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Acronyms and abbreviations

Abbreviation  Description

GHG Greenhouse gas
Emission factor, a numerical representation of how much

EF greenhouse gases are emitted into the atmosphere or sequestered
from the atmosphere into an ecosystem

COz2 Carbon dioxide

NEE Net ecosystem exchange of COz2

GPP Gross primary production

Reco Ecosystem respiration of COz2

CHa4 Methane

ET Evapotranspiration

VPD Vapour pressure deficit

T Air temperature

P Precipitation

SWin Shortwave incoming radiation

CWEB Climatic Water Balance, difference of precipitation and
evapotranspiration

EC Eddy covariance, a technique to measure exchanges of gases,
energy and momentum between the atmosphere and biosphere
Standardized precipitation evapotranspiration index, a multiscalar

SPEI . L
drought index based on climatic data
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1 Summary of Deliverable

This report provides an update on the greenhouse gas (GHG) flux data-related
activities within work package 2, one of which aimed at estimating the impact of
extreme weather conditions on the annual GHG fluxes and discuss the effects on the
emission factors in European wetland ecosystems. It covers the current status and
future prospects of the data analysis activities in Task 2.2.

First, the reader is introduced to the relevance of the topic by a short literature review
on climate extremes and their impacts on wetland GHG sink and source dynamics.
The introduction is followed by the more detailed objectives. Next, the selected flux
measurement sites are characterized. Data from different wetland types across
Europe with a variable number of site years were collected. These include pristine
peatlands, seminatural flooded wetlands, mineral soil wetland, and restored peatland
sites.

The report continues with the presentation of the current findings and status of the
analysis. For detecting the meteorological anomalies or extremes, we tested how well
SPEI, a drought index, from gridded meteorological data represents the sites in each
respective grid cell. For detecting the effect of extremes on carbon dioxide (CO2)
fluxes, measured site-scale meteorological and flux data were used. When analysing
the climate extreme responses, the focus was solely on CO2 dynamics within the
selected sites. The dynamics of seasonal CO2 balances at different wetland types are
discussed. Additionally, simulation results from several ecosystem process models
are presented to assess the capability of models to capture extreme events in the
current model development phase (in the WP 3).

Funded by
the European Union 6




Impact of climate extremes on EFs WET H=RIZONS

Table of Contents

TechniCal REfEIrENCES. .. ... it e e e e e s s n e n e e e e e rn e e e e e ennns 2
[ Zo o3 0T 0 1= o A 113 T o7 78t 3
Acronyms and abbreviations............coiiiiiiiii 4
D 1T o] F= T 1= P 5
1 Summary of Deliverable.........ccuiiiii 6
Table Of fIQUIES......vii i 7
B2 1411 o T LW e 1 oY o PP 9
P B © o] 1= o3 11T TSRS 12
B I 11 =1 Lo Yo [ Lo ' Y P 12
L == 1] | =N 16
4.1 Meteorological extremes and annual NEE.............ccooiiiiiiiii e, 16
4.2 Decomposition of meteorological and CO2 time series; trends and extreme events ............... 19
4.3 How well the models captured CO2 exchange during the extreme?............cccceevviiiieiiiiee e, 30
4.4 Succession of the rewetted peatlands ... 30
L =T 5 o 1= o2 4 Y= PPN 31
L 3 CEY =] = Lo =Y 32

Table of figures

Figure 1: Location of the sites (red diamonds) across Europe. Background map from Google Earth.. 14

Figure 2: Dry (yellow) and wet (blue) extremes in CERRA-based SPEI between 2000 and 2021 at the
example site grids points. The sites are shown in an order from North (top) to South (bottom) in for
example sites. SPEI was calculated for a three-month moving window. The x-axis tick label marks the
o1 o 1oL aTTaTo o] = TN Y=Y | PSSR 17

Figure 3: NEE in the sites in 2006-2020/23. The pristine fens are on the top row, followed by disturbed
sites, and the restored sites are at the bottom (SP-EIP is restored in a sense that water level started to
increase after stopping drainage for peat extraction). Net uptake of CO2 from the atmosphere to
ecosystems is indicated with negative sign and net release of CO: to the atmosphere with positive
sign. Note, no data from DE-Akm in 2019. AT-Neu is on mineral soil and SP-EIP on mix of sand,

Lo = 1VZ=T =T g T I oY SR 17

Figure 4: Monthly time series of precipitation, monthly average air temperature (Tair),
evapotranspiration (ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor
pressure deficit (VPD), net CO2 exchange (NEE), ecosystem respiration (RECO), and gross primary
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linear trends in the times series, blue lines are mean seasons, grey lines are the remainder
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Figure 5: Monthly time series of precipitation, monthly average air temperature (Tair),
evapotranspiration (ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor
pressure deficit (VPD), net CO, exchange (NEE), ecosystem respiration (RECQ), and gross primary
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2 Introduction

Along with climate warming, extreme events are projected to become more frequent,
and their duration will increase. Droughts and extended heat waves can threaten the
carbon sink of wetlands by boosting the decomposition of ancient organic matter,
while the fixation of new carbon may decrease due to drought-induced pressures. A
crucial question considering the future of the wetlands’ carbon sink is: how resilient is
the carbon dioxide (COz2) sequestration at natural and managed wetlands, and
wetlands restored via rewetting? It is suggested that carbon dynamics of drained and
rewetted wetlands, are more sensitive to hydrological variations than pristine
wetlands’ carbon dynamics. There is also increasing interest in accounting for
weather extremes and dynamic COz2 balances (for managed land) in national
greenhouse gas (GHG) inventories where IPCC Tier 1 or 2 emission factors (EFs)
are used (IPCC 2014). Studies about the effects of climate extremes on GHG
exchange help to refine the EFs and models for Tier 3 emission accounting.

Water saturation is a prerequisite for a persistent carbon (C) sink in wetlands in their
pristine state. Historically, C uptake has exceeded C losses particularly in peatlands,
which are peat accumulating wetlands, making them globally a vast but highly
sensitive carbon store. Drainage of wetlands and peatlands, and their use for peat
production, agriculture or forestry has deteriorated half of the EU’s wetlands, nearly
all in some EU countries, during the last few centuries (EEA, 2020 Tanneberger et al.
2021). Wetland rewetting, i.e. returning the previously high ground water level (WTL),
has been suggested as an option to protect the existing peat and to restore the
wetland functioning and biodiversity (e.g., Loisel and Gallego-Sala 2022). Rewetted
wetlands, where centuries of management have altered the topography, peat/soil
properties, and vegetation, have, however, more varying hydrology than pristine
wetlands (e.g. Kreyling et al. 2021; Gatis et al. 2023). Therefore, it is particularly
important to gain knowledge of how hydrology and C sequestration capacity of these
restored ecosystems evolve over the ecosystem succession and climate change, and
how those could be sustained under climate extremes, which will become more
frequent along climate warming.

