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ARTICLE INFO ABSTRACT

Keywords: Beyond flood protection to prevent severe damage, the restored floodplain grassland in Austria provides
Eddy covariance ecosystem services in terms of carbon balance. Net ecosystem exchange (NEE), gross primary productivity (GPP),
Floodplain

and ecosystem respiration (Rec,) Were quantified by the eddy covariance (EC) method before, during and after a
severe flooding event. Our results show that the carbon balance is heavily influenced by water level in the study
site. The diurnal variations influenced by various degree from the flood are analysed, showing the average daily
GPP of the floodplain grassland in Marchegg dropping from 1.048 g C m~2 day ! before the flood, down to 0.470
g C m~2 day ! during the flood. The study demonstrates that the restored floodplain grassland in Marchegg
functions as a robust CO2 sink with a cumulative NEE of 38.8 g carbon per m2 over the three-month study
period, despite temporary disruptions caused by flooding events. The findings emphasise the considerable po-
tential of floodplain grassland restoration for carbon storage and climate change mitigation, with the new data
from the EC station offering valuable insights for future restoration projects. Finally, this supports the adoption of
the new EU Nature Restoration Law and the need for restoring wetlands, floodplains and rivers to secure water
availability and biodiversity in these unique ecosystems. NBS and more specifically as Soil and Water Bioengi-
neering (SWBE) are methods with ecological advantages and a huge potential for sustainable recreation of near-
natural ecosystems. It is of crucial importance to prove these beneficial effects, and to quantify them trans-
parently in terms of quality assurance and use of resources in a sustainable and eco-friendly way.

Soil and water bioengineering
Greenhouse gas flux
Water level

1. Introduction enhances both biodiversity and human well-being (IUCN, 2020).

Restoring wetlands through techniques such as Soil and Water

Wetlands are crucial ecosystems, covering only 5-8 % of Earth’s
surface but providing essential ecosystem services, including carbon
sequestration, thus wetland restoration can contribute to mitigate
climate change (Mitsch et al., 2013). Wetlands act as natural buffers
between land and water, absorbing and slowly releasing surface water,
rain, snowmelt, and floodwaters, which helps reduce flood heights and
erosion (Gibbens, 2024; EPA, 2024). Their ability to provide ecosystem
services, such as flood mitigation, water quality improvement, and
climate regulation, underscores the urgency of wetland restoration. This
is supported by initiatives like the EU’s Nature Restoration Law, adopted
in June 2024. Restoring wetlands through nature-based solutions (NBS)

* Corresponding author.

Bioengineering (SWBE) can enhance their ability to provide a wide
range of ecosystem services, including provisioning (e.g. biodiversity,
biomass), regulating (e.g. mitigate disturbances, improving water bal-
ance and soil structure, filtering pollutants, climate regulation), cultural
(recreation, aesthetics, education) and supporting services (e.g. nutrient
cycles, primary production). A key service of SWBE measures is their
role in absorbing and storing carbon, contributing to climate mitigation
efforts. SWBE combines natural materials and biological components to
improve both ecological and engineering outcomes (Bischetti et al.,
2014; Evette et al., 2009). SWBE has been extensively studied, with
numerous technical guidelines developed (Begemann and Schiechtl,
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1994; Florineth, 2012; Gray and Sotir, 1996; Rey et al., 2019; Schiechtl,
1980; Schiechtl and Stern, 1994; Zeh, 2007). Unlike conventional en-
gineering, SWBE integrates biological components, emphasizing
ecological and aesthetic values alongside technical functions (Rauch
et al., 2014; Rauch et al., 2022). Numerous real-world applications have
demonstrated the successful implementation and advantages of SWBE,
highlighting its potential to enhance biodiversity, sustainability and
resilience in various environments (Kettenhuber et al., 2023; Preti et al.,
2022; Rey et al., 2019). SWBE structures, which rely on living plant
material, are generally considered environmentally friendly due to their
ecological value. However, there is a growing need to further develop
SWBE, particularly to address climate change challenges. Optimizing
these structures to enhance benefits like carbon storage and urban heat
island reduction, while minimizing negative effects such as greenhouse
gas emissions and energy use, is crucial (von der Thannen et al., 2021;
von der Thannen et al., 2020). Assessing the ecological success of SWBE
structures is essential for their future use in NBS for river and wetland
restoration. This necessitates a clear delineation between coastal and
inland wetlands. Inland wetlands, such as swamps, bogs, and flood-
plains, can act as both carbon sinks and sources, depending on factors
such as vegetation, hydrology, and management practices (Valach et al.,
2021). This study aims to assess the effect of SWBE, particularly in
restoring the hydrological conditions of a grassland floodplain, which
play a key role in controlling carbon fluxes by influencing the balance
between carbon dioxide (CO2) and methane (CH4) (Temmink et al.,
2022; Wang et al., 2024; Wei et al., 2022). Changes in water levels or
flooding regimes can significantly alter a wetland’s carbon budget (Bohn
et al., 2007; Christensen et al., 2003). Understanding the carbon
sequestration potential of restored wetlands is vital for mitigating
climate change (Dalmagro et al., 2018; Pugh et al., 2018; Scheingross
et al., 2021, yet many wetland types, such as floodplain grasslands,
remain understudied in this context (Helbig et al., 2022; Mander et al.,
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2024; McDonald et al., 2023).

