori et al. (2024), shows that CO:
and CHa4 emission factors in rewetted peatlands change over time as ecosystems move through post-
restoration transition phases. Over the long term, in drained organic wetlands, reductions in CO2
emissions and recovery of carbon sequestration generally outweigh moderate increases in CHa

emissions following rewetting.

Nitrous oxide (N20) is also a potent GHG, with a GWP-100 of 273 (Smith et al., 2021). While
emissions are typically suppressed by sustained anoxic conditions that encourage complete
denitrification to N2 (Reddy & DelLaune, 2008; Liu et al., 2020), low or fluctuating water tables and
greater nitrogen availability can cause incomplete denitrification or nitrifier denitrification, resulting in

increased N20 production (e.g., Wrage-Monnig et al., 2018, Liu et al., 2019; Mander et al., 2021;
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Leppelet et al., 2014). The overall GHG flux response to rewetting is therefore highly context
dependent, varying widely across wetland types and with the extent and stability of rewetting (e.g.,
Zou et al., 2022; Zhao et al., 2026). Key drivers include hydrology, vegetation, substrate availability,
nutrient status, and salinity (Turetsky et al., 2014; Hu et al., 2024, Soued et al., 2024; Cui et al., 2024,
Mander et al., 2025). In general, rewetting reduces CO2 and N20 emissions, but can increase CH4
emissions, creating the most widely recognized trade-off in wetland restoration (Zou et al., 2022).
Biochemical processes that stimulate CH4 oxidation or limit CH4 production can shift the balance
further towards net climate benefits.

Variations among wetland types

In peatlands (i.e., wetlands with organic soils), rewetting commonly results in the aforementioned
trade-off between CO2 and CHs (e.g., Wilson et al., 2016), particularly in sites where shallow, stable
water tables coincide with a dominance of aerenchymatous vascular plants such as sedges and
reeds. These species can enhance CH4 emissions by both increasing labile carbon inputs, thereby
stimulating methanogenesis, and by facilitating CH4 transport to the atmosphere, bypassing the
potential methane-oxidizing zone near the surface (e.g., Sebacher et al., 1985; Couwenberg & Fritz,
2012, Ge et al., 2024).

Differences between bogs and fens can modulate this response. Fens often have higher nutrient
availability and productivity, which can increase the risk of CH4 emissions under stable inundation. By
contrast, Sphagnum-dominated bogs may exhibit lower emissions due to lower nutrient availability,
slower decomposition, and stronger methane oxidation in the moss layer. Sphagnum-associated
methanotrophs can intercept CHs as it moves upward, functioning as a natural biofilter (Larmola et al.
2010; Putkinen et al. 2014; Stepniewska et al., 2018).

Previous land use also has an influential effect. Formerly drained agricultural peatlands often show
especially high post-restoration CH4 emissions due to the nutrient legacy left behind by fertilization
(e.g., Bianchi et al., 2021; van den Berg et al., 2024) and the presence of landscape elements such as
drainage ditches which can act as localized “hotspots” (Cooper et al., 2014; Koéhn et al., 2021). In such
systems, N20O emissions may also remain elevated during transitional phases, especially where nitrate
availability remains high or water levels fluctuate seasonally (Bianchi et al., 2021; Leppelt et al., 2014;
Liu et al., 2019). In systems rewetted for paludiculture, background N20O emissions may remain low at
high water tables, but fertilization can trigger pronounced N20 peaks, and transitional peaks may also
occur depending on the timing of rewetting (e.g., Kandel et al., 2019; Bockermann et al., 2024). Even
in fen systems without an agricultural history, N2O emissions can be highly episodic and concentrated

in hotspots and “hot moments” (Berendt et al., 2023).

24



Inland marshes, freshwater wetlands on mineral soils, often show strong increases in methane
emissions following rewetting or reflooding due to the re-establishment of anoxic conditions,
particularly under warm conditions and especially where flooding is prolonged or permanent (Li &
Mitsch, 2016; Knox et al., 2021). In these systems, climate benefits of restoration are more strongly
tied to gradual carbon sequestration than to the large avoided CO2 losses typical of organic soils,
meaning that CH4 can more easily dominate the net climate effect in some marshes (Creed et al.,
2022; Li & Mitsch, 2016). N20O responses are dependent on nitrate availability and the stability of the
water table; as mentioned, systems with persistent anoxic conditions generally suppress N2O whereas
systems with intermittent oxic conditions and fluctuating water levels can often generate pulses of N2O
(Hernandez & Mitsch, 2006; Liu et al., 2020; Pinto et al., 2022). Nevertheless, restored mineral
wetlands can provide important biodiversity, water-quality, flood-buffering, and longer-term carbon
accumulation benefits, so GHG outcomes should be interpreted alongside broader restoration

objectives.

In coastal wetlands, including salt marshes, tidal flats, estuaries, and coastal peatlands, with saline or
brackish conditions, the trade-off between CO2/N20 emissions and CHgs is often less steep because
higher sulfate availability results in a higher rate of sulfate reduction over methanogenesis,
suppressing CHas relative to freshwater settings (e.g., Ponisch et al., 2023; Petersen et al., 2023; Guo
et al., 2026). CH4 emissions can however still be substantial in low-salinity or freshwater-influenced
zones where this suppression weakens, particularly in disturbed and rewetted coastal peatlands that
have been diked and freshened (e.g., Koebsch et al., 2019; Hahn et al., 2015). Moreover, even in
sulfate-rich salt marsh sediments, methane production may remain substantial when methylated
carbon substrates are available and when iron mineral composition favors methanogenesis, indicating
that sulfate availability alone does not fully explain coastal methane dynamics (Block et al., 2025). N2O
emissions can be episodically elevated during the early phase after rewetting or where coastal
systems receive high nitrogen loads from catchments (e.g., Chmura et al., 2016; Pénisch et al., 2023;
Breznikar et al., 2024).

In floodplain and riparian wetlands, GHG flux responses to rewetting are often highly variable spatially
and temporally because these systems more frequently experience hydrological fluctuations due to
flooding and drawdown cycles (Cui et al., 2024). Flooding can introduce a strong influx of available
organic substrates and nutrients while causing oscillating redox conditions (Limpert et al., 2020). As a
result, these systems are susceptible to both increased CH4 emissions as well as N20 pulses,
particularly when nitrate-rich river water enters the floodplain or when there is a lingering nutrient
legacy. Restored riparian wetlands may continue to show substantial CH4 exchange more than a
decade after rewetting (Kjeer et al., 2025). Compared with more hydrologically stable wetland types,
floodplains can therefore contain more biogeochemical hotspots and “hot moments”, especially during

transitional drying and rewetting phases (e.g., Ley et al., 2018; Pinto et al., 2020; Pinto et al., 2022).
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Management options for reducing the trade-off

Because CHas is a more potent gas than CO: (Smith et al., 2021), increased CH4 emissions after
restoration are sometimes invoked as an argument against wetland restoration (Glnther et al., 2020).
However, longer-term assessments indicate that CO2 dynamics and carbon retention are often more
influential than moderate CH4 emissions in determining the net climate effect of restoration (Zou et al.,
2022; Mander et al., 2023). Moreover, CH4 emissions can be mitigated through careful interventions
before, during, and after rewetting. Broadly, such mitigation relies on four linked strategies: increasing
methane oxidation, reducing methanogenesis, increasing carbon burial, and protecting already buried

carbon.

Methane oxidation is the process by which microorganisms consume CH4 and convert it primarily to
COz2, using CHa4 as an energy source, thereby acting as a biofilter reducing CHa release to the
atmosphere. Importantly, methane oxidation can occur under generally water-saturated conditions
because it can occur aerobically with Oz as the electron acceptor, for example in oxic microsites near
the soil surface or in plant rhizospheres (Agethen et al., 2018) and anaerobically when alternative
electron acceptors are available (Hu et al., 2014; Segarra et al., 2015). Plant-mediated CH4 exchange
can include not only transport through aerenchyma, but also CH4 oxidation by methanotrophs in oxic
rhizosphere zones and plant-associated microbial habitats, and these processes can vary strongly
among species and across seasons (Ge et al., 2024; Struik et al., 2026). In wetlands with Sphagnum
mosses, such as bogs or fens, the mosses themselves can act as a CHa biofilter due to close
associations with methanotrophic bacteria that can intercept CH4 as it enters the moss layer (Larmola
et al., 2010; Putkinen et al., 2014). Anaerobic methane oxidation can occur in wetlands that have
higher inputs of alternative electron acceptors such as nitrate and sulfate, for example in nutrient-rich
floodplains or sulfate rich coastal systems (Hu et al., 2014; Segarra et al., 2015). Emerging evidence
suggests that methane oxidation is also linked to iron and manganese cycling (Leu et al., 2020; Zhang
et al., 2024). Finally, the strength of the methane-oxidizing biofilter is modulated by resource
constraints of methanotrophs, including nutrient availability and trace metals such as copper, which is
necessary for key methane-oxidizing enzymes (Glass & Orphan, 2012). Hydrological fluctuation can
also influence the methane-oxidizing community, because dry—wet cycles alter methanotroph

physiology, community structure, and CH4 oxidation capacity (Zhu et al., 2026).

Additionally, reducing methanogenesis can play a role in lower CHs emissions, particularly in highly
productive or nutrient-enriched sites. In practice, this often means avoiding conditions that create
persistent, highly reduced zones with abundant labile carbon. Maintaining short oxic windows,
potentially through limited summer dry periods and through the promotion of root-zone oxygenation by
wetland plants can constrain methanogenic activity and stimulate methane oxidation (Agethen et al.,

2018, Mollenkopf et al., 2026). However, these oxic periods must remain short to avoid reactivating



COz2 loss through increased aerobic decomposition (Brouns et al., 2014). Second, increased
availability of alternative electron acceptors, including sulfate, nitrate, and in some cases reactive iron
phases, can suppress methanogenesis by shifting the anaerobic metabolism higher up the redox
ladder (Estop-Aragonés et al., 2013; Voggenreiter et al., 2025). Third, the availability of fresh
substrates can be decreased by lowering root exudation through optimal nutrient balance (Koelbener
et al., 2010), as well as by establishing plant communities that are suitable for wetlands and flood-
adapted in order to avoid rapid die off and subsequent substrate release following spring or summer
flooding (e.g., Hahn et al., 2015). Pre-rewetting biomass management may also influence CH4
emissions by altering the amount of labile carbon entering newly anoxic conditions. Controlled burning
before rewetting has been explored as one possible way to reduce short-term CH4 emissions by
modifying soil chemistry, increasing carbon stability, and reducing methanogen abundance and
activity, although its applicability is likely site-specific and should be evaluated against potential

impacts on biodiversity, air quality, nutrient release, and restoration goals (Cui et al., 2025).