Droughts, floods, and heat waves can severely affect the vegetation but also the
microbial communities in the peat/soil, leading to changes in C sequestration. Net
ecosystem exchange of CO2 (NEE), the delicate balance of two much larger fluxes of
gross primary production (GPP) and ecosystem respiration (Reco), the latter consisting
of autotrophic and heterotrophic respiration, defines the daily, seasonal or annual net
exchange of CO2 between the ecosystem and the atmosphere. NEE, or NEP (net
ecosystem production), which is equivalent for NEE but has an opposite sign to
indicate sequestration of carbon in the ecosystem as a positive gain, however,
constitutes only one part of the ecosystem carbon balance (i.e., in and out of the
ecosystem), the other significant fluxes being the lateral aquatic and management-
related fluxes of C (e.g., C import via manuring, C export by harvest). NEE can be
directly measured with the eddy covariance (EC) technique, an area-integrating
method based on measuring the rapid variations in vertical wind speed accompanied
by the variations in CO2 concentration.
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Extreme weather events are a well-known risk for the ecosystem C sinks, not only in
wetlands but in many kinds of terrestrial ecosystems (Page et al. 2002; Ciais et al.
2003; Reichstein et al. 2013; Buttlar et al. 2018). Drought, heat waves, floods, cold
anomalies and their combinations can have a direct or lagged effect on GPP and
Reco, impacting net COz2 sink. In wetlands, different types of climate extremes can
cause anomalies in CO2 uptake and other biogeochemical processes. So far, the
most pronounced impacts on CO: fluxes at wetlands, i.e. decreases in C
sequestration, have been associated with droughts or combination of drought and
heat wave during the growing season, largely due to lowered WTLs and increased
aerobic soil layer and, thus, increased ecosystem respiration (e.g., Alm et al. 1999;
Helbig et al. 2022; Rinne et al. 2020).

Extremes outside the growing season have received less attention, but winter and
shoulder season weather anomalies have been found, for example, to have legacy
impacts on the growing season dynamics. Peichl et al. (2014) found a positive
relationship between pre-growing season (January to April) air temperature and
summer (June to July) gross ecosystem production in a boreal fen (sedge peatland)
in northern Sweden. In contrary, an extreme winter frost in the absence of a
protective snow cover caused dieback of dwarf shrub species delaying the start of the
CO2 uptake period and reducing the C uptake capacity in the following summer at a
subarctic wetland in northern Norway (Parmentier et al. 2018).

The responses of wetland ecosystems to drought, however, are not uniform but seem
to vary depending on their (non)management, and their type and nutrient status. For
example, in a Canadian pair of wetlands, warm anomaly during the shoulder seasons
increased net CO2 uptake at the evergreen plant-dominated bog (dome shaped
rainwater fed nutrient poor peatland), while it increased net CO2 losses at the fen
(minerogenic peatland) where deciduous leaves had not yet emerged or had
senesced (Helbig et al. 2019). In contrast, warmer weather during the peak growing
season appeared to significantly have reduced net CO2 uptake at the bog compared
to the fen site resulting from both increased Reco and decreased gross primary
productivity. On the other hand, the severity and duration of the drought period can
result in dissimilar responses: in a southern Swedish bog, there was a short but
severe drought period in the middle of the growing season in 2006, resulting in
increased Reco rates, but no effect on GPP rates. In 2008, however, the drought
period began early in the growing season and lasted longer, which resulted in
reduced GPP. It was concluded, that GPP is most sensitive to drought during leaf out
and canopy development compared with the full canopy stage. Both in 2006 and in
2008 the peatland acted as an annual source of atmospheric COz2, while in no
drought years 2007 and 2009, the peatland constituted a COz2 sink (Lund et al. 2012).
A multi-site analysis showed that the timing of the warm anomaly plays a significant
role in controlling the wetlands’ response. When warm anomalies occurred in spring,
C uptake was increased, whereas if it occurred in late summer, at the time of low
WTL, net C uptake was decreased due to increased respiration (Helbig et al. 2022).
Regarding CH4 emissions from a pristine fen, Lohila et al. (2016) reported that during
an extreme wet summer, CH4 emissions were lower compared to summers with
normal precipitation, which is likely explained by lower temperatures. The
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combination of warm summers with WTL in reasonable ranges resulted in high CH4
emissions (Rinne et al. 2020).

Lowering of water table usually leads to increased Reco which can turn a system to a
C source. Drained wetlands are thus losing ancient organic matter and C when in
agricultural use (e.g., Tiemeyer et al. 2016; Gerin et al. 2023), when afforested after
agricultural use (e.g., Meyer et al. 2013, Lohila et al. 2007), and when drained to
improve forest growth (e.g., Ojanen et al., 2013; Korkiakoski et al., 2023). However,
depending on the management, enhanced vegetation growth can compensate the
losses of old C, even during a drought (see Minkkinen et al. 2018). Restoration via
rewetting, on the other hand, is considered a mean to reduce CO2 and peat loss and
return the ecosystem’s COz2 sink function, depending on time since rewetting. Some
sites turn to C sinks with cooling impact on the climate soon after rewetting (Bianchi
et al. 2021; Wilson et al. 2022). There are, however, only limited data on the climate
impacts of rewetting.

Climate change, together with other human impacts, have already caused a drying
trend in northern wetlands (Swindles et al. 2019), which in a long-term lead to
changes in vegetation types and to unknown C sequestration responses. Beaver dam
and its removal worked as an unplanned drying scenario simulation at a Canadian
bog where the C sink was clearly larger during years when peatland WTL was closer
to the ground surface due to the dam than when WTL was lower after the dam
removal (He et al. 2022). Experimental study revealed that vegetation responses
depended on site’s nutrient status, water level, and vegetation types. In a poor fen
and a bog in Finland, long-term water-level drawdown experiment increased vascular
plant growth, while in a rich fen it reduced it, because water level drawdown
benefitted growth of shrubs and tree seedlings and reduced the growth of graminoids,
respectively (Koster et al. 2023). Water level drawdown also seemed to make boreal
peatland vegetation more responsive to weather conditions: warmer summer resulted
in a greater maximum and earlier peaking of leaf area index, and greater biomass
production by vascular plants and Sphagnum mosses at sites with water level
drawdown (Koster et al. 2023).