Thus, this study aims to address this research gap by exploring how
restored hydrological regimes via SWBE influence carbon exchange in
floodplain grasslands. Using the eddy covariance method, which pro-
vides direct measurements of the metabolic responses of ecosystems to
ecological and biological influences (Baldocchi, 2020), we measure the
effects of floodplain grassland restoration on ecosystem carbon fluxes
over three months, particularly focusing on the impact of severe flood-
ing in June 2024. This will investigate the effect of sudden flooding on
ecosystem greenhouse gas (GHG) budgets. This study contributes to the
understanding of how floodplain grassland restoration can optimise
carbon storage and support climate change mitigation efforts.

2. Material and method
2.1. Study site description and restoration process

The study site is located in the floodplain of the Morava River, in the
nature reserve “Untere March Auen”, in the very east of Austria, be-
tween the municipalities of Marchegg and Zwerndorf (Fig. 1). In addi-
tion to near-natural riparian forests meadows and water meadows
characterise the 1100 ha nature reserve. The site in this study is owned
partly by the World Wide Fund for Nature (WWF Austria) and partly by a
private family. Access to the site was provided by them with legalisation
by the nature conservation department of the province of Lower Austria.

Originally owned by a family, the area was acquired jointly by the
WWEF and the municipality of Marchegg in 1970. In 1972, the Volkl
family bought their share from the municipality of Marchegg. The area
was finally designated a nature reserve in 1978. Since then, WWF has
managed the area as a model farm for sustainable forestry and agricul-
ture. Eyrie protection zones and natural forest reserves form core zones
where nature is left to its own devices. For about 15 years, forest

gova?

Lower March floodplain

Fig. 1. Location of the study site at the border of Austria and Slovakia in the nature reserve near Marchegg, Lower Austria. The red dot marks the location of the EC
station. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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management activities have been kept to a minimum, limited mostly to
tasks like removing invasive species. Meanwhile, the open grassland
continues to be mown, and for the past nine years, a portion of this
grassland has been designated for year-round grazing.

The Morava River is the largest left-bank tributary of the upper
Danube and a Pannonian lowland river in Austria. Typical of this type of
river, it used to flow slowly in meandering, sometimes wider, sometimes
narrower, through a landscape of extensive floodplain forests, riparian
forests and meadows. Frequent flooding (typically in early spring due to
snowmelt) is essential for the meadows and forests of the floodplain and
its species. The soil is typical of a floodplain and is characterised by a
gleyed grey soil of fine alluvial material. As a result of regulation and
intensification in the last century, the river is now only of moderate
status (according to the European Commission’s Water Framework
Directive) and habitats for endangered species of flora and fauna are
limited.

In the course of the regulation of the Morava River in the 20th
century, all meanders and tributaries were cut off. 75 % of the banks
were stabilized with heavy armor stones and a uniform width and course
was created, i.e. the Morava was canalised. The course of the river was
straightened and shortened from 80 to 69 km. Since then, the river has
dug up to 1.5 m into its bed. The river, its surroundings and large parts of
the floodplain have been drained more and more. In addition, a large
part of the floodplain meadows disappeared because of the industriali-
zation of agriculture and other land use - and with them large areas of
habitat for many rare animals and plants. The first recognizable conse-
quences of the climate crisis are enhancing the negative effects of the
interventions in nature, e.g. lack of snow in winter and increasing
drought in spring and summer. As part of the EU-funded LIFE project
“Renaturierung Untere March-Auen”, the project partners viadonau -
Osterreichische WasserstraBen-Gesellschaft mbH, WWF Austria and
Niederosterreichischer Landesfischereiverband carried out ambitious
renaturation and species protection measures from October 2011 to
October 2019. The aim of the project was the extensive restoration of
near-natural river dynamics in the Lower Morava floodplains, the
extensification of management, as well as targeted measures to safe-
guard the populations of endangered species. The LIFE project has
succeeded in dynamising and enhancing this habitat in a sustainable
way (Egger et al., 2022).

2.2. Hydrological conditions

In light of the restoration process that took place between 2011 and
2019, it is imperative to consider the unique characteristics of the study
site. The study site is situated on a floodplain meadow, that is part of an
all-year grazing project. It is located within a flood protection dike, so it
is linked to the main flow conditions of the Morava River by an ox-bow
(the river itself is still heavily regulated), which permits regular flooding
as a result of high-water levels in the Morava River, either caused by
flood events of the Morava River (e.g. snowmelt, heavy rain etc.) or the
backwater effect of the Danube (15 km downstream). So, the study site
shows near natural floodplain habitat conditions, despite the still
restricted hydromorphological conditions of the river. In order to ensure
the protection of the local population, the Federal Ministry Republic of
Austria — Agriculture, Forestry, Regions and Water Management in the
department HORA (Natural Hazard Overview & Risk Assessment
Austria) has conducted flood modelling for the entire area. Water levels
of up to 3 m may be reached in the grassland of the study site. Following
a flood, the water level recedes at a gradual pace, resulting in the for-
mation of standing water bodies in lower areas. The water subsequently
evaporates and leaches away over time. Following the restoration pro-
cess, the area is subject to periodic flooding. The recurrence of flooding
is dependent on the frequency of extreme weather events, with the area
experiencing 15 cm of flooding annually, 38 cm every two years, and
1.38 m every 30 years. The most recent extreme flooding event occurred
on 6th July 2013, with a recorded depth of 2.67 m, while the most recent
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significant flooding event was in 2020.

