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Abstract

Sea level rise driven by global warming is threatening low-lying and reclaimed agricultural areas near coasts. The most
marginalized of these with low crop yield can be converted into new valuable wetland ecosystems with high CO, mitigation
capacity by removing drainage systems or performing managed realignment. This study assessed CO, and CH, dynamics
before and after forming two adjacent wetlands by flooding reclaimed agricultural land. The Gyldensteen Coastal Lagoon
(214 ha) is an open system flooded with seawater, and the neighboring Lake Engsg (144 ha) is a closed system flooded with
freshwater. Before flooding in 2014, the total area was a net source of about 10,350 Mg CO, yr~! due to aerobic microbial
soil respiration. The temporal and spatial pattern of CO, and CH, release changed after flooding in a pattern that depended
on soil biogeochemistry, temperature, and other environmental factors. Thus, there were strong exponential temperature
dependencies of CO, and CH, emissions. Slow anaerobic microbial action in the Coastal Lagoon soil and the presence of
sulfate prevented CO, and CH, emission, leading to a slight net uptake of CO, in 2019 (=70 Mg CO, yr~"). Conversely,
methanogenesis near the soil-water interface after freshwater flooding of Lake Engsg drove rapid emission of CH, (dif-
fusive and ebullitive) that doubled its greenhouse gas emissions. In conclusion, CH, emissions in Lake Engs¢g therefore
counteracted the CO, mitigation effect by flooding and the total area remains a net source of greenhouse gases with an

emission of 8330 CO,-equivalents yr~'.
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Introduction

Climate change has increased the risk of coastal flooding
worldwide due to sea level rise combined with more extreme
weather (such as storm surges). According to the Intergov-
ernmental Panel on Climate Change (IPCC), the rate of sea
level rise today is 3—6 times faster than the average of the last
100 years and is projected to increase further (Oppenheimer
et al. 2019). This will pose a challenge in low-lying countries
such as Denmark, where large coastal areas are in danger of
being flooded. The most effective solution to this problem
is to dampen the warming by a significant global reduction
in greenhouse gas (GHG) emissions. However, since it is
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unlikely that the needed reduction goals will be reached,
climate adaptation is required. An obvious climate adapta-
tion strategy in low-lying coastal areas of inferior economic
value is “managed realignment,” where old coastal defenses,
such as dikes, are intentionally removed, and new are erected
further inland (Andrews et al. 2006; Burden et al. 2013;
Kristensen et al. 2021). As a result, new restored coastal wet-
lands of high ecological value are formed that can act as tidal
buffer zones, protecting the hinterland against flooding and
simultaneously preventing loss of essential infrastructure.
Coastal wetlands have increasingly been recognized as
important climate mitigation habitats due to their protective
ability (Gedan et al. 2011) and capacity for sequestering car-
bon in the wet and anoxic soils (Chmura et al. 2003; Mitsch
et al. 2013; Kroeger et al. 2017). Despite occupying only
5—8% of land-habitat areas, it has been estimated that around
20-30% of the Earth’s upper 2 m soil pool of 2500 Pg car-
bon is stored in these wetlands (Lal 2008; Davidson 2014).
Unfortunately, wetlands have disappeared at an alarming rate
of more than 50% over the last century (Li et al. 2018), and
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along with them, their capability as GHG-mitigation habi-
tats, physical buffer zones, and other ecosystem services.

Several freshwater and marine wetlands have in recent
years been restored (Hartvigsen 2014; Chimner et al. 2017;
Cadier et al. 2020). In Denmark, large areas of agricultural
land have been marginalized for decades providing crop
yields which are no longer profitable (Stenak 2005). Many
of these are reclaimed land and are as such old marine or
freshwater wetlands. Thus, about 45,000 ha farmland in
Denmark is of marine origin (Nielsen et al. 2021). Such
low-lying marginalized areas, and especially those with
organic-rich soil, are ideal for wetland restoration by
managed realignment and simultaneously function as a
low cost and effective way for climate change mitigation
(Crooks et al. 2011).

Carbon dioxide (CO,) is the most important greenhouse
gas that is generated in all ecosystems as a natural prod-
uct of organic carbon degradation. It is released by all
organisms ranging from metazoan consumers to microbial
decomposers in oxic and anoxic environments (Canfield
et al. 2005). More distressingly, large amounts of CO, are
generated anthropogenically by combustion of fossil fuels.
CO, has a global warming potential (GWP) of 1 regardless
of the time period (Myhre et al. 2013). GWP of other gases
indicates their ability to absorb heat in the atmosphere rela-
tive to CO, on a specific timescale. Methane (CH,) is the
second largest contributor to climate change after CO,, not
because of a large natural and anthropogenic production of
CH,, but rather due to its higher potential as greenhouse
gas. CH, is, in contrast to CO,, a “short-lived climate pol-
lutant” that on average stays in the atmosphere for approxi-
mately 12 years before it is oxidized to CO, (Abernethy
and Jackson 2022). Over a 100-year period, CH, is a 28-34
times more potent greenhouse gas than carbon dioxide.
However, over a 20-year period, a yardstick that climate
scientists have previously suggested as a more appropriate
timeframe, CH, is up to 81 times more potent than CO,
(Abernethy and Jackson 2022).

CO, is released in high amounts from oxic and nutrient-
rich agricultural soils due to rapid aerobic bacterial respi-
ration (Benbi 2013). When soils are (re)flooded and turn
anoxic during construction of new wetlands, aerobic respira-
tion is hampered and replaced by anaerobic respiration that
is~10 times slower, thus greatly reducing the CO, emission
(Kristensen et al. 1995). However, freshwater and brackish
wetlands can instead act as sources of CH, (Laanbroek 2010;
Bastviken et al. 2011; Bridgham et al. 2013; Arias-Ortiz
et al. 2021), thereby counteracting the mitigation gained by
flooding. Formation of CH, occurs through methanogen-
esis, an obligatory anoxic process that is the ultimate step in
carbon degradation. Whether a wetland acts as a GHG sink
due to lowered CO, emission or a source due to excessive
CH, emission depends on various physical, chemical, and
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biological controls. These include the presence of sulfate,
organic substrates, pools of inorganic and organic nutrients,
type and presence of vegetation, hydrology, and temperature
(Jgrgensen 2006; Davidson et al. 2018; Pugh et al. 2018;
Vroom et al. 2022). CH, is released from wetlands/lakes
through different pathways, including diffusive, ebullitive,
storage flux, and flux through aquatic vegetation (Sanches
et al. 2019).