Rewetting aims to reverse the past development of drainage. It is good to remember
that the rewetted habitats can vary drastically only across Europe in terms of history,
land use and the amount that original peat and wetland vegetation is available.
Wetlands drained for agriculture and peat harvesting have typically lost the original
species and much of the surface peat too while forestry drained wetlands can have
retained some of the original features of ground layer even though species
abundance typically change. The conditions after the rewetting thus can differ much
from the pristine types and, importantly, among the rewetted sites (Beyer et al. 2021;
Kreyling et al. 2021; Gatis et al. 2023). That is, the responses to the droughts can be
very different than in the pristine sites as seen in rewetted fens and highlights the
need to examine the rewetted sites (Koebsch et al. 2020; Beyer et al. 2021; Kalhori et
al. 2024).
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2.1 Objectives

Objectives of this deliverable are 1) to systematically detect climatic extremes in
meteorological and CO2 flux time series, and responses of wetland CO2 exchange to
extremes within the selected wetland sites; 2) to classify, quantify and systemize the
importance of climatic variables for wetlands’ COz2 flux responses regarding extreme
effects; and 3) to demonstrate the response of CO2 dynamics, i.e. EFs, to weather
anomalies, particularly droughts, in pristine, managed and rewetted wetlands of
different types. This task and deliverable contribute to the general objective of WP2,
i.e. quantifying sound GHG mitigation potentials by developing more detailed EFs for
peatlands/wetlands, compared to IPCC Tier 1 EFs, to capture the transitional status
and GHG dynamics at site and national scales.

This task benefits from the data collection activity of task 2.1 in which a
comprehensive data screening provides a sound overview of available long-term
data sets, necessary for analysing the impact of climate extremes. Furthermore, the
ability of selected ecosystem process models to specifically simulate the impact of
climate extremes on GHG fluxes of wetlands was tested. This was conducted in
collaboration with the WP3 in which wetland GHG emission modelling using multiple
ecosystem process models is carried out. Therefore, this exercise mutually benefits
both WP2 and WP3.

Our investigation placed particular emphasis on tracing the trajectories of managed
ecosystems post-rewetting, as the stability of these systems holds crucial
implications for establishing accurate emission factors for inventory purposes.

3 Methodology

Data were initially collected from European wetland sites which provide at least five
years of continuous measurements, covering the year 2018 which exhibited extreme
drought conditions throughout Europe. We appended these data to increase
variability in site types and accepted more sites with short-term data. The data
search was confined to measurements carried out with the eddy covariance (EC)
system to ensure best possible high resolution spatio-temporal data coverage. Here,
the variables of interest are net ecosystem exchange of CO2 (NEE), gross primary
production (GPP), ecosystem respiration (Reco), evapotranspiration (ET), air
temperature (Ta), precipitation (P), shortwave incoming radiation (SW-in), vapour
pressure deficit (VPD). Most data are from the ICOS Warm Winter dataset (Warm
Winter 2020 Team & ICOS Ecosystem Thematic Centre, 2022) appended with
datasets provided by internal and external partners. In total we compiled data from
10 European wetland sites from Sweden, Finland, Denmark, Germany, Poland,
Czech Republic, Austria, France, and Spain (Fig. 1) reaching from north boreal to
mediterranean bioclimate zone. The sites included pristine fens (sedge peatlands),
riverine flood plain, restored river valley fen grassland and restored coastal fen
peatland, and lacustrine Phragmites australis wetland in sub-haline Neusiedler lake.
Also, the Mediterranean site is a Phragmites australis wetland. We could not find any
multi-year EC data from European coastal wetlands and, thus, we discuss the effect
of extreme cases based on published literature from temperate coastal wetlands.
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Degero Stormyr (SE-Deg) and Siikaneva (FI-Sii) are pristine sedge fens with water
table typically varying close to peat surface to about 20 cm below the ground. Their
vegetation is dominated by Sphagnum mosses, Carex species, and dwarf shrubs.
Skjern (DE-Skj) is a wet grassland and open water in a restored river valley wetland
with mosaic of grasslands, fens and open water (Ringgaard et al. 2011). The area
was drained in the past. It was restored in 2000 by slowing down the river flow by
allowing it to meander again. The site is grazed to manage the vegetation.

Anklam (DE-Akm) is a floodplain of the Peene river near the city of Anklam. The soil
is peat and water level is typically a few centimetres above ground and regulated by
the discharge of the Peene River. The site has been drained in the past, but it is not
managed any more, and the vegetation is mosaic of naturally developed tall shrub
Salix cinerea, Phragmites australis and Carex species. Hutelmoor (DE-Hte) is a
rewetted coastal fen, which was drained in the past and abandoned, after which it
developed into a wet meadow. Water level control aiming for protecting the old peat
and restoring the ecosystem was started in 2009-10 which led to flooding of the site.
The pre-restoration wet meadow vegetation suffered from the inundation, and area of
open water areas started to increase until the drought 2018 (Koch et al. 2017). In
2019 the site received saltwater intrusion. Vegetation consists of Phragmites
australis, Carex acutiformis, Bolboschoenus maritimus and Schoenoplectus
tabernaemontani (Koch et al. 2017; Koebsch et al. 2020). Zarnekow (DE-Zrk) is a
rewetted river valley fen polder in the Peene river valley. It has been drained for
pasture in the past but rewetted in 2004-05. After reflooding, the site exhibited a
large open water area which has decreased as vegetation, incl. Phragmites australis
and Typha reeds, has developed in recent years (Kalhori et al. 2023).