2.3. Eddy covariance station in a floodplain grassland

The EC system was installed in October 2023 in a clear-cut area
within the floodplain of the WWF - alluvial reserve at Marchegg. Due to
unforeseen flooding concerns (see Chapter 2.2), the EC system was
installed on a self-sufficient floating platform to safeguard the mea-
surement instruments from the effects of water level fluctuations and
larger flood events (see Fig. 2). The construction and design were based
on the approach outlined by Dusek et al. (2009), for the ecosystem
station in Tfebon.

To calculate the flux exchange from the ecosystem to the atmosphere
a 3D-sonic anemometer (Gill Instruments Ltd., Lymington, Hampshire,
UK) with a sampling frequency of 20 Hz frequency was installed to
measure continuously the three wind components, and thus the vertical
wind component of the eddies. Simultaneously, CO- and H>O concen-
trations were monitored using an open path gas analyser (LI-7500 DS,
LI-COR Biosciences, Lincoln, NE, USA), collecting continuously data
with a frequency of 10 Hz. This study analysis the data collected from 1st
of May until the end of July 2024.

Additionally, meteorological parameters were measured in a one
second interval by the EC tower. Solar radiation data were obtained
from a radiometer (Kipp&Zonen B.V., The Netherlands). Rainfall was
recorded using a tipping bucket rain gauge (Texas Electronics, USA), and
photosynthetic photon flux density was measured using a Quantum
Sensor (LI-COR, USA). Microclimate data, including air temperature, air
humidity, soil temperature and soil heat fluxes (Hukseflux Thermal
Sensors B.V.) (measured at three locations along a transect), and soil

Fig. 2. EC station in the WWF- alluvial reserve at Marchegg on the grassland in
March 2024 (upper), and flooded in February 2024 (lower). To solve power
issues a second solar panel was added end of February 2024.



A. Lindenberger et al.

water content (measured at two sensors), were collected every 5 s and
averaged over 30-min intervals using a data logger (Sutron Xlite,
Germany).

In order to select an appropriate measurement height, it is necessary
to ensure that the sensors are positioned at a sufficient height to enable
the well-mixed surface layer above the plant canopy to be measured,
while also avoiding disturbances to the measurements caused by the
roughness layer. Conversely, the sensors should be positioned at a suf-
ficiently low level to ensure that the footprint expansion does not extend
beyond the boundaries of the designated study area. Accordingly, for the
floodplain grassland under study, with a mean canopy height (h.) below
1.75 m, the measurement height must be within the range of 1.67 h. to 6
hc (Rebmann et al., 2018). In consideration of the mentioned criteria,
the measurement height was determined to be 2.7 m, with a vegetation
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height of between 0.1 and 0.5 m, contingent upon the point of the
growing season.

The footprint modelling was conducted in accordance with the
methodology proposed by Kljun et al. (2015). As a result of the footprint
analysis conducted over the initial four-month period after set up, the
station was relocated end of January 2024 towards the northwest to
facilitate the acquisition of a more expansive field with an undisturbed
upwind direction and at the same time to reduce an insufficient wind
fetch in the east to only 45-115°. Fig. 3 illustrates the wind rose and
analysis of the footprint in January 2024, prior to the relocation, and in
March 2024, following the relocation. It is evident that the relocation
has reduced the disturbance of the wind due to the presence of higher
vegetation from the main wind directions of northwest and southeast.
Consequently, the data set can be expanded for subsequent analysis

Footprint Kljun et al., 2015

140 7 o » 10

Fig. 3. Footprint analysis of the EC station after Kljun et al., 2015 before the measures to reduce interference of the EC measurements in January 2024 (upper) and

after in March 2024 (lower).
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following the relocation. Thus, after the relocation only data with wind
direction from the river and the neighbouring trees must be excluded
from the footprint area. The final coordinates of the EC station after the
relocation are 48.28677842376566°N, 16.906963932173966°E on an
altitude of 131 m. However, the availability of an adequate upwind fetch
with minimal interference does not guarantee the representativeness of
the footprint for the entire restored area. The site exhibits considerable
heterogeneity, encompassing forest areas, grassland, and water channels
with varying extents of open water over time due to flooding.
Following the resolution of issues pertaining to the utilisation of
disparate measurement instruments and power supplies, the EC system
has been capable of measuring COz concentration and vertical wind,
thereby enabling the continuous calculation of the CO, flux between the
ecosystem and the atmosphere since March 2024. This has facilitated the
quantification of ecosystem services pertaining to a restored floodplain
area in terms of carbon balance. This study analyses data collected be-
tween 1st May and 31st July 2024, which encompasses the period of
severe flooding along the Danube catchment area in early June 2024.

