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Acronyms and abbreviations

ORCHIDEEWET | 200, e ncluding allweliand processes, Reforred to 23 ORCHIDEE.

JSBACH Land surface model for terrestrial energy and carbon exchange and wetlands.
Referred to as JSSBACH-HIMMELI

HIMMELI Methane production and transport model linked to JSBACH.

DNDC DeNitrification-DeComposition. Also referred to as Wetland-DNDC.

GPP Gross primary production of an ecosystem (CO2 uptake).

NPP Net primary production of an ecosystem (CO:2 uptake).

ER Ecosystem respiration (CO2 emission).

NEE Net ecosystem exchange of CO2, equal to ER minus GPP.

NBP Net. Bi'ome Eroductivity NBP = GPP - ER - CH4 - C emissions - disturbances C
emissions (fires)

PRE Precipitation

Tair Air temperature

WTD Water table depth below ground surface - indicates location of waterlogged soil.

SWdown Shortwave downward radiation
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Summary of Deliverable

European wetlands play a critical role in regulating climate through their exchange of carbon dioxide
(CO,), methane (CH,), and water with the atmosphere. This report, developed under the WET
HORIZONS project, provides a continental-scale assessment of greenhouse gas dynamics and
hydrological changes across European peatland-dominated wetlands using three complementary
process-based models: ORCHIDEE-WET, JSBACH-HIMMELI, and Landscape-DNDC.

Using a common simulation framework and climate forcing datasets, the study reconstructed wetland
behavior from 1901 to 2022 to understand how climate variability and environmental change have

altered greenhouse gas fluxes over time.

Despite differences in model structure and process representation, the three models converge on
several important findings. They consistently identify northern and northwestern Europe—including
Fennoscandia, the Baltic region, the UK, and Ireland—as the main hotspots of wetland greenhouse gas
exchange. These regions, characterized by extensive peatlands and wet conditions, dominate the

European wetland carbon budget.

Across Europe, ecosystem productivity and respiration have intensified during the last century, reflecting
the effects of warming temperatures, changing precipitation patterns, and rising atmospheric CO,
concentrations. All models indicate increasing methane emissions through time, particularly in northern

peatlands where wetter conditions and shallower water tables favor methane production.

The simulations also reveal an important emerging pattern: climate change may simultaneously
strengthen carbon uptake while increasing methane release. ORCHIDEE suggests that northern
wetlands are becoming stronger carbon sinks, while JSBACH-HIMMELI projects a more moderate
response and Landscape-DNDC indicates a persistent but more variable carbon sink without the same

monotonic strengthening of carbon uptake.

Water table dynamics emerge as a central control on wetland greenhouse gas behavior. Hydrological
changes strongly regulate carbon exchange and methane emissions, reinforcing the close coupling

between climate, hydrology, and ecosystem processes.

The study highlights a critical challenge for wetland restoration and climate policy: wetland management
cannot evaluate CO, and CH, separately. Actions that enhance long-term carbon storage through
rewetting may also increase methane emissions. The differences among models therefore provide a
valuable uncertainty envelope and emphasize the need for integrated assessments when designing

future wetland restoration strategies across Europe.
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1 Introduction

This deliverable presents a continental-scale assessment of greenhouse gas (GHG) fluxes and
hydrological dynamics across European wetlands within the framework of the WET HORIZONS project.
Wetlands are among the most important terrestrial ecosystems for climate regulation, acting
simultaneously as long-term carbon reservoirs and significant sources of methane emissions. Their
greenhouse gas balance is strongly controlled by interactions among climate, hydrology, vegetation,
and biogeochemical processes, all of which are sensitive to environmental change and restoration
activities. To improve understanding of these interactions, three process-based models, including
ORCHIDEE-WET, JSBACH-HIMMELI, and DNDC (Landscape version), were applied to simulate
carbon fluxes, methane emissions, and water table dynamics across peatland-dominated wetland
systems in Europe over the historical period from 1901 to 2022. After model calibration and site-level
simulations in former deliverables, by using a harmonized simulation framework and common forcing
datasets, this study evaluates spatial patterns, long-term trends, and environmental controls of wetland
greenhouse gas exchange. The multi-model framework also enables quantification of structural
uncertainty and provides a robust basis for assessing the climatic implications of wetland restoration

and future environmental change across Europe.

2 Methodology
2.1 Models

2.1.1 ORCHIDEE (LSCE)

ORCHIDEE is a process-based land surface model and the terrestrial component of the IPSL-CM Earth
System Model, widely used for simulating land—atmosphere exchanges of carbon, water, and energy.
The version used in this project, hereafter referred to as ORCHIDEE-WET, has been specifically
developed to represent wetland carbon dynamics, including carbon stocks, greenhouse gas fluxes, and
their spatial distribution (Qiu et al., 2018, 2019). The model incorporates a detailed representation of
organic wetland soils, characterized by high porosity, high saturated hydraulic conductivity, and reduced
permeability in deeper soil layers. These properties enable the simulation of waterlogged conditions
typical of wetlands. In addition, wetlands receive lateral water inputs from surrounding non-wetland
areas through surface runoff, and an above-surface water reservoir (up to 10 cm) is represented, thereby

maintaining a persistently high water table.

Vegetation in wetlands is represented using five plant functional types (PFTs), including two tree PFTs
(boreal evergreen needleleaf and boreal deciduous needleleaf), one shrub PFT, one grass PFT, and
one moss PFT. The distribution of these PFTs can either be prescribed or simulated dynamically. The
model also accounts for land-use change processes, including the conversion of wetlands to croplands

(e.g., wheat and maize), and the associated impacts on carbon fluxes (Qiu et al., 2021). Carbon
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accumulation in organic soils is simulated through vertical carbon transport across soil layers, while
decomposition processes are controlled by soil moisture, soil temperature, and depth-dependent

conditions.