The objectives of this study were to quantify and com-
pare emission of CO, and CH, from two newly formed Dan-
ish wetlands: a saline coastal lagoon and a freshwater lake.
The study focuses on two key environmental conditions
controlling emissions: (i) dry soil versus flooded soil and
(ii) saltwater versus freshwater flooding. Effects of biogeo-
chemistry and temperature will be assessed from surveys
determining the spatial and temporal variation in emissions
of these greenhouse gases. We hypothesize that (1) flood-
ing decreases the microbial release of CO, from soils by
turning oxic farmlands with rapid aerobic respiration into
anoxic wetlands with slow anaerobic respiration; (2) soils
flooded with seawater are dominated by sulfate reduction,
while methanogenesis dominate soils flooded with fresh-
water leading to excessive release of CH,; and (3) the tem-
poral variation of CO, and CH, release depends primarily
on temperature.

Materials and Methods
Study Area

The restored Gyldensteen Coastal Lagoon and the newly
established Lake Engsg are located on northern Fyn near
Bogense in Denmark (Fig. 1). Roughly 1000 ha of coastal
seabed near Gyldensteen Manor was diked, drained, and
cultivated in 1871 (Stenak 2005). After 140 years of agri-
cultural activities, 615 ha of the land was acquired by the
Aage V. Jensen Nature Foundation for nature restoration.
This included the two new wetlands that were flooded in
March 2014 after coastal reconstruction. Most of the area
was used for barley and seed grass cultivation the years
before flooding.

Gyldensteen Coastal Lagoon was established by man-
aged realignment, where seaward dikes were partly removed,
allowing seawater from Kattegat to flood the former agri-
cultural land through 3 openings (Fig. 1). The restoration
involved construction of new inland dikes to prevent exces-
sive flooding. The Coastal Lagoon covers 214 ha with an
average water depth of about 1 m. Average tidal amplitude
is ~0.4 m, but with larger water fluctuations (+ 1 m) during
periods of strong winds (Danish Meteorological Institute,
DMI), providing less than 2-day residence time of water.
Water temperature ranges from a winter low of ~0 °C to a
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Fig.1 Maps of the Gyldensteen area before (upper) and after (mid-
dle) managed realignment in 2014. The broken lines in the upper
panel indicate the old coastline before land reclamation in 1871.
Heavy lines in both panels indicate old and new dikes. The red codes
represent the major measuring locations in the Coastal Lagoon and
Lake Engsg. The 30 measuring stations (lower) visited before flood-
ing are indicated with crosses in the zoom insert of the Coastal
Lagoon. Station 1 is at northwest and station 30 is at southeast

summer high of ~20 °C, while salinity ranges between 20
and 25 all year round. There are no freshwater discharges
to the system, except for few minor agricultural drainage
channels in the southern part. The coastal lagoon today is
mostly unvegetated but has scattered occurrence of brown

algae (Fucus vesiculosus) and red algae (Gracilaria vermicu-
lophylla) (Thorsen et al. 2021). The major primary produc-
ers are therefore benthic diatoms and cyanobacteria. The
marine area just outside the lagoon is shallow with water
depths of 0.5-1 m and has scattered growth of F. vesiculosus
several hundred meters offshore.

Lake Engsg is separated from the Coastal Lagoon by a
dike, but otherwise located on soil with similar agricultural
history (Fig. 1). It was formed passively after drainage of the
farmland was terminated. The surrounding land (catchment
area) is farmland, meadows, and forests. Since there are no
freshwater inlets and outlets in the form of streams, water
in Lake Engsg originates from precipitation, groundwater,
and run-off from the adjacent fields. In case of overflow,
water is led through a pipe to the Coastal Lagoon. Lake
Engsg contained freshwater when it was established, but
it is now slightly brackish with a salinity of 0.5-2 due to
evaporation. It covers 144 ha with an average water depth
of about 1 m. Water temperatures ranges from a winter low
of ~0 °C to summer highs of up to 25 °C. Lake Engsg today
is mostly unvegetated with some drifting plants and algae.
The benthic flora is light limited due to high turbidity from
massive phytoplankton growth.

C0, and CH, Flux Measurements

Soil-air, soil-water, and water—air fluxes of CO, and CH,
were measured with variable spatial and temporal resolu-
tion in the Coastal Lagoon and Lake Engsg before and after
flooding from 2013 to 2020 (Table 1).

Soil-Air CO, Emission in the Coastal Lagoon

In situ soil-air CO, emission from the agricultural soil prior
to flooding was measured at 30 locations throughout the
Coastal Lagoon area in September 2013. These were located
primarily in areas vegetated with barley and seed grass and
to a lesser extent in grassland. Seasonality and tempera-
ture dependence of soil-air CO, emission was determined
on six occasions during 2014 (March, May, June, August,

Table 1 Overview of in situ
and laboratory measurements in

Year

Measurement Note

Gyldensteen Coastal Lagoon and 2013
Lake Engsg from 2013 to 2020 2013-2014

2015-2017

2019-2020

CO, soil-air fluxes (spatial)
CO, soil-air fluxes (temporal)
DIC fluxes soil-water

2018 CO, and CH, fluxes water—air
DIC and CH, fluxes soil-water
DIC and CH, fluxes soil-water

CO, and CH, fluxes water—air
CH, ebullition water—air

DIC fluxes soil-water

DIC and CH, fluxes soil-water

In situ, Coastal Lagoon (before flooding)
In situ, Coastal Lagoon (adjacent)

In situ, Coastal Lagoon

In situ, Coastal Lagoon and Lake Engsg
In situ, Coastal Lagoon

Laboratory, Lake Engsg

In situ, Coastal Lagoon and Lake Engsg
In situ, Lake Engsg

In situ, Coastal Lagoon

Laboratory, Lake Engsg
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September, and November) in moist soil of an adjacent pas-
ture that was not flooded. A custom-made opaque 8 cm inner
diameter and 10 cm high Plexiglas flux chamber was fit-
ted gas tight to a Plexiglas collar of the same diameter that
had been inserted 3 cm into the soil at least 30 min prior
to measuring. Three replicate collars were at each measur-
ing occasion placed on bare soil between the stubs of har-
vested barley and grass. The flux chamber was connected
by a flow-through approach to a Li-Cor LI-6400 Portable
Photosynthesis System that monitored CO, concentrations
inside the chamber continuously every 10 s for 5 min. Three
sequential measurements with ambient air flushing between
were performed while the flux chamber remained fitted to
each collar. Emission of CO, (mol m~2 d™!) was calculated
from the linear increase in concentration (M d™') and cor-
rected for chamber volume (L) and area (m?). Temperature
was recorded by inserting an electronic soil thermometer
5 cm into the soil next to the collars.