2.4. Flux calculation and quantification of NEE, GPP, R,

The exchange rate of CO2 and Hy0 between atmosphere and plant
canopy is quantified by measuring the covariance between fluctuations
in vertical wind velocity of air eddies and CO2 or H,0 mixing ratio by the
eddy covariance (EC) method (Aubinet et al., 2012; Baldocchi, 2003).
The flux can be described as (Burba, 2013)

F = paws (@D)]

with pd as dry air density, w is the vertical wind speed, and the dry
mole fraction of the gas of interest (s). The theory with physical equa-
tions and limitations of the EC method are descibed in detail in Aubinet
etal. (2012), Burba (2013), Foken (2008). The EC method is an accurate
and widely used method for measuring fluxes from the surface to the
atmosphere, ecosystem gas budgets, and emissions from different eco-
systems, including agricultural and urban areas, forests, and wetlands
(Baldocchi, 2020; Kowalska et al., 2013). In order to obtain precise
carbon flux calculations, the EC method is predicated on the assumption
of unchanging atmospheric conditions with regard to wind, tempera-
ture, humidity and CO2. Furthermore, the terrain should be relatively
flat, with homogeneous vegetation at the study site, and no significant
wind disturbances due to changes in roughness (Baldocchi, 2003).

The partitioning of night-time data to obtain gross primary produc-
tion (GPP), ecosystem respiration (Reco) and net ecosystem exchange
(NEE) was conducted using micrometeorological data, in accordance
with the methodology described by Reichstein et al. (2005) with

NEE = GPP — R, (12)

Positive and negative NEE values represent sinks and sources of at-
mospheric COy, respectively.

2.5. Instrument precision and quality control

The LI-COR LI-7500 DS provides fast response measurements, with a
frequency of 10 Hz used to collect the data for this study. This allows the
vertical fluxes of CO; in the ecosystem to be calculated. With an in-
strument accuracy within 1 % of reading and an RMS noise of 0.11 ppm
at 10 Hz, the instrument provides reliable data. To ensure comparability
with international standards, the guidelines established by Rebmann
et al. (2018) were strictly followed. However, a quality check is neces-
sary as certain factors can affect the measurements and lead to mea-
surement errors. The raw data of the CO-. and H20 densities, measured
with an infrared gas analyser at a frequency of 10 Hz, and the 3D wind
data were processed every 30 min. The data were processed using the
EddyPro v 6.1.0 software (LI-COR Inc., USA), which is recommended for
obtaining more comparable results of fluxes and quality flags (Fratini
and Mauder, 2014). To calculate the 30-min EddyPro output the
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despiking method as described by Mauder et al. (2013) was employed.
The Tovi™ software (LI-COR Inc., USA) was used for quality screening
according to the methodology proposed by Isaac et al. (2017). A
reduction in signal strength has a detrimental effect on the reliability of
the data obtained, so for the LI-7500DS used to measure COz and H=0
concentrations, the data set was filtered to exclude measurements with a
signal strength of less than 93 %. In addition, Foken flags (ranging from
0 to 2, with 2 representing the lowest quality) were applied using only
values of 0 and 1 for the calculated fluxes (Mauder and Foken, 2006). In
addition, any data points that were deemed to be inappropriate spikes or
periods with problems in the measurement tools or measurement errors
were excluded. The MPT u* threshold detection and configurable gap
filling was applied following Reichstein et al. (2005). However, it should
be noted that the data did not have any significant gaps. For the analysis
of NEE, GPP and R, no gap-filling was applied as only three months of
data have been analysed to investigate the effect of sudden flooding.

3. Results
3.1. Hydrological conditions

To elucidate the flooding in the clear-cut of the floodplain forest in
Marchegg, which followed the severe flooding events in southern Ger-
many and along the Danube catchment in Austria the precipitation
values are investigated. The report of Mohr et al. (2024) presents the
record rainfall in the whole region of southern and western Bavaria and
in eastern Baden-Wiirttemberg, causing widespread flooding, particu-
larly along the right tributaries of the Danube from the Iller to the Isar,
with precipitation totalled over 100 mm within 48 h across the region.
The daily and cumulative rainfall in southern Germany (Donauworth-
Osterweiler), which was hardly affected by floods are presented repre-
sentative for the whole region. The precipitation is provided publicly by
Deutscher Wetterdienst (DWD) in a daily resolution over the three-
month study period. On 1st June, south Germany experienced heavy
rainfall, with precipitation levels reaching nearly 100 mm in less than
48 h (see Fig. 4). This was followed by a severe flooding event, which
caused significant damage across the region. The intense precipitation in
the Danube catchment area, particularly in southern Germany, resulted
in elevated water levels in the Danube in Austria, creating a backwater
effect in the Morava River and subsequently causing flooding at the
study site.