In addition to reducing CH4 emissions, the carbon balance can be improved through increasing carbon
burial and protecting buried carbon so that recently accumulated organic matter (“proto-peat”) can
transition into long-term peat and soil carbon stocks (Temmink et al., 2022). Carbon burial can be
enhanced by cultivating wetland communities with a high allocation of belowground biomass, including
roots and basal leaf sheaths, thereby increasing carbon inputs. In peat-forming systems, prolonged
summer flooding should be avoided because inundation can reduce light availability and suppress
moss growth, potentially resulting in a shift to a higher proportion of vascular plants and open-water
conditions. Beyond inputs, carbon burial can be strengthened by reducing losses due to erosion and
particulate export. In some wetlands, this could include increased mineral deposits to physically

protect organic matter and reduce its vulnerability to erosion and suspension.

In addition to the measures described above, increasing and conserving wetland carbon stocks
requires minimizing both aerobic and anaerobic decomposition. Sustained wet conditions are essential
for limiting aerobic decay and are most reliably achieved when the surface remains consistently wet,
and extremes of drought and prolonged flooding are avoided. This can be supported through
controlled water-level management, and in peat-forming systems, maintaining hydrological conditions
that allow natural peatland water storage and surface-level dynamics, described as “Mooratmung”,
“bog breathing”, or “peatland breathing”, in which the water-level oscillates while preventing extended

exposure to oxygen or persistent deep inundation (Ingram, 1982)

Beyond hydrology, plant litter chemistry can influence the long-term preservation of buried carbon. In
Sphagnum-dominated peatlands, phenolic compounds derived from peat-forming vegetation, along
with acidic conditions and nutrient limitation, can constrain microbial carbon mineralization and
promote peat accumulation (e.g., Zak et al., 2019). The role of phenolics in slowing decomposition has

often been framed through the “enzyme latch” concept, in which oxygen limitation constrains oxidative
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enzymes, allowing phenolic compounds to accumulate and inhibit hydrolase activity, thereby slowing
organic matter breakdown (e.g., Freeman et al., 2001). More recent frameworks emphasize that peat
stabilization is not governed by a single latch, but instead emerges from interacting constraints,
including redox conditions, substrate quality, microbial community composition, and vegetation shifts
that influence both carbon burial efficiency and methane dynamics (e.g., Urbanova & Hajek, 2021;
Hajek & Urbanova, 2024). In addition, Maillard reactions, non-enzymatic reactions between carbonyl
and amine-containing compounds, may further contribute to long-term carbon stabilization by

incorporating bioavailable nitrogen into more recalcitrant organic compounds (e.g., Cory et al., 2025).

Together, these mechanisms suggest that the CO2/N20 - CH4 trade-off can be reduced through
careful water-level management, avoidance of persistent deep inundation where there is not a
restoration target, reduction of nutrient enrichment, limitation of labile carbon pulses, promotion of
vegetation that supports methane oxidation or long-term carbon accumulation, and protection of

existing soil carbon stocks.
5.1.2 Trade-off 2: GHG reduction vs biodiversity

A second trade-off arising in wetland restoration is the potential mismatch between hydrological
regimes that reduce GHG emissions and those that support restoring or maintaining biodiversity.
Rewetting can successfully reduce CO2 emissions, and often N2O emissions, by restoring waterlogged
conditions, but this does not automatically lead to the re-establishment of species-rich wetland
communities (Renou-Wilson et al., 2019; Baumane et al., 2021; Baumane et al., 2024). In many
degraded, eutrophic, or formerly drained systems, rewetted habitats may instead develop relatively
species-poor vegetation dominated by tall helophytes such as reeds or cattails, particularly when
nutrient legacies remain high (Zak et al., 2014; Kreyling et al., 2021). The formation of extensive
uniform stands of helophytes may support lower overall plant diversity and provide fewer small-scale
habitat niches for other species than in more heterogeneous natural wetlands (e.g., Doherty & Zedler,
2014).

This trade-off is most pronounced where rewetting occurs in eutrophic systems (Moeslund et al.,
2023). In such systems, nutrients accumulated due to past agricultural use may persist for decades
and influence post-restoration community trajectories, promoting fast-growing competitive species that
reduce light availability and suppress slower-growing specialists (Kreyling et al., 2021; Baumane et al.,
2024). In some systems, internal eutrophication can further exacerbate nutrient enrichment after
rewetting. Under anoxic conditions, reduction of iron minerals can weaken iron-phosphorus binding,
increasing phosphorus in pore and surface water. This effect may be especially strong in iron-poor
soils or where sulfur loads are high, as sulfur promotes the formation of iron sulfides and further
reduces phosphorus retention (Zak et al., 2014; Kraal et al., 2022). Nutrient enrichment can also

facilitate woody encroachment and tree establishment, further shifting vegetation structure and habitat

28



conditions (Kotowski et al., 2013). As a result, rewetted sites may move toward highly productive but
relatively homogeneous vegetation states that deliver climate benefits yet provide fewer biodiversity
gains than expected from “pristine” wetlands (Renou-Wilson et al., 2019; Kreyling et al., 2021;
Moeslund et al., 2023).

In order to mitigate this trade-off, rewetting should generally be paired with measures to reduce
eutrophication. Repeated biomass harvesting can remove nitrogen and phosphorus from the system
over time (Jabtonska et al., 2021; Walton et al., 2020), while topsoil removal can accelerate nutrient
reduction by removing the most enriched layer (Zak et al., 2018; Quadra et al., 2023). Hydrological
management can also be used to strategically reduce nutrient concentrations (Ury et al., 2023; Walton
et al., 2020). Maintaining wet, low-oxygen conditions at the surface promotes denitrification and
subsequent decreased N availability (Burgin et al., 2010). Carefully timed, limited dry phases can re-
oxidize reduced compounds and increase nutrient binding (Baldwin & Mitchell, 2000; Harpenslager et
al., 2024). Stepwise or gradual rewetting may further help by preventing abrupt vegetation die-back
and the accompanying release of labile nutrients (e.g., Hahn et al., 2015). In some systems,
maintaining sufficient iron availability relative to sulfur loading may strengthen phosphorus retention,
but such approaches are highly site-specific and require assessment of groundwater chemistry, sulfur
loads, and redox dynamics (Zak et al., 2014; Kraal et al., 2022; Harpenslager et al., 2024). In
floodplain settings, restoration design may also need to account for the spatial distribution of legacy
sediments and nutrient-rich depositional zones. For example, legacy sediment removal and floodplain
reconnection can reduce sediment and nutrient export while creating opportunities for riparian and
wetland plant community development (Baltzer et al., 2024). Additionally, peat formation can
contribute not only to carbon burial but also to longer-term nutrient immobilization, although nutrient
enrichment, especially phosphorus accumulation, may undermine long-term peat carbon accumulation
(Wang et al., 2015; Schillereff et al., 2021; Deslippe & Bentley, 2025).

An additional way to mitigate this trade-off is to promote spatial heterogeneity. Mosaic conditions,
including gradients in nutrient availability, variable water levels, and microtopographic variation, can
create a broader range of niches than homogenous rewetted sites (e.g., Rodriguez et al., 2025).
Evidence from created freshwater wetlands also shows that microtopographic variation can increase
plant richness, diversity, and within-site community variability (Moser et al., 2007), as well as influence
nutrient heterogeneity (Moser et al., 2008). In practice, this might include restoring some parts of a site
through topsoil removal while leaving others intact, applying sod-and-moss removal to create
microsites for specialist recolonization (Singh et al., 2021), or designing small-scale elevation
differences that generate local contrasts in flooding duration and vegetation structure. Mowing or
grazing can contribute to maintaining heterogeneity as well as reducing competition for light (e.g.,
Berezowski et al., 2018; Baumane et al., 2024); however, management intensity and method need to
be carefully matched to target communities as studies have shown that mowing of the moss layer may

negatively affect endangered bryophytes (Ceulemans & Emsens, 2025). More generally, rewetting
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may need to be combined with active vegetation management, as, for example, removal of
encroaching shrubs has been shown to facilitate recovery of target wetland species in rewetted fens
(Kotowski et al., 2013).

Importantly, biodiversity goals are not uniform. Some wetland communities, including certain large
wetland birds, fish, and productive marsh assemblages, may actually benefit from relatively nutrient-
rich or eutrophic conditions. Rewetting strategies must therefore be guided by clear prioritization of
restoration targets, whether those are species-rich fen vegetation, bird habitat, fish habitat, peat
formation, or broader ecosystem multifunctionality. Such interventions require careful planning and
long-term commitment with biodiversity recovery unfolding over the moderate-to-long term, especially
in highly degraded systems (e.g., Renou-Wilson et al., 2019; Baumane et al., 2021; Kreyling et al.,
2021).

5.1.3 Trade-off 3: GHG reduction vs nutrient mobilization and

retention

A third significant trade-off when rewetting wetlands is an increased risk of nutrient mobilization,
particularly phosphorus release resulting in downstream eutrophication (e.g., Zak & Gelbrecht, 2007;
Zak et al., 2010; Ury et al., 2023). This trade-off is again especially relevant in wetlands with a history
of drainage and fertilization, where altered upper soil layers contain large pools of reactive nutrients
that may be remobilized as a result of changing redox conditions following rewetting (e.g., Zak et al.,
2010; Kreyling et al., 2021). This risk is also evident in coastal peatlands, where actively induced
brackish rewetting can export dissolved inorganic nitrogen and phosphate to adjacent coastal waters,
especially in the first years after rewetting (e.g., Ponisch et al., 2023; Breznikar et al., 2024).

Under anoxic conditions, iron (Fe) reduction can weaken iron-phosphate associations and promote
phosphate release to porewater and surface water, especially in systems with low iron availability or
high sulphur inputs favoring the formation of iron sulfides (Zak et al., 2014; Kraal et al., 2022). This risk
is often greatest in the initial phase after rewetting and in highly decomposed, nutrient-enriched
surface peat, where redox shifts and labile organic matter pools can drive elevated release of
phosphate, dissolved organic carbon, and ammonium (Zak & Gelbrecht, 2007; Harpenslager et al.,
2024). In parallel, nitrogen dynamics can shift. Strongly anoxic waterlogged conditions often promote
the removal of nitrate via denitrification (Burgin et al., 2010), so rewetting can improve N retention or
removal, especially where water levels are at or above the surface. However, N mobilization can still
occur as a result of legacy nutrient pools, ammonium accumulation under reduced conditions, and

continued catchment inputs (e.g., Breznikar et al., 2024; van der Laan et al., 2024).