Soil-Water DIC and CH, Exchange in the Coastal Lagoon

Seasonality and temperature dependence of in situ
soil-water release of dissolved inorganic carbon (DIC) at
the representative Coastal Lagoon station GI04 in the west
and GI27 in the east (Fig. 1) was determined from measure-
ments in winter (January—February), spring (May), sum-
mer (July—August), and fall (October) from 2015 to 2020.
In addition, soil-water release of CH, was assessed at GI27
during all seasons in 2018. Six cylindrical flux chambers
(40 cm i.d. and 20 cm deep) were deployed on unvegetated
soil at each station 1 day before initiating the measurements.
The transparent chambers were pushed about 5 cm into the
soil and left with open tops overnight. The next day, all
chambers were sealed, equipped individually with a stir-
rer motor driving a 5-cm long stirrer bar at about 60 rpm.
Three chambers were covered by black plastic to prevent
light intrusion and three were kept uncovered in light. Water
samples for DIC and CH, analysis were taken through an
otherwise sealed sampling port in the lid at the start and end
of incubation. The incubation time was 3 to 5 h depending
on season and the water temperature. The latter was meas-
ured with an electronic thermometer before and after incuba-
tions. Test showed that oxygen never decreased below 50%
of saturation. Samples for DIC analysis (5 ml) were trans-
ferred to Exetainers, preserved with HgCl, and sealed gas
tight. DIC was analyzed as soon as possible on a flow injec-
tion/diffusion cell analyzer (Hall and Aller 1992). Separate
samples (10 ml) for CH, analysis in 2018 were preserved
with HgCl, in gas tight Exetainers. In the laboratory, 2-ml
sample was replaced with a headspace of N,. The headspace
gas was after equilibration analyzed for CH, at room tem-
perature and atmospheric pressure by Gas Chromatography-
Flame Ionization Detection (GC-FID). The flux of DIC and
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CH, (mmol m~2 d!) was calculated from the difference in
concentration from start to end (mM d~!) and corrected for
chamber volume (L) and area (m™2).

Soil-Water Exchange of DIC and CH, in Lake Engso

The soil-water exchange of DIC and CH, at station GF08
in the central deeper part of Lake Engsg was determined
by core incubations under laboratory conditions. This was
necessary because vegetation and high turbidity of the water
prevented in situ incubations. Three cores (8 cm i.d. and
20 cm deep) of unvegetated soil were taken in winter (Feb-
ruary) and summer (July) of 2019. The cores were care-
fully placed in tanks with water from Lake Engsg. They
were left open with stirring (60 rpm) and oxygenation for
minimum 48 h to acclimatize in a 12:12 h. Light/dark cycle
(~400 uE m~2 s7!) in a constant temperature room. Tem-
perature was kept at 5 °C in winter and 15 °C in summer.
Water samples for DIC and CH, analyses were taken before
and after the cores were sealed with lids while maintain-
ing stirring. Winter cores were incubated for 12—14 h while
summer cores were incubated 4-5 h in the dark and light.
Oxygen never dropped below 50% of saturation. Water sam-
ples were treated and analyzed, and results calculated as
described above for in situ soil-water flux measurements in
the Coastal Lagoon.

Water—-Air Emission of CO, and CH, in the Coastal Lagoon
and Lake Engso

In situ diffusive water—air CO, and CH, fluxes at the shal-
low station GFO1 near land in the western and station GF08
in the central part of Lake Engsg, as well as station GI27
in the Coastal Lagoon, were measured at monthly intervals
from February to December in 2019. Water—air measure-
ments were performed with a custom-made opaque 20 cm
i.d. and 15 cm high PVC flux chamber that was kept afloat
by a Styrofoam support. The flux chamber was connected
by a flow-through approach to a Gasmet DX4030 Portable
FTIR Ambient Gas Analyzer that monitored CO, and CH,
concentrations and temperature inside the chamber continu-
ously every 5 s for 5 min. Three sequential measurements
with ambient air flushing between were performed while the
flux chamber remained at each position. Water temperature
was measured initially. Data was analyzed and results cal-
culated as described above for soil-air CO, emission in the
Coastal Lagoon before flooding.

The ebullitive water—air CH, emission at stations GFO1
and GF08 in Lake Engsg was measured at monthly intervals
from March to October (except for August) in 2019 using
floating CH, traps (Fig. 2). The traps consisted of glass fun-
nels with a diameter of 20 cm narrowing to 2.6 cm in a
17.5 cm long stem. The end of the stem was sealed gas tight
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Fig.2 Schematic drawing of floating trap for measuring ebullitive water—
air CH, emission. It consists of an inverted glass funnel kept floating with
a Styrofoam support (grey). The top is sealed gas tight with an inverted
centrifuge tube (50 ml). The centrifuge tube has a scale for quantifying
the amount of trapped gas. Gas samples are taken with a syringe through a
rubber septum glued to the centrifuge tube

with a centrifuge tube (50 ml) which had a rubber septum
glued to a hole drilled in the bottom. The traps were during
deployment filled with water and turned around under water.
They were kept floating with a Styrofoam support while the
wide opening of the funnel stayed under water and pointing
downwards. Three CH, ebullition traps were placed at each
station and secured by a string to an anchor. After about
24 h, the volume of trapped gas was noted by a scale on the
funnel stem and water temperature was measured with an
electronic thermometer. Subsequently, 1 ml of the gas was
sampled by a syringe with a hypodermic needle through the
septum at the top of the trap and injected into a 5-ml evacu-
ated Exetainer. The pressure in the Exetainer was in the labo-
ratory equilibrated to 1 atm with N, gas and a subsample was
analyzed for CH, by Gas Chromatography-Flame Ionization

