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Abstract. The rewetting of drained peatlands supports long-term nutrient removal in addition to reducing emissions of
carbon dioxide (CO2) and nitrous oxide (N2O). However, rewetting may lead to short-term nutrient leaching into adjacent
water and high methane (CH4) emissions. The consequences of rewetting with brackish water on nutrient and greenhouse gas
(GHG) fluxes remain unclear, although beneficial effects such as lower CH, emissions seem likely. Therefore, we studied
the actively induced rewetting of a coastal peatland with brackish water, by [comparing pre- and post-rewetting data from the
peatland and the adjacent bay.|

Both the potential transport of nutrients into adjacent coastal water and the shift of GHG fluxes (CO2, CH4, N>0O)
accompanying the change from drained to inundated conditions were analyzed based on measurements of the surface water
concentrations of nutrients (dissolved inorganic nitrogen (DIN), phosphate (PO4*")), oxygen (O;), components of the CO,
system, CHs, and N»O together with manual closed-chamber measurements of GHG fluxes.

Our results revealed higher nutrient concentrations in the rewetted peatland than in the adjacent bay, indicating that

nutrients leached out of the peat and were exported to the bay. A lcomparison of DIN concentrations of the bay| wi

an unaffected reference station showed a significant increase after rewetting. The maximum estimated nutrient export_(mean

+ 95 % confidence level) out of the peatland was calculated to be 33.8 [i 9.6/t yr L for DIN-N and 0.24 + 0.29 t yr* for PO4-

P, depending on the endmember (bay vs. reference station).
The peatland was also a source of GHG in the first year after rewetting. However, the spatial and temporal

variability decreased and high CH4 emissions, as reported for freshwater rewetting, did not occur. CO; fluxes (mean + SD)
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decreased slightly from 0.29 +0.82 g m2h™* (pre-rewetting) to 0.26 +0.29 g m2h™* (post-rewetting). The availability of
organic matter (OM) and dissolved nutrients were likely the most important drivers of continued CO, production. Pre-
rewetting CH, fluxes ranged from 0.13 +1.01mgm2h* (drained land site) to 11.4 +37.5mgm2h? (ditch). After
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rewetting, CH4 fluxes on the formerly dry land increased by lm brder of magnitude (1.74 +7.59 mg m2ht), whereas
fluxes from the former ditch decreased to 8.5 +26.9 mgm2ht These comparatively low CH4 fluxes can likely be

attributed to the suppression oﬂ methanogenesis and oxidation of CH4 by the available Oz\ and sulfate_in the rewetted
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peatland, which serve as alternative electron acceptors. The post-rewetting N>O flux Mas low, with an annual mean of
0.02+0.07mgm=2h 1‘.

Our results suggest that rewetted coastal peatlands could account for high, currently unmonitored nutrient inputs
into adjacent coastal water, at least on a short time scale such as a few years. However, rewetting with brackish water may

decrease GHG emissions and might be favored over freshwater rewetting in order to reduce CH4 emissions.

1. Introduction

Pristine peatlands are natural sinks for nutrients, in particular nitrate (NO37), and greenhouse gases (GHG) such as mostly
carbon dioxide (CO3) and occasionally nitrous oxide (NzO)l (Strack, 2008; Kaat and Joosten, 2009)LM@Hlk@iDQD,,‘?I@!;,,,,l,QQS,,

Regina et al., 1996). Globally, peatlands store up to 550 Gt of carbon (C), which is twice the C stock of total forest biomass
(Moore et al., 1998; Joosten and Clarke, 2002; Kaat and Joosten, 2009).

The drainage of peatlands leads to the mineralization of the topmost peat layer and the accumulation of nutrients
{Cabezas—et-al;—2012). (Smolders et al., 2006 Geurts et al., 2010). After rewetting, peatlands can therefore be sources of
nutrients, especially ammonium (NH4*) and phosphate (PO4*") (Lamers et al., 2002; Cabezas-et-al2012; Duhamel et al.,

2017). Conversely, due to the anoxic conditions in the water-saturated peat, rewetted peatlands can also act as nutrient sinks,

mainly for NOs~ (Fisher and Acreman, 2004). Whether rewetting leads to nutrient release or uptake is, besides other factors,
controlled by the degree of peat decomposition (Zak and Gelbrecht, 2007; Cabezas et al., 2012), the water level (Duhamel et
al., 2017) and the salinity (Liu and Lennartz, 2019). Nutrient release is highest in strongly degraded peat in formerly drained
peatlands (Zak and Gelbrecht, 2007; Cabezas et al., 2012). Therefore, removal of the topsoil before rewetting has been
recommended as a measure to greatly reduce the release of PO4*~ and nitrogen (N) (Harpenslager et al., 2015; Zak et al.,
2017). However, nutrient release from peat after rewetting has mostly been assessed in laboratory and incubation studies. T o
our knowledge, field data on nutrient leaching and potential exports to adjacent waters are lacking.

The GHG exchange of peatlands is strongly influenced by the prevailing biogeochemical and physical conditions,
which in turn are largely determined by vegetation and the water level and thus the ratio of oxic and anoxic conditions (Kaat
and Joosten, 2009). In drained peatlands, the low water table enables the aerobic decomposition of peat, which is
accompanied by increased CO- emissions (Joosten and Clarke, 2002). In rewetted peatlands, CO, emissions are regulated by
photosynthesis, decomposition, and temperature within the upper oxygen-rich soil layer and the overlying water column
(Parish, 2008; Oertel et al., 2016). In the anoxic water-saturated zones, the formerly oxygen-induced decomposition of
organic matter (OM) is slowed_down and relies on alternative terminal electron acceptors (TEAs) such as NO3~, manganese
(Mn*"), iron (Fe®"), and sulfate (SO4%>), leading to lowered CO, emissions (Strack, 2008; Dean et al., 2018). However,
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methanogenesis, as the last step in the mineralization of OM and a depletion of TEAs, may become more important in anoxic
zones.

Methane (CH4) emissions in drained peatlands are virtually negligible at water levels < 20 cm below the surface
(Jurasinski et al., 2016). Although CH. is formed in anoxic zones via methanogenesis, most of it is oxidized as it passes
through the oxic soil layer (Kaat and Joosten, 2009; Dean et al., 2018). Consequently, drained peatlands are a minor source
of atmospheric CHs. In rewetted peatlands, CH,4 is microbially produced in water-saturated, anoxic soil layers mainly by
archaea, when all other TEAs are depleted (Schonheit et al., 1982; Oremland, 1988; Segers and Kengen, 1998), so_that
rewetted peatlands are often significant sources of CH4 (Hahn et al., 2015). However, in coastal peatlands that receive
marine water and therefore SO4>-, the contribution of methanogenesis might be reduced, as methanogenic archaea are
outcompeted by sulfate-reducing bacteria (SRB) (Bartlett et al., 1987; Capone and Kiene, 1988; Oremland, 1988; Jargensen,
2006). Additionally, any CH4 produced may be oxidized by anaerobic methane oxidation coupled to SO4>~ reduction (e.g.
Boetius et al., 2000).

N0 is an intermediate in microbial processes, mostly nitrification, denitrification and nitrifier-denitrification (Kool
et al., 2011). In degraded peatlands, all of these processes are fueled by the accumulated nutrients. Drained peatlands can be
weak (Martikainen et al., 1993) or strong sources of N.O (Liu et al., 2019), depending mainly on the climate zone and land
use (Petersen et al., 2012; Leppelt et al., 2014). Rewetted, and thus water-saturated, peat usually acts as N»O sink over long-
term scales, due to the formation of anoxic zones where N-O is consumed (Strack, 2008). However, rewetting can at least
strongly degraded peat, which enables higher rates of nitrification and denitrification (Moseman-Valtierra et al., 2011;
Chmura et al., 2016; Roughan et al., 2018).

In temperate latitudes, coastal peatlands are widespread at the interface between marine and terrestrial ecosystems.
However, for many coastal peatlands, the sinking of their ground level due to degradation and peat shrinkage over decades
has made them vulnerable to rising sea level and sinking coasts (Jurasinski et al., 2018). In Mecklenburg-Vorpommern
(northeastern Germany), currently drained coastal peatlands along the low-lying coastline cover an area of ~360—400 km?
(Bockholt, 1985; Holz et al., 1996). Nowadays, peatlands are rewetted to restore their habitat function and biodiversity,
thereby preventing CO, and N>O emissions and, in the long-term, reestablishing their C- and N-storage capacity (Strack,
2008; Zielinski et al., 2018).

Coastal drained peatlands may be rewetted in different ways depending on the available water source. The rewetting
can consist of permanent flooding with freshwater (from groundwater or rivers), episodical inundations with brackish water
and permanent brackish water flooding. While the effects of freshwater rewetting (Richert et al., 2000; Hogan et al., 2004;
Zak and Gelbrecht, 2007) and episodical inundations with brackish water on nutrient dynamics and GHG have been
investigated (Chmura et al., 2011; Neubauer et al., 2013; Hahn et al., 2015; Koebsch et al., 2019), less is known about the

impact of permanent brackish water flooding.
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In this study we examined the immediate effects of rewetting with brackish water on nutrient (NO3", nitrite (NO2"),
NH4* and PO4*") and GHG fluxes (CO,, CHa4, N20) in a low-lying, highly degraded coastal peatland at the German Baltic
Sea coast, by comparing pre- and post-rewetting conditions. Due to the unique formation of a permanent brackish water
column above formerly drained peat, this is the first study to combine marine shallow-water and terrestrial peatland research.
We investigated how the rewetting with brackish water affects (1) nutrient leaching and the potential transport from a
nutrient-enriched, flooded peatland to the adjacent bay driven by frequent water exchange, (2) the GHG dynamics in the
surface water within the first year after rewetting and (3) the GHG fluxes along the transition from drained to inundated

conditions.

2. Material and methods
2.1 Study area

The study area is a low-lying, highly degraded coastal peatland that had been transformed from a drained, agriculturally used
polder to a brackish wetland. The “Polder Drammendorf” (referred to in the following as “peatland”) is located at the
northeastern German Baltic Sea coast, on the western part of the island of Riigen (Mecklenburg-Vorpommern, Germany),
bordering on the Kubitzer Bodden (Figure 1Figure-LFigure-1). The climate is oceanic, with a mean annual air temperature of
9.1°C and a mean annual precipitation height of 626 mm (Deutscher Wetterdienst (DWD), 1991-2020). The central
Kubitzer Bodden has a mean surface water temperature of 11.4 + 6.6 °C and a mean surface salinity of 8.5 1[1.4\ (referred to
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Figure 1. (a) Overview of the study area located in the southern Baltic Sea. (b) Coastline of northeast Germany in Mecklenburg-
Vorpommern and study area location (“Polder Drammendorf”, red) on the island of Riigen, bordering on the Kubitzer Bodden, where a
monitoring station served as reference (“central bay”, purple). The Kubitzer Bodden is connected with the Arkona Basin in the north.
Bathymetry refers to Seifert et al., (2001), and borders were Bfata-retrieved from_National Oceanic And Atmospheric Administration

(NOAA) - |National Centers For Environmental Information (-NCEINOAA).