At the grid scale (0.5°), the water balance of wetlands is driven by precipitation falling on the wetland
fraction of each grid cell, supplemented by lateral inflow from surrounding areas. The hydrological
module explicitly represents separate soil tiles for wetlands and non-wetland vegetation types, enabling
distinct hydrological responses. When the water table exceeds 10 cm above the surface, excess water
is routed to the river network using the model’s river routing scheme. Although the model development
has been strongly informed by peatland studies, its process-based representation of hydrology and

organic soils allows its application to a broader range of wetland ecosystems.

2.1.2 JSBACH-HIMMELI (FMI)

JSBACH-HIMMELI is a combination of two models, JSBACH, a land-surface model, and HIMMELI, a
specific model for northern wetland emissions of CH4 (Tyystjarvi et al., 2024). HIMMELI (Helsinkl Model
of MEthane buiLd-up and emission for peatlands) has been developed especially for estimating CH4
production and transport in northern wetlands and can be easily used as a module within different
modelling environments (Raivonen et al., 2017, Susiluoto et al., 2018). HIMMELI is driven with soil
temperature, water table depth, the leaf area index and anoxic respiration. These parameters are
provided to HIMMELI from the land surface, JSBACH, which models hydrology, vegetation, and soil
carbon input (Reick et al., 2013).

The soil carbon model of JSBACH is YASSO (Goll et al., 2015) where for peatland implementations the
soil carbon storage has been divided into oxic and anoxic fractions according to the water table depth.
In the anoxic soil fraction, the peat decomposition of the different chemical composition pools is slowed

down from their oxic decomposition rates (Kleinen et al., 2020).

Typically for natural ecosystems, such as pristine peatlands in this project, we apply JSBACH with
stationary vegetation cover where the annual dynamics are controlled by climatic drivers, but the long-
term changes of the vegetation cover are not considered. For forest management on forestry drained
peatlands, we apply a JSBACH version accounting for forest growth in even-aged stands (see Tyystjarvi
et al., 2024), the forest growth can be terminated with clear-cuts followed by regrowth of the even-aged
stand. In the context of clear-cut, a fraction of biomass, containing roots, leaves and a fraction of woody
structural parts, is directly located in soil carbon storage. An optional management for the forest stand

is logging a percentage of wood while the rest keeps on growing as an even-aged stand.
2.1.3 DNDC

DNDC (DeN:itrification-DeComposition) model is a process—based biogeochemical model that simulates
carbon (C) and nitrogen (N) dynamics in forest ecosystems and predicts plant growth and production,
C and N balance as well as generation and emission of greenhouse gases (GHG) and has been
successfully tested to quantify GHG across a broad spectrum of climate regimes (Zhang et al., 2002; Li

et al., 2004). The landscape version of DNDC (a modular implementation within the DNDC modelling
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family), henceforth referred as Landscape-DNDC has been adopted in this study, Landscape-DNDC
was selected as the operational DNDC-family framework. Landscape-DNDC is a process-oriented
ecosystem modelling framework developed to simulate biosphere—atmosphere—hydrosphere exchange
processes at both site and regional scales. Prior to regional upscaling, Landscape-DNDC was calibrated
and evaluated against available eddy-covariance observations at individual peatland sites, and the
resulting parameterisation was then applied in the regional simulations. While the different algorithms
and processes within Landscape-DNDC have already been well documented (Haas et al., 2013; Kraus
et al., 2015), a summary has been provided below. Landscape-DNDC simulates ecosystem carbon,
nitrogen and water dynamics based on the interaction between climate, hydrology, vegetation
physiology and soil biogeochemistry. The model integrates microclimate, plant physiology, vegetation
structure, water cycle, soil biogeochemistry, carbon and nitrogen turnover, and greenhouse gas
exchange processes. Vegetation processes in Landscape-DNDC are represented through modular
vegetation models and species-specific parameterisation. In the present peatland application,
vegetation was represented using sedge and moss functional components, with plant physiological
parameters controlling photosynthesis, water-use efficiency, stomatal conductance, foliage nitrogen and
biomass growth. The soil profile and soil biogeochemical dynamics are represented through soil-
chemistry and water-cycle modules, with soil carbon and nitrogen turnover regulated by temperature,
moisture, oxygen availability, substrate supply and microbial activity. Hydrological conditions, including
water-table dynamics, regulate whether soil processes proceed under more aerobic or anaerobic
conditions. Under wetter and more anaerobic conditions, decomposition and oxidation processes are
constrained, while reductive processes such as denitrification and methanogenesis become more
important. Under drier and more aerated conditions, oxidative decomposition and nitrification are
favoured, generally increasing CO, release while reducing conditions favourable for CH, production.
Thus, water-table dynamics act as a primary regulator of peatland carbon and nitrogen cycling by

determining the balance between oxidative and reductive pathways.

2.2 Datasets used to drive the model

2.2.1 Wetland map

A spatial dataset representing wetland distribution across Europe is used, defined over the domain
35°N-75°N and 25°W-45°E at a spatial resolution of 0.5° x 0.5° (Fig. 2.2.1). The initial peatland spatial
dataset was provided through WETHORIZON Work Package 1 (WP1) and is based on the Global
Peatland Map 2.0 (Greifswald Mire Centre, 2022). Additional spatial gap-filling and harmonization were
subsequently performed using data from Hugelius et al. (2020). The resulting processed dataset
provides spatial information primarily for peatland-dominated wetland systems, while other wetland
types are not explicitly represented. Therefore, peatland extent is used as a consistent proxy for wetland
distribution in the simulations, ensuring a coherent representation of organic wetland ecosystems across
Europe. The total simulated wetland area is approximately 0.53 million km?, which is slightly larger than
the range of previous estimates (0.43—0.47 million km?; Melton et al., 2022; Hugelius et al., 2020; Xu et
al., 2018), and is representative of current conditions. The wetland distribution is prescribed as static in
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this study and does not account for historical changes in wetland extent, such as land-use conversion
or drainage. This configuration enables a controlled assessment of climate-driven variability in wetland
greenhouse gas fluxes at the European scale, while future developments may incorporate dynamic

wetland extent based on ongoing reconstruction efforts (Qiu et al., 2021; Fluet-Chouinard et al., 2023).