Table2 Monthly temperatures applied for the soil-air, soil-water, and
water—air extrapolations. Air temperature is the 2015 to 2020 monthly
mean measured at Odense airport by DMI. Soil temperature is air tem-
perature corrected by the measured 1.4 °C difference between soil and air
obtained during the seasonal soil-air emission survey. Lagoon water tem-
perature is the 2015-2020 monthly mean measured at Fredericia Harbor
by DMI. Lake water temperature is the 2015-2020 monthly mean in 5
shallow lakes reported by the public Danish Environmental Portal

Month Air (°C) Soil (°C) Lagoon Lake

water (°C) water
(WY
Jan 2.4 3.8 3.8 33
Feb 2.5 39 2.9 38
Mar 4.1 5.5 33 4.0
Apr 7.5 8.9 6.3 6.9
May 11.8 13.2 114 14.0
Jun 15.7 17.1 15.7 19.4
Jul 16.7 18.1 18.1 19.6
Aug 174 18.8 18.1 20.1
Sep 14.1 15.5 16.1 18.1
Oct 10.1 11.5 12.3 12.4
Nov 6.1 7.5 8.9 6.9
Dec 4.8 6.2 54 4.9

Detection (GC-FID). The ebullitive water—air CH, emission
(mmol m~2 d~!) was then calculated from the CH, concen-
tration in the traps after correcting for dilution in Exetainers
(mM) and multiplying with trap gas volume (L) and divided
by funnel area (m?) and time (d).

Soil, Air, and Water Temperatures

To obtain estimates of the average annual soil-air CO,
emission and soil-water DIC release for the period 2015
to 2020, the measurements performed in this study were
extrapolated to mean monthly rates and summed up. Rela-
tionships between soil/water temperature and emissions/
release obtained from the seasonal in situ incubations were
applied to extrapolate monthly rates because temperature
is assumed the primary controlling factor (Yvon-Durocher
et al. 2014). For soil-air CO, emissions, monthly mean soil
temperature is required. However, no such data are available
for the area. Instead, air temperatures from 2015 to 2020
measured at Odense Airport 15 km away by DMI were con-
verted to soil temperature by applying the measured differ-
ence in temperature between air and soil during the 2014
temporal soil-air emission survey (Table 2). For soil-water
DIC release in the Coastal Lagoon, the monthly mean sea-
water temperatures from 2015 to 2020 measured by DMI
at Fredericia Harbor 25 km away were used. Lake Engsg
water temperatures were obtained as the monthly mean in
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5 adjacent shallow lakes as reported by the public Danish
Environmental Portal (Table 2).

Soil Characteristics

Triplicate soil cores for grain size and organic content analy-
ses were taken with 5 cm i.d. core tubes at 30 stations in the
Coastal Lagoon during 2013. Similar soil cores were taken
at stations GI04 and GI27 in the Coastal Lagoon, and at
stations GFO1 and GFO8 in Lake Engsg during 2019. Cores
were in the laboratory sliced and the 0-5 cm depth interval
was homogenized before subsamples were taken for analy-
sis. Grain size of wet soil was analyzed by a Malvern Mas-
tersizer 3000 laser diffraction system. Organic content was
determined as loss-on-ignition (LOI) after combustion of
dried soil samples at 520 °C for 6 h.

Porewater for SO,*>~ analyses was obtained from tripli-
cate cores taken at stations GI27 and GF08 in 2019. The
cores were sliced into 0-1, 1-2, 4-6, 6-8, and 10-12 cm
depth intervals. Porewater was obtained by centrifugation
at 3000 rpm for 10 min and filtered through GF/C filters.
Subsamples were stored at 5 °C in Exetainers until analysis
by HPLC anion chromatography with potassium phthalate as
eluent and UV detection (precision better than 3%).

Results
Soil Conditions

The 2013 soil survey in the area that would be the com-
ing Gyldensteen Coastal Lagoon revealed that 23 of the
30 sampling stations were located in agricultural land.
These had average LOI of 3.3 +0.5%, median grain size of
0.135+0.016 mm, and silt+ clay of 27.3 +4.0% (Table S1).
Four stations (GI02, GI06, GI11, and GI29) were in manipu-
lated areas where topsoil was removed during construction
of inland dikes in preparation for the flooding. These had
average LOI, median grain size, and silt+clay of 2.5 +0.3%,
0.122+0.024 mm, and 32.2 +5.6%, respectively. Two

Table3 Key soil characteristics from flux stations in Lake Engsg
(GF) and the Coastal Lagoon (GI) (see Fig. 1 for the exact location).
The results are from 2019 and given as the average +sd of triplicate

stations (GIO8 and GI09) in a moist pasture that has never
been cultivated had LOI, median grain size, and silt+ clay
of 23.1 and 14.7%, 0.222 and 0.191 mm, and 14.2 and 9.8%,
respectively. The last station GI17 was in a deposition area
near a pond formed by excavations for the original dike
in 1871. This station had extremely high LOI of 64.2%,
while median grain size and silt+clay were intermediate at
0.104 mm and 35.5%, respectively.

The two stations (GFO1 and GF08) in Lake Engsg and
the two stations in the Coastal Lagoon (GI04 and GI27)
chosen for the 2019 flux measurements had remarkably
similar soil characteristics with respect to median grain size
that ranged from 0.151 to 0.183 mm and silt+ clay within
arange of 22.0 to 25.4% (Table 3). LOI, on the other hand,
differed with lower values in Lake Engsg than the Coastal
Lagoon. Soil conditions at GI04 and GI27 did not change
significantly from 2013 to 2019, but the wave exposed GI27
showed a trend for LOI and fine particle loss.

Porewater SO,>~ was constant with depth in the upper
12 cm of the soil at both GI27 and GF08. However, the
concentration of SO,>~ was 1-2 orders of magnitude higher
in the saline GI27 soil (16.8 mM) than the freshwater domi-
nated GFO08 soil (0.4 mM) (Table 3).