Like most peatlands in northern Germany, Drammendorf was artificially drained for agricultural use (pasture and grassland)
in the 1960s, by establishing a sandy dike and an extensive ditch system that affected an area of ~2.2 km?2. The northwestern

part (mostly mineral soil, higher elevation) served as grassland while the northeastern part was used for agriculture with
seasonal fertilizer application only until the 1990s |(1OQ tkg N km=2 ha! yr‘h). The southern compartment (organic soil)
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provided an area for cattle grazing (~30 cows). The topsoil of the central part consists of up to 50—70 cm highly degraded
peat (Brisch, 2015), classified as H7 according to the von Post humification scale (Wang et al., 2021). This highly degraded
topsoil layer was not removed prior to rewetting. Underneath the degraded topsoil follows a well-preserved peat layer with a
thickness of ~100 cm. Peat deposits of up to 220 cm thickness are largest in the western part, near the former dike. The long-
lasting drainage and ongoing peat degradation have led to the formation of a local land depression with an average soil
elevation of around —0.5 meters above sea level (masl). To control the water expansion after rewetting, a new dike was built
in the southern part before flooding (Figure 2Figure 2Figure2a). Additionally, a drainage ditch that receives water from the
catchment was rebuilt and a new pumping station was installed. A significant input of nutrients from this additional water
supply can be excluded due to the low pumping activity and the absence of a permanent hydrological connection to the study
area (Wasser- und Bodenverband Riigen (WBV), pers. comm., 2020).
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140 Figure 2. Topography of the study area and overview of the stations in the inner bay (purple), the flooded peatland (black)
and along the transect of the GHG flux measurements (red). (a) Water coverage at mean sea level. The new dike is shown in
dark red. (b) Transect stations that were sampled for atmospheric chamber-based GHG flux measurements (before and after
rewetting) and for surface water GHG concentration measurements (after rewetting). Data from station BTD7 were used for
a comparison of the chamber-based measurements with the calculated air-sea fluxes after rewetting. Topography data
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The area was rewetted by the targeted removal of a 20 m wide dike section in November 2019 that caused an immediate

flooding of the low-lying area behind the dike. The newly built channel represents the only permanent hydrological

150 connection between the peatland and the Kubitzer Bodden that allows major surface water exchange. The remaining section
of the dike (~650 m) was removed down to the surface elevation level and is hence only flooded at very high water levels.

The restored area covers ~0.8 km? in total and is characterized by a permanently water-covered area of ~0.5 km?,

with a mean water depth of ~0.5 m, compared to 1.0-1.5m in the Kubitzer Bodden. The extent of the inundated area

depends directly on the water level of the Baltic Sea, which is highly dynamic despite the absence of regular tides (Figure

6



155 Al). Therefore, minor changes in the water level lead to major changes in the water-covered area. For instance, if the water
level rises from —0.5 to + 0.5 masl, the water-covered area increases from 0.08 to 0.7 km? (Figure A2, Figure A3Figure
A33). The ditch system was only partly removed and hence, some deeper areas with water depths of up to 4 m remained. It is
noteworthy that in the first months after rewetting, former grassland and ditch vegetation (Elymus repens L. (Gould) (Couch
grass), Phragmites australis (Cav.) Trin. ex Steud. (Common reed)) died almost completely and the cover of emergent

160 macrophytes was then negligible. However, Phragmites was able to grow back during the growing season and expanded
especially around the ditches.
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165 2.2 Sampling

221  Surface water sampling
Before rewetting, surface water samples for nutrients (NOs~, NO2~, NH4*, PO4*") and chlorophyll a were collected from the
inner Kubitzer Bodden (referred to in the following as “inner bay™) at station D1 (Figure 2Figure2Figure-2a) and irregularly

at a second station right in front of the now removed dike section, which was abandoned after rewetting and therefore

170 merged with station D1. Environmental variables (water temperature, dissolved oxygen (O), salinity) were measured on-

site. Both stations were reached from land and sampling was conducted monthly from June to November 2019, except in
August.

After rewetting, surface water samples were collected with a small boat and the sampled variables were extended

for the concentrations of GHGs (CO,, CH., N2O) and dissolved organic carbon (DOC). The first sampling took place one

175 week after the dike removal. Sampling was continued over one year (25 sampling dates until December 2020) at weekly

(December 2019 to January 2020) or biweekly (February 2020 to September 2020, except for August) intervals. From

October 2020 to December 2020, sampling was conducted monthly. In the inner bay, three stations (D1, D3, D14), and in the

flooded peatland six stations (D4, D5, D11, D12, D15, BTD8) were sampled (Figure 2Figure-2Figure-2a). The inner bay
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station “D14” was sampled from March 2020 onwards. DOC sampling started in April 2020. For the air-sea gas exchange
calculation, data from station D10_1, located in the channel, were also included.

Moreover, surface water samples for the analysis of GHG concentrations (CO2, CHa4, N>O) were sampled at eight
stations along a transect (Figure 2Figure-2Figure-2b). This sampling was carried out simultaneously with the sampling
described in Sect. 2.2.2 to link GHG air-sea exchange calculations based on surface water samples with chamber-based flux
measurements.

Surface water temperature,-dissehved-oxygen{(0O,), and salinity were measured directly in the field using a HACH
HQ40D multimeter (HACH Lange GmbH, Germany) equipped with two outdoor electrodes (LDO10105, CDC40105).
Depending on the prevailing water depth, additional measurements were conducted in the peatland 15 cm above the soil
surface (excluding the ditches) on 22 of the 25 sampling dates. The precision of the electrodes was + 0.3 °C, + 0.8 %, and
[t 0.1[for temperature, O, saturation, and salinity, respectively.

Surface water samples were taken using a horizontal 7 L Niskin bottle to sample the upper 20 cm of the water
column. These included 250 mL subsamples for CH4/N2O analysis (bottles capped with butyl rubber stoppers and crimp-
sealed), analysis of the CO, system (one bottle each for total CO, (Cr), total alkalinity (Ar), and pH) and 15 mL subsamples
for the analysis of nutrients and DOC. Water for chlorophyll a determination was taken using 3 L canisters.

In the laboratory, CH4/N,O and CO, samples were poisoned with 500 pL and 200 pL of saturated HgCl,,
respectively, and stored in the dark at 4°C until analysis. Subsamples for nutrients and DOC were filtered in the field with
pre-combusted (450 °C for 4 h) 0.7 um glass-fiber filters (GF/F, Whatman®) and stored at —20 °C. Samples for chlorophyll a
were filtered in the laboratory with non-combusted 0.7 um glass-fiber filters (GF/F, Whatman®) and likewise stored at

—20 °C.

2.2.2  Chamber-based atmospheric GHG flux sampling for CO2 and CHa

Starting in June 2019, nearly 6 months before rewetting, GHG exchange was regularly measured using dynamic closed
chambers (Livingston and Hutchinson, 1995) along a transect representing a soil humidity gradient (Figure 2Figure 2Figure
2b). The measurements were conducted twice a month, for a total of 11 sampling days at six peatland stations and two
additional stations in the north-south-oriented main ditch. Each station was sampled up to eight times per sampling day,
resulting in overall 418 CO; and 184 CHj pre-rewetting flux measurements.

For each measurement, the chambers were placed on permanently installed collars and connected through an air-

tight seal, with a closure period between 180 and 300 s. Between the measurements, chambers were lifted to vent them until

atmospheric GHG concentrations were reached. To ensure coverage of photosynthetic and respiration activity, CO-
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active photon flux density (PPFD). Ditch stations’ GHG concentrations were determined in three consecutive measurements
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with floating opaque chambers placed on the water surface. Changes in GHG concentrations in the chamber headspace were

measured using a portable laser-based analyzer (Picarro G4301, GasScouter, Santa Clara, USA; LI-820, LI-COR
Biosciences, Lincoln, USA and an Ultraportable Greenhouse Gas Analyzer (UGGA), Los Gatos Research Inc., Mountain
View, Calif., USA).

After rewetting, the stations along the transect covered a gradient of ground elevations, including stations that fell
dry at low water levels and stations that remained permanently flooded. Atmospheric GHG fluxes were measured twice a
month using floating opaque chambers placed-on-the-water-surface positioned above the same sampling locations of the
flooded peatland. Since the flooding caused most plants to die, and almost all measurement locations were covered by water

during the study period, we reduced the number ofskipped-the [NEE \measurements with transparent chambers to stations and
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days with low water table. Approximately six measurements per station were made during 23 sampling days between

December 2019 and December 2020, with a total of 698 CO, and 482 CHj fluxes determined during the post-rewetting year.

23 Data processing, statistics, and definition of seasons and means

Data analysis and visualization were performed using R (R Core Team, 2020) and the packages tidyverse (Wickham et al.,
2019), lubridate (Grolemund and Wickham, 2011), patchwork (Pedersen, 2020) car (Fox and Weisberg, 2019), and flux
(Jurasinski et al., 2014). The relationships between environmental variables, nutrient concentrations, and GHG
concentrations/fluxes were investigated in linear regression analyses. The significance level was set to p < 0.05.

To describe temporal patterns during the entire sampling period, we defined two pre- and four post-rewetting
periods, roughly corresponding-teakin to seasons (Table 1). For a direct comparison between the pre- and post-rewetting
periods, we compared nutrient and GHG flux data from summer and autumn 2019 with those from summer and autumn 2020
(Table 3) by using the Mann-Whitney-U test.