Mitigation approaches should focus on strengthening nutrient sinks and limiting export (Deslippe &

Bentley, 2025; Walton et al., 2020). For phosphorus, this can include increasing the availability of
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stable P-binding phase, promoting P uptake into biomass that is then harvested, and reducing flushing
during sensitive periods. Maintaining or enhancing iron-rich sediments in ditch networks and
downstream water bodies can increase the sorption capacity of P and harvesting downstream
biomass can remove already-mobilized nutrients. Nitrogen availability may also interact with these
processes, because nitrate-reducing pathways can, in some cases, promote iron oxidation and
thereby support the formation of P-binding iron phases, although the field relevance of this mechanism
in rewetted wetlands remains uncertain. In productive rewetted systems, biomass harvesting can be
an effective way to export both N and P, with studies from fens and wetland buffer zones showing that
plant harvest can substantially contribute to nutrient removal (Hinzke et al., 2021; Jabtonska et al.,
2021).

In sites with a strong nutrient legacy, more intensive measures may be required. Topsoil removal can
remove the most nutrient-enriched layer and has been shown to reduce soil P pools after rewetting
(e.g., Zak et al., 2018; Quadra et al., 2023; van den Berg et al., 2024). This makes TSR one of the
clearest options where potential for internal eutrophication is severe, although it is often difficult to
apply at large scale and may not always be feasible where existing habitat patches must be
maintained. Stepwise or staged rewetting may also help by reducing abrupt vegetation dieback and
substrate release that may otherwise increase nutrient mobilization. Hydrological management can
further influence nutrient mobilization (Ury et al., 2023). Water levels at or above the surface are
generally most favourable for nitrate removal, whereas phosphorus retention often depends on a
balance between reduced and oxidized conditions as well as hydraulic loading (Ury et al., 2023; de
Vicente, 2021). Short, carefully timed dry phases may re-oxidize iron and help re-establish iron—
phosphate complexes, but prolonged dry falls risk stimulating aerobic decomposition, increasing CO2
emissions, and in some settings enhancing subsequent methane production after rewetting (Baldwin &
Mitchell, 2000; Harpenslager et al., 2024). Likewise, fast-growing helophytes and grasses may help
capture nutrients into biomass, but they can also stimulate methane emissions through root exudation,
litter inputs, and plant-mediated gas transport that bypasses methane oxidation zones (Maatta &
Mabholtra, 2024). Managing this trade-off therefore means avoiding nutrient loss without creating new

GHG penalties.

Over longer timescales, nutrient loads may decline through a combination of export, stabilization, and
renewed peat formation. Peat formation can gradually lock nutrients into accumulating organic matter
(Deslippe & Bentley, 2025) while repeated biomass harvesting can progressively reduce nutrient
pools. In rewetted temperate fens, paludiculture may help support this trajectory by combining wet
land use, biomass removal, and maintenance of peat formation potential (e.g., Kreyling et al., 2025),
although these benefits can be undermined if fertilization is required, because fertilizer-induced N20O
peaks may dominate annual emissions (e.g., Kandel et al., 2019). Overall, the nutrient trade-off is
often strongest in the short to medium term after rewetting (e.g., Breznikar et al., 2024), but in heavily

fertilized or otherwise phosphorus-rich systems, it may remain a long-term challenge, with elevated
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porewater phosphorus persisting for 10-20 years after rewetting in European peatlands (Krishnankutty
et al., 2025).

In extreme cases, nutrient mobilization after rewetting can lead to algal blooms, decline of aquatic
vegetation, and oxygen depletion in receiving waters, thereby undermining both restoration and
conservation goals. For this reason, nutrient outcomes should be treated as a central part of rewetting
design rather than as a secondary consequence. Successful mitigation depends on matching
hydrological restoration with site-specific biogeochemical management, including control of outflow
pathways (e.g., Laudon et al., 2023), nutrient export through harvest, topsoil removal where

necessary, and realistic expectations about the time needed for nutrient pools to decline.

5.1.4 Trade-off 4: Hydrology requirements for biodiversity of

wetland communities

A fourth trade-off in wetland restoration concerns the fact that the hydrological regime most suitable
for minimizing GHG emissions is not always the same as the regime required by different biodiversity
targets (Ahlén et al., 2023). Hydrology is a key control on wetland biogeochemistry and carbon
dynamics, but it also determines habitat structure, vegetation development, and niche availability. As a
result, rewetting strategies that are effective for reducing CO2 emissions and supporting peat
preservation may not necessarily provide the water-level dynamics needed to restore all wetland
communities or species groups. More broadly, reviews of wetland multifunctionality suggest that such
trade-offs are common because biodiversity, nutrient retention, climate mitigation, and other
ecosystem functions often respond differently to the same hydrological setting (Ahlén et al., 2023;
Hamback et al., 2023).

This dilemma becomes particularly clear when biodiversity goals differ among taxa. Some waterbirds
benefit from extensive open water, shallow flooding, and fluctuating water levels that maintain foraging
habitat and increase habitat heterogeneity (Ma et al., 2010). Research on wetland birds indicates that
water-level dynamics are a major determinant of habitat suitability (Ma et al., 2010; Mott et al., 2023),
and recent work suggests that asynchronous water-level cycles over space and time can enhance
biodiversity and food availability for wetland birds (Bouma, 2025). However, such conditions may also
shift a site toward a shallow-lake or open-marsh state that is less conducive to peat formation and may
increase the risk of methane emissions or phosphorus mobilization, particularly if prolonged inundation

suppresses peat-forming vegetation (Franz et al., 2016; Krishnankutty et al., 2025).

By contrast, other biodiversity targets may require more stable or shallower water tables. Peat-forming
vegetation, including Sphagnum-dominated communities in peatlands, depends on hydrological
conditions that keep the surface persistently wet while still allowing the development of

microtopographic structure such as hummocks and hollows (Malhotra et al., 2016; Quadra et al.,
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2025). In restored peatlands, long-term vegetation development after ditch blocking and tree removal
has been shown to depend strongly on the resulting water-table regime, confirming that hydrology
shapes not only GHG outcomes but also the trajectory of community recovery (Haapalehto et al.,
2011; Malson et al., 2008). Thus, a water regime that is ideal for open-water bird habitat may be
suboptimal for peat-forming vegetation, mire-complex development, or other conservation targets tied

to structurally diverse wetland communities.

This trade-off is therefore not only between climate mitigation and biodiversity, but also among
biodiversity objectives themselves. A restoration site designed primarily for species-rich peat-forming
communities may require a different hydrological regime than a site optimized for open-water birds,
fish habitat, or marsh vegetation. In practice, this means restoration planning must be guided by
explicit target prioritization: whether the aim is general biodiversity, a specific habitat type, a focal
species group, peat formation, or broader ecosystem functioning. Because these objectives are not
always compatible within a single site, wetland restoration often involves management choices rather

than purely technical optimization (Hambéack et al., 2023).

Long-term practicality further complicates this issue. Rewetting designs that are hydrologically optimal
from an ecological perspective may be difficult to maintain if they restrict machine access, complicate
mowing or grazing, or require intensive water-level control over long periods. Conversely, arranging a
site so that it is easier or cheaper to manage with conventional machinery may constrain hydrological
options and thereby limit ecological outcomes. This makes Trade-off 4 partly a question of feasibility
and governance: restoration success depends not only on defining the right hydrological regime, but
also on whether that regime can be sustained through long-term management (e.g., Berezowski et al.,

2018), adaptive monitoring, and funding.

Mitigating this trade-off requires spatial planning and adaptive design rather than a search for one
universally optimal water level. Heterogeneous wetlands with microtopographic variation, zonation,
and asynchronous hydrological conditions can support a wider range of taxa than uniform systems. At
larger scales, multifunctionality may be best achieved by restoring different wetlands, or different
zones within a wetland, for complementary goals rather than expecting every site to optimize all
functions simultaneously (Hamback et al., 2023). In this sense, Trade-off 4 highlights that wetland
restoration is fundamentally about balancing priorities across climate regulation, biodiversity, and

practical long-term management.
5.2 Hydrological assessment in Servi-Peat

Water flow in peatlands under the influence of drainage — irrigation systems is the effect of numerous
processes. The objective of peatland rewetting is to raise the water levels within the ditch network,

transforming it from a drainage system into an irrigation-support system, to ensure the groundwater



table reaches a depth that provides sufficient peat moisture content, supports peat-forming vegetation
and stops carbon mineralization. This is achieved by installing weirs (ditch blocks) that raise the water
level in the ditch, which in turn influences the surrounding groundwater table. Servi-Peat addresses
the question of what spacing and height of ditch blocks are required to ensure successful rewetting.
Furthermore, it provides the estimation of the area and distance of rewetting influence, as well as the
amount of gained water storage. The hydrological module in the Servi-Peat DSS integrates three main
components, all operating under steady-state assumptions: (1) water flow in a ditch, represented by
gradually varied steady flow equations, (2) ditch backwater curve and (3) groundwater inflow to the
ditch in a flat area fed mainly by precipitation (with MODFLOW modelling approach) (Harbaugh, 2005;
Harbaugh et al., 2017). More details related to the methodology are in Deliverable 3.3.

Servi-Peat uses the relationship of biogeochemical and biodiversity responses to the change of
groundwater levels. This includes GHG emissions and species richness. GHG emission —
groundwater level relationship was extracted from the ORCHIDEE-PEAT model (Qiu et al., 2018). The
biodiversity module in Servi-Peat provides a simplified estimate of potential species richness change
in response to rewetting. It is based on results from the BioScore modelling framework (Hendriks et
al., 2016), upgraded within the WET HORIZONS project, WP4, Task 4.2. In Servi-Peat, we specifically
incorporate the relationship between groundwater table depth and the potential species richness of

selected taxonomic groups: vascular plants, mosses and birds.