60° N 70° N

50° N

40° N

20°W 10°W_0° 10°E_20°E 30°E_ 40°E
[ [ I [ I

5 10 20 30 40 50 60 70

Figure 2.2.1 Spatial distribution of peat-dominated wetlands used in EU simulation,

represented by fraction (unit: %) within each 0.5° grid cell
2.2.2 Climate forcing

Atmospheric and meteorological forcing data used in this study are primarily derived from the CRUJRA
v2.4 dataset (Harris, 2023), which provides a globally consistent reconstruction of climate variables at
a spatial resolution of 0.5° and a 6-hourly temporal resolution. The dataset combines CRU observational
data with the JRA reanalysis, ensuring temporal consistency and physical coherence. The forcing
variables include near-surface air temperature (Tair), precipitation (PRE), incoming shortwave and
longwave radiation (SWdown and LWdown), specific humidity, surface pressure, and wind speed, which
together drive the energy, water, and carbon exchanges in terrestrial ecosystems. All forcing data are
harmonized to match the spatial resolution of the simulations. Atmospheric CO, concentrations are
prescribed annually based on historical reconstructions (Meinshausen et al.,, 2011), providing a
consistent representation of long-term changes in atmospheric composition. This common forcing
framework is adopted across models to ensure comparability of simulations, while allowing for model-
specific implementation depending on individual configurations. One distinction is that the JSBACH-
HIMMELI forcing data CRUERAS was adapted from an ERA5 (Hersbach et al., 2020) based ERA5-
Land reanalysis (Munoz-Sabater et al., 2021) product that was further re-aligned with CRU
observational time series dataset, which provides monthly mean levels of temperature and precipitation
at 0.5° horizontal resolution (Harris et al., 2020). Longwave and shortwave radiation, wind speed and
relative humidity come from ERA5-Land without further post-processing. All forcing data were used in

daily time resolution and 0.125° spatial resolution.
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2.3 Simulation protocol

The common simulation protocol for climate forcing and wetland maps was applied across all models to
ensure consistency and comparability of results. All simulations were driven by the meteorological
forcing described in Section 2.2.2 and prescribed atmospheric CO, concentrations (Meinshausen et al.,
2011). Model-specific parameterizations were calibrated at the site level or for groups of sites using
available flux observations in previous deliverables (D3.1 and D3.2), and were subsequently applied in

the historical simulations. The simulation protocol consists of three sequential steps:
Step 1: Spin-up phase

All models (excluding Landscape-DNDC) were first spun up for 10,000 years under constant pre-
industrial atmospheric CO, concentration (286 ppm) to establish equilibrium conditions of soil carbon,
hydrology, and energy balance. Repeated meteorological forcing was applied during this phase to

approximate long-term climatic conditions representative of the Holocene.
Step 2: Adjustment phase

Following the initial spin-up, simulations were continued for an additional 100 years using repeated
early-period climate forcing to further stabilize soil thermal and hydrological states, as well as carbon

fluxes, under pre-industrial conditions.
Step 3: Historical transient simulation

Transient simulations were then conducted using time-varying meteorological forcing and atmospheric
CO; concentrations over the historical period. Due to the limited availability of early climate forcing data,
repeated forcing from the early 20th century was applied to the initial decades of the simulation. To

ensure robustness, subsequent analyses focus on the period from 1901 onwards.

In JSBACH-HIMMELI, the soil thermal and hydrological stages are stabilized in a 60-year step that
provides data for the spin-up phase (Step 1) simulated with the pre-industrial CO, concentration. The
last 30 years of the pre-spin-up phase are used for the soil carbon accumulation. This, together with the
early years (1860-1900) of Step 3, which are left out of the analysis, ensures the robustness of the

reported simulations.

For Landscape-DNDC, direct adoption of the common 10,000-year spin-up protocol was evaluated and
analyzed but not adopted for the final production simulations. Unlike land-surface models designed for
long-term equilibrium carbon-pool initialization, DNDC uses prescribed site and soil properties, including
peat physical characteristics, initial soil carbon conditions, vegetation parameters, and hydrological
boundary conditions. Extending the model through a very long artificial-calendar spin-up may therefore
move the simulated system away from the intended mapped or observed initial peatland state.
Preliminary test simulations also indicated the same as it did not produce a robust continuation to the
intended end of the spin-up period. Therefore, a Landscape-DNDC-specific extended stabilization
phase using repeated early-period forcing was adopted prior to the historical transient simulation. This

approach was considered more appropriate for preserving the prescribed peatland initial conditions
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while allowing fast and intermediate model pools, hydrological states, and fluxes to stabilize before

analysis.

3 Results
3.1 ORCHIDEE (LSCE)

3.1.1 Spatial patterns of mean fluxes (1901-2022)

This section presents simulated greenhouse gas fluxes and associated environmental variables across
European wetlands using ORCHIDEE. The results provide an integrated view of spatial patterns, long-
term evolution, and climate-driven variability in wetland carbon dynamics at the continental scale. In this
context, water pool dynamics are represented by variations in water table depth (WTD), which serves
as an integrated indicator of wetland hydrological conditions and a key control on greenhouse gas fluxes.
The analysis is structured to first describe the spatial distribution of mean fluxes, followed by their
temporal evolution over the historical period, associated spatial changes, and the underlying
environmental controls. Together, these results offer a consistent characterization of wetland carbon—

water interactions across Europe.