Table 1. Defined seasons of the investigation period

Pre-rewetting Post-rewetting

season  summer 2019  autumn 2019 winter 2019/2020 spring 2020 summer 2020  autumn 2020

months  June-August  September—November = December—February ~ March-May June-August  September—December

We analyzed the data among the respective ef-the-peatland and the-inner bay stations,—kespeeti#elﬂ,— in order to verify the use
of means for each sampling site_(peatland and inner bay separately) and date. The difference between spatial (sampling

stations_of either sites) and temporal (sampling seasons) data variability was tested by using a Two-Way ANOVA and

showed a higher temporal variability (p < 0.05). Therefore, we decided to [combine the stations_within ef-the peatland and

within the inner bay, respectively, to report mean values and standard deviations (single values can be found in the published
data set). The Two-Way ANOVA was also used to identify seasonal differences between the peatland and the inner bay

(Table 2).
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At station D3, in the inner bay, the pH, CH4, and pCO; values differed significantly from those of the remaining
stations of the inner bay during the year after rewetting (ANOVA, Kruskal-Wallis test). Since the differences in water
temperature, salinity, and O, were not significant, we decided to \include the data from D3| for these variables to obtain a

K iert [B30]: reviewer comment:

larger data pool for the inner bay and to exclude D3 for all other variables. The exclusion was conductedeceurs because

variables such as pH, CH4, and pCO; are related to biological activity which can vary, while the more physically influenced

variables (temperature, salinity, and O,) are rather constant.

2.4 Nutrients (NOs~, NO2z~, NH4*, PO4*), chlorophyll a and DOC
241  Analysis

Nutrient analyses were carried out according to standard photometric methods (Grasshoff et al., 2009) by using a continuous
segmented flow analyzer (SEAL Analytical QuAAtro, SEAL Analytical GmbH, Norderstedt, Germany). Detection limits
were 0.2 uMmokL for NOs, 0.05 pMrmek™ for NO,, 0.5 uMrmek™ for NH,* and 0.1 pMmeokL* for PO,
Measurements of the nutrient concentrations were partly below the detection limit for the peatland, the inner bay and the
central bay (flagged in the published dataset). \For such| examplefor-measurements below detection limit, it is recommended

to use the actual values of these measurements (e.g. Fiedler et al., 2022) to achieve a robust statistical analysis. Since these
data were not available, we decided to use randomly generated values between 0 and the respective detection limit with a
uniform distribution for these measurements.

Chlorophyll a was extracted from glass-fiber filters (GF/F, Whatman®) by incubation with 96 % ethanol for 3 h and
afterwards analyzed by using a fluorometer (TURNER 10-AU-005, Turner Designs, San José, USA) at 670 nm according
fofter] Edler (1979). DOC was analyzed after high-temperature combustion using a Multi 2100S instrument (Analytik Jena
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GmbH, Jena, Germany) and detected by non-dispersive infrared spectrometry according tofter 1ISO 20236, 1SO 8245 I, and
EN 1484.

2.4.2  Use of reference data from a monitoring station

Coastal nutrient data (NOs, NOz, NHs* and PO4*~ concentrations) from a monitoring station in the Kubitzer Bodden
(“central bay”, Figure 1Figure1Figure-1b) ~15 km away from the study area were obtained as reference. Monitoring data
from 2016 to 2020 were included.| +a-detailtThese data were used (1) to compare them with nutrient concentrations from the
inner bay before and after rewetting to detect potentially higher concentrations, resulting from nutrient leaching within the
peatland and a subsequent export into the inner bay and (2) to calculate the total possible export out of the peatland (Sect.
2.4.3) by using the monitoring station as a second, unaffected endmember besides the inner bay, which is by contrast
potentially affected by the rewetting. Due to transformations and potential losses along the way to the monitoring station,

especially of the nitrogen species, the calculated total possible exports hasve to be considered as maximum |estimate§|.
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2.4.3  Nutrient transport calculation (DIN-N and POs-P)

To calculate the bulk exchanges of dissolved inorganic nitrogen (DIN-N) and PO4-P between the flooded peatland and the
inner bay/central bay, the water level was transformed to water volume by creating a hypsographic curve with increments of
0.1 m and a resolution of 1x1 m (Figure A3Figure-A33). Water level data from a nearby monitoring station (“Barhoft”,
54.43° N, 13.03° E) and topography data with a resolution of 1x1 m were obtained from the Wasserstralen- und
Schifffahrtsamt Ostsee (WSA) and the Landesamt fiir innere Verwaltung MV, respectively. To ensure that the water level
data of the monitoring station were valid for the peatland, the water level data of the latter, measured between August and
December 2020, were compared with the data from the monitoring station, which showed a strong correlation (rs = 0.95, p <
0.001, 15-min intervals, data not shown).

A water level of —1.6 masl, as the lowest recorded water level within the last 25 years, was used as the starting point
to derive the cumulative water volumes of the peatland. The water volumes were then assigned to the corresponding water
levels to finally calculate the water volume changes (Q, in m?s™) according to Eq. (1):

d
o =5 @

where V is the water volume and t the time. Positive volume changes (Q > 0) indicate an inflow of water into the peatland
and vice versa. For each season, the mean inflow (Qin) and outflow (Qout) volumes were calculated according to Egs. (2) and

3):

1 t+AT -
Qin = - f Qresitivedt for Q >0 @)
3
t+AT
Qout = 1= Qresativedt for Q <0 ()]
t

where AT denotes the season length. Note that Qo is negative. Seasonal mean values of nutrient concentrations (DIN and
PO4*") were calculated and converted from pM#melL"1 to kg m™3 by using the molecular masses of the basic elements N and
P to derive DIN-N and PO4-P. After the conversion, nutrient masses of the peatland (Cpeatand) and the inner bay (cig) vs.
peatland and central bay (ccs), respectively, were multiplied by Qou and Qin and integrated to calculate the net nutrient

transport (NNT, in| tonnes, equivalent to megagrams) according to Egs. (4) and (5):

t+AT t+AT

NNT = f Qin Cip dt +J. Qout Cpeatiana dt @
t t

t+AT t+AT
NNT = f Qincep dt + f Qout Cpeatland dt (5)
t t

Negative values indicate a net nutrient export from the peatland into the inner/central bay, and positive values display a net
nutrient import into the peatland. Uncertainty ranges for the seasonal NNTs (unn, as 95 % confidence level) were calculated

[asstandard@rre;s{%é)‘ by using an error propagation according to Eq. (6):
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UNNT = \/(Cbay dt uQin)z + (Cpeat dt quut)z + (Qout dt ucpeat)z + (Qin dt ucbay)z (6)

where terms with “u” denote the respective SE—as 95 % confidence level. To[ derivegain| the annual measureof

dispersionSEuncertainty range of the NNT, all seasonal errorsSE were added up.

25 GHG concentrations and fluxes
2.5.1 Inorganic carbon system analysis

Directly measured variables (Ct, At, pH)

The inorganic carbon system was determined by analyzing the total CO, (Cr), total alkalinity (Ar), and pH of the water
samples. Ct was measured with an automated infrared inorganic carbon analyzer (AIRICA, S/N #027, Marianda, Kiel,
Germany). The system acidifies a discrete sample volume (phosphoric acid, 10 %), whereby the inorganic carbon species of
Cr are shifted to COzg). A carrier gas stream (99.999 % N) transfers the gaseous components to a Peltier device and a
Nafion® drying tube (Perma Pure Nafion®, Ansyco GmbH, Karlsruhe, Germany) to remove water residues. The produced
COy is detected by an infrared detector (LICOR 7000; LI-COR Environmental GmbH, Bad Homburg, Germany). Certified
reference materials (CRM; Scripps Institution of Oceanography, University of California, San Diego, USA) were used for
calibration. Triplicate measurements were conducted for each sample, and a precision of + 5 pumol kg! was achieved.

Ar was measured by potentiometric titration (glass electrode type LL Electrode plus 6.0262.100, Metrohm,
Filderstadt, Germany) in the open-cell configuration, after Dickson et al. (2007). The system was calibrated with the same
CRM as used for Cr and resulted in the same precision.

The pH was analyzed spectrophotometrically using the pH-sensitive indicator dye m-cresol purple (mCP,
2 mMmel-L, Contros System and Solution GmbH, Kiel, Germany). The measurement principle and instrumental setup are
described elsewhere (Dickson et al., 2007; Carter et al., 2013). In brief, absorption was measured using the Agilent 8453
UV-visible spectroscopy system (Agilent Technology, Waldbronn, Germany); pH parameterization for brackish water was
calculated following Mller and Rehder (2018). Quality control was performed by measuring buffer solutions (}salinity of 20b
prepared according to Miiller et al. (2018). An external buffer solution with a salinity of 35 (Scripps Institution of
Oceanography, University of California, San Diego, USA) was additionally used. All pH values are reported given on the
total scale (pHr).

Calculated variables

The CO partial pressure in the water phase (pCOz), the value of which was required for the CO, air-water flux calculations
(Sect. 2.5.3), was calculated from Cy and pH using the R packages seacarb (Gattuso et al., 2019), with K; and K; from
Millero (2010), Ks from Dickson (1990), and Ks from Dickson and Riley (1979). Cr and pH were preferred because non-
oceanic components, in particularly organic acid-base systems, contribute significantly to Ar (Kulifiski et al., 2014). Ar was
also calculated from Cr and pH and the values compared with measured values, thus revealing the magnitude of the

contributions of those components to Ar.
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2.5.2  Dissolved CH4 and N2O concentration analysis

Dissolved CH,4 and N2O concentrations were determined by gas chromatography on an Agilent 7890B instrument (Agilent
Technologies, Santa Clara, USA) coupled to a flame ionization detector (FID) and an electron capture detector (ECD). A
purge and trap technique, explained in detail in Sabbaghzadeh et al. (2021) was used. In brief, a helium gas stream was used
to purge 10 mL of seawater to extract volatile compounds. The gas stream passed through a purifier (VICI Valco Instruments
Co. Inc., Houston, USA) and was dried using a Nafion® tube (Perma Pure Nafion®, Ansyco GmbH, Karlsruhe, Germany)
and a SICAPENT® tube (Merck KGaA, Darmstdt, Germany). The relevant compounds were enriched by cryofocusing on a
trap filled with HayeSep D® (CS Chromatographie Service GmbH, Langerwehe, Germany) maintained at —120 °C using an
ethanol/nitrogen cooling bath. After 10 minutes of heating in a 95 °C water bath, the compounds were desorbed and
separated by two capillary columns linked to the detectors by a Deans Switch (Ponisch, 2018).

1982.07 ppm NoO-(+ 3.77 ppb) N,O-) was measured daily before and after the sample measurements; the standard deviation
was < 1 %. The calibration range was adjusted using multi-loop injection of the calibration gas to ensure that the samples
were within the limits of the calibration. The standard was recalibrated according to high-precision standards (ICOS-CAL

laboratory, Max Planck Institute, Jena, Germany).