Soil-Air Emission

Mapping of dark soil-air CO, emission in the Coastal
Lagoon area before flooding conducted in September 2013
(temperature ~15 °C) revealed rates ranging from 143 to
805 mmol m~2 d~! with an average of 405 + 165 mmol m~>
d~! (Fig. 3). It should be noted that four of the stations with
lowest rates (G102, G106, GI11, and GI29) were in manipu-
lated areas. Temperature dependence of soil-air dark CO,
emission determined during 2014 in an adjacent pasture
showed a significant exponential increase with tempera-
ture (Fig. 4, top). This area appeared representative for the
entire lagoon since the extrapolated emission for September
at 15.5 °C was 420 mmol m™2 d™', which is similar to the
average rate obtained from the September 2013 mapping.
By correcting air temperature by 1.4+0.9 °C as observed

pooled values in the upper 5 cm for solid phase parameters and the
upper 12 cm for porewater 5042‘, Solid phase data from the Coastal
Lagoon obtained in 2013 is shown for comparison

Stations LOI (%) sd Grain size (mm) sd Silt + clay (%) sd 5042 “(mM) sd
GFO01 0.93 0.21 0.176 0.021 23.9 4.9 - -
GF08 0.78 0.09 0.183 0.030 24.1 5.9 0.4 0.2
GI04 2.13 0.12 0.151 0.014 22.0 3.7

GI04 (2013) 2.38 0.12 0.150 0.003 23.8 0.7 - -
GI27 2.24 0.44 0.144 0.052 25.4 15.9 16.8 1.7
GI27 (2013) 2.79 0.11 0.109 0.016 35.5 4.7
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Fig.3 The September 2013 CO, emissions from soil to air at 30 loca-
tions in the area that became Gyldensteen Coastal Lagoon in 2014.
Rates are given average +SD (n=3). Station numbers have the prefix
Gl in the text

during the seasonal survey in the adjacent field, the monthly
average dark emission for the Coastal Lagoon area was
extrapolated to range from 127 mmol m~2 d~! in January
to 590 mmol m~2 d~! in August. After correcting to CO,
mass, the area integrated (214 ha) total monthly dark emis-
sion in 2013 before flooding ranged from 360 Mg CO, in
January to 1666 Mg CO, in August (Fig. 5), leading to an
annual dark emission of ~10,300 Mg CO, from the Coastal
Lagoon area and ~17,200 Mg CO, when the area of Lake
Engs¢ is included.

Soil-Water Release

Dark soil-water DIC release that represented microbial
soil respiration (RSP) at the flooded stations GI04 and
GI27 in the Coastal Lagoon varied seasonally in a simi-
lar pattern between stations and among years from 2015
to 2020. Lowest RSP was recorded in winter with aver-
age dark rates of 34.3+16.6 mmol m~> d~! at GI04 and
34.4+7.8 mmol m~2 d~! at GI27, and highest release in
summer with average rates of 103.4+29.5 mmol m=2 d~!
at GI04 and 108.7 +28.5 mmol m~2 d~! at GI27 (Fig. 6). In
addition to the strong similarity in soil-water RSP between
these two stations, they also appeared representative for
the entire Coastal Lagoon. Their September 2013 soil-air
dark CO, emission of 414 +89 mmol m~2 d~! (GI04) and
408 + 113 mmol m~2 d~! (GI27) were almost identical to
the average for the entire Coastal Lagoon. The seasonal
soil-water dark DIC release at these two stations showed
similar strong and significant exponential increases with
temperature (Fig. 4, bottom). By applying these relationships
for the entire Coastal Lagoon and correcting for CO, mass,
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Fig.4 Temperature dependence of soil-air CO, emission from unflooded
agricultural land in 2014 (upper) and of seasonal soil-water DIC release
at station G104 and GI27 in the flooded Gyldensteen Coastal Lagoon from
2015 to 2020 (lower). The exponential relationships are presented by the
inserted equations. Values are averages+SD (n=3 (upper) and 6 (lower))

the area integrated total monthly RSP after flooding ranged
from 92 Mg CO, in February to 271 Mg CO, in August
(Fig. 5), leading to a potential annual emission of ~2000 Mg
CO, from the entire 214 ha Coastal Lagoon area.

RSP in Lake Engsg obtained from measurements on
soil cores from station GF08 in the laboratory ranged from
53431 mmol m™>d™" at5°C to 155+ 17 mmol m™>d™" at
15 °C, which was 34 and 97%, respectively, with an aver-
age of 65% higher than obtained by the same approach at
GI27 (Table 4). The contribution of Lake Engs¢g soil RSP
to the potential annual emission from the flooded area must
therefore be corrected by 65%, leading to a rate of ~2200 Mg
CO,, and thus a total ~4200 Mg CO, from both the Coastal
Lagoon and Lake Engsg after flooding.

Soil-water DIC uptake in the light at stations GI04 and
GI27 represents net primary production (NPP) by micro-
phytobenthos in the Coastal Lagoon. NPP varied sea-
sonally in a similar pattern between stations and among
years from 2015 to 2020. Lowest NPP was recorded in
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Fig.5 Total monthly dark soil-air CO, emission from agricultural
land before flooding in 2013 (black bars) and average dark soil-water
DIC release after flooding in 2015-2020 (white bars) in Gyldensteen
Coastal Lagoon. Results are estimated from measured rates and tem-
perature dependencies using the soil and water temperatures pre-
sented in Table 2. Data are extrapolated in weight units to the entire
Coastal Lagoon area (214 ha)

winter with averages of —33.4 +4.5 mmol m~2 d~! at G104
and —39.3+21.8 mmol m~2 d~! at GI27, while summer
averages were as high as —140.2 +36.4 mmol m~> d~! at
GI04 and —142.5 +38.5 mmol m~2 d~! at GI27 (Fig. 6).
Diel DIC exchange in the Coastal Lagoon was calculated
as the sum of RSP and NPP, considering the dark and light
hours of the relevant months and assuming that dark rates
measured during daytime are fully representative for night-
time. There was a small diel net release of DIC during fall
and winter with highest net rates of 9.2+ 1.7 mmol m™2
d~! at GI04 and 12.8+6.7 mmol m~* d™" at GI27 in win-
ter (Fig. 6). Conversely, a net diel DIC uptake occurred
during spring and summer with highest rates in summer

of —=36.0+14.9 and —35.4 + 17.9 mmol m~2 d~! at GI04 and
GI27, respectively.