The spatial distribution of mean carbon fluxes across European wetlands (Fig. 3.1.1a—d) exhibits clear
large-scale gradients, reflecting the combined influence of climatic and hydrological conditions. Gross
primary production (GPP; Fig. 3.1.1a) and ecosystem respiration (ER; Fig. 3.1.1b) show broadly similar
spatial patterns, with higher values in northern and central Europe and lower values in southern regions.
These patterns are consistent with the distribution of air temperature (Tair; Fig. 3.1.1g) and incoming
radiation (SWdown; Fig. 3.1.1h), indicating that both photosynthetic uptake and respiratory processes
are strongly regulated by climatic energy inputs. Net ecosystem exchange (NEE; Fig. 3.1.1c),
representing the balance between GPP and ER, shows comparatively weaker spatial gradients, with
large areas of European wetlands acting as near-neutral or modest carbon sinks over the long-term
mean. Regional variations in NEE reflect the interplay between productivity and respiration under
different climatic regimes. Methane (CH,) emissions display a markedly distinct spatial pattern (Fig.
3.1.1d), with pronounced higher emission rates in northern Europe, particularly in Fennoscandia and
parts of the Baltic region. These regions are characterized by relatively high precipitation (PRE; Fig.
3.1.1f) and lower temperatures, which favor the persistence of saturated soil conditions and reduced
oxygen availability. Water table depth (WTD; Fig. 3.1.1e) as a critical water pool proxy controlling GHG
emissions in wetlands, shows strong spatial coherence with methane emissions. Areas with shallow
water tables correspond closely to regions of elevated CH, fluxes, highlighting the dominant role of
hydrological conditions in regulating methane production and release. This spatial coupling between
WTD and CH, emissions indicates that climatic drivers, particularly precipitation and temperature,

influence methane fluxes primarily through their control on wetland hydrology.
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Figure 3.1.1 Spatial patterns of average (a) GPP, (b) ER, (c) NEE, (d) CH4 emission, (e)
WTD, (f) PRE, (g) Tair, and (h) SWdown in the EU wetlands domain, averaged from 1901
to 2022, simulated by the ORCHIDEE model

3.1.2 Long-term evolution of fluxes and climate drivers

The long-term evolution of greenhouse gas fluxes and associated environmental variables across
European wetlands (Fig. 3.1.2) reveals a coherent response to changing climatic conditions over the
20th and early 21st centuries. GPP and ER both exhibit increasing trends over the simulation period
(Fig. 3.1.2a), rising from approximately 0.31-0.32 Pg C yr™' (1 Pg = 10'® g) in the early 20th century to
about 0.45 Pg C yr (GPP) and 0.40 Pg C yr™ (ER) in recent decades. This concurrent increase
indicates an overall intensification of ecosystem carbon cycling, consistent with enhanced productivity
and respiration under a warming climate. NEE shows relatively small interannual variability and remains
close to neutral during the early part of the 20th century (Fig. 3.1.2b), with mean values around -7.9 Tg
Cyr (1 Tg = 102 g) and a weak trend (~-0.09 Tg C yr™* decade™). A clear shift emerges from the late
20th century onwards, with NEE becoming increasingly negative, indicating a strengthening carbon sink.
After the 1980s, mean NEE reaches approximately —35.8 Tg C yr™, with a stronger trend of ~-0.72 Tg
C yr' decade™, suggesting an increasing dominance of carbon uptake over respiration. CH4 emissions
display a pronounced and continuous increase throughout the simulation period (Fig. 3.1.2b), rising from
an average of ~3.67 Tg CH, yr™ before 1980 to ~6.10 Tg CH, yr™" in recent decades. The rate of
increase accelerates from ~0.03 Tg CH, yr™' decade™ before 1980 to ~0.08 Tg CH, yr™ decade™ after
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1980, indicating a marked intensification of methane emissions in recent decades. The temporal
evolution of hydrological and climatic drivers (Fig. 3.1.2c—d) provides important context for these trends.
PRE shows a moderate increasing tendency, while WTD becomes progressively shallower (i.e., less
negative), indicating increasingly wet conditions (Fig. 3.1.2c). At the same time, Tair exhibits a clear
upward trend, particularly after the mid-20th century, while SWdown also shows a gradual increase (Fig.
3.1.2d). Overall, the observed increase in methane emissions and the strengthening carbon sink are
consistent with concurrent changes in climatic and hydrological conditions, including rising temperatures
and increasingly shallow water tables. These patterns suggest a strong coupling between climate

variability, wetland hydrology, and greenhouse gas fluxes over the historical period.
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Figure 3.1.2 Long-term variation of fluxes simulated by ORCHIDEE and climate across
the EU wetlands domain from 1901 to 2022. (a) GPP and ER, (b) NEE and CH4 emission,
(c) PRE and WTD, and (d) Tair and SWdown
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3.1.3 Spatial changes between early and recent periods

Spatial changes in greenhouse gas fluxes and hydrological conditions between the early (1901-1920)
and recent (2010-2019) periods reveal pronounced regional patterns across European wetlands (Fig.
3.1.3). NEE shows a clear intensification of carbon uptake in northern Europe, particularly in
Fennoscandia and parts of northwestern Russia (Fig. 3.1.3 top row). These regions exhibit increasingly
negative NEE values in the recent period, indicating a strengthening carbon sink. In contrast, changes
in southern and central Europe are relatively weak, suggesting a more limited response of the carbon
balance in these regions. CH4 emissions display a strong and spatially coherent increase, with the most
pronounced changes occurring in northern Europe (Fig. 3.1.3 middle row). The increase in CH,
emissions is particularly evident in high-latitude regions, where fluxes have intensified substantially
compared to the early 20th century. This spatial pattern is consistent with the temporal increase
identified in Section 3.1.2 and highlights a clear regional amplification of methane emissions in colder

and wetter environments.