To illustrate the functionality of the Servi-Peat DSS, a test scenario was developed based on the
representative Biebrza (Poland) peatland. The input parameters were derived from management
documentation, including ditch condition, peat type, ditch geometry, land use and soil properties. The
case reflects a transitional mire characterized by poorly maintained drainage infrastructure and low-
intensity land use. The desired groundwater table was set at 12 cm. A trade-off scenario was then run
in which ditch condition was changed to well-maintained. The compared results indicate that under
well-maintained ditch conditions, a substantially higher number of ditch blocks is required (36 dams
versus 4) to rewet the peatland (Fig. 1), which would considerably increase restoration costs. This also
implies that allowing ditches to naturally overgrow may itself constitute a component of the rewetting
and restoration process. Furthermore, although the trade-off scenario incurs higher costs, the

associated ecosystem services remain mostly similar.
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servipeat | WET H=RIZONS

Report for: Biebrza

Transitional mire, more than one ditch, average distance between ditches: 150, water depth 0.31 m, peat pH 5.5,
distance from the bottom of the ditch to the bottom of the peat layer 0.4 m, ditch length 424 m

Base scenario Trade-off scenario

Condition of the ditch: Poor Condition of the ditch: Good

Land use: Drained unutilized land Land use: Drained unutilized land

Depth of the ditch 0.8 m Depth of the ditch 0.8 m

Required distance to the groundwater table in the middle Required distance to the groundwater table in the middle
of the peatland 0.12 cm of the peatland 0.12 cm

In order to rewet the peatland it is required to design:
4 ditch blocks 26 ditch blocks
0.5 m elevation each 0.2 m elevation each

By rewetting your peatland you could potentitally gain:

59 m3 of water storage 98 m3 of water storage
5.9 kg of N-NO3 889 kg of N-NO3

that could potentially be released after rewetting.
129 EURIlyear 143 EUR/year

Approximate total value of quantified ecosystem services gained through rewetting,
which gives 159 EUR/halyear.

2.2 T reduced emission of CO2 eq. 2.3 T reduced emission of CO2 eq.
12.9 kg of redox-sensitive P 12.9 kg of redox-sensitive P
released after rewetting released after rewetting

The amount of redox-sensitive P released after wetland rewetting is highly site-specific and quite reliable in
Fe-rich wetlands. However, it fails in calcium-rich peatlands; see manual.

9.2 vascular plants 9.2 vascular plants
2.67% mosses 2.67% mosses
3.7% birds 3.7% birds

Disclaimer: The results generated by ServiPeat are indicative estimates only. Any implementation of rewetting measures
should be supported by a comprehensive, site-specific hydrological and biogeochemical assessment.

_ Funded by
qenerated 27.04.2026, 13:04:34 the European Union

Figure 1 The results from the base and trade-off scenarios run in Servi-Peat
DSS for the representative Biebrza peatland.



5.3 Abatement strategies for rewetting trade-offs

5.3.1 Topsoil removal to reduce nutrient mobilization risk and

support target vegetation establishment

At nutrient-enriched sites, topsoil removal can be used as a strategy to reduce the pool of mobile

nutrients that may become available following rewetting (Quadra et al., 2023; K&darmelahti et al. 2024).

This may lower the risk of eutrophication and create more suitable conditions for target vegetation

species, such as Sphagnum mosses or open Carex vegetation in peatlands.

At the Hankhausen site, a rewetted bog formerly used for agriculture, two topsoil removal treatments
were applied: one removing the top 10 cm and one removing the top 30 cm. Compared to plots
without topsoil removal, both the Phosphorus Saturation Ratio (PSR) and Olsen P were lower (Fig. 2),
indicating reduced phosphorus availability and a lower risk of P mobilization. Additionally, overall
species richness increased with topsoil removal depth, while Sphagnum abundance (% cover) was

lowest in the untreated control and higher in the plots where topsoil was removed (Fig. 3). Together,

PSR PSR PSR
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Figure 2 Effects of topsoil removal on phosphorus in rewetted peat soils at Hankhausen. Depth
profiles of phosphorus saturation ratio (PSR; top row) and Olsen P (bottom row) are shown for plots
dominated by bare soil, Sphagnum, or Juncus, under three topsoil removal treatments (0, 10, and 30
cm).

these patterns indicate that topsoil removal improved conditions for re-establishment of target
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peatland vegetation. Kédarmelahti et al. (2024 ) further found that summer methane emissions declined
with increasing topsoil removal depth, suggesting that it may also be beneficial for reducing GHG

trade-offs.

5.3.2 Choosing paludiculture crops that reduce emissions
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Figure 3 Vegetation response to topsoil removal in rewetted bog at Hankhausen. Boxplots show
species richness (left) and Sphagnum abundance (% cover; right) under three topsoil removal
treatments (0, 10, and 30 cm).

A key strategy for reducing methane emissions associated with rewetting drained peatlands for
paludiculture is to select crops with lower CH4 emission potential. CH4 emissions can vary
substantially among crop species because plants differ in productivity, root exudation, oxygen
transport, and capacity to transport CH4 through aerenchymous tissue. Recent Dutch field studies
show that Typha latifolia can have substantially higher CH4 emissions than T. angustifolia or Azolla
filiculoides, while Azolla has low diffusive emissions but a larger contribution from ebullition (van den
Berg et al., 2024; Vroom et al., 2024). This means that crop choice can directly influence the

greenhouse gas balance in paludiculture systems.

From an abatement perspective, species selection should therefore prioritize crops that maintain high

biomass production and peat-forming potential while minimizing CH4 emissions.

In the Dutch case study, T. angustifolia had the strongest greenhouse gas reduction potential among

the tested crops, because it combined relatively high CO2 uptake with substantially lower CH4



emissions than T. latifolia (van den Berg et al., 2024). Azolla filiculoides also showed relatively low
diffusive CH4 emissions, but its total methane balance may be more strongly influenced by ebullition,
which highlights the need to include both diffusive and bubble-mediated fluxes when assessing

paludiculture crops (Vroom et al., 2024).

For other species groups, such as Sphagnum, Carex or Graminae (grasses), certain species are more
likely to shift the carbon balance towards peat formation while limiting methane emission. However,
more comparative field data are needed to identify which species or species combinations provide the

strongest abatement potential across different wetland types.

These findings suggest that crop choice can be used as a practical abatement measure in
paludiculture planning. However, the most suitable crop will depend on site-specific conditions,
including water level, nutrient status, harvest regime, and the intended use of the biomass. Therefore,
low-emission crop selection should be combined with hydrological management and full greenhouse

gas accounting rather than evaluated from CHa fluxes alone.
5.3.3 Water level management to avoid prolonged inundation

Water level management can be used as an abatement strategy where rewetting leads to prolonged
flooding or open-water conditions. The aim is to maintain wet, near-surface conditions while avoiding

persistent deep inundation that may promote high CH4 emissions.

The rewetted site at Zarkenow (DE) illustrates the importance of such management. After long-term
drainage, peat subsidence, and later rewetting the former drained grassland on peat developed into a
permanently inundated shallow lake. The previous vegetation died back, aquatic vegetation
developed, and newly formed organic sediments emitted large CH4 and CO: fluxes (Hahn-Schoefl et
al., 2011; Franz et al., 2016).

At Zarnekow, drier summer conditions, partly related to hydrological conditions that allowed outflow
but limited inflow, reduced prolonged inundation and supported a shift away from open water
conditions toward helophyte vegetation (Kahlori et al. 2024). Succession from open water to emergent
macrophytes can reduce CO:2 losses, although CH4 may remain significant or show temporary peaks

during the transition phase (Kahlori et al. 2024, Antonijevic et al., 2025).

Therefore, water level management should aim for near-surface wet conditions that suppress peat
oxidation while reducing persistent high-methane open-water states. Promoting the development of
peat-forming vegetation can fast-track the transition towards a carbon-sequestering peatland or
wetland. Active denundation schemes warrant further investigation with respect to their effectiveness

to reduce summer methane emission at reasonable costs.
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5.3.4 Promoting bog-forming species

Promoting bog-forming species can be used as an abatement strategy where rewetting may otherwise
lead to nutrient-rich, vascular-plant-dominated, or high-methane conditions. In bog systems,
Sphagnum mosses are particularly important because they create acidic, nutrient-poor, waterlogged
surface conditions that support peat accumulation and help steer rewetted sites away from fast-
growing vascular vegetation. However, rewetting alone may not be sufficient for rapid Sphagnum
recovery on degraded or nutrient-enriched peatlands, because establishment depends on peat quality,
hydrology, and nutrient availability (Smolders et al., 2003; Kaarmelahti et al., 2024).

The abatement value of Sphagnum is also linked to methane cycling. Sphagnum mosses can host

methane-oxidizing bacteria that act as a biological methane filter, oxidizing CH4 before it reaches the
atmosphere (Kip et al., 2012; Larmola et al., 2010). This provides a potential mechanism for reducing
the methane trade-off of rewetting, particularly where Sphagnum establishment replaces open-water

or vascular-plant-dominated vegetation.

Restoration studies further suggest that Sphagnum recovery can help restore methane-turnover
processes after peatland degradation. In restored cutover peatlands, recovery of methane-cycling
microbial communities was linked to increasing Sphagnum abundance, and Sphagnum was identified
as a potentially valuable CHg4 biofilter during early revegetation stages (Putkinen et al., 2018). Future
studies should investigate to what extent these mechanisms are also functional for Carex and Alnus
species in lowering the GHG balance compared to open-water vegetation or wet grasslands

dominated by Poaceae.

Thus, promoting bog-forming species can mitigate rewetting trade-offs by supporting peat formation,
reducing nutrient-driven vegetation shifts, and potentially enhancing methane oxidation. This strategy
is likely to be most effective when combined with measures that address the underlying constraints on

target vegetation establishment.
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Figure 4 Wetland maps of Europe. A and B show European peatlands, C and D show mineral wetlands, and E
and F show the combined wetland map. A, C and E show all peatland cover of Europe. B, D and F show pixels
(1 km?) with at least 1% wetland cover.
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5.4 Biodiversity

The analyses from BioScore data resulted in maps for five different scenarios: The current baseline,
2030 climate change according to the SSP3.70 scenario (with and without rewetting) and 2050 climate
change according to the SSP3.70 scenario (with and without rewetting). In the main text, we show the
results of the combined maps for mineral wetlands and peatlands. In the Nature Restoration
Regulation (NRR), rewetting targets were formulated for (drained) peatlands. Therefore, we focused

the hotspot maps on peatlands to align our results with these targets.