The data regarding the water level are provided and publicly avail-
able at a 30-min resolution at the NO Landesregierung, with viadonau
acting as the operator. During the study period, the water level of the
Danube at ThebnerstraBl reached an extreme high-water level above the
highest navigable water level (HNWL) of 2020 (638 cm) on 4th June
until 8th June 2024, with a maximum of 719 cm on 5th June. The water
level of the Morava river exceeded the mean value of 251 cm in the study
period several times. The data set was divided into different periods
based on the water level data of the Danube and the Morava river
(Fig. 5). The interval between the 1st of May 2024 and the 31st of May
represents the pre-flood period. The water reached the study site at
approximately 4:00 am on 4th June, coinciding with a Morava river
water level above 350 cm, which is the threshold for flooding of the
study site. On 5th June 2024, the maximum recorded water level was
468 cm with a water level in the open lab reaching approximately 1.5 m,
which corresponds to a 30-year event. This period where the whole
study site is completely flooded from the first flood wave in the three-
month study period persisted until 8th of June. As the water slowly
retreats the period between 9th and 18th June is indicated in the
following analysis as directly after the flood with still a lot of water
bodies in the study site. Everything after is defined as period after the
flood. However, from 2nd July at 12:00 until 5th July, a minor flood
with Morava water levels reaching approximately 380 c¢cm occurred,
resulting in the partial inundation of the lower area of the study site.
This smaller second flood wave was excluded from the diurnal NEE
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Fig. 4. Daily and cumulative precipitation in south Germany at the weather station Donauworth-Osterweiler from May until end of July 2024.
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Fig. 5. Water level of the Danube and the Morava River from May until end of July 2024. The dotted green line gives the highest navigable water level (HNWL) of
2020, which is the value from when the Danube is no longer navigable. The dashed lines give the mean values of the two rivers, both values refer to the period
1991-2020. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

analysis.

3.2. NEE, GPP, R¢,

the above-mentioned periods. Fig. 6 clearly shows the influence of the
two flood waves, setting the flux around zero with no significant changes
between day and night. Also, the different extend of the flood waves can
be seen, where the effect of no difference between day and night is more

We analysed the fluxes of COz between the floodplain area and the visible in the flood wave one in the beginning of June than for the minor
atmosphere to show the effect of the different hydrological regimes in flood wave two beginning of July. NEE, GPP, and Reco are analysed
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separately. Fig. 6 shows the daily mean values of NEE, GPP and Reco and
their cumulative sums over the whole three-month study period. This
allows us to investigate the dynamics of CO: fluxes influenced by the
water level in the clear-cut of the floodplain forest. From the beginning
of May until the end of July, the ecosystem absorbs 38.8 g carbon per
m2, while the cumulative GPP reaches 143.1 g carbon per m2 over the
study period. Thus, the floodplain area is undoubtedly acting as a sink
for CO: over the three-month period. However, it is evident that the
cumulative sum of NEE does not rise in a linear or continuous manner.
This is due to the fact that the ecosystem and CO: uptake are influenced
to varying degrees by the water levels and flooding events. As the water
arrives in the study site, the daily mean value of NEE drops. When the
area is totally flooded, NEE reaches zero or even negative values, indi-
cating that the ecosystem is a source of CO2. Therefore, the cumulative
NEE over the three-month period plateaus during the flood and remains
low afterwards. It takes time for the ecosystem to recover, and the cu-
mulative NEE curve rises after the flood when the ecosystem begins
absorbing CO: again (Fig. 7a). The GPP over time (Fig. 7b) follows a
similar pattern to NEE, implying that carbon storage due to photosyn-
thetic processes is the main driver of the variations. With the water
pushing into the study site, Reco drops continuously down to 2.5 g C m-2

(Fig. 7c). As soon as the area is no longer flooded, Reco rises again,
reaching values higher than before the flood, indicating the temperature
differences as main driver. Also, when the small flood occurs on 2nd July
the values of Reco drops significantly. GPP only has one drop and then
continues with similar values than before flood wave two. Thus, the
second flood has almost no effect to the GPP, while the first flood halted
GPP for some period of time (see Fig. 7b).

The diurnal variations in the different water level periods have a
significant impact on the flood’s effect on NEE. Fig. 8 shows the diurnal
variations of NEE for the periods influenced differently by the water
level. Following sunrise, an increase in NEE was noted, occurring be-
tween 5:30 am (1st of May) and 4:55 am (1st of June) local time. The
maximum rate of COz uptake is observed around noon. Prior to the flood,
the NEE was observed to be significantly higher than during the flood
with a maximum of 18.59 pmol m 2 s~ ! reaching the maximum at 11 am
and a mean value of —8 pmol m~2 s~ during the nocturnal period. The
flooding of the area resulted in a significant alteration of the diurnal
variations, with a notable absence of a discernible difference between
night and day. The observed values in the flooding period exhibited a
smaller range, spanning only from —6.7 to 3.8 pmol m~2 51, The period
directly following the flood, with still large water bodies in the study
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site, indicates that the ecosystem requires time to recuperate, as the peak
reaches less than half of the pre-flood NEE values with 6.65 pmol m~2
s~L. A longer interval following the flood (9.7. - 31.07, data from the
small flood event has been excluded) reaching a maximum of 9.89 pmol
m 2571, Average daily GPP ranges from 1.048 g C m~2 day ! before the
flood, down to 0.470 g C m~2 day ! during the flood and recovers to
0.930gC m~2 day_1 after the flood. As the R, after the flood is higher
(1.013 g Cm~2 day 1) than before the flood (0.797 g C m~2 day !, also
the daily average net uptake is slightly in the negative after the flood
(—0.123 g Cm~2 day!) and a net sink with 0.255 g C m~2 day ! before
the flood and during flood (0.0172 g C m~2 day ™).