Changes in WTD provide important context for these flux responses (Fig. 3.1.3 bottom row). Large areas
of northern Europe exhibit a rise in water table (i.e., less negative WTD), indicating increasingly
saturated conditions over time. The spatial distribution of AWTD closely corresponds to regions of
enhanced CH, emissions, suggesting a strong linkage between hydrological changes and methane flux
increases. Overall, the spatial patterns of change indicate that northern European wetlands are
particularly sensitive to long-term environmental change, showing both enhanced carbon uptake and
increased methane emissions. These results further support the coupling between climatic variability,
hydrological conditions, and greenhouse gas fluxes, with spatially heterogeneous responses across
Europe. The strengthening carbon sink is spatially co-located with regions of increasing methane
emissions, suggesting that similar regions experience concurrent increases in carbon uptake and

methane release under changing environmental conditions.
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Figure 3.1.3 Mean NEE (top), CH4 emission (middle), and WTD (bottom) simulated by
ORCHIDEE in the early (1901-1920) and the later (2010-2019) periods, and their

difference (last column)

3.1.4 Climate controls on greenhouse gas fluxes

To further analyze the controls of environmental variables on greenhouse gas fluxes, a multiple linear
regression framework was applied using annual mean water table depth (WTD), air temperature (Tair),
precipitation (PRE), and downward shortwave radiation (SWdown) as predictors. Methane emissions
show positive associations with all considered drivers, with the strongest standardized coefficient for air
temperature (0.43), followed by precipitation (0.21), shortwave radiation (0.20), and WTD (0.16), and
the regression explains 58.0 % of the interannual variability (R* = 0.58). The positive relationship with
WTD indicates higher methane emissions under shallower water table conditions. These results suggest
that methane emissions are influenced by a combination of temperature, hydrological conditions, and

energy input, with temperature exerting the strongest statistical control at the European scale.

In contrast, net ecosystem exchange (NEE) shows a markedly different sensitivity to environmental
drivers. Simple correlation analysis indicates that NEE is most strongly associated with water table depth
(R =-0.86), followed by air temperature (R = -0.69) and precipitation (R = -0.66), while the relationship
with shortwave radiation is weaker (R = -0.22). The multiple regression results further confirm the
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dominant role of hydrology, with WTD showing the largest standardized coefficient (-0.68), compared to
-0.33 for temperature, and an overall high explanatory power (R* = 0.87). The strong dependence of
NEE on WTD remains robust after removing long-term trends, with a detrended correlation of R = -0.83,
indicating that water table variations exert a direct and persistent control on carbon exchange. This
suggests that wetter conditions (i.e., shallower water tables) enhance carbon uptake, likely through their

influence on ecosystem productivity and respiration balance.

The sensitivity of methane emissions also varies between the early and late historical periods. Before
1980, CH, variability was primarily associated with air temperature (standardized coefficient = 0.53),
while the overall explanatory power remained relatively limited (R? = 0.42). After 1980, the regression fit
improves substantially (R? = 0.84), indicating a stronger coupling between methane emissions and
environmental variability under recent warming conditions. During this later period, the relative
contribution of temperature becomes weaker (standardized coefficient = 0.11), while hydrological and
radiation-related variables contribute more strongly to the explained interannual variability. These results

suggest increasingly complex interactions among climatic and hydrological drivers in recent decades.

Together, these results highlight contrasting controls on wetland carbon dynamics: methane emissions
are primarily linked to temperature and energy input, while carbon uptake (NEE) is strongly governed
by hydrological conditions. This indicates a coupled but contrasting response of CO, and CH, fluxes to

climate change, mediated through both thermal and hydrological pathways.

3.2 JSBACH-HIMMELI (FMI)

3.2.1 Spatial patterns of mean fluxes (1901-2022)

This section presents the regional simulation results from JSBACH-HIMMELI in a similar manner to the
previous sections, which showed ORCHIDEE results. The mean carbon balance component fluxes
(GPP, ER, NEE and CHg4; Fig. 3.2.1 a-d) largely reflect the pattern of the peatland map that was used
to scale the original JSBACH-HIMMELI pattern to represent the wetland distribution product from the
project. The central UK and Scotland, as well as Ireland stand out as areas of highest gross primary
production and ecosystem respiration (GPP and ER; Fig. 3.2.1 a and b, respectively). The other areas
of high gross primary production and ecosystem respiration are located in Fennoscandinavia (especially
in northern Ostrobotnia in Finland) and in the Baltic region. Methane emission pattern (CH4; Fig. 3.2.1
d) resembles that of ecosystem respiration. Net ecosystem exchange (NEE; Fig. 3.2.1 c) shows a sink
throughout the domain and the largest sink values at the peat-abundant areas. Water table depth (WTD;
Fig 3.2.1 e) shows its shallowest values in the peat-abundant areas but also shows some resemblance
with the precipitation pattern (PRE; Fig 3.2.1 f) that has a strong east to west gradient throughout the
peat-abundant regions of Europe. Air temperature (Tair; Fig 3.2.1 g) and shortwave radiation (SWdown;
Fig 3.2.1 h) show a north-south gradient, which is why the water WTD is on average relatively shallow

throughout Fennoscandinavia regardless of the low annual precipitation.
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Figure 3.2.1 Spatial patterns of average (a) GPP, (b) ER, (c) NEE, (d) CH4 emission, (e)
WTD, (f) PRE, (g) Tair, and (h) SWdown in the EU wetlands domain from 1901 to 2022
simulated by the JSBACH-HIMMELI model

3.2.2 Long-term evolution of fluxes and climate drivers

Similarly to ORCHIDEE, the long-term evolution of JSBACH-HIMMELI derived GHG fluxes responds to
the changing climate (Fig 3.2.2). GPP and ER increase steadily in similar patterns and very similar
magnitudes of around 0.13 Pg C yr™" (Fig. 3.2.2a). This is around half of the rise shown by ORCHIDEE
simulations (Fig. 3.1.2a), while the magnitudes of both GPP and ER are around 60 % higher in JSBACH-
HIMMELI than in ORCHIDEE. Contrary to ORCHIDEE (Fig. 3.1.2b), NEE from JSBACH-HIMMELI (Fig.
3 .2.2 b) shows hardly any rise during the time span because of the close resemblance of the changes
and the overall levels of GPP and ER. NEE is an annual sink throughout the time series. CH4 emission
increases slightly throughout the time-series, showing clear year-to-year variability that closely mimics
the variability in NEE (Fig. 3 .2.2 b). The increasing PRE and slightly increasing WTD (Fig. 3 .2.2c)
contribute to the increase in the general level of CH4 emissions. Overall, the carbon uptake and emission
processes are consistent with increasing Tair, SWdown (Fig. 3 .2.2d) and PRE, but also an increase in
atmospheric CO2 concentration strongly contributes to the increasing GPP and consequently increasing

carbon source terms.