Biebrza (PL-Bbz) is a peat forming river valley wetland, which is, in part, degraded
due to drainage. Vegetation consists of Phragmites, other graminoids, sedges, and
forbs Thelypteris palustris, and Comarum palustre. Water table depth varies between
30 cm and 70 cm below ground (Fortuniak et al. 2017). Trebon Wet (CZ-Wet) is a
seminatural marsh grassland adjacent to a regulated fishpond and having large water
level fluctuations. Water level can vary between 0.5 m below and 1 m above the
ground surface (Kivalov et al. 2023). Vegetation consists of Carex acuta, Carex
vesicaria, Calamagrostis canescens, and Phalaris arundinacea, forming tussocks.
Neusiedler lake reed belt site (AT-Neu) is a large natural Phragmites australis
wetland on the eastern side of the Neusiedler lake. It is a mineral sediment wetland
where the dead reed biomass accumulates organic matter on the top of the
sediment. In the EC site, water table depth is usually above the sediment surface
(Baur et al. 2024).

La Guette is a is a nutrient poor peatland (bog) vegetated by Sphagnum mosses and
dwarf shrubs, Erica tetralix and Calluna vulgaris. The site’s hydrology has been
disturbed by a road and associated draining and Pinus sylvestris, Betula spp. and
Molinia caerulea have been became more abundant (Gogo et al. 2011; D’angelo et
al. 2021). El Padul is a Phragmites australis wetland in Sierra Nevada, Spain
(Serrano - Ortiz et al. 2019). Its sediments are very deep and old and consists of
layers of peat, lacustrine sediments and sand. The wetland area has been altered
over recent decades by drainage for agriculture and peat extraction, and by
eutrophication caused by discharge from the catchment. Peat extraction ended in
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2012 leading to increasing water level in the wetland. The water level is highly
variable from 90 cm below to 90 cm above the ground surface, due to melt waters,
regulation, and arid climate.

B 70°N

Fl-Lom

50°N

;)" 10°E 20°E
Figure 1: Location of the sites (red diamonds) across Europe. Background map from Google Earth.

Data of CO2 and site meteorology analysed here encompasses 12 sites, with data
lengths varying from 2 to 20 years, most sites having 8 or more years. Even though
our data series are not of the same length, datasets are long enough for the
development of an approach to systematically detect extreme events and trends as
presented and discussed in the following. Shorter time series from some sites are
important to reveal the overall variability in CO2 fluxes in relation to meteorological
variability and in some cases captured a local extreme. To assess frequency of
climate extremes in 20-year climate data, particularly droughts, we used gridded
meteorological data for Europe.

To examine the occurrence of climate extremes in 20-year climate data, particularly
droughts, we explored gridded meteorological datasets, Copernicus regional
reanalysis for Europe (CERRA, https://climate.copernicus.eu/copernicus-regional-
reanalysis-europe-cerra) and CRU-JRA 4.0 (East Anglia Climatic Research Unit,
CRU, and Japanese Reanalysis, JRA. University of East Anglia Climatic Research
2022; Harris et al., 2020; Harris et al. 2014; Kobayashi et al. 2015). We tested how
well standardized precipitation-evapotranspiration index (SPEI), which is a
multiscalar drought index based on climatic data, captures the events when flux data
show an extreme behaviour. The SPEI was first proposed as an improved drought
index that is especially suited for studies of the effect of global warming on drought
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severity. It is calculated based on precipitation, relative humidity, temperature, wind
speed and solar radiation and can be used for determining the onset, duration and
magnitude of drought conditions with respect to normal conditions in a variety of
natural and managed systems (Vicente-Serrano et al. 2024). We used the SPEI from
CERRA and CRU-JRA reanalyses with threshold values of -1.5 and 1.5 to detect wet
and dry extremes during period 2000—2021 for the grid-points of six sites presented
above.

To analyse the effects of extreme events on COz fluxes, we first delved into the
impact of drought on the annual net ecosystem exchange (NEE), quantifying the
extent to which a site acts as a sink or source of CO2 over the course of a year. This
was achieved by juxtaposing data from drought years with that of other observation
years. Subsequently, yearly NEE results were put into perspective to the occurrence
of extreme weather events. Note, yearly NEE can be taken as EFs in the case of
managed land.

To systematically detect site specific extreme events, all meteorological variables,
NEE, GPP and Reco, we first normalised the time series data by time-series
decomposition. The time-series decomposition yields the so called “remainder”. The
"remainder" is what is left over after subtracting an annual trend and a mean season
from the time series and is a normalised measure for anomalies of the time series.
This allowed comparing the results amongst the different peatland types along
environmental gradients. Data points (here: "remainder") were labelled as an
extreme when they lie outside a defined range, which is typically defined according to
the data distribution. A typical threshold beyond which a datapoint is considered an
extreme is the inter quartile range (IQR) of the data multiplied with 3 (i.e. lower bound
= Quantile (25%) - IQR*3; upper bound = Quantile (75%) + IQR*3). The final
parameter setting of the time series decomposition and the threshold definition is an
iterative process and depends on the analysed time series. We applied this approach
to the data aggregated to monthly values and a threshold of IQR*2. Weekly analyses
(not shown here) showed a high number of extremes when sites exhibit high
seasonal dynamics, and a (weekly) mean season is not very representative of the
true conditions. In addition to extremes, we looked at the temporal trends in the CO2
and meteorological variables using monthly site data.

To exemplify the impact of an atmospheric summer drought on CO2 dynamics we
used the summer drought of 2018. The drought conditions in Europe were severe in
summer 2018 and onwards until the end of the year, especially in Northern and
Central Europe (Peters et al., 2020). The spring 2018 was exceptionally warm but not
dry, however, spring transitioned into prolonged precipitation deficit and an extreme
summer drought. During 2016-2017 most of western Europe, from Iberia and lItaly to
the United Kingdom and southern Scandinavia suffered a major drought event. This
has been documented, for example, as severely affected crops of cereals, olives,
tomatoes, wine grapes, and almonds in Spain and Italy (Garcia-Herrera et al. 2019).
In 2020, Europe faced a warm winter when the largest difference relative to the
1981-2020 reference period was observed in winter over northeastern Europe. The
period from December 2019 to February 2020 was 5°C warmer than the 1981-2010
seasonal average, and nearly 1.9°C higher than the previous winter temperature
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record of 2008. The warmth was not an episodic occurrence but was sustained
throughout the whole winter (https://climate.copernicus.eu/esotc/2020/warm-winter).