CH, Release/Emission
Diffusive Emission

The laboratory incubations of cores from GFO08 and in situ
chamber measurements from GI27 showed low diffusive
soil-water release of CH, in 2019 (< 0.4 mmol m=2d7"
at 5 °C and reached a high level of 57 mmol m~2 d~! at
15 °C at GF08 but remained low at GI27 (Table 4). Diffu-
sive in situ water—air emissions at GFO1, GF08, and GI27
were also low during winter (<0.2 mmol m~2 d~') and
comparable to those from soil to water at low temperature.
In fact, diffusive water—air emissions of CH, in 2019 gen-
erally remained below 1 mmol m~2 d~! from January to
April and October to December at all locations, and only
reached elevated rates of up to 16 and 9 mmol m=2 d~! at
GFO01 and GFOS, respectively, during the warmest summer
months. Consequently, significant exponential temperature
relationships were evident for diffusive water—air emission
of CH, at GFO1 and GFO8 (Fig. 7). According to these
relationships, emissions of CH, were generally 3 times
higher at GFO1 than GF08. No exponential relationship
with temperature was evident for diffusive CH, emission
at GI27 where rates remained below 0.4 mmol m~2 d~!
throughout 2019.

The two stations examined in Lake Engsg are assumed
representative for the entire lake when their areal distri-
bution is considered. Air photos revealed that the littoral
zone represented by GFO1 covered about 25% of the total
lake area in 2019 and the remainder 75% is represented by
GFO08. By applying mean temperatures in 5 adjacent shal-
low lakes, the monthly average diffusive CH, emission from
GFO1 and GFO8 was extrapolated to range from 0.09 and
0.03 mmol m~2 d~! in January to 6.61 and 2.28 mmol m~>
d~! in August, respectively. After correcting to CH, mass
and the areal distribution of GFO1 and GF08, the Lake

Table 4 Dark soil-water release of CO, and CH, at 5 and 15 °C from
station GFO8 in Lake Engsg and GI27 in the Coastal Lagoon (see
Fig. 1 for the exact location). The results for GFO8 are derived from
laboratory core incubations and compared with in situ chamber meas-
urements from GI27. The results are from 2019 and given as the aver-
age +sd of triplicate cores
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Fig.6 Seasonal soil-water DIC release by soil respiration in the dark
(RSP, black bars) and uptake by soil net primary production (NPP, white
bars) in the light at GI04 (W) and GI27 (E) from 2015 to 2020. Net diel
rates are shown by grey bars. Values are given as averages +SD (n=6)

@ Springer

Stations CO, flux sd CH, flux sd Temperature
mmol m™2 d™! mmol m™2 d™! °C

GF08 52.5 30.6 0.34 042 5

GF08 155.5 41.4 57.00 2.01 15

GI27 39.2 27.0 0.35 042 5

GI27 78.9 36.9 0.40 022 15
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Fig.7 Temperature dependence of diffusive in situ water—air emis-
sions at GFO1 and GFO8 in Lake Engsg and GI27 in the Coastal
Lagoon. The exponential relationships are presented by the inserted
equations. No significant exponential relationship could be obtained
for the low rates at GI27. Values are averages + SD (n=3)

Engsg area integrated (144 ha) total monthly diffusive CH,
emission ranged from 0.03 Mg in January to 2.31 Mg in
August (Fig. 8, top) with almost an equal share of the lit-
toral and basin areas. The estimated total annual diffusive
emission from Lake Engsg was then~8.8 Mg CH,, while
the contribution from the Coastal Lagoon was negligible.

Ebullition of CH, was only detected in Lake Engsg and
here with a clear and strong temperature dependence.
Very little water—air CH, emission through ebullition
was evident at temperatures below 10 °C (< 1 mmol m~2
d~"). Ebullition increased considerably above this tem-
perature reaching 482—-590 mmol m~ d~! at GFO1 and
67-205 mmol m~2 d~! at GF08 in July—September. The
associated significant exponential relationship was very
steep (Fig. 9) with about 10 times higher ebullition at
GFO1 than GFOS8 at 20 °C. After the appropriate correc-
tions to CH, mass and the areal distribution of GFO1 and
GFO08, total monthly ebullitive CH, emission ranged from
0.01 Mg in January to 105 Mg in August (Fig. 8, bottom)
with about 4 times higher share from the littoral than the
basin areas. The estimated total annual ebullitive emission
from Lake Engsg was then ~294 Mg CH,.
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Fig. 9 Temperature dependence of ebullitive in situ water—air emissions
at GFO1 and GFO8 in Lake Engsg. The exponential relationships are
presented by the inserted equations. Values are averages+SD (n=3)

Discussion
CO, Dynamics

Cultivated agricultural land emits large amounts of CO, to
the atmosphere driven by aerobic micro- and macro-hetero-
trophic carbon mineralization within the oxic soil (Trumbore
2006; Maljanen et al. 2007; FAO 2022). The average CO,
emissions of 405 + 165 mmol m~ d~! observed here for the
Gyldensteen farmland before 2014 (Fig. 3) are within the
range reported by other studies that have assessed respira-
tion rates from agricultural soils (Lohila et al. 2003; Lai
et al. 2012). Elsgaard et al. (2012) reported annual ecosys-
tem respiration ranging from 5.3 to 12.2 kg CO, m~2 in 8
organic agricultural soils from Denmark. This corresponds
to a range of 330-759 mmol CO, m~2 d~! and is comparable
to emissions reported in this study. The spatial variation in
emissions among locations as observed in the present study
and by others is caused by differences in soil characteristics,
such as grain size, water, organic, and nutrient content as
well as preceding agricultural practice.

@ Springer

Soil water content affects soil respiration rates and is
closely linked to precipitation. Gas diffusivity, and thus
oxygen availability in the soil, varies inversely with water
content (Huesemann and Truex 1996). Microbial respira-
tion is therefore inhibited when soils are water saturated (Liu
et al. 2009). Under drained conditions, there is a wide range
of water contents within which only small changes exist in
respiration rate, but as the soil dries completely, there is a
threshold below which microbial activity is inhibited, and res-
piration decreases (Smith et al. 2018). However, the soils in
the Gyldensteen area were not water saturated but remained
sufficiently moist during the study period before flooding to
maintain a steady respiration and CO, emission (Table S1).

Organic content in Gyldensteen soils varied before flood-
ing with most locations having LOI ranging from 1.4 to
6.6% and must be categorized at the transition between
mineral soils and mineral soils with organics (Table S1)
(El Howayek et al. 2012). The Gyldensteen agricultural area
has been under conventional management for 150 years and
has during this period likely lost much of its carbon pool,
due to agriculture practices such as deep-going and frequent
tillage (Reicosky et al. 1997; Grant et al. 2004; Smith et al.
2010). Conventional management has been shown to lead
to higher microbial derived CO, fluxes and to exhaustion
of the organic pools compared with conservation systems
(Smith et al. 2010).