19
Funded by

the European Union




Simulation of Wetland Greenhouse Gas -
Fluxes and Water Pool Dynamics Across EU WET H =R I ZO N S

(a) == GPP == _ER

—0.04 A =
-0.06
800 -10
_ (c) .
o 750 =
>
£ =14 E
£ 700
= 1B
4
L 650 e
600 -20
F132
(d) &
54 IE
o0 130 2
£ £
©
}_.
44 128 3
=
V5]
1901 1921 1941 1961 1981 2001 2021
Year

Figure 3.2.2 Long-term variation of fluxes simulated by JSBACH-HIMMELI and climate
across EU wetlands domain from 1901 to 2022. (a) GPP and ER, (b) NEE and CHa4
emission, (c) PRE and WTD, and (d) Tair and SWdown

3.2.3 Spatial changes between early and recent periods

For NEE the very small overall change from the consistent Europe-wide sink towards increasing source
is located in northern continental Europe and southern Finland (Fig. 3.2.3 top). CH4 emission increase
takes place more consistently at peatland rich regions but relatively more in the eastern parts of the
domain than in the west (i.e. relative to the peatland abundance, more in Fennoscandinavia than in UK
and lIreland, Fig. 3.2.3 middle). WTD shows a curious pattern of varying, slightly increasing and

decreasing annual means with the highest increase occurring in Lapland (Fig. 3.2.3, bottom).
3.2.4 Climate controls on greenhouse gas fluxes

Similarly to the analysis on ORCHIDEE (Section 3.1.4), a multiple linear regression framework was used
to quantify the independent relationships between environmental drivers (now including WTD) and
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carbon fluxes (GPP, ER, NEE and CHa). Annual GPP is most strongly associated with PRE (r=0.68),
with contributions from Tair (r=0.51) and a weaker positive association with SWdown (r=0.35) and
a negative association with WTD (-0.32). Partial correlations of ER with both PRE and Tair are
strong and positive (r= 0.62 and r=0.64, respectively). SWdown has a weaker association of r=0.37
and WTD a negative association of r = 0.33. NEE has the strongest positive association with Tair
(0.64) and a moderately strong negative association with PRE (r=-0.58), meaning that both
associations are robust and independent. The associations with SWdown and WTD are negligible.
Annual CH4 emission shows a strong partial correlation only with Tair (r=0.64) while associations
to PRE, SWdown and WTD are negligible.
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Figure 3.2.3 Mean NEE (top), CH4 emission (middle), and WTD (bottom) simulated by JSBACH-
HIMMELI in the early (1901-1920) and the later (2010-2019) periods, and their difference (last column)
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3.3 DNDC model (JHI)

3.3.1 Spatial patterns of mean fluxes (1901-2022)

Similar to the preceding ORCHIDEE and JSBACH-HIMMELI analysis, this section presents the regional
results from Landscape-DNDC. The spatial distribution of mean carbon fluxes simulated by Landscape-
DNDC configuration shows a clear regional structure across the European wetlands domain. Gross
primary production (GPP; Fig. 3.3.1a) is highest in peatland-rich regions of northern and north-western
Europe, especially the UK, Ireland, parts of Fennoscandia and the Baltic region. Ecosystem respiration
(ER; Fig. 3.3.1b) broadly follows the same spatial pattern as GPP, indicating that areas with high
productivity also tend to have higher respiratory carbon losses. This spatial coupling between GPP and
ER is consistent with the influence of climatic productivity gradients, particularly air temperature,
precipitation and radiation, on carbon turnover. Net ecosystem exchange (NEE; Fig. 3.3.1c), which
reflects the balance between GPP and ER, shows a more spatially mixed pattern than either GPP or
ER alone. Landscape-DNDC produces spatially variable sink strength, with stronger carbon sink
behaviour in several peatland-dense northern areas and weaker or more neutral NEE values in parts of
central and eastern Europe. This is due to the fact that heterotrophic and autotrophic respiration
maintains a relatively balanced carbon budget, where enhanced productivity is partly offset by

respiration but does not completely eliminate spatial variation in net carbon uptake.

Methane emissions (CH,; Fig. 3.3.1d) show a pattern that is distinct from the CO, flux components.
Higher CH, emissions are concentrated in northern Europe, particularly in Fennoscandia, the Baltic
region and other wet peatland areas. This pattern corresponds more closely with the hydrological
distribution than with GPP or ER alone, suggesting that methane production in DNDC is mainly
controlled by saturated soil conditions and water table behaviour. Water table depth (WTD; Fig. 3.3.1e)
shows spatial association with methane emissions, although the relationship is not uniform across the

domain.

The climate variables provide additional explanation for these flux patterns. Precipitation (PRE; Fig.
3.3.1f) is higher across north-western and western Europe, while air temperature (Tair; Fig. 3.3.1g) and
incoming shortwave radiation (SWdown; Fig. 3.3.1h) show broader latitudinal and regional gradients.
These climatic gradients influence GPP and ER directly, while their effect on CH, is mediated through
water table conditions and methane process controls. Overall, a relatively balanced spatial configuration
is reflected: GPP and ER are coupled, NEE remains spatially heterogeneous, and CH, is mainly

controlled by wet northern peatland areas.
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Figure 3.3.1 Spatial patterns of average (a) GPP, (b) ER, (¢) NEE, (d) CH4 emission, (e) WTD, (f)
PRE, (g) Tair, and (h) SWdown in the EU wetlands domain from 1901 to 2022 simulated by the DNDC