253  GHG flux calculations

Atmospheric fluxes based on closed-chamber measurements
CO2 and CHj fluxes were calculated using the ideal gas law (Livingston and Hutchinson, 1995), as formulated in Eq. (7):
MpV dc
~ RTAat
where F is the GHG flux (g m2 h™'), M is the molar mass of the gas (g mol™'), p is the standard air pressure (101,300 Pa), V

O]

is the chamber volume (m3), R is the gas constant (m® Pa K™' mol™), T is the temperature in the chamber (K), A is the
surface area of the measurement collar (m?), and dc/dt is the change in concentration over time. The latter was derived from

the slope of a [Iinear median-based-regression_based on the medians of the gas concentrationsl. The atmospheric sign

convention was applied; thus, positive fluxes indicated a release of GHG by the soil and negative fluxes GHG uptake by the
soil. The fluxes were estimated using the function fluxx() of the R package flux (Jurasinski et al., 2014) and the SLP method.

Outlier identification (using a histogram) resulted in the exclusion of CO, fluxes which were smaller than —2.5 and larger

than 4 gm~2h". Likewise, CH4 fluxes larger than 200 mg m—2 h~' were discarded due to a high risk of capturing ebullition-

based CH,4 emissions instead of diffusive fluxes.

Atmospheric fluxes based on air-sea gas exchange parameterization (velocity k model)
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The air-sea gas exchange (F, g m~ h™') is a function of the gas transfer velocity (k) and the concentration difference between
the bulk liquid (Cw) and the top of the liquid boundary layer adjacent to the atmosphere (Ca). It was calculated as reported in
Wanninkhof (2014) and as shown in Eq. (8):

F = k(Cw — Ca) 8)
where k was derived from an empirical relationship between a coefficient of gas transfer (0.251) and the wind speed <U?>
(Wanninkhof, 2014) and Schmidt number (Sc), as expressed by Eq. (9):

k=0251 <U%> (Sc/660)%5 )
Wind speeds originated from the nearby (~15 km away) monitoring station Putbus and were measured at 10 m height
(DWD; 54.3643° N, 13.4771° E, WMO-ID 10093). The average wind speed was defined in this study + 3 h from midday,
because the wind speed over 24 h was lowest at night and highest at midday and because sampling was usually conducted
within the selected time interval. The Schmidt number was approximated by a linear interpolation between the freshwater
and seawater values. Atmospheric-equilibrium conditions (C,) were calculated using the atmospheric data for CO2 and CHy
obtained from the ICOS station “Utd” (Finnish Meteorological Institute, Helsinki). Due to the seasonal changes in the
atmospheric dry molar fraction of CO» and CHa, mean values for each season were computed. For N2O, the atmospheric dry
mole fraction from station Mace Head was selected (National University of Ireland, Galway; data from the NOAA GML
carbon cycle cooperative global air sampling network (Dlugokencky et al., 2019a, 2019b)). A mean value of the atmospheric
N0 concentration during the investigation period was calculated due to its minor seasonality. Equilibrium concentrations
were then calculated using the solubility coefficient (Ko) from Weiss and Price (1980). We acknowledge that the air-sea
exchange model we used (Wanninkhof, 2014) was developed for open ocean waters and is a doubtful approach for deriving

fluxes in small enclosed areas such as our working area. However, the lack of an appropriate parameterization, and the

convincing result of the comparison of our two approaches (see below and Appendix C: Comparability of two independent

approaches to atmospheric flux determinationAppend - Comparability of two-independent approachesto-atmospheri

approach.

Comparability of two independent approaches to atmospheric flux determination

We evaluated the comparability of the two previously described methods by comparing the results of a representative station
(BTD7) for each post-rewetting season. The comparison showed no significant differences between the fluxes of CO and
CHa, derived with the different methods and therefore, it seems appropriate to combine the fluxes for each GHG into one
pooled post-rewetting data set. The pooled post-rewetting flux values were compared with the pre-rewetting values to
investigate the effect of rewetting on CH4 and CO; fluxes (Table 3). For more details concerning the comparability

assessment, see Appendix C: Comparability of two independent approaches to atmospheric flux determinationAppendix-C:

omparabiity of two—independent approaches—to—atmosphe ux_determination Appendix C: Comparability of two
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measurements with k model data, the GHG fluxes after rewetting are hardly suitable for upscaling and thus, the single values

in the published data should be used.

3. Results
31 Surface water properties (temperature, salinity, Oz, DOC, chlorophyll a)

In the first year after rewetting, there were no significant differences between the peatland and the inner bay with respect to
surface water temperature, salinity and O, saturation (Figure 3a—c, Table 2), suggesting a pronounced water exchange
between the peatland and the inner bay that was driven by frequent changes in the water level (Figure Al). Additionally, no
significant differences between summer and autumn 2019 and summer and autumn 2020 were found in the inner bay.
Temperature and salinity measurements near the peat surface showed no significant differences between the surface
and bottom water over the year (Nsurface = 140, Nboom = 86, data not shown), which suggested that vertical exchange processes
and mixing were highly pronounced. However, athe significant difference in O saturation between the surface and bottom

water in summer (p < 0.01) indicated that local and temporary gradients are possible.
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Figure 3. r'l'ime series| of the mean (a) temperature, (b) salinity, (c) O saturation, (d) DOC concentration and (e) chlorophyll a

K iert [B48]: revi comment:

concentration (+ standard deviations) in the surface water from June 2019 to December 2020. Data from the flooded peatland (n = 6) are
shown in blue and data from the inner bay (n =2 or 3, as explained in Sect. 2.3) in black. The vertical black line indicates the rewetting
event.

DOC concentrations were significantly higher in the peatland than in the inner bay in spring and summer, with the
highest concentration (=30 mg L™*) measured in the peatland (Figure 3d, Table 2). Chlorophyll a concentrations after
rewetting showed clear seasonal and spatial differences, with significantly higher concentrations in the peatland in spring
and summer (max. ~125 pg L, Figure 3e, Table 2). A comparison of pre- and post-rewetting chlorophyll a concentrations
in the inner bay in summer and autumn showed higher concentrations after rewetting (pre-rewetting: 2.5 + 0.9 ug L™, post-
rewetting: 15.4 + 11.5 ug L™Y).
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410 Table 2. Seasonal comparison of the surface water means (+ standard deviation) in the peatland (“peat”) as opposed to the inner bay
(“bay”) for all in situ variables. The number of observations is shown in parentheses, and significant seasonal differences (p < 0.05)

between the inner bay and the peatland are indicated in bold.

Pre-rewetting

Post-rewetting

summer 2019 autumn 2019 winter 2019 spring 2020 summer 2020 autumn 2020
temperature  peat  N/A N/A 373+125(45) 1203+417(35) 1985244 (30) 12.94%6.61 (30)
°C) bay 2517+327(3) 1395+350(6) 386099 (17) 1217+409(17) 19.36+2.68(15) 1252+ 658 (15)
i peat  N/A NI/A 6.67 068 (45) 823+066 (35  8.96£050(30)  8.22%+0.33 (30)
salinity
bay 921069 (4)  839:038(6)  699+065(17) 827£056(17) 8.86%063 (15  813%032 (15
0, peat  N/A N/A 1119074 (45) 11.72+193(35) 8.60%1.86(30)  9.34 + 1.35 (30)
(mg L™ bay 766+170(3)  7.48%387(6)  11.18%067(17) 1003+348(17) 826£226(15)  8.86+ 1.80 (15)
st NIA N/A 40.03 * 26.39 74.03 % 29.01 30.57 £ 37.50
chlorophyll a P 8.55+10.80 (24) 12) @0) @0)
-1
(G bly 266+N/A(l)  242+109(3)  476+231(8)  1352+890(8) (2116?1 1104 5834776 (10)
DoC peat  N/A N/A N/A 14.82+2.13(18) 16.95+6.09 (27)  12.07 +3.47 (29)
(mg L) bay  N/A N/A NIA 11.78 £2.12(6)  10.72£2.73(10)  11.09 + 2.54 (10) [ hat formatiert: Schriftart: 8 Pt.
NO;™ peat  NIA N/A %‘?50)'03 5766 5355?2 £46.03 014+010(29)  3.69+3.99 (30)
+
| (MmOHL™)  bay  036:+030(4)  233:280(6)  68.50+40.67 (9) 21538 3088 016+012(10)  3.38+3.56 (10)
NO, peat  N/A NIA 149+062 (45  043+044(35) 023+012(29)  0.99+1.03 (30)
| (uMmobE™)  bay .11 +0.07 (4) 0.19+0.11 (6 1.04 +0.49 (9) 029+0.33(11) 016+0.12(10)  1.11+1.20 (10)
NHg* peat  N/A N/A ?fé()’z £26.13 227+156(35) 554+ 6.48 (29) (13?6;8 +1950
1
| (MmOLL™)  bay  1674133(3)  300%170(6)  214742342(9) 171+113(11)  2.82+387 (10) (1176?3 +21.78
PO peat  N/A NIA 0.37+041(45) 026+028(35)  049+026(29)  0.35%0.33(30)
| (uMmek™) bay  130£190(4)  012£008(6)  021+021(9)  009+£013(11) 022£021(10)  0.26+0.28 (10)
e peat  N/A NA 47.96 £ 4952 30049 £ 41429  1502.36 £ 693.36  733.74 £ 699.17
(46) (35) (30) (30)
mol L) Tp T A NA 81.37+ 10693  13012+10054  502.47£479.31  104.70 + 186.49
)] (11) (10) (20)
N0 peat  N/A NIA ?56?3 15245 15424497 (35) 695+135(30)  14.34 £ 4.04 (30)
T
(nmol L) bay  N/A N/A 2674+969(7)  1313+413(11) 8.76+126(10)  16.68 +5.27 (10)
wCo peat NIA NA 1403.80 % 674.79  925.64 + 868.56  4016.69 219711+
2 (46) (35) 2120.03 (30) 1771.41 (30)
(patm) by  NIA NA 1050.00 £ 552.68 297.81£9357 116174 + 1151.68 + 968.31
) an 1275.46 (10) (10)
oH peat  N/A NIA 7664021 (46) 801033 (35) 7.35£034(30)  7.60+0.32 (30)
bay  N/A N/A 778+020(7)  832%013(11)  7.95+048(10)  7.86+0.36 (10)
c peat  NIA NA 215361+ 121.07 247111 %223.74 2539.00 + 22534 227341 £ 312.95
T (46) (35) (30) (30)
@molkg™)  “py A NA 2113877373  2201.63%£9845 209451 +20811 2106.76 £ 282.17
)] (11) (10) (10)
A peat NIA NA 215443+ 15512  2614.86 £ 20057  2546.03 + 239.06  2290.50  272.70
T (46) (35) (30) (30)
wmolkg™)  Tpay NIA N/A 2144419449  241445%12387 227025+12507 2187.83 £ 213.75
)] (11) (10 (10
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Table 3. Statistical comparison of pre- and post-rewetting nutrient concentrations and GHG fluxes. For pre- and post-rewetting phases,
summer and autumn seasons were used (June to November 2019 and 2020, respectively). Nutrient concentrations are compared for the
inner bay and GHG fluxes for the peatland site. *** and "n.s." indicate p < 0.001 and not significant, respectively.