Conversely, farmland crops will certainly also assimilate
CO, and convert it into plant biomass. NPP of crops must
be included in estimates of farmland GHG balance. Since
no data are available of NPP from the Gyldensteen farm-
land prior to 2014, net CO, emission estimates can only
be derived from published NPP of crops similar to those
cultivated at Gyldensteen and compared to published net
ecosystem emissions published from cultivated sites com-
parable to the Gyldensteen area. Ciais et al. (2010) reported
NPP in European croplands of 451-595 g C m~2 yr~! C. This
corresponds to a total NPP in the 358 ha Gyldensteen culti-
vated area of 5900-7800 Mg CO, yr~!. This NPP estimate
is equivalent to 34-45% of the total dark CO, emissions
of 17,200 Mg CO, yr~! estimated here, leaving an annual
net CO, loss from the total Gyldensteen area of roughly
9300 to 11,200 Mg CO, yr~'. According to this estimate,
the Gyldensteen agricultural area was a large net CO, emit-
ter before flooding, within the range reported by Elsgaard
et al. (2012) and others (Kasimir-Klemedtsson et al. 1997,
Freibauer et al. 2004; Janssens et al. 2005).

‘When agricultural soil is flooded, the condition for microbial
decay is severely altered. While aerated and well-drained soils
have rapid oxygen diffusion depths of up to 1 m (Megonigal
et al. 1993), the water filled pore spaces in flooded soils slow
oxygen diffusion by a factor of 10* (Megonigal et al. 2004).
Accordingly, aerobic decomposition and associated CO,
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production is severely hampered (Hackney 1987; Kristensen
et al. 1995; Kirwan and Blum 2011). This response to flooding
was evident at Gyldensteen Coastal Lagoon where dark DIC
release was 75% slower than the CO, emission before flooding
(Fig. 5). This change in RSP upon flooding is consistent with
other studies carried out in restored wetlands (Blackwell et al.
2002; Sjggaard et al. 2017; Pendleton et al. 2012; Wollenberg
etal. 2018).

The overall CO, balance of the Gyldensteen area after
flooding must include the contribution of aquatic pri-
mary producers in the light before concluding whether
the area is a sink or a source of CO,. The measurements
of DIC/CO, exchange performed at the soil-water and the
water—air interface in both the Coastal Lagoon and Lake
Engsg clearly indicate that the uptake of CO, by aquatic
primary producers (primarily microphytobenthos) on an
annual basis completely matches the release of CO, by soil
RSP (Fig. 6). Thus, the net CO, emission has changed from
10,350 Mg yr~! before flooding to virtually zero after flood-
ing and in the year 2019, the Coastal Lagoon was actually a
small sink of CO,. Conservatively, we consider that the net
emission from the area is 0 to allow for interannual variation
in fluxes. A similar balance or even net uptake of CO, after
flooding has been documented in various types of restored
wetlands (Knox et al. 2015; Hemes et al. 2018; Welsh et al.
2021). Valach et al. (2021) found that restored wetlands can
be strong C sinks 2 years after restoration with a vegetation
cover >55%. Thus, the Gyldensteen area may in the future
improve its carbon sequestering ability trough increased veg-
etation establishment.

The soil-water DIC fluxes appeared higher in Lake Engsg
than the Coastal Lagoon (Table 4). This is probably due to
high availability of labile substrates generated by higher phy-
toplankton production in the nutrient-rich Lake Engs@ envi-
ronment. The soils of the Coastal Lagoon and Lake Engsg
were similar before flooding, but conditions in the two wet-
lands developed differently following flooding. The Coastal
Lagoon is an open system with short water residence time
that prevents nutrient accumulation and high phytoplankton
production (Kristensen et al. 2021). The higher CO, forma-
tion in Lake Engsg may be counteracted by a generally higher
photosynthetic CO,. Thus, Huttunen et al. (2003) demon-
strated that CO, emissions from eutrophic lakes are larger
than from oligotrophic lakes. The overall balance in Lake
Engsg is not fully elucidated from the present measurements
because soil-water DIC fluxes of practical reasons were
measured in darkened cores under laboratory conditions.

CH, Dynamics

Soil CH, flux is controlled by a balance between metha-
nogenesis and methanotrophy in combination with CH,

diffusivity (von Fischer et al. 2009). Although no measure-
ments were made of soil-air CH, fluxes in the Gyldensteen
area prior to flooding, it is assumed negligible. Methano-
genesis is a strictly anaerobic microbial process that typi-
cally takes place several meters down in well-drained soils.
All the produced CH, will therefore be oxidized during
diffusive transit in the oxic upper layers of the soil before
reaching the atmosphere (Topp and Pattey 1997). In fact,
Skinner et al. (2014) reported net uptake of CH, in several
oxic agricultural soils.

After flooding, the zone of methanogenesis may move up
to a few mm below the soil-surface. This typically occurs
when soils are flooded with freshwater devoid of SO,
leading to considerable release of CH, to the overlying water
and subsequently emission to the atmosphere (Sha et al.
2011; Sanchez-Rodriguez et al. 2019; Schindler et al. 2020).
CH, is simply transported too fast over a short distance that
it, to a large extent, bypasses the narrow upper oxic zone of
the soil with active methanotrophy (Jeffrey et al. 2019). If
soils are flooded with seawater containing high concentra-
tions of SO,>~, microbial sulfate reduction competitively
inhibits methanogenesis in the upper tenths of cm in the
soil (Abram and Nedwell 1978; Ding and Cai 2004; Livesley
and Andrusiak 2012). Most of the CH, generated deeper
in the soil is therefore oxidized by methanotrophic sulfate
reducers while diffusing upwards in the soil, leaving almost
no release to the overlying water. This explains the large
difference in diffusive soil-water release of CH, during
summer between Lake Engsg (57 mmol m~2d™") and the
Coastal Lagoon (0.4 mmol m~2d™") (Table 4, Fig. 7). Other
studies support these findings and report that restored fresh-
water wetlands are large CH, emitters (Herbst et al. 2011;
Bridgham et al. 2013; Knox et al. 2015; Hemes et al. 2018).