According to Tegetmeyer et al (2025), peatlands are mostly located in temperate and northern Europe
(Figure 4A and B). Countries like Hungary and France stand out with many small peatlands (Figure
4A), leading to many peatlands being omitted from further analysis (Figure 4B). Furthermore, mineral
wetlands (Figure 4C and D) are prevalent throughout Europe, but notably more fragmented compared
to peatlands. Only the maps on the right side (Figure 4B, D and F) were used in further analysis of
plant, bird and hotspot maps. In areas where the peatland cover is <1% of the total area cover of the
pixel, nearly the complete pixel is non-wetland. We therefore assumed that our results are not

representative of the area.
5.4.1 Plants

Figure 5 shows the effect climate change has on the distribution of plant species in Europe.
Scandinavian peatlands also provide habitat to the most different species. The differing effects due to
climate change across Europe stand out, with the biggest habitat loss in Northern Europe. The effects
of climate change continue to increase over time (Fig 5C and E), the spatial distribution of climate
change effects remains remarkably similar, however. The distribution of species loss across Europe is
showing large losses in Scandinavia, Scotland, the Alps and Eastern Europe. Species loss does
continue to increase over time, with a maximum loss of 45 species by 2030, and as much as 60
species by 2050.
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Figure 5 Change in number of wetland-specific species in Europe due to climate change. Map A shows the
baseline scenario of wetland-specific vegetation biodiversity across Europe. Maps B and D show the wetland-
specific vegetation diversity according to climate scenario SSp3.70, in 2030 (B) and 2050 (D). Maps C and E
show the net difference between the baseline and climate change scenarios for 2030 (C) and 2050 (E).

For both the 2030 and 2050 climate scenario, we added a rewetting scenario as well. Figure 6 shows
the effects rewetting has on vegetation biodiversity. Figure 6A-C shows the modelled effects in 2030,
where the increase in species richness due to rewetting is particularly prominent in temporal areas,
spanning from Ireland to the Baltics. This area is currently characterized by intensive agriculture, with
a particularly low species richness (van Dijk et al., 2007; Renou-Wilson et al, 2016). In situ validation
for WP4.3 showed vegetation diversity well below 10 species per m2, most of which are not adapted
to wet conditions (Heuts et al, 2024). Most wetland-adapted species in agricultural areas were found in
the riparian zone of drainage ditches, which represent <1% of the total area (Heuts et al., 2024).
Without rewetting, these areas show the lowest expected vegetation diversity as well (Figure 6A).
After rewetting is implemented, land-use change is implemented as well, because current land use
often relies on drainage to function (Herzon & Helenius, 2008). Nature restoration and conversion to
production-oriented land use (such as paludiculture) increases the area availability for wetland-

adapted species, while nutrient input through fertilization is stopped after rewetting implementation.
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Therefore, rewetted areas potentially become available for species that cannot occur in drained
agricultural areas (Figure 6B). The net result of rewetting shows that species richness particularly

increases in temperate areas as a result.

Figure 6D-F shows the effects of rewetting in in 2050, with a very similar response relative to 2030.
Temperate areas, currently dominated by drainage-based agriculture, benefit the most from
implementing rewetting project throughout Europe (Figure 6F). Comparing Figures 5 and 6 shows,
however, that the largest losses due to climate change are expected in Scandinavia, Ireland, Scotland,

Poland and the Baltic countries. The species increase after rewetting are mostly found in Ireland, the

UK, Netherlands, Germany, Poland and the Baltics. There is considerable overlap between these
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Figure 6 Change in number of wetland-specific species in Europe due to rewetting. Maps A and D show the baseline
scenario of wetland-specific vegetation biodiversity across Europe, represented by the 2030 (A) and 2050 (D) climate
scenarios. Maps B and E show the wetland-specific vegetation biodiversity with rewetting implementation across Europe,
in 2030 (B) and 2050 (E). Maps C and F show the difference between rewetting and no rewetting for 2030 (C) and 2050

(F)-
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maps, but particularly in Scandinavia there are many wetlands facing severe impacts due to climate

change, where rewetting does not mitigate the species loss.

5.4.2 Birds

The habitat for breeding bird populations throughout Europe show trends very similar to vegetation
habitats regarding climate change and rewetting. Figure 7 shows that many species lose habitat due
to climate change, particularly in Northeastern Europe. The largest species losses are projected in
southern Finland, Sweden and the Baltic countries (Figure 7 C & E). The negative effect decreases
with distance, but considerable losses are still projected in Poland, Germany, the Netherlands, the
United Kingdom, and Norway. In southern Europe, species are projected to slightly benefit from
rewetting, although the predicted number of species is quite low in both the baseline (Figure 7A) and

climate change scenarios (Figure 7B & D). River deltas and floodplains, such as the Danube, Po and
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Figure 7 Change in number of wetland-specific bird species in Europe due to climate change. Map A shows the baseline
scenario of wetland-specific avian biodiversity across Europe. Maps B and D show the wetland-specific avian biodiversity
according to climate scenario SSP3.70, in 2030 (B) and 2050 (D). Maps C and E show the net difference between the baseline
and climate change scenarios for 2030 (C) and 2050 (E).
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Rhéne, are biodiversity hotspots for birds throughout southern Europe. In 2050 (Figure 7D & E), the

trends in species diversity are mostly the same as in 2030 (Figure 7B & C).

Rewetting shows a net positive potential effect on bird biodiversity (Figure 8). Particularly in the United
Kingdom, the Netherlands, and Germany, breeding bird populations can benefit from rewetting, with a
biodiversity increase as high as 10 species (out of 43 included). The rewetting effects on breeding bird
populations between 2030 and 2050 are similar, but do not entirely overlap with most affected areas
due to climate change. In the Netherlands, UK and Germany, negative effects of climate change are
offset by rewetting and potentially lead to an increase in breeding bird habitats overall, while the most
affected areas by climate change (Finland, Sweden, and the Baltics) show lower or no net species

increase of species. In these areas, other measures need to be taken to ensure breeding bird

populations remain.

50°N

40°N

Figure 8 Change in number of wetland-specific avian species in Europe due to rewetting. Map A and D show the baseline
scenario of wetland-specific avian biodiversity across Europe, in 2030 (A) and 2050 (D) climate scenarios. Maps B and E show
the wetland-specific avian diversity with rewetting implementation across Europe, in 2030 (B) and 2050 (E). Maps C and F
show the net difference between the maps excluding and including rewetting in 2030 (C) and 2050 (F).
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5.4.3 Hotspots for Rewetting

The results from bird and plant habitat availability can be used to inform reaching the Nature
Restoration Regulation (NRR) targets. According to the NRR, 7.5% of all drained peatlands in Europe
should be rewetted in 2030, and 16.7% of all drained peatlands in Europe should be rewetted by
2050. Furthermore, all Natura2000 areas should have their ecological quality improved. Therefore, the
7.5% of areas with the largest benefits due to rewetting in 2030, and 16.7% of areas with the largest
benefits in 2050 were selected as hotspots. Mineral wetlands are not mentioned for the targets and
therefore excluded from this section of the report. The required area to reach this target is shown in
red in Figure 9. The NRR states that 30% of drained peatlands should improve in ecological quality by
2030, and 50% by 2050, blue indicates the additional restoration area in Figure 9. The hotspots for
plant biodiversity are mostly located in Ireland, Poland and the Baltics in 2030. In 2050, hotspot areas
can be found throughout Europe, but mostly in temperate countries (Ireland, UK, the Netherlands,
Germany, Poland, the Baltics, and some in Finland and Norway). Second priority (blue) areas can be
found mostly in Scandinavia and Scotland, as well as the Netherlands, Hungary, Poland and

Romania.

Birds show a different prioritization across Europe in 2030, with the main bird hotspots in the UK, the
Netherlands and northeastern Germany, as well as some hotspots in Ireland, Norway and Finland.
Secondary hotspots for avian biodiversity can be found across Ireland, Germany, Poland, the Baltics
and the Alpine region. In 2050, biodiversity hotspots for birds and plants align much more, with many
hotspots found across Alpine regions, temperate countries from Ireland to the Baltics and some in
Scandinavia. Secondary hotspots are likewise aligned and spread predominantly across large parts of

Scotland and Scandinavia.

Van Giersbergen et al (2025) published a similar hotspot map for emissions from peat soils. The same
approach to select peatland to meet the NRR targets. In 2030, the target hotspots are scattered
throughout Europe, with large hotspot zones located in the Netherlands and northwestern Germany,
and England. Secondary hotspots are mostly found in temperate countries (Ireland, Germany and
Poland). In 2050, emission hotspots align very well with both bird and vegetation diversity hotspots.
The increase in combined hotspots likely results from the increased target area for rewetting. Most
highly degraded peatlands are considered hotspots for all three categories under the 2050 targets.
Notable differences are the lack of emission hotspots in northern Scotland and large parts of
Scandinavia. Southern Sweden and the Baltics show many more hotspot areas for emissions

compared to the biodiversity maps.
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Figure 9 Hotspot maps for rewetting for plants, birds and emissions in 2030 and 2050. Green areas indicate
Natura2000 areas, red areas indicate NRR targets for rewetting (7.5% in 2030, 16.7% in 2050) and the overall
restoration target (30% in 2030 and 50% in 2050).
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The hotspot maps shown in Figure 9 can be combined into a single hotspot map, showing which areas
have the highest potential for a combination of emissions, biodiversity of vegetation and biodiversity of
birds. Figure 10 shows the combined hotspot maps for 2030 (A) and 2050 (B), where areas shown in
red are beneficial to both emissions and biodiversity. For this map, we assumed that biodiversity (sum
of vegetation and biodiversity) has the same value as emission reduction. In 2030, hotspots for
biodiversity and emissions already occur at the same locations in Switzerland, Hungary, Ireland, the
UK, the Netherlands, Germany, Poland, Lithuania and Finland. In 2050, the amount of combined
hotspot areas in these countries increased, while Austria, Denmark, Estonia, Latvia, Sweden and
Norway show an increase in combined hotspots. Overall, Figure 10A and B show that rewetting is a
necessary step in many European peatlands, and many areas can facilitate emission reduction as well

as habitat restoration for many plant and bird species.