Pre-rewetting Post-rewetting
location p

mean + SD n mean + SD n
NH,* (uMmok=) inner bay 26+16 9 9.9+16.9 20 n.s.
NO;™ (uMmek) inner bay 15+23 10 18+29 20 ns.
NO, (uMmelL™) inner bay 02+0.1 10 06+1.0 20 ns.
PO; (uMmekL) inner bay 06+1.3 10 02+0.2 20 n.s.
CO, flux (@gm=2h") transect + area 0.3+0.8 330 0.3+0.3 450 ns.
[co; flux (@m=hT) ditch] 03%0.1 87 03%0.3 92 n.s.
CH, flux (mgm2h') transect + area 01+1.0 97 17+76 320 heaiad
CH, flux (mg m2h™") ditch 114375 85 85+26.9 92 ok

3.2 Nutrients (NOs~, NOz~, NH4*, PO4#*)
3.2.1  Pre- and post-rewetting spatio-temporal dynamics and comparison with a nearby monitoring station

In the inner bay, all N-nutrient concentrations were substantially higher at the first sampling after rewetting than prior to
rewetting, while PO4>~ concentrations were only slightly higher post-rewetting (Figure 4). This increase of N-nutrients led to
a drastic increase of the N:P ratio from ~73 in autumn 2019 before rewetting to ~1600 shortly after rewetting in winter 2019.
A comparison of the same pre- and post-rewetting seasons (summer and autumn 2019/2020) showed generally higher N-
nutrient concentrations in the inner bay after rewetting which could not be confirmed statistically (Mann-Whitney-U-test,
Table 3).

During winter, all N-nutrients were high in the peatland and inner bay. After a rapid decrease in spring, N-nutrient
concentrations reached their lowest values during summer, with NH4* and NO,™ then increasing in autumn again. PO4>~
concentrations followed a different pattern, with the highest concentrations determined in summer and fewer fluctuations
over the year.

The spatial differences in nutrient concentrations between the inner bay and the peatland after rewetting varied
greatly between the nutrient species. From the N-nutrients, only NO,  concentrations were significantly higher once in
winter, shortly after rewetting, whereas NHs* and NOs~ concentrations showed no significant differences in any season
(Table 2). Significantly higher PO4*~ concentrations in the peatland occurred during spring and summer (p < 0.05). Some
significant correlations between nutrient species were found (Figure D1), especially between NO, /NHs* and NO3;/NO2~
both in the peatland and the inner bay.

Nutrient concentrations of the monitoring station (“central bay”) showed a low inter-annual variability during the
years 2016-2020 and often lower concentrations than the inner bay (Figure 5). A detailed comparison of nutrient data from
the monitoring station with those from the inner bay showed that before rewetting, only the NH.* concentrations were
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significantly higher in the inner bay. After rewetting, NOs~ and NO,™ concentrations in the inner bay increased and were
significantly higher than in the central bay (p < 0.001 and p < 0.05, respectively). In spring, N-nutrient concentrations were
similar at the two locations whereas in summer, all N-nutrients were significantly higher in the inner bay (p < 0.01). In
autumn, NO,~ and NH.* concentrations increased again and thus, showed significantly higher concentrations in the inner
bay. PO4>~again followed a pattern different from that of the N-nutrients. Shortly before rewetting, its concentrations in the
inner bay were significantly lower than those in the central bay (p < 0.05). After rewetting, PO4*~ concentrations showed no
significant differences in any season.
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Figure 4. Time series of the mean (a) PO4*", (b) NOs™, (c) NOz, and (d) NH4* concentrations (+ standard deviations) in the surface water
from June 2019 to December 2020. Data from the flooded peatland (n = 6) are shown in blue and data from the inner bay (until 11 March
2020: n = 1, thereafter: n = 2) in black. The vertical black line indicates the rewetting event.
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Figure 5. Seasonal nutrient concentrations of (a) NOs™, (b) NHa4*, (c) NO2", and (d) PO#*" at the nearby monitoring station (central bay,
red) and in the inner bay (inner bay, blue) from pre- to post-rewetting. The vertical black line indicates the rewetting event. Note that 5-
year-data (2016—2020) are shown for the central bay (see Sect. 2.4.2). ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

3.2.2  Nutrient export from the rewetted peatland into the inner bay

The rewetted peatland was a net source of DIN-N and PO4-P for the inner bay (Table B1). During the first year after
rewetting, 10.8 [i 17.4 4yr! DIN-N and 0.24 + 0.29 t yr'* PO,-P were exported into the inner bay (given as mean + 95 %

confidence level, equivalent to megagrams yr—*). DIN-N export was highest during the winter directly after rewetting

(8.6 £9.91) and lowest during summer (0.3 + 0.5 t). DIN-N and PO,-P were only exported from the peatland into the inner
bay in all seasons.

N-nutrient concentrations showed a gradient from the peatland through the inner bay to the central bay. Therefore,
nutrient data from the central bay were also taken into account to estimate the total possible export from the peatland to the
sea. This resulted in an estimated total net export of 33.8 + 9.6 t yr'* DIN-N. In contrast to the comparison of the peatland
and the inner bay, PO4-P was once imported from the central bay into the peatland in autumn (0.03 + 0.10 t). Additionally, it
was noticeable that the PO4-P concentrations in the central bay were permanently higher than in the inner bay, leading to a

lower annual export of 0.09 + 0.32 t yr* PO4-P.
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3.3 GHG in the surface water after rewetting
3.3.1  Inorganic C system

During the winter after rewetting, the differences in the CO; system (Cr, Ar, pH, pCO,) between the inner bay and the
peatland were not significant (Figure 6, Figure 7Figure7Figure-7a). All variables increased slightly until spring, coinciding
with a slight increase in salinity over the same period. From spring onwards, however, the components of the CO, system
followed contrasting patterns, with Ct and At remaining relatively constant in the inner bay but reaching significantly higher
values in the peatland (p < 0.05), including maximum values in summer (Table 2). The pH also showed significant seasonal
differences, with lower values and a minimum in summer in the peatland (p < 0.05). Ct and At values in the inner bay and in
the peatland aligned in autumn whereas the pH remained significantly different (p < 0.05). The mean pCO; (calculated from
Cr and pH) of the surface water in winter was 1050.0 + 55.7 patm in the inner bay and 1403.9 + 674.8 patm in the peatland
(Figure 7Figure-7Figure—a). The pCO; values were highest during the first few weeks after inundation and then steadily
decreased, with the lowest mean values occurring in spring (peatland) and summer (inner bay). The summer was
characterized by high pCO> values in general, including earlier and stronger increases in the peatland than in the inner bay
that resulted in significant differences in spring and summer (p < 0.05 for both seasons). pCO, values were highest in
summer with 4016.7 + 2120.0 patm (peatland) and 1161.7 + 1275.5 patm (inner bay) (Table 2). In October, all of the
examined CO; quantities had a short-term inversion of the prevailing pattern.
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Figure 6. Time series of the mean (a) total CO2 (Cr), (b) total alkalinity (Ar), and (c) pH (+ standard deviations) in the surface water after
rewetting, as measured from December 2019 to December 2020. Data from the flooded peatland (n = 6) are shown in blue and data from
the inner bay (until 11 March 2020: n = 1, thereafter: n = 2) in black. The vertical black line indicates the rewetting event.

332 CHs

During the first few months after flooding (in winter), the CH4 concentrations in both the inner bay and the peatland were
low and did not differ significantly (Figure 7Figure—7Figure—7b, Table 2): 48.0+49.5nmol L' (peatland) and
81.4 +107.0 nmol L™! (inner bay)%respeeﬁ#el—yL From mid-spring onwards, CH. concentrations in the inner bay and the
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The highest N,O concentration of 486.3 nmol L™ was measured in the peatland one week after rewetting (Figure 7Figure

[ hat formatiert: Englisch (Vereinigtes Konigreich)

)

ZFigure-7c), followed by }4—5 weeks pf still elevated N2O concentrations between 19.9 and 91.8 nmol L%, During winter,
significant positive correlations were determined in the peatland between N>O and NH.* (rs = 0.61, n = 45, p <0.001) and
between N>O and NO;™ (rs = 0.46, n = 45, p < 0.01). From spring onwards, N>O decreased rapidly, both in the peatland and
the inner bay, with the lowest values of 4.7 to 7.9 nmol L™! reached in summer. Other positive correlations of N2O with N-
nutrients in the peatland included NO3™ (rs = 0.74, n = 35, p < 0.001) and NO;™ (rs = 0.70, n = 35, p < 0.001) in spring and all
N species in autumn (NOs™: rs = 0.85, n = 30, p<0.001; NO;: rs = 0.70, n = 30, p<0.001; NH4*: rs = 0.80, n = 30,
p <0.001).

Spatial differences in N,O concentrations between the inner bay and the peatland were low and not significant in
winter, spring or autumn, whereas significantly lower concentrations were measured in the peatland during summer (Table
2).

3.4 Pre- and post-rewetting GHG fluxes (COz, CHas, N20O)

Terrestrial CO, fluxes before rewetting, during summer and autumn 2019, were highly variable ranging from —3.3 to
3.0gm2h" with a mean_+ SD of 0.29 +0.82gm2h! (Figure 8Figure-8Figure-8a). Within the ditch, pre-rewetting CO,
fluxes ranged from —0.008 to 0.6 gm~2h™!, but on average were comparable to the fluxes determined at the terrestrial (dry)
surface.

After rewetting, formerly terrestrial CO; fluxes decreased in amplitude (—0.5 to 1.4 g m™2h™"), while the summer
and autumn averages were unchanged compared to the pre-rewetting fluxes (Table 3). In the ditch, the mean and minimum
post-rewetting CO- fluxes were within the range of those determined pre-rewetting (mean: 0.26 +0.29 gm2h"!, min:
—0.02gm2h™") but the maximum flux (1.1 gm2h™') was almost twice as high as the pre-rewetting ditch flux (max:
0.6gm2h).