Measurement of ebullitive CH, emission is challenging
due to the large spatial and temporal variation of bubble
releases (Soumis et al. 2004; Baron et al. 2022). However,
it is essential to include ebullitive CH, emissions in GHG
budgets of freshwater wetlands because it may contribute
greatly to the total, and in some cases, dominate CH, emis-
sion (Wik et al. 2013; Delsontro et al. 2016; Wu et al. 2019;
Taoka et al. 2020; Wang et al. 2021). This was certainly
the case in Lake Engsg during summer where ebullitive
water—air CH, emission was about 100 times higher than
diffusive CH, emission (Fig. 8). CH, ebullition typically
occurs when CH, concentrations in soil porewaters exceed
the solubility threshold, particularly during periods of low
atmospheric pressure (Zhao et al. 2022). Since transport of
CH, bubbles from the soil-water interface to the water—air
interface is much faster than the diffusive transport, much
less CH, is oxidized in the water column. In contrast, less
than 10% of the diffusive soil-water CH, release (Table 4) is
emitted across the water—air interface (Fig. 7) due to oxida-
tion during transit within the water column.

@ Springer



1470

Estuaries and Coasts (2023) 46:1459-1474

Table5 CO, emission and CH,
emission before and after flooding
in the Coastal Lagoon and Lake
Engsg. CO, dark emission

(DE) and net emission (NE) is
presented +diffusive and ebullitive
CH, emission. In the two rows at
the bottom, the GHG balance is
given as CO,-equivalents

Before flooding After flooding
2013 2019
Coastal Lagoon  Freshwater Lake  Coastal Lagoon  Freshwater Lake
CO, (Mg yr™') (DE) 10,300 6,900 2,000 2,200
CO, (Mg yr™') (NE) 6,210 4,140 -70 -78
CH, diffusive (Mg yr™') ~0 ~0 ~0 8.8
CH,, ebullition (Mg yr™") ~0 ~0 ~0 294
CO, equivalents (Mg yr" ) 6,210 4,140 =70 8,400
CO, equivalents (Mg yr~') 10,350 8,330

Evidence from this study and others confirms that tem-
perature is a major controlling factor for CH, emissions
(Gedney et al. 2004; Pelletier et al. 2007; Turetsky et al.
2008; Tagesson et al. 2012; Yvon-Durocher et al. 2014).
Geng et al. (2019) found that an exponential relation with
increasing temperature was the best fit for projections of
CH, emissions. The apparent exponential fit of both dif-
fusive and ebullitive CH, emission with temperature in
Lake Engsg (Figs. 7, 9) supports this contention. It is strik-
ing, though, that both CH, emission pathways were hardly
detectable below 10 °C and increases steeply above this
temperature threshold, particularly for ebullitive emission.
Similarly, Jansen et al. (2020) found the same tempera-
ture dependence for both pathways in Norwegian lakes and
noticed that they were virtually independent of tempera-
ture below 6 °C. However, the use of the steep exponential
fits to extrapolate total annual ebullitive emissions from
temperature records must be expected to have large uncer-
tainty (Fig. 9). It is particularly critical at high temperature
where the estimated CH, ebullition from stations GFO1
and GFO08 increases by 68 and 77%, respectively, when
temperature increases from 20 to 21 °C. Thus, our total
annual diffusive and ebullitive CH, emission estimates of
8.8 and 294 Mg CH, yr~! must be considered with care,
but still remain within the right order of magnitude. Nev-
ertheless, the steep exponential increase in CH, emission
by both pathways at temperatures around 20 °C has serious
implications when considering the proposed temperature
rise of 1.1-5.4 °C due to global warming within the next
100 years (Solomon et al. 2007).

It should be noted, though, that CH, emission is not solely
controlled by temperature. Both diffusive and ebullitive
emission of CH, also depend on factors like soil organic
content and water table height (Christensen et al. 2003;
Calabrese et al. 2021). Thus, the high CH, emissions from
Lake Engsg are in part caused by the fact that it is shal-
low, but also that the system is eutrophic with high levels
of labile organic matter deposits in the soil. Accordingly,
Yagi and Minami (1991) found that exogenous supplies of
organic carbon have direct bearing on CH, production in
waterlogged soils. However, the limited variation of organic
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content within Lake Engsg precludes any evaluation of its
role for CH, emission in the present study.

GHG Balance

The GHG balance in the entire Gyldensteen area before
and after flooding can be assessed by comparing the uptake
and emission of CO, and CH, in CO,-equivalents using a
CH, GWP of 28 (IPCC 2007). Before flooding in 2013, the
total area was a net source of about 10,350 Mg CO,-e. yr~!
(Table 5). In 2019, the area remained a source of GHG with
a net emission of 8330 Mg CO,-e yr~'. The post-flooding
net emission was almost solely caused by high ebullitive
and diffusive CH, emissions in Lake Engsg during sum-
mer as net CO, emissions were practically zero (Table 5).
While GHG mitigation by flooding in the Coastal Lagoon
accounted for 6280 Mg CO,-¢e yr~!, Lake Engsg increased
the GHG emissions by about 100% (from 4140 to 8400 Mg
CO,-¢ yr‘l). Thus, total GHG-emissions in the entire area
(Coastal Lagoon and Lake Engs@) were reduced by no more
than about 20% after flooding. Had the entire area been
flooded with seawater, the total annual post-flooding net
emission of CO,-e may have been close to zero. Accordingly,
the GHG mitigation in the restored wetlands at Gyldensteen
is greatly diminished by the CH, emission from Lake Engsg.

Conclusions

The present study clearly emphasizes that flooding of agri-
cultural land with either seawater or freshwater has large
impacts on GHG emissions. Soil anoxia induced by flooding
decreased net CO, emissions to virtually zero, providing a
GHG mitigation of ~29 Mg CO, ha™' yr™!, which strongly
confirms our hypothesis 1. However, this mitigation capacity
was only reached to its full extent in Gyldensteen Coastal
Lagoon that was flooded with seawater. In these soils, sul-
fate reduction prevented CH, formation within and emis-
sion from the soil. In Lake Engsg, that was flooded with
freshwater, methanogenesis and rapid transport of CH, (dif-
fusive and ebullitive) doubled GHG emissions from 29 to
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58 Mg CO,-e ha~! yr™!, which confirms our hypothesis 2.
The large variation of CO, and CH, release on temporal
scales depended strongly on temperature, which confirms
our hypothesis 3. It is particularly worth noting that there
were very strong dependencies of CH, ebullition on tem-
perature with significant exponential trends.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-023-01218-6.
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