The hotspot maps can prove to be a useful tool to inform where habitat restoration for recovery of
biodiversity and reduction of emissions can both be achieved through rewetting. The results suggest
that many areas throughout Europe will become hotspots for rewetting by 2050. This map does not
show, however, how rewetting can be implemented, or take the feasibility at a specific location into
account. Factors such as land ownership, socio-economic importance to local communities and
presence of vital infrastructure were not incorporated in this model but could prevent implementation
of rewetting. Temporal effects of implementing mitigation measures were not included either, although
in-situ dynamics such as phosphorus mobilization and succession may cause full recovery to take
years or decades (Kreyling et al, 2021; Heuts et al., 2026). To make informed decisions on
implementation of rewetting, trade-offs and mitigation measures should therefore be considered. Tools
such as Servi-Peat and collaborating with local stakeholders (such as workshops) are required to

successfully implement rewetting.
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Figure 10 Combined hotspots and trade-off maps for 2030 and 2050. The combined hotspot maps show which
areas have the most overlap between individual hotspot maps in Figure 9. Red indicates that areas are important
hotspots for vegetation, birds and emissions. Blue areas are hotspots in part of the maps, but not all of them. The
trade-off maps show trade-off locations between emissions and biodiversity. Red indicates a balanced hotspot,
purple-blue indicates emission hotspots with low biodiversity benefits, brown-green indicates biodiversity hotspots
with low emission benefits.
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5.5 Rewetting effects on biodiversity

Land use intensification and agricultural production are strongly correlated with the relative number of
threatened and rare species across Europe (Storkey et al, 2011). Vegetation diversity is often
predominantly dominated by a few species of grasses, with as little as one species present in some
high-intensity agricultural fields (Heuts et al, 2024), and averages around 5-10 plant species (Van Dijk
et al, 2007; Flohre et al, 2011; Renou-Wilson et al, 2016; Carmona et al, 2020; Heuts et al, 2024).
Similar trends have been found in farmland bird species, which have also declined due to land use
(Flohre et al, 2011; Guerrero et al, 2011; Kamp et al, 2021). When adverse effects of drainage are
compounded with climate change, such as in northern Aapa mires, many bird species quickly lose
their habitat (Fox & Lehikoinen, 2025). In Germany, the total biomass of flying insects has declined by
76% between 1989 and 2016 (Hallmann et al, 2017), with carabids and soil macroinvertebrates also
declining (Flohre et al, 2011; Tsiafouli et al, 2015). Similar trends have been found for amphibians
(Piha, 2006; Arntzen et al, 2017; Bancila et al, 2023) and reptiles (Guiller et al, 2020; Bancila et al,
2023). In short, intensification of agriculture clearly has many adverse effects across floral and faunal

biodiversity.

Rewetting, on the other hand, provides a combination of reduced land use intensity and restoration of
wetland hydrology. Rewetting of a degraded peatland with its altered soils, nutrient levels, and water
balance does not mean restoring former conditions, but rather the development of new site-specific
conditions for wetland species. Biodiversity of the total flora and wetland-specific taxa benefits from
rewetting in former agricultural areas after conversion back to nature (Richert et al, 2000;
Timmermann et al, 2006; Van Dijk et al, 2007; Schrautzer et al, 2016). Rewetted and managed
peatlands (paludiculture) have high plant diversity, as well as Red Listed arthropods and breeding
birds on groundwater-fed peatlands (Martens et al, 2023), as well as on Sphagnum mosses
paludiculture sites of rewetted bog peatlands (Gaudig and Krebs, 2016). However, restoration through
rewetting of cut-away peatlands has yielded mixed results for vegetation, with particularly poor
recovery in industrially extracted raised bogs (Tuittila et al, 2000; Renou-Wilson et al, 2019). Species
richness has increased in some drained and rewetted bogs with a forestry land use compared to
undrained sites, due to decreased habitat suitability for the dominant Sphagnum mosses (Maanavilja
et al, 2014). There is, however, a large variation in temporal effects of rewetting. Tuittila et al (2000)
found that biodiversity initially decreased after rewetting, because hummock species suffered. After
three years, these species bounced back, and more diverse communities formed. A more severe case
of temporal effects is described in Kreyling et al (2021), showing that wetland-specific species do
return, but rewetted fens may not get the biodiversity community of natural fens for decades due to
land use legacies (Richert et al, 2000; Timmermann et al, 2006; Kreyling et al, 2021; Martens et al,

2023). This underscores the importance of understanding timeframes of species recolonization in



restoration projects, incorporating realistic scenarios, and managing end user expectations after

rewetting.

These trends in vegetation diversity are indicative of faunal diversity patterns also. The diversity of bird
species increases in paludiculture compared to drained agriculture, bringing back Red List species in
the process. The abundance of birds in paludiculture sites can be comparable to natural wetlands, and
significantly higher than the abundance on drained grasslands (Copping et al, 2026). When compared
to natural wetlands, however, more of the birds present in paludiculture are generalists, while some
wetland specialists remained absent (Martens et al, 2023; Copping et al, 2026). Arthropod groups,
such as spiders and carabids, also benefit from rewetting (Martens et al, 2023). Odonata (dragonflies
and damselflies) suffer from drainage of peatlands but can recolonise rewetted sites within three
years, if water pools are available (Elo et al, 2015). Strong recovery of dragonflies in the Netherlands
seems to relate to habitat improvement after acidification, eutrophication and desiccation, all caused
by drainage of wetlands and canalization of streams and rivers (Termaat et al, 2015). However, the
diverse dragonfly fauna of rewetted sites is different compared to the natural bogs (Remm & Sushko,
2018). The restoration effect depends on the land-use history of the bogs, which strongly influences
the nutrient content of the habitats (Krieger et al, 2019). Rewetting of semi-natural degraded sites
where Red List species are still present poses more risks, however. Increasing water levels too quickly
can cause a shock effect for these rare macrofauna species, while reducing the habitat heterogeneity

on which the macrofauna depends (Verberk et al, 2006).

The overall trend across land uses and taxa is that biodiversity benefits from rewetting, particularly in
comparison to drained intensive land uses. Species communities in rewetted areas nevertheless often
remain different to undrained natural peatlands for decades. There are, however, many success cases
throughout Europe where rewetted wetlands became hotspots for wetland-specific biodiversity, such
as Linnunsuo in Finland and Cors Erddreiniog in Wales (Palmer, 2024). Rewetting almost certainly
provides benefits for biodiversity over drained production-oriented land uses, with trade-offs and

suboptimal results existing in comparison to natural and other rewetted systems.

5.6 Win-win scenarios, Trade-offs and No-regret measures
(RU/WI)
5.6.1 Trade-offs and no-regret measures

Main aim: Semi-quantitative evaluation of wetland management practices and restoration strategies to

improve wetland-specific biodiversity together with climate mitigation action
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Background: Wetland and peatland restoration actions that include conservation management are
tailored to a limited set of objectives. Concerning biodiversity conservation objectives, these could be
protected habitats, specific (rare or endangered) species or groups of species (e.g. waders or
amphibians). When only climate mitigation is concerned, only the emission reduction is considered,
often omitting any other possible outcomes, and e.g. not measuring or monitoring other benefits. A
limited focus approach can lead to gains in biodiversity (e.g. specific habitat) on the expense of
climate mitigation and vice versa. Typical examples are: Firstly, the creation of open-water habitat
(shallow lake) for water birds and fish, but relatively eutrophic conditions, slow vegetation expansion
and high methane emissions, that may have lower climate mitigation potential than restored wetlands
with peat forming (C sequestering) vegetation and limited number of pools, but lower densities and
diversity of avifauna and aquatic fauna. Secondly, the continuation of drainage in an extensive
grassland to continue biomass removal (by mowing, grazing) and lowering shading-stress, mimicking
traditional (historic) management and allowing some production, linked in the past with high
biodiversity values, while keeping carbon dioxide emission medium to high. These trade-offs are often
linked to wetland and peatland biogeochemistry and to water management driven by land use

practices.

No-regret measures are measures that accommodate both wetland biodiversity gains and a
reduction in GHG emissions. Several no-regret measures can be aligned to a no-regret strategy. Often
such measures include additional interventions, and/or follow up management, and/or require
somewhat more management attention. These may increase the costs but usually turns cheaper and
with better outcomes then doing two projects with narrow objectives or carrying out secondary projects
in the same place.

No-regret strategies improve biodiversity or regulate climate, water and/or nutrients in a way that
trade-offs are minimised, often include multiple measures, and should be considered on a larger
spatial scale (i.e. strategies can be applied on the level or sub-catchment, peatland complex,
landscape but not on the scale of parcel, single farm or even a group of cooperating farms) without
conflicting fundamentally with wetland benefits compared to commonly found base-line scenarios (e.g.
drainage based land-use, degrading conservation land). The emphasis lies on fundamental (i.e., far-
reaching) losses of wetland benefits and services that are wetland specific. Restoration projects with a
single focus (i.e. narrowly defined objective) may be assessed with additional scoring other than no-

regret strategies.

5.6.2 Results and discussion of no-regret scores

Restoration measures and strategies including trade-off mitigation show a clear stratification in
performance when assessed by the no-regret score (table 3), with values above 4.0 indicating high-

performing strategies and those below 2.5 indicating low-performing ones. High-performing measures
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are concentrated among wetland restoration approaches and certain forms of paludiculture. Notably,
bog restoration with rewetting achieves the maximum score (5.0), followed by poor fen restoration with
rewetting (4.4), rich fen restoration with iron groundwater (4.5), and several paludiculture types such
as peatmoss, sedge, and alder (all ~4.3). In contrast, low-performing strategies are limited to minimally
comprehensive hydrological restoration, including limited ditch blocking (1.3) and extended summer
flooding (2.1). A gradient is evident within ditch blocking for wilderness in wetlands and peatlands:
increasing intervention intensity (from limited to complete) raises the no-regret score from 1.3 to 3.6
but does not reach the high-performing category unless combined with additional inputs of external

water sources (4.3) from the upper catchment or groundwater.

A subset of measures exhibits relatively high scores in either biodiversity or climate mitigation but
does not translate this into a correspondingly strong no-regret performance when using 3.5 as a
reference point for a good overall score. For instance, shallow lake formation shows moderate
biodiversity (3.0) and climate (2.3) benefits but remains below the threshold in terms of no-regret (2.6),
indicating limited overall robustness. Similarly, wet grassland paludiculture reaches a relatively high
climate score (4.3) while maintaining a moderate biodiversity score (3.3), yet its no-regret score (3.3)
falls short of the reference point. Cattail paludiculture follows a comparable pattern, with a climate
score of 4.0 but a no-regret score of only 3.3. In contrast, some measures approach the reference
threshold but still reveal imbalances between dimensions. Bog restoration with ditch blocking
demonstrates a strong climate performance (4.8) but only reaches a no-regret score of 4.0, suggesting

that gains in climate mitigation are not fully matched by biodiversity outcomes.