4. Discussion

The ecosystem scale CO, monitoring in the restored floodplain
grassland, provides invaluable data regarding the sequestration of car-
bon in wetlands. The carbon flux measurements provide insight and a
more comprehensive understanding of the impact of renaturation pro-
cesses on the carbon balance of the ecosystem and their contribution to
climate change mitigation and the restoration of ecosystem services.
Various studies exist quantifying the net ecosystem exchange of peat-
lands (Helbig et al., 2022; Mander et al., 2024; McDonald et al., 2023),
forests (Chi et al., 2021; Foken et al., 2022; Knohl et al., 2003) or
agricultural use (Anapalli et al., 2023; Cardenas et al., 2022), while
studies about floodplain grassland are significantly underrepresented.

4.1. Impact of flooding events on the CO:z uptake
The study site was subject to flooding at varying degrees and over

different periods. As a result, the daily net uptake and GPP in the
different periods exhibit considerable variation. The average daily GPP

of the floodplain grassland in Marchegg ranges from 1.048 g C m 2
day~! before the flood, down to 0.470 g C m~2 day ™! during the flood
are smaller compared to the Dongting Lake floodplain in China with
average daily GPP of 2.52 g C m ™2 day ! before the flood and dropping
down to 1.98 g C m ™2 day ! during the flood season. The lower GPP
values observed in the floodplain grassland of Marchegg compared to
those in the Dongting Lake wetland can be largely attributed to differ-
ences in climatic conditions. Marchegg is located in a temperate climate,
while Dongting Lake lies within the subtropical monsoon region. The
warmer temperatures and longer daylight hours in the subtropical
monsoon climate support higher photosynthetic activity, leading to
increased GPP in Dongting Lake. Additionally, differences in vegetation
between the two regions, influenced by climate, likely contribute to this
variation, as subtropical plant species may be more photosynthetically
active under these favourable conditions. However, the Dongting Lake
study also highlights the significant role of flooding in reducing GPP
during inundation events, suggesting that while subtropical climates
promote higher overall GPP, flood events can still impose substantial
limitations on photosynthetic output in floodplain grasslands (Wang
et al., 2024).

The daily net uptake before the flood is 0.255 g C m ™2 day ! for CO;
comparable with the findings of a wet meadow in the Czech Republic in
Dusek et al. (2009), with daily average CO2 net uptake of 0.53 and 2.74 g
CO: m 2 day ! in 2006 and 2007 years, respectively. Our daily net
uptake is to some degree smaller as it represents just one month before
the flood compared to the annual average values of the wet meadow.

The net uptake of the floodplain in Marchegg one month after the
flood is lower than before the flood, as the ecosystem copes with the
stress of the flood event. In addition, conditions in May 2024 were ideal
for plant growth, with warm temperatures and abundant rainfall. In
July, however, the plant’s growth phase is coming to an end, less
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biomass is being produced and the plants have to cope not only with the
flood damage but also with extreme temperatures. The pattern of the
daily and cumulative NEE and GPP is consistent throughout the entire
period, suggesting that the primary driver of the observed differences
was the photosynthetic carbon assimilation (Dusek et al., 2009). How-
ever, Valach et al. (2021) indicates in his study, that the correlation
between plant cover and NEE only accounts for approximately 50 % of
the interannual variability. The NEE will also vary depending on the
time of the flood event, with a flood in May having a greater impact than
a flood in August or even in the winter months, as there will be different
amounts of sunlight available depending on the time of year due to
different sunrise and sunset times and the plants are more vulnerable
during growing season. This is also confirmed by the study of van Eck
et al. (2006) which states that summer floods have a more dramatic
impact on plant survival than winter floods. In addition, a flood during
the growing season will have a greater impact, and environmental
conditions such as the availability of water in the soil prior to the flood
can influence the impact of the flood. The ecosystem respiration Re, is
higher after flood than before flood, which is consistent with the results
in Dusek et al. (2009), where this phenomenon was found in years with
flood and without flood. Thus, the differences in ecosystem respiration
can be more explained by differences in temperature than by the effect
of the flood (Dusek et al., 2009).