model

3.3.2 Long-term evolution of fluxes and climate drivers

Similarly to ORCHIDEE and JSBACH-HIMMELI, the long-term evolution of Landscape-DNDC-derived
greenhouse gas fluxes shows a clear response to historical climatic and hydrological variability (Fig.
3.3.2). However, the temporal behaviour of Landscape-DNDC is less monotonic than ORCHIDEE and
shows stronger multi-decadal variability, particularly in GPP, ER, NEE and CH,. GPP and ER show
broadly similar temporal patterns throughout the simulation period (Fig. 3.3.2a). GPP remains higher
than ER for most years, indicating that the landscape maintains a net tendency toward carbon uptake.
GPP varies approximately between 0.40 and 0.48 Pg C yr™', while ER varies approximately between
0.33 and 0.40 Pg C yr . Unlike ORCHIDEE, where both GPP and ER increase steadily from the early
20th century to recent decades, DNDC shows a more oscillatory pattern and a weak decline or
stabilization over the full period. Compared with JSBACH-HIMMELI, DNDC has a clearer separation
between GPP and ER, suggesting a stronger long-term net carbon sink tendency. NEE remains mostly
negative, indicating that the simulated peatland domain generally acts as a carbon sink over the
historical period (Fig. 3.3.2b). The magnitude of NEE is modest, fluctuating mainly between
approximately —-0.10 and -0.05 Pg C yr™. In contrast to ORCHIDEE, which shows a clearer
strengthening of the carbon sink after the 1980s, Landscape-DNDC shows stronger interannual
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variability and a less consistent long-term trend. The Landscape-DNDC pattern is therefore closer to
JSBACH in showing a relatively persistent sink through time, but differs from JSBACH because the
GPP-ER separation is larger and NEE variability is more pronounced. CH, emissions increase over the
simulation period but with substantial year-to-year variability (Fig. 3.3.2b). CH, fluxes are generally lower
during the early to mid-20th century and become higher after the 1980s, reaching 6.43 Tg CH, yr in
2010-2019, indicating a clear intensification of methane release. This behaviour is qualitatively
consistent with ORCHIDEE and JSBACH, both of which show increasing CH, emissions over time. PRE
shows an overall increasing tendency, especially after the late 20th century, while WTD remains
comparatively deep and variable in DNDC. . Tair increases most clearly after the 1980s, consistent with
the late-century increase in productivity and methane emissions, while SWdown shows interannual
variability with only a modest long-term change. Overall, the DNDC time series indicates a persistent
CO, sink with increasing methane emissions, but without the same monotonic strengthening of carbon
uptake simulated by ORCHIDEE. It is more sink-dominated than JSBACH because GPP remains visibly
higher than ER for much of the time series. Therefore, the overall trend indicates a persistent carbon

uptake, increasing methane emissions, and strong sensitivity to interannual hydrological variability.
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Figure 3.3.2 Long-term variation of fluxes simulated by the DNDC model and climate across EU
peatlands domain from 1901 to 2022. (a) GPP and ER, (b) NEE and CH4 emission, (c¢) PRE and
WTD, and (d) Tair and SWdown
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3.3.3 Spatial changes between early and recent periods

Spatial changes in Landscape-DNDC-simulated greenhouse gas fluxes and hydrological conditions
between the early period, 1901-1920, and the recent period, 2010-2019, show clear regional contrasts
across the European peatland domain. In DNDC, the difference map shows a broad but modest shift
toward more positive NEE values across much of northern, western and eastern Europe. This indicates
that, relative to the early 20th century, the recent period becomes less strongly sink-like or more source-
like in many peatland regions. Some localized sink-like behaviour remains visible in peatland-rich areas,
especially parts of the UK and northern Fennoscandia, but the dominant large-scale change is not a

strong northern sink intensification seen in ORCHIDEE.

CH, emissions show a much more consistent increase between the early and recent periods. The
increase is spatially coherent and strongest across Fennoscandia, the Baltic region and parts of
eastern/northern continental Europe. This response is broadly similar to ORCHIDEE and JSBACH-
HIMMELI, both of which show increasing methane emissions in peatland-rich northern regions.
However, Landscape-DNDC appears to produce a particularly widespread CH, increase across the
eastern part of the domain, with relatively strong changes in Fennoscandia and the Baltic region
compared with the UK and Ireland. In this respect, the Landscape-DNDC methane response is closer
to JSBACH than to ORCHIDEE, because the strongest relative increase is concentrated more toward
the eastern and northern peatland domain. WTD changes are comparatively weaker and more spatially
patchy than the changes in NEE and CH,. The WTD difference map does not show the same strong,
coherent water-table rise seen in the ORCHIDEE interpretation. Instead, DNDC shows smaller regional
changes, with modest increases and decreases distributed across the peatland domain. Therefore,
while CH, emissions increase substantially, the spatial correspondence between AWTD and ACH, is
less visually direct in DNDC than in ORCHIDEE. This suggests that DNDC methane changes may be
influenced not only by the displayed long-term mean WTD changes, but also by annual hydrological

variability, temperature effects, and model-specific methane production and transport processes.

Overall, Landscape-DNDC shows a mixed response. It agrees with ORCHIDEE and JSBACH in
producing a clear increase in CH, emissions over northern European peatlands, especially
Fennoscandia and the Baltic/eastern domain. However, it differs from ORCHIDEE in the NEE response:
rather than showing a clear strengthening of carbon uptake in the recent period, DNDC shows a broader

shift toward weaker sink strength or increased source tendency.
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Figure 3.3.3 Mean NEE (top), CH4 emission (middle), and WTD (bottom) simulated by DNDC
in the early (1901-1920) and the later (2010-2019) periods, and their difference (last column)