To assess how the ecosystem process models can simulate extreme conditions, two
reanalysis forcing datasets were analysed for extreme events. Using SPEI, extreme
events were detected from CERRA as well as CRU-JRA reanalysis weather data for
each site grid points. Simulated and measured COz2 fluxes during CERRA-SPEI
extremes were compared visually. The simulations were performed using JSBACH-
HIMMELI model by FMI and ORCHIDEE-Peat model by LSCE in Wet Horizons Task
3.1 by using CERRA and CRU-JRA 4.0 reanalysis datasets as forcing data. The
analysis using the model data is currently at preliminary status.

4 Results

4.1 Meteorological extremes and annual NEE

With the applied thresholds of SPEI, the 2018 drought turned out as a long-lasting
dry extreme in the latter half of 2018 at all sites except CZ-Wet, which located further
away from the drought epicentre (Fig. 2). AT-Neu, PL-Bbz, FR-LGt were not included
in the examination. Frequent short dry extremes have occurred in CZ-Wet since
2014. Past European droughts (summers of 2003, 2006 and 2016), with varying
spatial extents, showed up as shorter extremes: 2003 in German and Czech sites
and 2016 in northern sites (SE-Deg, FI-Sii, DE-Akm). Drought 2016 affected also
Spain. During the first half of 2007, a similar long-lasting dry extreme as in 2018 was
observed at the German and Czech sites’ grids. Winter and early spring droughts,
however, may not affect the ecosystem CO2 exchange as much as summer
droughts.

Wetland’s annual net CO2 uptake or net emission (NEE) is a result of the delicate
balance between CO2 uptake in photosynthesis (GPP) and losses in plant
autotrophic and peat microbial respiration (Reco). Droughts or other climate extremes
can affect both components, GPP and Reco, the magnitudes depending on site’s
vegetation, water table depth, combination of stressors and the stress level. Overall,
among the example sites, the magnitudes and range of interannual variation of
annual NEE were smaller in the Nordic fens than in temperate wetlands (Fig. 3).
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Figure 2: Dry (yellow) and wet (blue) extremes in CERRA-based SPEI between 2000 and 2021 at the
example site grids points. The sites are shown in an order from North (top) to South (bottom) in for
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The pristine fens had the smallest interannual range of NEE (<200 g C m-y") and
they were mostly COz2 sinks, however, both sites turned to CO2 sources in the
drought year 2018 (ca. 13 and 30 g C m=2y-!, Fig. 3). Within the long-term data from
2006 to 2020, 2018 was the only year when SE-Deg was a CO2 source to the
atmosphere. Other years with smaller than average annual CO2 uptake were 2006,
and 2016 of which 2006 and 2016 had drought based on gridded SPEI (Fig. 2). Also
FI-Sii was a COz2 source in 2016. Turning from a C sink to a C source can be
considered as an extreme response, given that peatlands have accumulated peat in
a long-term (Fig. 3).

The Phragmites wetlands, PL-Bbz, AT-Neu, and SP-EIP had high flux rates, although
with different flux directions and high interannual variation (interannual range 350-
560 g C m2y"). PL-Bbz was a net sink of CO2 most of the observation years, up to
257 g C m?y'. The site was a moderate and large source of CO2 in 2018 and 2019,
respectively, and likely due to continued drought (WT was low in those years, data
not shown). Consequently, in the spring 2020, the site burned resulting a near zero
balance (personal communication, K. Fortuniak), but the sink function returned for
the next years. In AT-Neu reed stand, annual NEE showed net emission every year
(27-391 g C m?y""). The net emission was smallest during the dry year 2021 when
vegetation established in shallow open water areas and photosynthesis was
increased. In the following year, intensified drought, however, turned the site to be a
strong CO2 source (see also Baur et al. 2024). That means that ecosystem
responses are not linear. Mediterranean Phragmites wetland SP-EIP was usually
large COz2 sink, up to 400 g C m-?y-'. However, during drought year 2016, it's CO2
sink was substantially smaller than in other years, only 16 g C m2y-' due to early
senescence of vegetation (Serrano-Ortiz et al. 2020). The reason for the early
senescence was not fully clear based on Serrano-Ortiz et al. 2019, but the drought
likely contributed it.

The other seminatural sites CZ-Wet and DE-Akm were either sinks or sources of CO2
depending on year, with interannual range of about 460 and 500 g C m-2y-",
respectively. Individual annual balances varied from substantial CO:2 sink (uptake
more than 200 g C m2y") to substantial CO2 source (over 200 g C m=2y") in both
sites (Fig. 3). Both sites experienced large water level fluctuations based on literature
and, interestingly, CZ Wet was a C sink in a drought year 2007. These sites had a
trajectory from a C sink to C source in this examination window. La Guette was
usually a substantial CO2 source, from 64 to 234 g C m2y', but a strong net sink in
2021.

The rewetted sites in this sample were all affected by surface water. River-associated
wetland DE-Skj was a net COz sink during the two years examined here. The earlier
measurement years were not included in the data. Rewetted sites DE-Hte and DE-
Zrk showed opposite trends of annual NEE. DE-Htl was a continuous CO:2 sink (Fig.
3), but there was a trend of decreasing net CO2 uptake since the rewetting in 2009-
2010, which has been attributed to suffering of the original meadow vegetation by
flooding (Koch et al. 2017). DE-Zrk was net COz2 source to the atmosphere for many
years when it was a lake-like open water habitat after rewetting. In turn, dry years
2017 and 2018 resulted lowered water level and CO2 balance was near zero in 2018
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and there was a trend of increasing CO2 uptake associated to an increased
vegetation abundance in this riverine polder, which was formed after the rewetting.

The variety of wetlands included in this analysis showed how the regulatory factors
vary across the different wetland types and that the northern pristine fens had a small
but rather constant COz sink function. In addition, SP-EIP and DK-Skj were always C
sinks in the examination periods. Sites with stronger surface water impact had large
flux magnitudes and large fluctuation between sink to source. This analysis missed
coastal wetlands because no European multi-year EC time series data were
available to our knowledge. Coastal wetlands, e.g. tidal salt marshes, are heavily
drained and managed in the temperate zone and current research on their
restoration is active. Restoration means quitting management, returning the natural
water level fluctuations and allowing tidal impacts (e.g. Artigas et al. 2015). Tidal
marshes have large potential to sequester CO2. For example, a recent EC study in a
French tidal march estimated the annual CO2 sink capacity to be 483 g C m2y"
(Mayen et al. 2024 and see references therein). However, Vazquez-Lule and Vargas
(2021) reported variation in annual net emission from 13 to 138 g C m2y' and
suggested variation being related to timing of plant growth and water level. In a 5-
year EC study, Forbish et al. (2018) found large net CO2 uptake that varied from 104
to 233 g C m?2 y'. A year with dry early year had decreased plant growth, likely due
to increased salinity in soils, and resulted in a decreased annual CO2 uptake and
during warm years increased Reco resulted in smaller net CO2 uptake. Overall,
responses of water level and vegetation to meteorological droughts are site specific
and also depend on duration and previous conditions.