During the flood, the ecosystem CO: exchange is limited, resulting in
a significant reduction of NEE with no significant changes for 24 h. This
is due to the complete coverage of the area by water, which prevents
vegetation from conducting photosynthesis. Additionally, the flood
caused damage to plants, and a brown layer of dirt was visible on the
plants. It was observed that the lower part of the plant was covered by
sediment deposits for a longer period of time, whereas the newly
growing plant parts were green again. This brown layer of dirt which
affected their photosynthesis activity, lead to a notable decline of NEE
during the period directly after the flood compared to the period pre-
ceding the flood. The sediment deposition on the plants likely accounts
for the observed differences in GPP behaviour during the first and sec-
ond flood waves. The first flood, driven by backwater from the Danube,
involved significant sediment transport due to the large amounts of
sediment carried by the river, especially after heavy precipitation. In
contrast, the second, smaller flood wave was triggered by the opening of
a sluice upstream of the Morava River, resulting in less sediment
transport. This difference in sediment load may explain why the first
flood halted GPP for a period, while the second flood caused only a
temporary drop before GPP continued unaffected. The impact of sedi-
ment transport and plant vitality during different growth phases on CO,
exchange of the ecosystem is an intriguing subject for further research.

Furthermore, the study site had immense water bodies in the period
directly after the flood, as the water only withdraws slowly and evap-
orates. It is therefore evident that restoration processes require the
presence of a diverse ecosystem. The floodplain forest around the
grassland would continue to function as a sink, as the vegetation would
not be entirely covered or damaged. This is supported by the findings of
Shupe et al. (2022) who state that floodplains are well suited areas for
reforestation acting as natural climate solutions because the trees in
these areas have a high carbon sequestration rate even under severe
conditions. Additionally, Kochendorfer et al. (2011) reports a floodplain
cottonwood forest acting as a strong sink of CO-, absorbing 310 g C m ™2
yr~! from the atmosphere during the first year of the study. Conse-
quently, a floodplain forest comprising grassland and forest provides
superior ecosystem services compared to the classic flood control
reservoir. This is not only due to its status as a biodiversity hotspot and
the creation of a recreational area for the local population, but also
because of carbon storage and thus mitigating climate change.

In light of the presented results, it can be posited that the capacity of
an ecosystem to sequester carbon is susceptible to alterations in water
levels. Also, other studies state that the fluxes of CO2, CH4 and N30 in
wetlands are dependent upon the water level in relation to the surface
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(Helbig et al., 2022; Zou et al., 2022). This study of the floodplain
grassland in Marchegg shows that the ecosystem ability to sequester
carbon gets interrupted by the flooding event, but continues to be a
strong carbon sink over the whole study period. It can therefore be
surmised that the rehabilitation of a wetland’s water table has the po-
tential to restore the natural process of wetland soil carbon sequestration
and storage (Limpert et al., 2020). Moreover, additional research un-
derscores the susceptibility of GHG fluxes to changes in soil water
content, water table, salinity, soil nitrogen content, soil pH, and bulk
density, due to changes in land use land cover changes of global restored
and natural wetlands (Tan et al., 2020).

4.2. Restored floodplain area acts as net carbon sinks

The floodplain grassland area in Marchegg functions as a significant
sink for CO2 with a net cumulative NEE of 38.8 CO2 g m~2 during the
vegetation growing season (May until the end of July). The net cumu-
lative NEE is a widely metric for comparing the carbon sequestration
capacity of ecosystems, as it represents the effect of multiple processes
and their interaction at the ecosystem level (Valach et al., 2021). The net
uptake of CO:z values observed in this study for the floodplain grassland
are comparable to those reported in other studies of floodplains (Dusek
et al., 2009; Valach et al., 2021; Wang et al., 2024), and wetlands
(Aurela et al., 2022; Valach et al., 2021) considering various climatic
conditions. Nonetheless, the literature indicates that the majority of sites
became net carbon sinks two years after restoration, with the carbon
sequestration efficiency increasing as the wetlands aged (Valach et al.,
2021). However, comparisons of the carbon sequestration capacity of
wetlands in different regions are challenging, as climatic conditions
exert a significant influence on this process (Valach et al., 2021). For
instance, peatlands in polar regions demonstrate lower rates of carbon
sequestration compared to those in boreal and temperate zones (Dusek
etal., 2009). Moreover, the floodplain grassland ecosystem is distinctive
and comparisons with other studies on peatlands, while studies of
floodplain areas are underrepresented, are challenging. Therefore, this
study offers new insights into the dynamics of carbon fluxes in response
to changes in water levels in restored floodplain ecosystems. Carbon
sequestration is a slow process and depending on the age and distur-
bance regime of the restored wetland, they become net sinks from the
atmosphere after a century (Hemes et al., 2019). Given the nature of this
distinctive wetland as a grassland floodplain, the carbon fluxes are
predominantly shaped by photosynthesis and thus the floodplain acts as
a strong sink of CO, much faster. However, floodplains can be CHy
sources, so to become a GHG sink it can take decades and further studies
are needed.

Considering the prevailing climate crisis and the anticipated rise in
the frequency and intensity of extreme events such as flooding, it is
imperative to evaluate the long-term consequences of flooding on
ecosystem processes. The study’s finding of decreased GPP due to
flooding is of particular significance, given that higher temperatures and
more frequent flooding, as predicted with climate change, could exac-
erbate the negative impact on wetlands’ carbon sequestration capacity
(Sanchez-Rodriguez et al., 2019). Although the study’s dataset encom-
passes a three-month period and concentrates on a singular flooding
event, thereby limiting insights into long-term or seasonal effects, the
implications of more frequent and intense flooding underscore the ne-
cessity for further research. To gain a full understanding of how repeated
flooding events, coupled with rising temperatures, may disrupt
elemental cycling and biomass production, and thereby reduce wet-
lands’ ability to mitigate climate change, it will be essential to have data
from multi-year studies. As this study focuses on the flood effect and
evaluates only a short period, no valuable statements can be made about
the interaction with climate or climate change. However, it is hoped that
in the future, with data from several years, this issue can be addressed.