Pre-rewetting CH. fluxes_(mean + SD) in summer and autumn 2019 varied between —0.9 to 8.4 mgm=2h!
(terrestrial) and —1.1 to 193.6 mg m2h™! (drainage ditch; Figure 8Figure 8Figure-8h). While mean terrestrial CH4 fluxes
were 0.13 +1.01 mgm2h™', the mean ditch fluxes were 11.4 £37.5mgm2h"". In summer and autumn 2020, after
rewetting, average CH, fluxes on formerly terrestrial land increased slightly but significantly (1.74 £7.59 mg m=2h™),
whereas in the ditch they decreased considerably (8.5 +26.9 mg m=2h!). Flux amplitudes at the ditch station before and
after rewetting were comparable.

Data on N2O fluxes are available only for the post-rewetting period. The rewetted peatland was a small source of
N0, with an annual mean_(+ SD) flux of 0.02 + 0.207 mg m~2 h™ in the first year after rewetting (Figure 8Figure 8Figure
8c). The highest N2O flux of 0.4 mg m2h occurred one week after rewetting, followed by lower N,O fluxes between
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0.007 and 0.2 mg m2h within the following 4-5 weeks. Afterwards, N,O fluxes remained constantly close to zero.

Negative fluxes, indicating N2O uptake, were measured only in summer.
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Figure 8. Time series of the mean (a) COz, (b) CHa, and (c) N20 fluxes (+ standard deviations) from June 2019 to December 2020. Fluxes
of the permanently wet drainage ditch are shown in purple and those derived from the two methods employed in this study in green. The
vertical black line indicates the rewetting event.

4. Discussion

4.1 Nutrient dynamics and export

The seasonal dynamics of the nutrients followed a typical course over the year. Thus, after rewetting, NH4*, NO3~, and NO2~

concentrations_in the water column were high in winter and autumn, which is typically due ho the mineralization of OM

followed by nitrification| (Voss et al., 2010). By contrast, the low DIN concentrations during spring and summer reflected the

consumption of nutrients by plants and phytoplankton. The very high chlorophyll a concentration (up to 125 pg L™) in the

peatland indicated the presence of a highly phototrophic community, likely driven by the higher availability of nutrients

compared to the inner bay. Due to these distinct seasonal differences with the lowest nutrient concentrations in spring and

summer, a rewetting within these seasons would probably be more beneficial to reduce a potential nutrient export into the

inner bay, at least during the first few months after rewetting.
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To assess whether the flooded peatland served as a nutrient source for the inner bay, nutrient concentrations of the
peatland were compared with those of the inner bay and of an unaffected monitoring station (“central bay”) and showed
generally higher mean concentrations. Due to drainage, the mineralization of upper peat layers can lead to an accumulation
of nutrients within the soil (Zak and Gelbrecht, 2007; Cabezas et al., 2012). After rewetting, nutrient concentrations in the
porewater and ultimately in the overlying water increase (van de Riet et al., 2013; Harpenslager et al., 2015; Zak et al.,
2017). The leaching of nutrients is driven by concentration differences across the soil-water interface, but it is also dependent
on factors such as salinity (Rysgaard et al., 1999; Steinmuller and Chambers, 2018), the oxygen availability in the soil
(Lennartz and Liu, 2019), and the effects of the latter on microbial processes (Burgin and Groffman, 2012), as well as on the
degree of peat decomposition (Cabezas et al., 2012). For instance, highly degraded peat, such as at our study area, can store
and release more nutrients than less degraded peat (Cabezas et al., 2012), meaning that the highly degraded peat of our study
area was prone to leach high amounts of nutrients. Occasional measurements of porewater nutrient concentrations in the peat

[of your study areal revealed DIN and PO4*~ concentrations up to [onelt order of magnitude higher than those in the surface

water (Anne Breznikar, unpublished data), providing further support for the leaching of nutrients out of the peatland and into
the inner bay.

The estimated annual nutrient exports (mean + 95 % confidence level) from the peatland of 10.8 + 17.4 t yr* DIN-
N and 0.24+0.29tyr? PO4P (peatland/inner bay) and 33.8+9.6tyr® DIN-N and 0.09+0.32tyr' POsP
(peatland/central bay) were high, given the small size of the flooded peatland (~0.5 km? at 0 masl). For comparison, the
Warnow, a small river that flows into the Baltic Sea near the city of Rostock, Mecklenburg-VVorpommern, draining an area of
~3300 km?, had a mean annual DIN-N and PO4-P export of 1200 + 500 t yr* and 19.9 + 7.6 t yr%, respectively, over the last
25 years (HELCOM, 2019). Therefore, the total nutrient export from the flooded peatland to the inner bay and to the central
bay in the first year after rewetting accounted for ~1 and ~3 %, respectively, of the annual DIN-N and PO4-P loads of the
Warnow. When normalized to the same dimensions, our study area exported 21.6-67.6t DIN-N km2yr* and 0.18—
0.48 t PO4-P km2 yr*, whereas the Warnow exported only 0.36 t DIN-N km2 yr* and 0.01 t POs-P km2yr,

However, we also want to shortly address the reasons for the high uncertainty range of our calculated nutrient
exports. Firstly, they derive from high fluctuating nutrient concentrations in the surface water within the seasons. This is also
visible in the high standard deviations (Table 2). Therefore, the 95 % confidence level of the nutrient exports is high and
reflects the natural dynamic. Secondly, we conducted default error propagation during the export calculation which leads to
even higher ranges on top of the high natural dynamic.

Compared to the Warnow river, it is noticeable that the range of uncertainties is highly different for the two sources.
While our uncertainties are mostly higher and in the same order of magnitude compared to the means, the uncertainties of
the river data are one order of magnitude lower. This is likely due to the different time scales of the two data sets. Our export
data were generated by taking only the first post-rewetting year into account in which the system was still in a transition state
and thus, showed very dynamic nutrient concentrations. The uncertainties of the river exports were generated by using

25 years of data, leading to lower uncertainties than using data from only one year and they were calculated as standard
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deviation and not as 95 % confidence level-standard-errer, as was done for the exports of our study site. Therefore, this has to

be considered when their uncertainty ranges are compared directly. Nevertheless, our results highlight the importance of

currently still unmonitored and small, independenthy Hraining areas along the coastline of the Baltic Sea, in particular those

that become intentionally flooded (HELCOM, 2019).

4.2 Assessment of the GHG dynamics
421 CO:

The carbon system in our study area is governed by a variety of processes (e.g. Wolf-Gladrow et al., 2007; Kulifski et al.,
2017; Schneider and Midiller, 2018). Cy and Ar were transported with the brackish water from the central bay and ultimately
from the Arkona Basin. Additional alkalinity can be added either by a supply of freshwater, which in the southwestern Baltic
Sea is characterized by higher alkalinities than the brackish or even saltwater endmember (Beldowski et al., 2010; Miller et
al., 2016), or can be introduced by mineralization processes from the seafloor in the inner bay and the flooded peatland.
Primary production (i.e., carbon fixation) will decrease Cr, lower the pCO, and increase pH during the formation of organic
matter. The mineralization of OM from various sources (new primary production, mineralization of the inundated former
vegetation and from the underlying peat) will enhance Ct and Ar concentrations, increase pCO. and decrease pH. Air-sea
exchange during our study is fostered by a pCO, that is above atmospheric levels throughout the year, except for a short
period in spring in the inner bay and the peatland, where outgassing of CO2 occurred, resulting in lower pCO2 and a decrease
inCr.

We observed three main developments in the surface water CO2 system and air-sea flux pattern: (i) in winter
2019/2020, the CO; system hardly differed between the peatland and the inner bay; (ii) from spring to autumn, there were
significant differences in the CO> system between the peatland and the inner bay, with higher pCO», Cr and At values and
lower pH in the peatland coinciding with an enrichment in chlorophyll a; (iii) overall, the first post-rewetting year showed
sustained high, but less variable CO; fluxes compared to pre-rewetting conditions. In the following, we will discuss these
three observations and set them into context.
4.2.1.1 TFhe linitial post-rewetting CO2 dynamics -
The first weeks after the rewetting were characterized by high nutrient concentrations, a continuous increase in Ar, Cr and
pH and a decrease in pCO; (Figure 4, Figure 6, Figure 7). The increase in Ct and Ar coincided with a steady increase in
salinity (Figure 3), which is in line with a general increase of At with increasing salinity known for the western Baltic Sea
(e.g. Kulinski et al., 2022).

Still, the At values at the given salinity were higher in the inner bay and the peatland than would be expected from
a linear A+/salinity relation found for surface waters in the open Baltic Sea from the central Gotland Sea to the Kattegat
(Beldowski et al., 2010; Mdaller et al., 2016). Thus, the high Ar in the inner bay and peatland were likely associated with

[Iocal carbonate (Ca003)] weathering from terrestrial sources and/or a transport by groundwater (Schneider and Miiller,
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2018). Ct and At values during this period were consistently higher by ~70-80 umol kg™' in the peatland than in the inner
bay, consistent with enhanced leaching from the recently inundated peat. Besides, local CaCO3 weathering as well as local
anoxic processes, such as SO42~ reduction may have increased the At in the submerged soil and finally contributed to higher
A values compared to the inner bay.

The oversaturation in pCO; and potentially the excess leaching of alkalinity from the soil might have contributed to
the decrease in pCO2 and increase in pH in the peatland in winter 2019/2020. This was apparently reinforced by a short
episode of primary production mid/end January, indicated by a steeper decline of the pCO; and a steeper pH increase. This
coincided with a short increase in chlorophyll a (=30 ug L™*) and a slight intermittent increase of the surface water
temperatures (Figure 3). This short, unusually early productive period might have resulted from the high nutrient availability
induced by the rewetting of the peatland (Sect. 3.2.1), in particular the high NH.* levels, which simultaneously showed a

sharp intermittent minimum.

4.2.1.2 [The predominance of Pproduction and mineralization shaped gevernance-ever-the productive period (spring<

to autumn)|
In late winter and the first half of spring, pCO- continuously decreased in the peatland as well as in the inner bay. Lowest
pCO, was measured between March and May and coincided with enhanced chlorophyll a concentrations and a high
availability of nutrients in the peatland and in the inner bay, which decreased until mid spring. This resulted in a slight CO»
uptake in the peatland of —0.005 g m~2 h™* for a short period of time, so that spring was the only season when pCO, was on
average below atmospheric concentrations in the inner bay (Figure 8). This finding can be attributed to the onset of the
productive period, at still moderate surface water temperatures below 10 °C until mid April. During this period, productivity
clearly exceededdemiﬂated{ dominated mineralization, as suggested by the decreasing pCO; and increasing pH, despite rising
temperatures, as well as increasing O oversaturation in the surface waters. These trends were slightly more pronounced in
the peatland than in the inner bay, in accordance lvmu;]-higher nutrient concentrations available for production.