High no-regret scores are consistently associated with water table depths (WTD) in the range of
approximately =25 cm to 0 cm, occasionally extending to slightly positive levels (up to +10 cm in
paludiculture systems). Restoration strategies reaching near-surface or mildly inundated conditions
tend to optimize both biodiversity and climate benefits. In terms of trade-off mitigation, high-performing
measures frequently involve active interventions such as top-soil recycling (typically 10—30 cm) or
targeted water management. In peat-forming systems, Sphagnum re-establishment is a key
mechanism linked to maximal scores. Overall, strategies combining substantial rewetting with active

ecological restoration or productive use (paludiculture) yield the most robust no-regret outcomes.
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Table 3 Overview of no-regret measures (mean scores) different ecosystems subjected to trade-off
mitigation options. *Wetlands and peatlands included. **Peatland specific measures or strategies.
Climate mitigation scores may only apply to wetlands with sufficient carbon stocks. WTD is the mean
annual water table depth above the surface.

measure of strategy extent SCOre scone no- trade-off
blodiv climate regret  mitigation
score
w  ditch blocking for wildemess lEmited 18 0.8 13 10 em op-soil
necycling
w  ditch blocking for wildemess wide-spread, B 2.0 24 10 em op-soil
WD - 24020 emi pecyeling
*  ditch blocking for wildemess complete, WTD - 4.0 3.3 3.6 10 em op-Soil
2500 e resyeling
*  rewenling with sdtrainpuis and ditch camplete, WD - 45 4.0 4.3 10 ern top-gail
Blocking 2500 cm recycling
*  extended surmmer fooding surrmes WD 3 2.0 21 denundation of
O+ 20 em ENCESE Waler
*  ghallow lake lesrnation WWTD = 20050 em a0 2.3 26 shaw rewetling,
Pt growth
wx  bog restosation with diteh blosking WD - 34010 em 4.0 4B 40 Sphagram e
establishemt
w4 g restoation with rewetling WD - 2506 e 5.0 5.0 5.0 Sphagrum re-
establishesmt
w%  pood Ten redtoration dch blocking WD -300-10 &m 4.6 13 13 10 em lop-%oil
recycling
#%  pioce fen restoration with revwetling WD - 200 em 48 4.0 4.4 103 ern top-sail
necycling
#%  fich ben nestoration with surlace vwater WD - B0U-10 em 3B 18 18 10 ern top-gail
negyeling
#%  fich ben restoration with iron groundwater WD -2000 em 45 48 4.5 10 ern top-£ail
necycling
wd  Peaimoss paludicullure WD -15/-5 e 4.3 5.0 4.3 A0 ern Wop-Soil
recycling
* Aeed pabudiculiure WD - 3000+ 10 e 4.0 A8 34 imgraved wales
frianagement
*% Catladl paludicullure WD - 1504 25 cm 3.3 4.0 3.3 imgranved wales
franagement
* o Sedge palediculiue WTD -0 e 4.3 4.8 4.3 i v wales
Mranagement
* Wel grassland paludiculiue WD - 3000 &m 3.3 4.3 3.3 imgranved wales
frianagement
* Wilowwiireh paludiculture WD -200-5 e 3.5 a8 3.5 imgroved wales
franagement
w hlder paludiculiue WD - 3004 10 e 4.3 4.8 4.3 imgroved wales
Mmanagement
*  Paludiculbure non-specified WD -0+ 30 e 3.3 4.0 3.3 imgranved wales

management



Without additional trade-off mitigation wetland restoration becomes more vulnerable to (avoidable)
trade-offs (Table 4). For example, high-performing measures (>4.0) remain—such as bog restoration
with rewetting (4.5) and rewetting with extra inputs (4.3)—but are fewer. Several strategies shift into
the moderate range (3.5—4.0), including bog restoration with ditch blocking (3.8), rich fen restoration
with iron groundwater (4.0), and peatmoss paludiculture (3.8). This indicates that mitigation measures

elevate otherwise strong strategies into the highest performance category.

Secondly, imbalances between biodiversity and climate more directly reduce no-regret scores. This is
evident in paludiculture types such as cattail, wet grassland, and willow/birch, where moderate-to-high
scores in one dimension are insufficient to compensate for weaker performance in the other, leading

to values below the 3.5 reference point.

Thirdly, a wider range of low-performing, drainage-based land uses becomes apparent. Former
wetlands converted Drained grasslands, cropland, plantations, and degraded peatlands show very low
no-regret scores (often near zero) and are associated with deep water tables (below —40 cm). These

contrast strongly with higher-performing restoration strategies under near-surface WTD conditions.

Overall, without additional trade-off mitigation, peak performance is reduced, sensitivity to score
imbalances increases, and the contrast between rewetting-based strategies and drainage-based land
uses becomes more pronounced. We conclude that no-regret scores can be instrumental in decision-
making and planning to allocate resources to actions that reduce avoidable trade-offs between climate

mitigation and biodiversity restoration in wetlands.
5.6.3 Limitation of no-regret scores and next steps

We derived no-regret scores that may need further improvement. Data availability and low
stakeholder responsiveness have been important limitations to an in-depth analysis of a quantitative

approach towards no-regret measures and no-regret strategies.
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Table 4 Overview of no-regret measures across different ecosystems expressed as mean score.
*Wetlands and peatlands included. **Peatland-specific measures or strategies. Climate mitigation
scores may only apply to wetlands with sufficient carbon stocks. WTD is

SCore score no-regret
measure or strategy extent bdodiv climate SCOne
* diteh plocking for wildemess limited 15 0.6 1.0
*  ditch bloeking far wildemess witli-spread, WD -400-20 £m zh an a8
¥ ditch bloeking for wildermess complete, WTD -30/0 cm 8 3B 18
¥ rewetling with extra ingus and ditch blocking  complete, WTD -30/0 em 4.5 4.0 4.3
¥ extended summer Teoding surmmier WTD Ofe20 cm 25 20 2.3
¥ shallow lake Terrmation WTD + 20080 &m 15 1.0 1.3
** bog resteration with diteh blocking WTD-304-10 em 4.0 36 18
** bog restoration with rewetling WD -26/-5cim 4.5 5.0 45
**  poor fen restoration dlch blocking WTD -308-10 erm 13 313 13
** pooe fen restoration wilh rewetling WTD-20/0 em 4.0 4.0 4.4
*h gich ben restcration with sunlace water WTD -304-10 cr 35 33 3.4
** rich fen restoration with mon groundwates WTD-20/0 em 4.0 4.5 4.4
o Peatmoss paludiculuns WTD -16/-5 i a 4.3 a8
*  Fesd patudiculiurne WTD-20f+10em 4.0 4.0 4.0
*r Cabtad paludiculiuee WTD-15/+25 £m 28 a5 24
*  Sedge paludicullue WTD -200 emi 4.3 3.5 19
* Wel grassland paludicullune WTD -2 0 ern X3 3.0 11
*  Willawsbinch paludiculbure WTD -204-5 &mi ra 256 26
* hlder paludicullue WTD 20810 £m XA 36 16
*  Paludiculbure non-specilied WTD -20f+20 &m X0 2B 249
*  Drained grasslards with exra herbs WTD-70-40 e (LR 0.0 0.0
*  Shallow-drained grassland with bind habitat WTD -404-26 cm 16 1.0 13
*  Erigated-drained grassland for dairy industsy  WTD -60/-35 e .0 0.5 0.0
*  Estensively-drained esapland [cash erops) WD -&04-40 e .0 0.6 0.0
*  Extensively-drained conifenous plantatian WTD 60 -40 em .5 0.6 0.5
*  Extensively-drained beosdlesved plantation WTD -&0-400 em .8 0.5 0.6
*  Drained forestwith sltered ditch management  WTD-505-30 cm 15 1.0 1.3
**  Drained peatlard aler sol prafilingfirversion WTD 120040 &m .0 0.5 0.4
** O Uninilized degradeding peat, drained WTD-204-30 em .5 0.0 0.

56



The outcomes of the presented spatial model are a powerful tool to map hotspots for rewetting on a
European scale. The combination of climate and land use effects on potential biodiversity increase can
be evaluated using these maps, as well as overlap between hotspots for plant biodiversity, bird
biodiversity and emissions. The results show that combined hotspots for all three categories can be
found in temperate countries, from Ireland to Lithuania, with the highest combined benefits in areas
with highly intensive agriculture. Rewetting of northern peatlands is expected to result in trade-offs,
with western peatlands (Scotland, Norway and northern Sweden) mostly benefiting biodiversity and
eastern peatlands (Latvia, Estonia, Finland and southern Sweden) mostly benefiting emission
reduction. Local implementation of rewetting management is not included in the model, however, and
cannot be evaluated due to the coarse grid cells (1 km?). The rewetting hotspots are therefore most
useful to determine where rewetting could result in the most benefits, but do not incorporate local
processes and challenges in determining the hotspots. The translation to in situ rewetting practice

should therefore be made through local research, expert judgment, and co-creation.

6 Conclusions, Limitations, and Perspectives

6.1 Conclusions

This deliverable shows that wetland rewetting can support climate mitigation, biodiversity recovery,
and ecosystem-service restoration, but that outcomes depend strongly on site conditions, restoration
targets, and management choices. The main biogeochemical trade-offs are controlled by inundation,
period and duration, water-table depth and stability, vegetation composition, nutrient status, previous
land use, substrate availability, and salinity. Rewetting generally reduces CO, emissions by limiting
aerobic decomposition of peat and organic sediments and also suppresses N,O emissions under
sufficiently anoxic conditions. These benefits are partially offset by increased CH, emissions,
especially where prolonged inundation, labile carbon inputs, nutrient enrichment, or aerenchymatous
vegetation stimulate methanogenesis and plant-mediated methane transport. Rewetting can also
enhance nutrient retention and denitrification but may increase on-site phosphorus mobilization where

reduced conditions weaken iron-phosphorus binding.

The BioScore results indicate that rewetting is generally beneficial for wetland biodiversity across
Europe. For vascular plants, mosses, lichens, and birds, rewetting increases the potential habitat
suitability of many wetland species, although the magnitude and location of benefits differ among
taxonomic groups and between the 2030 and 2050 scenarios. In 2030, hotspots for vegetation, birds,
and greenhouse gas emission reduction are partly divergent. By 2050, these hotspots overlap more
strongly, particularly in temperate regions from Ireland to the Baltics, where rewetting can provide

combined biodiversity and climate benefits. Northern peatlands show more pronounced spatial trade-
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offs, with western areas more often associated with biodiversity gains and eastern areas more often

associated with emission reduction.