4.2 Decomposition of meteorological and CO2 time series;
trends and extreme events

The data were decomposed using weekly to monthly sums of CO2 fluxes and sums
or averages of meteorological variables. Some sites had notable linear trends in
NEE, GPP, and Reco over time. Therefore, besides of extremes analysis a new
ecosystem trajectory became evident, for example in rewetted sites DE-Htl and DE-
Zrk (see also Koch et al. 2017; Koebsch et al. 2020; Kalhori et al. 2023).
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Figure 4: Monthly time series of precipitation, monthly average air temperature (Tair), evapotranspiration
(ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor pressure deficit
(VPD), net CO2 exchange (NEE), ecosystem respiration (RECO), and gross primary production (GPP)
at SE-Deg and FI-Sii. Black lines are the observed data, red lines are the annual linear trends in the
times series, blue lines are mean seasons, grey lines are the remainder (observation minus trend and
minus the mean season). Positive and negative extremes are indicated by vertical red dashed and blue
dashed lines, respectively (i.e. exceeding the threshold, grey dashed line).
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During the drought summer 2018, at least a month long extreme with smaller than
usual net ecosystem COz2 uptake (i.e. positive extreme) occurred in the pristine fen
sites SE-Deg and FI-Sii. It was due to two to three months of extremely low GPP due
to the drought (Fig 4). Negative GPP extremeas were associated to positive
extremes in vapor pressure deficiency, evapotranspiration, and short-wave incoming
radiation. In these sites, yet not extreme anomaly, Reco Was increased in late summer
contributing to the lowered annual net CO2 uptake. It is noteworthy that in SE-Deg,
extreme negative (increased uptake) deviation from the mean NEE occurred in 2013,
when it was due to positive extreme deviation in GPP. The year had positive SPEI
(Fig. 2) indicating wet conditions preferred by Sphagnum growth and photosynthesis.
Also, a negative extreme in NEE occurred in summer 2022 in FI-Sii, when GPP
showed a long positive extreme anomaly.

PL-Bbz, AT-Neu, and SP-EIP have been affected by human activities but are
currently under protective management. All these sites are influenced by surface
water variations and have tall reed vegetation, which is most pronounced in AT-Neu
and SP-EIP. There were positive NEE extremes in PL-Bbz in 2018 and 2019 due to
lower water level and positive extreme in VPD and negative extremes in 2020, the
latter being suggested to be result of new vegetation growth by a long GPP extreme
after the fire in spring (Fig. 5). The annual NEE, however, was close to zero as when
Reco balanced the GPP (Fig. 3). The GPP effect continued in 2021 and 2022, when
annual NEE showed net uptake. Phragmites wetland of AT-Neu was not measured in
2018, however, there were summer droughts in 2021 and 2022. Consequently, a
month-long negative extreme in NEE (smallest net emission in the site) and positive
extreme in GPP occurred in 2021 due to increased vegetation growth during low
water levels (Fig. 5) (see also Baur et al. 2024). There was, however, no logical
connection between meteorological and COz2 flux extremes. The following year,
however, was even more dry (extremes in ET) and the net emission increased
relative to previous years, although it did not appear as an extreme in the analysis
because of the trend, which may be unrealistic due to only four years of data. In SP-
EIP, year 2016 appeared exceptional when looking at the annual balances (Fig. 3),
i.e. CO2 uptake was the lowest in the record. There was a three-month period of
extremely low GPP in that year, nevertheless, no meteorological extreme was
detected in the same or previous months (Fig. 6). This may be an artefact caused by
trend fitting decreasing the effects of smaller precipitation and evaporation. Based on
this finding, one should carefully consider when de-trending a timeseries is a
reasonable choice.
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Figure 5: Monthly time series of precipitation, monthly average air temperature (Tair),
evapotranspiration (ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor
pressure deficit (VPD), net CO, exchange (NEE), ecosystem respiration (RECQ), and gross primary
production (GPP) at PL-Bbz and AT-Neu. Black lines are the observed data, red lines are the annual
linear trends in the times series, blue lines are mean seasons, grey lines are the remainder
(observation minus trend and minus the mean season). Positive and negative extremes are indicated
by vertical red dashed and blue dashed lines, respectively (i.e. exceeding the threshold, grey dashed
line).
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Figure 6: Monthly time series of precipitation, monthly average air temperature (Tair), evapotranspiration
(ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor pressure deficit
(VPD), net CO, exchange (NEE), ecosystem respiration (RECQ), and gross primary production (GPP)
at SP-EIP. Black lines are the observed data, red lines are the annual linear trends in the times series,
blue lines are mean seasons, grey lines are the remainder (observation minus trend and minus the
mean season). Positive and negative extremes are indicated by vertical red dashed and blue dashed
lines, respectively (i.e. exceeding the threshold, grey dashed line).

Sites FR-LGT, DE-Akm, and CZ-Wet are also affected indirectly by human activity.
DE-Akm and CZ-Wet are characterized by large water level fluctuations and large
fluctuations in their annual CO2 balances. Degraded bog La Guette showed negative
NEE extremes in 2018 and 2021 of which the latter occurred with long positive GPP
extreme in spring, which suggest early growing season start and that reasonably
high-water table level prevailed although not super clear in the CWB (Fig. 7). Even
though annual COz2 balance was very variable in DE-Akm there was no evident
extremes in associated with changes from sink to source of CO2 in consequent
years. This may be due to variation in river discharge and water level at the sites
(Fig. 7). The same may hold with CZ-Wet, although there seemed to short term
extreme increases in VPD, which can contribute to the site seemingly turning from a
C sink to a C source (Fig. 8, Fig. 3).
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Figure 7: Monthly time series of precipitation, monthly average air temperature (Tair), evapotranspiration
(ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor pressure deficit
(VPD), net CO2 exchange (NEE), ecosystem respiration (RECO), and gross primary production (GPP)
at FR-Lgt and DE-Akm. Black lines are the observed data, red lines are the annual linear trends in the
times series, blue lines are mean seasons, grey lines are the remainder (observation minus trend and
minus the mean season). Positive and negative extremes are indicated by vertical red dashed and blue
dashed lines, respectively (i.e. exceeding the threshold, grey dashed line).
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Figure 8: Monthly time series of precipitation, monthly average air temperature (Tair), evapotranspiration
(ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor pressure deficit
(VPD), net CO, exchange (NEE), ecosystem respiration (RECQ), and gross primary production (GPP)
at CZ-Wet. Black lines are the observed data, red lines are the annual linear trends in the times series,
blue lines are mean seasons, grey lines are the remainder (observation minus trend and minus the
mean season). Positive and negative extremes are indicated by vertical red dashed and blue dashed
lines, respectively (i.e. exceeding the threshold, grey dashed line).