This study focuses on CO: fluxes and variability during flood events,
so it is not possible to make significant statements about the ecosystem’s
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contribution to climate change mitigation, which is often quantified in
terms of global warming potential (GWP) (Aurela et al., 2022; Friborg
et al., 2003). As CH4 and N»O absorb more energy, their GWP and thus
their contribution to global warming is higher than that of CO2 (IPCC,
2021). In order to quantify the climate change mitigation potential of
not only COz, but also CH4 and N2O fluxes need to be investigated (Tan
et al.,, 2020). The open-path CH4 gas analyser (LI-7700, LI-COR Bio-
sciences, Lincoln, NE, USA) was added to the station in March 2024.
Additionally, it is anticipated that changes in the CHy4 fluxes will only
become evident over a longer period than that covered by a single 5-day
flooding event. Consequently, the CH4 fluxes are not considered in this
study, which is designed to investigate the effect of flooding and water
table variability in the case of severe flooding events in June 2024.
Therefore, the GWP of the whole area, including CH4 and N»O fluxes, is
the subject of another study. However, the rewetting of wetlands could
result in the emissions of CH4 and N2O and their radiative forcing being
outweighed by the uptake of CO, and the ecosystem becoming a carbon
sink due to SWBE. Consequently, the greenhouse gas balances of wet-
lands and their reaction to changes, and therefore the impact of wet-
lands on climate, will be contingent upon the balance between future
degradation and restoration (Zou et al., 2022).

In light of the challenges posed by climate change, it is imperative to
gain insight into the ways in which ecosystems respond and their ca-
pacity for carbon sequestration, particularly in view of the influence of
management and environmental factors such as flooding events. This
understanding is vital for gauging the long-term impact of wetland
restoration on climate change mitigation (Baldocchi, 2020; Hemes et al.,
2019). In order to assist in the mitigation of climate change, it is of
importance to gain a deeper understanding of ecosystem-scale C fluxes
from complex heterogeneous wetlands over longer timeframes. This is
because studies have demonstrated that wetlands can vary significantly
in their role as a carbon sink or source (Valach et al., 2021). Further-
more, the restoration of wetlands can play a crucial role in maintaining
and transforming them into large net carbon sinks. Additionally, to the
described findings, the capacity of carbon sequestration is fundamental
for the development of the SWBE approach (Rauch et al., 2022; UN,
2015).

5. Conclusion

The floodplain grassland in Marchegg as a restored ecosystem pro-
vides ecosystem services beyond flood protection to prevent severe
damage, as seen in the severe flood in southern Germany in June 2024.
They also have a large potential for carbon sequestration, thus the CO2
exchange of a restored floodplain grassland was investigated. To quan-
tify the impact of flooding event on the carbon sequestration, EC mea-
surements of COz were analysed in the different time periods before,
during and after the flood event. Our results show that ecosystem ser-
vices in terms of carbon balance is heavily influenced by water level in
the study site, with the average daily GPP of the floodplain grassland in
Marchegg dropping from 1.048 g C m~2 day ! before the flood, down to
0.470 g C m~2 day ! during the flood. However, the study demonstrates
that the restored floodplain functions as a robust carbon sink with a
cumulative NEE of 38.8 g carbon per m? over the three-months study
period, despite temporary disruptions caused by flooding events.

This study’s limitations, such as the exclusion of CH4 and N3O
measurements and the reliance on a short three-month dataset focused
on a single flood event, restrict a full assessment of the wetland’s overall
global warming potential (GWP) and long-term impacts. Despite these
constraints, the findings provide valuable insight into the effects of
flooding on GPP in restored wetlands. Given the expected rise in flood
frequency and intensity due to climate change, this research underscores
the significant role of floodplain grasslands in carbon storage and
climate mitigation. Furthermore, it emphasises the necessity for long-
term studies to gain a comprehensive understanding of these dy-
namics. The data obtained from the EC station in this study provide
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valuable insights that can inform the enhancement of future restoration
projects.

Finally, this supports the adoption of the EU Nature Restoration Law
and the need for restoring wetlands, floodplains and rivers to secure
water availability and biodiversity in these unique ecosystems. NBS and
more specifically SWBE are methods with ecological advantages and a
huge potential for sustainable recreation of near-natural ecosystems. It is
a future goal of SWBE to pay more attention to its ecological effects at
different spatial and temporal scales. It is of crucial importance to prove
these beneficial effects, and to quantify them transparently in terms of
quality assurance and use of resources in a sustainable and eco-friendly
way. The general future idea of SWBE is to apply it as an environmen-
tally friendly technique in terms of climate change and the Sustainable
Development Goals.
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