3.3.4 Climate controls on greenhouse gas fluxes

Similar to the analyses performed for ORCHIDEE and JSBACH-HIMMELI, the Landscape-DNDC
environmental-control analysis was used to evaluate how annual greenhouse gas fluxes respond to
water table depth, air temperature, precipitation and downward shortwave radiation. In the DNDC
workflow, these relationships must be interpreted as diagnostic spatial-temporal associations rather than
isolated causal sensitivities, because the analysis combines large-scale European spatial gradients,
peat-fraction weighting, externally imposed water-table forcing and interannual climate variability. The
bivariate correlation structure indicates that GPP, ER, NEE and CH, are linked to climatic and
hydrological gradients, but the relationships are weaker for CO, exchange than for methane. WTD
shows weak to moderate negative correlations with GPP, ER, NEE and CH,, with values of
approximately —0.15 for GPP, —-0.26 for ER, —0.07 for NEE and -0.35 for CH,. Since in the analysis,
WTD is expressed with negative values below the surface, this means that less negative, shallower
water-table conditions are associated with larger flux magnitudes. This is broadly consistent with
peatland process understanding, where wetter conditions can promote methane emissions and alter the

balance between productivity and respiration.
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The CH, response in Landscape-DNDC differs from both ORCHIDEE and JSBACH in the details of the
driver relationships. In the bivariate analysis, CH, is positively associated with Tair and SWdown, and
more weakly associated with precipitation, while it shows a negative relationship with WTD. In the
standardized linear model, after adjusting for the other drivers, CH, has positive coefficients for Tair
(0.31), precipitation (0.27), and SWdown (0.40), and a negative coefficient for WTD (-0.29), with the
regression explaining approximately 57 % of annual variability. This indicates that methane emissions
in DNDC are controlled by interacting regional, hydrological and climatic gradients rather than by a
single driver alone. NEE shows a different environmental-control pattern from ORCHIDEE. In
Landscape-DNDC, annual NEE has weaker relationships with the environmental drivers, and the
standardized model explains only a small fraction of annual variability. The standardized coefficients
indicate a weak positive influence of SWdown (0.23), while WTD, Tair and precipitation are
comparatively weaker. Because positive NEE means a CO, source to the atmosphere, these diagnostic
relationships suggest that the annual DNDC NEE response is governed by the balance between

productivity and respiration rather than by a single climatic or hydrological variable.

4 Discussion

All three models reproduce a broadly consistent first-order pattern: European wetland greenhouse gas
exchange is concentrated in peatland-rich regions of northern and north-western Europe, especially the
UK/Ireland, Fennoscandia, the Baltic region and parts of north-western Russia. The geographical extent
of peatlands interacts with water table, temperature, radiation and precipitation to simulate the broad
spatial patterns of greenhouse gas emissions. To that end, the broad spatial patterns generated by the
three models are in sync. Furthermore, GPP and ER appear to be spatially coupled, thereby indicative
of the fact that wetlands with high productivity have higher respiration rates. The dynamics of methane
emission are associated with wetland regions characterized by wet conditions, northern peatland extent

and water table variability.

With regard to NEE, ORCHIDEE’s simulation highlights a strengthening carbon sink over time, with NEE
being more negative in northern Europe and carbon uptake increasing after the late twentieth century.
JSBACH-HIMMELI has also projected the wetlands to behave as a carbon sink of the magnitude of
around half of ORCHIDEE'’s sink at the end of century. However, unlike ORCHIDEE, the NEE from
JSBACH does not show clear trend, primarily because of GPP and ER increase similarly throughout the
century. DNDC remains more sink-like and is closer to ORCHIDEE in maintaining stronger GPP than
ER, but it does not show the same clear strengthening of carbon uptake through time. With respect to
CHa4 projections, all models appear to converge towards increasing emissions over time, especially in
northern wetland regions. With respect to flux values, ORCHIDEE has found GPP and ER to increase
from 0.31-0.32 Pg C yr™" in the early twentieth century to approximately 0.45 Pg C yr™ for GPP and
0.40 Pg C yr™* for ER in recent times. GPP and ER magnitudes reported by JSBACH-HIMMELI appear
to be, on average, 60 % higher than those simulated by ORCHIDEE. The GPP and ER ranges reported
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by DNDC are close to ORCHIDEE. The divergence in flux values should be interpreted from the
perspective of process uncertainty and model structure vis-a-vis representation of wetland hydrology,

vegetation, soil carbon decomposition, methane production, and spatial upscaling

Landscape-DNDC produces GPP and ER ranges close to ORCHIDEE. The values are therefore not
obviously unrealistic, but the divergence among models shows that the final interpretation should focus
on process uncertainty and model structure, not on a single best estimate. Looking into the future,
ORCHIDEE predicts a European wetland landscape characterized by wetter northern peatlands that
would support increased carbon uptake and increased methane emissions. The trajectory of the land-
surface response by JSBACH-HIMMELI appears to be more muted: plant productivity and respiration
will concomitantly increase, leading to minimal increase in NEE along with increased CH4 emissions.
Landscape-DNDC predicts a more respiration-sensitive landscape, whereby productivity increase could
potentially be offset by high respiration rates. This behaviour is broadly in sync with studies that have
hypothesized that microbial response may increase at a faster rate than photosynthesis, potentially
weakening the terrestrial land sink strength (Ogle 2018; Bon-Lamberty et al., 2018). With respect to
methane, all models agree that emissions are likely to be highly sensitive to wet northern wetland
hydrology. The CO, exchange response trajectory, however, depends on the balance between
productivity gains and respiratory losses. This means that restoration assessments should not evaluate
CO; or CH, in isolation. A model showing strong carbon uptake may also show increased methane
emissions; conversely, a model showing lower CH, under drier conditions may imply greater CO, loss
from peat decomposition. The inter-model spread, therefore, provides a useful uncertainty envelope for

restoration planning, especially when comparing rewetting, drainage, and business-as-usual scenarios.

5 Conclusion

Using three process-based models evaluated and calibrated in previous years, this study provides the
first multi-model assessment of greenhouse gas fluxes and hydrological dynamics across European
wetlands over the historical period, with a common simulation protocol for the wetland map and climate
data used as input to all models. Despite differences in process representation and flux magnitudes, the
models consistently identify northern wetlands as key hotspots of greenhouse gas exchange and
indicate increasing methane emissions under changing climate conditions during the last Century. The
results further highlight the central role of hydrology, particularly water table dynamics, in regulating
wetland carbon balance. Overall, the multi-model framework provides a robust basis for understanding
uncertainties and supports integrated assessments of wetland restoration and climate mitigation
strategies across Europe. Future steps will consist of incorporating past drainage and land use change
effects, which have been simulated at the site level in previous deliverables, into this framework to

compare the effects of climate vs. direct land use change on wetland GHG fluxes.
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