DE-Zrk, DE-Htl, and DK-Skj are rewetted sites with strong surface water influences.
DE-Htl and DE-Zrk had substatial flooding after restoration and had evident trends in
NEE. Those indicated that DE-Zrk is becoming smaller C source while DE-Htl is
becoming smaller C sink (Fig. 9). Due to the strong trends (and de-trending), no CO2
extremes appear although drought summer 2018 is manifested in extremes in VPD
and ET (DE-Zrk). Trend in DE-Zrk was due to the vegetation development which was
greatly enhanced by lower water levels, particularly in 2017-2018, and an increase in
GPP relative to the previous years (Kalhori et al. 2023). In DE-Htl, opposite trend to
DE-Zrk occurred (Koch et al. 2017; Koebsch et al. 2020). De-trending hindered
detection of extremes in COz2fluxes. Variation in NEE at DK-Skj seems to be driven
by variation in GPP (Fig. 10). The year 2020 data are not reliable, otherwise
interannual variation of NEE could be affected by grazing or distribution of vegetated
and open water areas due to river discharge in the river wetland site.
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Figure 9: Monthly time series of precipitation, monthly average air temperature (Tair), evapotranspiration
(ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor pressure deficit
(VPD), net CO2 exchange (NEE), ecosystem respiration (RECO), and gross primary production (GPP)
at DE-Htl and DE_Zrk. Black lines are the observed data, red lines are the annual linear trends in the
times series, blue lines are mean seasons, grey lines are the remainder (observation minus trend and
minus the mean season). Positive and negative extremes are indicated by vertical red dashed and blue
dashed lines, respectively (i.e. exceeding the threshold, grey dashed line).

Fig. 9.

RAAMN Funded by
L the European Union 26



Impact of climate extremes on EFs WET H=RIZONS

DK-SKkj

Precipitation (mmm) 2 s 4 Tair (°C) 2 ET (mmm™) 2

No extremes: 0 No extremes: 0 No extremes: 0
T T T T T T T T T T T T T T T T T T T T T
2020.0 20205 20210 20215 20220 20225 2023.0 2020.0 2020.5 2021.0 20215 20220 2022.5 2023. 0200 2020.5 2021.0 20215 20220 2022.5 2023

2 CWB (mm m-1) 2 | SWincoming radiationfw m?) 2 VPD (Pa) 2
STANAWA

Vh
No extremes: 2 No extremes: 2

150 200
I

100
1

50

-50 0 50 100

o
oy
o

L

60

50 100 150 200

0
1

No extremes: 0
T T T T T T T
2020.0 20205 2021.0 2021.5 2022.0 20225 2023.0

B NEE (g C m-2month™) 2

/ A

T T T T T T T T T T T T T T
020.0 20205 2021.0 20215 2022.0 20225 2023.0 0200 20205 2021.0 2021.5 20220 2022.5 2023

2 GPP (g C mmonth™) 2

n

300

L m
=3

Reco (g C m2month™)

200
1

50 100 150 200 250 -2000 O 2000
I
100
1

00

I

0
L

No extremes: 0 No extremes: 0 No extremes: 0
T T T T T T T T T T T T T T T T T T T T T
2020.0 20205 2021.0 20215 20220 20225 20230 20200 20205 2021.0 20215 20220 20225 2023.0 20200 20205 2021.0 20215 20220 20225 2023.0

Year

Figure 10: Monthly time series of precipitation, monthly average air temperature (Tair),
evapotranspiration (ET), climatic water balance (CWB), short wave incoming radiation (SW_IN), vapor
pressure deficit (VPD), net CO2 exchange (NEE), ecosystem respiration (RECQO), and gross primary
production (GPP) at DK-Skj. Black lines are the observed data, red lines are the annual linear trends in
the times series, blue lines are mean seasons, grey lines are the remainder (observation minus trend
and minus the mean season). Positive and negative extremes are indicated by vertical red dashed and
blue dashed lines, respectively (i.e. exceeding the threshold, grey dashed line).

We found trends in the data that were related to notable changes in site conditions.

In DE-Zrk a new trajectory was reached after the drought year 2018 (Fig. 11). In turn,
the showed that SE-DEg and and FI-Sii fluxes before and after the drought were
more similar indicating that the drought caused only short-term disturbance relative to
average behaviour. The comparison also indicated site dependent response to
drought. In the pristine fens the GPP decreased affecting NEE (site turned to C
source), while in DE-Zrk with open water and tall helophytes, drought increased GPP
and resulted in the site turn from C source to sink.

We were able to detect the expected extremes in monthly meteorological variables
and CO:z fluxes. On the other hand, we could not explain all interannual variation in
annual CO:2 balances with meteorological and COz flux extremes. During summer
months, NEE correlated positively with mean monthly air temperature at DE-Akm
(smaller C uptake) and greatest monthly CO:2 sinks were measured when site SPEI
was high, i.e. not dry periods at CZ-Wet and DE-Akm (results not shown).
Comparison of trends in season-aggregated data suggests that increases in Reco
relative to smaller increases or no change GPP in summer and fall months contribute
to the decreasing CO: sink function in DE-Akm and CZ-Wet. This is likely due to
increases in temperature in these sites together with increasing VPD (Fig. 12 a) and
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fall (Fig. 12 b). These are expected consequences of climate change. At DE-Htl, the
reason was negative vegetation development due to the inundation caused by the
rewetting. It is evident that in some wetlands, particularly floodplains and coastal
wetlands, local hydrology can override the effects of atmospheric droughts if water is
available for example, by groundwater or river inputs that may respond lagged to
meteorological events, and high-water levels are sustained (Koebsch et al. 2020;
Rinne et al. 2020).

z
-1.0 NEEOL.%C " J.O

RECO[gCm )
490 5o!