The results also show that trade-offs are not unavoidable fixed outcomes. They can often be reduced
through vegetation, soil and water management. Restoration targets and planning need to be sensitive
to management options. Fast wetland vegetation development, the establishment of peat-forming
communities, nutrient control by biomass exports including paludiculture, topsoil recycling, relief-
sensitive landscape mosaic restoration and water management shortening summer inundation have
been proven to alleviate trade-offs. Servi-Peat translates these insights into preliminary site-level
planning by linking hydrological restoration, expected ecosystem-service responses, and relevant

management measures, including no-regret options where appropriate.
6.2 Limitations

Several limitations should be considered when interpreting the results. First, the synthesis of
biogeochemical processes was intended to support trade-off interpretation and management
guidance, rather than to provide a systematic global review. The focus is mainly on European
wetlands and peatlands, while relevant findings from comparable systems outside Europe were
included only selectively. The report therefore captures the main mechanisms relevant for European
restoration planning but does not provide a complete assessment of all wetland types, climatic zones,

or management contexts.

Second, the BioScore-based assessment represents potential habitat suitability rather than confirmed
species presence. Species dispersal, propagule availability, habitat continuity, management history,
biotic interactions, and local site conditions are not fully captured. The spatial resolution is suitable for
European-scale prioritization but remains too coarse to represent fine-scale wetland structures such
as hummocks, hollows, ditches, small open-water patches, and nutrient gradients. In addition,
agricultural land use was addressed through post-processing rather than being fully included in the
species distribution models. The rewetting scenario also assumed a target water table below the soil
surface and therefore does not describe systems that develop into permanently inundated shallow

lakes or extensive open-water habitats.

Third, the evaluation of management measures is constrained by the availability of long-term field
data. Many restoration responses, including methane dynamics, phosphorus release, peat-forming
vegetation development, and recovery of target communities, unfold over years to decades. This limits
the extent to which robust predictive relationships can be derived for all sites and measures. Similarly,
the no-regret measures and associated scores should be interpreted as practical guidance rather than

fixed prescriptions. Some measures are difficult to evaluate separately because they are usually



applied in combination, and their effects can vary with wetland type, nutrient status, hydrological

setting, land use, and restoration objective.

Finally, Servi-Peat is designed to support preliminary decision-making. It simplifies complex ecological
and biogeochemical processes into accessible outputs and therefore cannot replace local field

assessment, detailed hydrological design, stakeholder consultation, or long-term monitoring.
6.3 Perspectives

Future work should strengthen the connection between European-scale prioritization and local
restoration implementation. The BioScore hotspot maps provide a useful basis for identifying areas
where rewetting may deliver strong biodiversity and climate benefits, but practical restoration planning
requires additional local information on hydrology, nutrient legacies, land ownership, infrastructure,
costs, governance, and stakeholder priorities. Combining spatial prioritization with site-level
assessment in Servi-Peat can support this transition from broad opportunity mapping toward locally

adapted restoration planning.

Further development of Servi-Peat should focus on improving the representation of uncertainty and
expanding the range of restoration pathways. Future versions could more explicitly account for
differences among peatland types, land-use histories, nutrient conditions, hydrological settings, and
biodiversity targets. The current inclusion of no-regret measures provides a useful starting point for
translating scientific knowledge into practical guidance, but the scoring would benefit from further
testing with field data and practitioner feedback. Additional criteria, such as implementation costs,
reversibility, time to effect, management intensity, governance feasibility, and risk of adverse side

effects, could improve the usefulness of the tool for planning and policy support.

Long-term monitoring remains essential. Rewetting trajectories are often non-linear, and early post-
restoration conditions may differ substantially from long-term outcomes. Monitoring should therefore
include greenhouse gas fluxes, water-table dynamics, nutrient mobilization, vegetation development,
peat formation, and responses of multiple taxonomic groups. Particular attention should be given to
landscape-scale rewetting, affordable techniques and planning tools to increase water levels, the
mitigation of methane hotspots, catchment-scale phosphorus release post rewetting, paludiculture
systems, and establishment of peat-forming vegetation such as Sphagnum, Phragmites, Carex, and
Alnus. Additional work is also needed for taxa not fully represented in BioScore, including amphibians,

reptiles, fish, arthropods, and microbial communities.

Overall, restoration planning should move toward adaptive, multifunctional wetland landscapes. Not
every site can maximize all objectives simultaneously, but many trade-offs can be reduced through

spatial zoning, clear restoration targets, targeted management, and long-term adjustment. In this
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context, Servi-Peat can help make restoration choices more transparent by linking hydrological

interventions to expected climate, biodiversity, nutrient, and ecosystem-service outcomes.
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8 Supplementary material

8.1 Species lists

Table S5 List of plant species that may occur in agricultural areas. All species are vascular plants,
except for one species of moss (marked with *).

Agrostis canina Carex canescens | Epilobium Lysimachia Persicaria Rorippa palustris
palustre vulgaris maculosa
Agrostis Carex elata Equisetum Lythrum Peucedanum Rorippa
stolonifera fluviatile hyssopifolia palustre sylvestris
Allium Carex nigra Equisetum Lythrum salicaria | Phalaroides Rumex maritimus
schoenoprasum palustre arundinacea
Alopecurus Carex rostrata Filipendula Mentha aquatica | Phragmites Salix reticulata
aequalis ulmaria australis
Angelica Cirsium Frangula alnus Mentha pulegium | Pinus sylvestris Schoenoplectus
sylvestris appendiculatum lacustris subsp.
glaucus
Atriplex prostrata | Cirsium palustre | Galium Menyanthes Poa alpina Spergularia rubra
uliginosum trifoliata
Bartsia alpina Cladium Gnaphalium Myosoton Potamogeton Succisa
mariscus uliginosum aquaticum polygonifolius pratensis
Bellidiastrum Comarum Isolepis setacea | Oenanthe Potentilla erecta | Triglochin
michelii palustre aquatica palustris
Betula Corrigiola litoralis | Juncus effusus Oxybasis glauca | Potentilla supina | Veratrum
pubescens lobelianum

Bistorta vivipara Crepis paludosa | Ligusticum Oxybasis rubra Ranunculus
mutellina flammula

Calliergonella Cyperus fuscus Limosella Persicaria dubia | Ranunculus

cuspidata*™ aquatica repens
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Caltha palustris Eleocharis Lipandra Persicaria Ranunculus
acicularis polysperma hydropiper sceleratus
Cardamine Eleocharis ovata | Lycopus Persicaria Rorippa
pratensis europaeus lapathifolia amphibia
Table S6 List of vascular plants that only occur in natural (wet) wetlands.
Alchemilla glabra | Carex flava Elatine triandra Juncus capitatus | Polygala Thalictrum
amarella alpinum
Andromeda Carex frigida Eleocharis Juncus filiformis | Polygala Tofieldia
polifolia quinqueflora serpyllifolia calyculata
Arctostaphylos Carex hostiana Epipactis Juncus Primula farinosa | Trichophorum
alpinus palustris squarrosus alpinum
Blysmus Carex lasiocarpa | Equisetum Juncus Radiola linoides Trichophorum
compressus variegatum subnodulosus cespitosum
Briza media Carex Erica cinerea Linum Rhododendron Triglochin
lepidocarpa catharticum tomentosum maritima
Bruckenthalia Carex limosa Erica tetralix Lotus tenuis Rhynchospora Utricularia
spiculifolia alba intermedia
Callitriche Carex panicea Eriophorum Lythrum portula Rubus Utricularia minor
palustris angustifolium chamaemorus
Calluna vulgaris | Carex pauciflora | Eriophorum Myrica gale Salix repens Vaccinium
latifolium microcarpum
Carex bohemica | Carex Eriophorum Nardus stricta Saxifraga Vaccinium
sempervirens vaginatum aizoides myrtillus
Carex capillaris Carex vaginata Gentiana Narthecium Saxifraga Vaccinium
pyrenaica ossifragum stellaris 0X)yCOCCOS
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Carex Coleanthus Gentianella Parnassia Scheuchzeria Vaccinium
chordorrhiza subtilis bulgarica palustris palustris uliginosum
Carex davalliana | Dactylorhiza Geum Pedicularis Schoenus Valeriana dioica
cordigera coccineum palustris ferrugineus
Carex diandra Dactylorhiza Glaux maritima Pedicularis Schoenus Viola palustris
incarnata sylvatica nigricans
Carex dioica Dactylorhiza lllecebrum Pinguicula alpina | Selaginella
majalis verticillatum selaginoides
Carex distans Drosera Isolepis cernua Pinguicula Sesleria caerulea
longifolia balcanica
Carex echinata Drosera Juncus Pinguicula Sesleria comosa
rotundifolia alpinoarticulatus | vulgaris
Carex flacca Elatine Juncus bulbosus | Plantago Taraxacum
hydropiper maritima apenninum
Table S7 List of moss species that only occur in natural (wet) wetlands.
Aneura pinguis Cephalozia Mylia taylorii Polytrichum Sphagnum Sphagnum
connivens strictum fuscum warnstorfii
Aulacomnium Cetraria islandica | Odontoschisma Ptilidium ciliare Sphagnum Straminergon
palustre sphagni papillosum stramineum
Breutelia Ctenidium Paludella Racomitrium Sphagnum Tomentypnum
chrysocoma molluscum squarrosa lanuginosum platyphyllum nitens
Bryum Dicranum Palustriella Scapania irrigua | Sphagnum Warnstorfia
pseudotriquetrum | scoparium decipiens rubellum exannulata
Calliergon Diplophyllum Philonotis Scapania Sphagnum Warnstorfia
giganteum albicans calcarea undulata russowii fluitans
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Calypogeia Fissidens Philonotis Scorpidium Sphagnum Willemetia
muelleriana adianthoides fontana scorpioides subnitens stipitata
Campylium Hamatocaulis Philonotis seriata | Sphagnum Sphagnum

stellatum vernicosus compactum subsecundum

Campylopus Leucobryum Pleurozium Sphagnum Sphagnum

flexuosus glaucum schreberi contortum tenellum

Cephalozia Mylia anomala Polytrichum Sphagnum Sphagnum teres

bicuspidata commune cuspidatum

Table S8 List of lychen species that only occur in natural (wet) wetlands.

Cladonia cornuta

Cladonia portentosa

Cladonia squamosa

Cladonia crispata

Cladonia rangiferina

Cladonia stellaris

91




8.2 Workshop materials

8.2.1 Land use types

8.2.2 Mitigation measures

Biological intervention

Hydrological intervention
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Terrestrial intervention
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