From mid spring until late summer, the peatland was characterized by increased pCO; and a variable CO; system
together with high mean chlorophyll a concentrations of up to 106.0 pg L. N-nutrients were very low and the system was
clearly nitrogen-limited, with only slightly elevated NH4* concentrations in late summer (Figure 3, Figure 4). Furthermore,
the O; saturation shifted from over- to undersaturated conditions. These observations suggest that the peatland and the inner
bay were characterized by simultaneous production and mineralization processes from mid spring until autumn that kept the
N-nutrients (except PO4*") low. Mineralization of OM in the water column, sediment and soil clearly dominated over
production, leading to the observed high pCO2, lowered pH, and enhanced Ar and Ct concentrations. Mineralization during
this period was clearly more pronounced in the peatland than in the inner bay, leading to the higher pCO>, Ar, and Cr values
in the peatland, and a stronger and more pronounced reduction of the pH. This stronger mineralization, in particular in the
warm summer months, also led to higher DOC concentrations in summer, with a maximum in June/July coinciding with
maximum surface water temperatures. The enhanced mineralization in the peatland was likely fueled by higher OM

availability from high decomposition rates of fresh plant substrate from inundated plant residuals (Glatzel et al., 2008; Hahn-
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Schofl et al., 2011)
oxidation of CH,, that was produced in anoxic zones, might have led to increased CO. production, especially during

. In addition, aerobic and anaerobic
increased water temperatures (e.g. Treude et al., 2005; Dean et al., 2018), due to the availability of SO4*" and O.

The calculated At (from Cr and pH) in the peatland was consistently lower than the measured A+ with a difference
in the range of 55-122 pumol kg™' and thus of 2.7-4.7 % (data not shown). This difference was higher than in the Baltic Sea,
where the contribution of organic Ar is estimated to be 1.5-3.5% (Kulinski et al., 2014). Due to closer vicinity to the coast
and the high amount of degradable OM, this higher contribution of organic Ar was to be expected. The highest discrepancy
between measured Ar values and those calculated from pH and Cr occur in early summer, simultaneously to the highest
values in DOC, in particular in the peatland (Figure 3). This suggests that the organic Ar related to the occurrence of DOC
(and thus_dissolved organic matter (DOM)]—D@M), contributed to the excess of Ar. The higher DOM BOC-formation in
summer in the peatland might partly explain the difference in At between the inner bay and the peatland.
4.2.1.3 Brackish water flooding caused sustained high but less variable CO2 fluxes] b
The amplitude of the CO> fluxes from formerly drained parts of the study area decreased after rewetting with brackish water,
while the amplitude of CO, fluxes from the ditch (inundated after flooding but with deeper, probably incompletely
exchanged water) did not differ strongly before and after rewetting (Figure 8). An increased water table is the main driver for
the reduction of CO, emissions on formerly drained locations. A similar scenario has been reported for terrestrial sites
(Bubier et al., 2003; Strack, 2008). In a nearby coastal peatland, both photosynthesis and ecosystem respiration were strongly

reduced after rewetting (Koebsch et al., 2013). Fhe-rewetting-of-our-study-area-probably-caused-a-die-back-of-the-highly

which-in-turn-would-have-led-to-areduction-of-the-CO,flux-amplitude: The rewetting of our study area probably caused a
die-back of the highly productive grassland vegetation, which most likely lead to a reduction of the CO, flux amplitude.

Average summer/autumn CO, fluxes after rewetting had a mean of 0.26 +0.29gm2h™' and remained thus
relatively high compared with those fluxes from 2019. They were also higher than the fluxes determined in studies of
shallow coastal or near-shore waters in the northwestern Bornholm Sea of up to 0.01 g m2h™! (Thomas and Schneider,
1999) or the Bothnian Bay of around ~0.0007 g m™2 h™! (Loffler et al., 2012). In a nearby coastal fen recently influenced by
brackish water inflow, ecosystem respiration was \mzl orders of magnitude lower (Koebsch et al., 2020) compared to our
study site, where the ongoing decomposition [of submerged substrate from plant residuals and the fresh soil may have fueled
the continuously high CO; fluxes in the first year after rewettingl (Hahn-Schofl et al., 2011). The mineralization of OM from
primary production driven by the high initial nutrient availability, as well as aerobic and anaerobic oxidation (Dean et al.,
2018) of easily degradable substrates or CH4, might have additionally contributed to these CO- fluxes. We expect that CO,
emissions will further decrease, likely because substrates become exhausted and a novel ecosystem will be established

(Kreyling et al., 2021), with developing algae fostering CO- fixation.
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422 CHs

We observed three main developments in surface water methane concentrations and flux patterns: (i) a short-term, very
moderate increase in CH4 concentrations directly after rewetting in winter 2019/2020; (ii) an increase in the CH4
concentrations mainly from spring to autumn, that was significantly higher and more variable in the peatland than in the
inner bay and correlated with water temperature; (iii) in the first year after rewetting, much lower CH, fluxes than reported
for nearby peatlands rewetted by freshwater. These three observations are discussed and set into context in the following.

4.2.2.1 Short-term, moderate increase in the CH4 concentrations in the winter after rewetting «
The measurements in winter, immediately after rewetting, showed a short-term_but moderate increase in the CHs

concentrations—attheugh-remainingtow (Figure 7Figure 7Figure7). The rRewetting resulted in inundation of with-braeckish
water-inundated-beth-the degraded peat and the remaining vegetation. Therefore, it is assumed that methanogenesis was not

limited by the availability of high-quality OM, which is often a major controlling factor (Heyer and Berger, 2000; Parish2

2008)-, and likely originated from decomposition of the residual plant material. While-this-implies-the-instant-availability-of

eu%tudy%h&ax;a#ab%e#@mva&n%awmmgiaetep NeverthelessHowever, since CH4 concentration remained low the

, a temperature control is assumed, which has been frequently described in the literature. A

major control of temperature has been reported, for example, for a nearby shallow coastal area of the Baltic Sea, between the

with-lew-temperatures (Heyer and Berger, 2000)., \
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The rewetting with brackish water transported water with a salinity of 6—7.4 into the peatland such that there were
no significant differences in salinity compared to the inner bay in winter (same as for temperature; Table 2). Thus, SOs>~
reached the peatland immediately after rewetting. As a terminal electron acceptor (TEA), SO4>~ promotes the activity

establishmentlof sulfate-reducing bacteria (SRB), which outcompete methane-producing microorganisms (methanogens) for

substrates (Segers and Kengen, 1998; Jargensen, 2006; Segarra et al., 2013). This process was shown to play an important
role in flat brackish water systems (e.g. Heyer and Berger, 2000). The availability of other TEAs, such as NO3™ that had high
concentrations of ~100 + 58 UM in our studyef =100+ 58 pMmelL*, could have further suppressed methanogenesis (Table
2) (Jorgensen, 2006). Beside competitive mineralization, aerobic and anaerobic CH4 oxidation may have reduced the CH4
concentrations (Heyer and Berger, 2000; Reeburgh, 2007; Knittel and Boetius, 2009; Steinle et al., 2017), supported by the
effective exchange of water masses. Overall, the rewetting with brackish water during the cold winter season apparently

inhibited methanogenesis }and/or facilitated effective CH4 oxidation, resulting in low CH4 concentrations and a small CH4
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4.2.2.2 |increased and variable CH4 concentrations during the vegetation period| i

K iert [P76]: Original comment from reviwer: "to

The temperature increasetnereasing—temperature from spring to autumn was accompanied by elevated, an—enhanced—and
albeit variable, CH4 concentrations. ]Temperature is_of crucial_importance in controlling the CH, cycle eyehing-in shallow
coastal/near-shere_ brackish water (Bange et al., 2000) Fehler! Hyperlink-Referenz
ung%g#eNe#A%ypeHmk—Refe#em—uﬂgeﬂﬂq and in the North Sea waters (e.g. Borges et al., 2018)-as—weH-as—in

1998; Heyer and Berger,

et—al—ZO—lS)\ Similar relationships_have been described for wetlands, e.q., -deseribe-the-CHa-exechange-in- for permanently

inundated wetlands (e.g. Koebsch et al., 2015) and in a peatland close to our study site during the first year after rewetting
(Hahn et al., 2015). Accordingly, CH4 concentrations in the peatland (rs= 0.75, n = 74, p < 0.05) and the inner bay (rs=0.55,
n =29, p <0.05) also correlated significantly and positively with temperature. In the study of Heyer and Berger (2000) the
temperature range influenced the temporal variability in CH4 emissions, which were highest in late spring. \Since the
temperature range in the peatland of our study was variable (e.g., maximum difference of ~6 °C between samplings), with
the highest values between spring and autumn (7.4-23.1 °C), this variability may have strongly contributed to the observed
CH, dynamics|

The peatland and the inner bay were clearly influenced by the same hydrographic conditions, evidenced by their
very similar salinities and temperatures. However, the peatland showed higher CH4 concentrations from spring to late
autumn, likely due to the high availability of OM as described by Heyer and Berger (2000) and Bange et al. (1998).
Incubation experiments of a degraded fen grassland demonstrated the accumulation of fresh plant litter in a new sediment
layer after flooding that resulted in high rates of CHs and CO. production (Hahn-Schofl et al., 2011). A further potential
driver of OM availability is the sedimentation of freshly produced OM originating from primary production, as described for
shallow areas in the Baltic Sea (Bange et al., 1998) and for a shallow bight in the North Sea, which in the latter led to a
yearly peak in the seasonal CH4 cycle (Borges et al., 2018). Although our observations were not made in OM-poor

sediments, an impact of_freshly produced OM primary—preduction—on enhanced CH4 concentrations in the OM-rich

Drammendorf peatland is possibletikely, given the significant positive correlation of the surface CH, concentrations and the

chlorophyll a concentration| (rs 0.41, n =56, p <0.05). Fuﬁhermere—ae{e@e@%ﬁredueﬂen%anﬂ%b&exekaded—a&ﬁs