00 1

0 20

GPP‘ng‘]

00

AFERE™,

RECO([gCm™)
00 10“2,0 ]3.0

NEE [gCm )
-4 -2'90 216

— 2018

RECO[gCm?
- ] K""g

]

20

mean after
18

GPPgCm )
6[9 1

-10

Figure 11: Seasonal dynamics of daily NEE, GPP and Reco (9 C m? d') at Se-Deg, Fi-Sii, and De-Zrk in
drought year 2018 (black line) and on average before(blue) and after (red) the 2018. Note that in the Nordic
fens the fluxes are about the same before and after while in De-Zrk, drought pushed the system to a new
State.
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Figure 12: Inter-annual trends in monthly precipitation, T air, ET, CWB, SW incoming radiation, VPD,
NEE, Reco, and GPP in June, July, and August (A) and in September, October, and November (B) in
an example set of sites.
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4.3 How well the models captured CO: exchange during the
extreme?

The ecosystem process models captured well the overall seasonal dynamics for
each site with some offsets in magnitudes and timing (Fig. 13). In that sense the
drought impacts on measured NEE were smaller than model biases overall. The
simulations, however, are preliminary, and cannot be fully judged at this point. On
average, the bias in simulated NEE is currently slightly lower in 2018 as the extreme
fluxes are closer to the systematically slightly biased model outputs. However, the
GPP bias in Central Europe is the largest in 2018.

The simulated SPEI by reanalysis weather data sets have lower bias even in the
extreme year 2018 than the ecosystem models driven by the reanalysis forcing data.
The bias varies between the sites, but on average the year 2018 does not have
larger bias than the rest of the years between simulated SPEI and site-measured
SPEI. In addition to the CERRA, CRU-JRA reanalysis forcing data is used to run
JSBACH and ORCHIDEE models. The dynamic nature and instability of managed
and seminatural sites, on the other hand pose a challenge in terms of emissions
factors and modelling may become a useful tool.

— CERRA CRU-JRA — SITE

' SE-Deg Ir'- ‘ = FI-Sii ) ‘;\ " DE A B -, A CZ Wet ﬂ
- / A WLE l".' TIRARY "MARR Y ! U’\(\ \"\j
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Figure 13: Comparison of observed (black lines) and gridded SPEI from CERRA and CRU-JRA (top)
and observed and modelled NEE in SE-Deg, FI-Sii, DE-Akm, DE-Zrk, and CZ-Wet. The models and
forcing data source used are indicated in the legend. The x-axis scale from Jan 2017 to Dec 2019.

4.4 Succession of the rewetted peatlands

Rewetting does not return the original wetland ecosystem to their pre-drained
conditions but starts a development of new ecosystems, for which the DE-Zrk and
DE-Htl are good examples. Rise in the water level should decrease the Reco, by
preventing the decomposition of the ancient peat, and allowing the succession of
wetland vegetation. The CO2 sequestration dynamics are correlated with these
parameters. After rewetting, DE-Zrk and DE-Hte both had large open water areas
and it may be a common feature of drained and rewetted peatlands (Koebsch et al.
2018; Kalhori et al. 2024; Kreyling et al. 2021) due to the changes in the peat
structure and properties, caused by the long-lasting drainage, and management in
the catchments. Water table can stay above ground, as in these example sites, which
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may hinder moss and vascular plant establishment. In both sites, DE-Zrk and DE-
Hte, drought 2018 pushed the system towards a new state, because lowering of the
water table enhanced growth of helophythes, for instance Phragmites australis,
Typha latifolia, Phalaris arundinacea replacing much of the open water area. The
vegetation development shifted net CO2 exchange to a new trajectory in DE-Zrk (Fig.
11). Capacity of newly formed vegetation to sequester carbon in and preservation of
old peat from decomposing are keys to success in rewetted wetlands.

5 Perspectives

Climate extremes affect wetland GHG fluxes and C balances. We demonstrated here
that C sequestration rates particularly in peatlands are impacted by drought
conditions due to lowered water table depth. SE-Deg and FI-Sii turned to CO2
sources in 2018 while being CO2 sinks otherwise. It is uncertain how vegetation of
the pristine peatlands will change if droughts become frequent. There is some
evidence that in the long-term vascular plants, particularly shrubs and trees, will
benefit from lowering of water level (e.g. Koster et al. 2023). Data from the rewetted
sites here indicated that vegetation succession can play an important role in
disturbed, rewetted systems by shifting the COz2 related processes to a new state
within a few years.

We demonstrated here that degraded, seminatural sites had larger interannual
variation in their CO2 balances (sink-source variation) as compared to the pristine
peatlands, which during most of the years acted as C sinks and were quite stable
ecosystems. Two rewetted sites showed trends in their annual balances which
differed from each other: while the net CO2 emission at DE-Zrk was diminishing from
year to year and indicated a clear sink of COz2 in the last year, the DE-Hte, on the
contrary, showed a steadily reducing sink from 2010 to 2018. Clearly, the hydrology
of rewetted sites may be more unstable than in the pristine sites due to altered peat
properties and water regulation in the catchment (Kreyling et al. 2021; Gatis et al.
2023). In terms of EFs, succession of rewetted sites is challenging. The question
may arise, should rewetted sites be classified and accounted according to their prior
land use? Also, how to account their evolution from the rewetting to their climax
ecosystem? Overall, data suggest that hydrological features, e.g. rivers, other than
same year’s meteorological drivers can have a substantial impact in wetlands’ CO2
exchange adding a twist to attempts to categorize sites and conditions.

These results will be used to categorize peatlands by their response to
meteorological extremes and to delineate response classes for refining EFs.
Additionally, the results will give guidance to which extent the most important
variables determine the response of peatlands to future extreme climate events. This
knowledge will be essential when improving our knowledge of European wetlands’
capacity to sequester carbon, associated uncertainties and their vulnerability in the
future. Model development and validation, for example in the Wet Horizons project, is
one step forward to develop dynamic EFs.
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