4.2.2.3 Brackish water rewetting and low CH4 emissions -
Despite high surface water CH4 concentrations in the peatland and their inter-seasonal and spatial variability, rewetting with
brackish water resulted in CH4 emissions considerably lower than those from temperate fens rewetted with freshwater, where
CH, emissions strongly increased (Augustin and Chojnicki, 2008; Couwenberg et al., 2011; Hahn et al., 2015; Franz et al.,
2016; Jurasinski et al., 2016).
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At our study site, although average CH4 fluxes on formerly terrestrial locations increased significantly by ml{
order of magnitude after rewetting, the overall increase from 0.13 + 1.01 to 1.74 +7.59 mg m2 h* (Figure 8Figure 8Figure
8) was lower than that reported for freshwater rewetted fens under similar climatological boundary conditions (e.g. Hahn et
al., 2015; Franz et al., 2016). Even several years after rewetting, the annual CH. budgets of a shallow lake on a formerly
drained fen varied between 13.2 and 52.6 varied-between-4.0-and-91.0 g m=2 yr* (Franz et al., 2016), Mcorrespondgng
to_approximately 0-4611.0-10.3249.3 1.5 to 6.0 mg m™ h‘l‘. Our CHy fluxes were also lower than the emissions reported

from coastal-near shallow waters of the Baltic Sea, where fluxes of 39.9-104.2 mg m2h were measured in June/July
(Heyer and Berger, 2000). For the same months, mean CH, fluxes at the formerly dry stations in our study site were 0.5—
4.9 mg m~2ht. However, compared to CHy4 fluxes from continental shelves (0.015-0.024 mg m~2 h™%; adapted from Bange
et al., (1994)), the fluxes of our study site were 2two orders of magnitude higher. Despite low average fluxes, emission peaks
could be distinguished with the highest flux from the now inundated ditch of 149.2 mg m2h™ in September 2020 and
108.3mg m2ht in October 2020. While these values were still lower than the maximum value of 243.0 mgm=2h™*
reported by Heyer and Berger (2000), it is important to stress that our study site was a source of CH4 already in its drained
state, especially within the drainage ditch, where CH4 fluxes were comparable to the ~0.2 mgm2h* reported from
undrained fens (Danev¢ic et al., 2010).

The lower CH, emissions of the brackish rewetted Drammendorf peatland mightean be attributed to the availability
of TEAs, lespecially SO,2~, which (1) may have contributed to a suppression in methanogenesis by competitive inhibition
(Segers and Kengen, 1998; Jargensen, 2006; Segarra et al., 2013) or (2) fostered the anaerobic oxidation of methane (AOM)

as an effective pathway to reduce CH4 emissions, and by (3) fast aerobic CH4 oxidation mediated by oxygen-rich water.

lew—dae—te—the—shen—mpae(—ef—the—braekﬁhwatep} The high variability of CH, concentrations may also be related to changing

rates of Mereover-AOM, as the process is sensitive to the introduction of O, mediated by sporadic wind-driven resuspension

(Treude et al., 2005). Since our study area was shallow and likely experiences regular wind-driven resuspension, spatially
and temporally dynamic AOM can be assumed. The lowHeweverthe CH4 fluxes suggested that an-effective aerobic and
anaerobic oxidation of CH,4 was-mere-likely occurred.] Moreover, higher CH4 concentrations in the peatland compared to the
inner bay in combination with the high lateral water exchange due to frequent changes in the water level (Figure A3Figure
A33) should have driven a net advective export of CHs-enriched water to the inner bay. This would have further contributed
to the low peatland CH4 emissions and the observed high variability.

While CHs4 production and emission were likely prevented by rewetting with oxygen-rich, sulfate-containing
brackish water, the possibility remains that the total CH4 release was underestimated by unsufficient accounting for
ebullition. In the marine environment, bubble-mediated transport is attributed to gassy sediments and an effective

mechanism of vertical CH4 migration (e.g. Borges et al., 2016). Although neither of the methods used to determine CH4
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fluxes specifically account for ebullition, Me estimated that 6.9 % of all analyzed chamber-based fluxes were partly bubble-

depiction, but did not influence the linear slope. We observed further that in another 9.6 % of the chamber-based flux

measurements the CH. concentration patterns indicated ebullition| (flux measurements with exponential slope, which was

clearly steeper than the linear regression of the majority of data points), but these were not accounted for in the final

calculations of diffusive flux. Thus, given that only 16.5 % of the chamber-based flux measurements indicated bubble-
mediated CH4 transport and in almost half of those cases, the resulting perturbation was small and was included in the flux
amplitude, the magnitude of the ebullition-driven underestimation of our flux estimates is considered to be small.

In summary, the increase in CH,4 concentrations after rewetting in winter was small, short-lived and associated with
the die-back of plants. CH4 fluxes in the first year after rewetting remained relatively low and were lower than typical for
post-rewetting conditions. They also followed a seasonal pattern common for shallow organic-rich systems, with a strong
correlation with temperature in spring and summer. Me anticipate that Fhe-engeingcontinuing reduction depletion-in 6£OM
availability after the initial die-back of vegetationand-a-new-start-of the-ecosystemthis will likely lead to a_further decrease of
in-CH, emissions in subsequent years

423 N2O

The rewetted peatland was a source of N2O in the first year after rewetting, although the mean annual N.O flux of
0.02]+ 0.07 mg m2h~! was very low (Figure 8Figure8Figure-8). This was expected since permanent inundation leads to
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anoxic conditions in the peat, preventing the production of N2O| by nitrification, as well as by denitrification due to the lack
of NO; ™
months (winter) was clearly much larger than during the rest of the year, which indicated that N.O was strongly and
, 2010; Jergensen and Elberling, 2012). The
highest N2O flux (0.4 mg m 2h™!) and the highest NH4* concentration (78.0 pMmet"*) were measured one week after

(e.g. Succow and Joosten, 2001; Strack, 2008). However, the range of post-rewetting N»O fluxes in the first three3

immediately affected by the rewetting, as shown elsewhere (Goldberg et al.

rewetting and a significant positivepesitive correlation between these two variables was found in winter (rs-= -0.61, n -=-45
p-<-0.001). Additionally, N,O correlated significantly positive with NO"in winter (rs-=- 0.46, n- = -45, p -<- 0.01), whereas

—
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water-or-in-the-peat: The accumulation of N2O, but also of NO,™ and NOs in-winter can generally be interpreted as a result
offrem shifting O conditions in the freshly inundated ecosystem, such that incomplete process chains of e.g. nitrification and

denitrification were favored (Rassamee et al., 2011). However, it seems likely that the high N»,O concentrations in winter

originated from nitrification due to the correlations of N,O with its substrate (NH4*) and its main accumulating intermediate

product (NO>"), as well as a trend of increasing NO3s~ concentrations throughout the winter.

During late spring and early summer, undersaturation of the surface water with N,O, compared to the atmosphere,

pointed to consumption within suboxic/anoxic zones of the peat. Consumption in the surface water was unlikely because
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anoxic conditions were never found near the peat surface. The undersaturation of N,O a few months after rewetting
evidenced the change in O, conditions in the peat, from oxic to hypoxic/anoxic, turning the rewetted peatland into an N.O
sink, at least temporarily. This change was likely driven by the higher availability of fresh OM (measured as chlorophyll a)
in the peatland compared to the inner bay, finally leading to significantly lower N.O concentrations in the peatland in
summer (p < 0.001, Table 2Fable 2Fable-2).

Previously reported N2O fluxes in drained peatlands range from 0.002 to 0.45 mg m2h, with a clear trend
towards higher fluxes in fertilized or naturally N-rich areas (Flessa et al., 1998; Glatzel and Stahr, 2001; Augustin, 2003;
Strack, 2008; Minkkinen et al., 2020). Augustin et al. (1998) examined multiple degraded fens in Mecklenburg-Vorpommern
and Brandenburg (Germany) and calculated N2O fluxes of 0.04 to 0.10 mg m2h™* in extensively and intensively used fen
grasslands, respectively (Augustin et al., 1998). N,O fluxes in drained peatlands result from a low water level Mhich allows

the permanent penetration of atmospheric oxygen\ into the peat to fuel N2O producing processes that are dependent on

oxygen (Martikainen et al., 1993; Regina et al., 1999). [As the water level in our study site was permanently below the soil
surface before rewetting, it is likely that| the drained peatit was a source of N,O. The mean post-rewetting N2O flux

determined in our study area (0.02 + 0.07 mg m2h%) is in the lower range of reported fluxes from drained peatlands.

Therefore, as shown in other studies (Succow and Joosten, 2001; Minkkinen et al., 2020), the rewetting probablyvery-tkely
led to a reduction of N2O fluxes, since they were likely high before the rewetting.

In general, the N2O fluxes in rewetted peatlands are in the same range as fluxes from pristine ones (Minkkinen et
al., 2020), indicating that rewetting is a very effective measure to reduce N,O emissions to natural levels. Literature values

range from up to 0.01 and 0.02 mgm=2h™ for [rewetted\ and undrained boreal peatlands (Minkkinen et al., 2020),

respectively, to 0.08 mg m=2 h™* for a rewetted riparian wetland near a freshwater meadow (Kandel et al., 2019). Although it
is difficult to compare the N.O fluxes determined in this study withte those fromef other sites with different
salinitysalinities, hydrology hydrelegies-and alse-histories-history of useage, our mean annual post-rewetting value is Hes-in

the lower range of N2O fluxes previously reported for rewetted and pristine peatlands.

5. [Conclusions|and Outlook

The effects of rewetting a drained coastal peatland with brackish water in winter and the subsequent formation of a
permanently inundated area were studied over one year.

We found a strong pulse of DIN leaching out of the peat followed by the transport of DIN into the inner bay,
leading to a high export especially in winter compared to the Warnow, a nearby river. However, due to a rapid decrease of
nutrient concentrations in spring, the nutrient export after a rewetting in spring or summer would likely be lower compared
to rewetting in winter, at least during the first few months thereafter.

Further, CO. concentrations and emissions seem to remain relatively high after the rewetting with brackish water

compared to the dry conditions before rewetting. This was likely driven by the high OM availability from the residual
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vegetation but also by the high rate of primary production in the water column. However, the flux amplitude decreased after
rewetting and thus, peak emissions during the vegetation period were prevented. The lack of a strong increase of CHs
emissions in the first year after rewetting with brackish water, in contrast to nearby areas rewetted with freshwater, suggests
that especially during the colder months, rewetting with brackish water or seawater would minimize CH4 emissions and thus
maximize the effect on integrated GHG emission reduction. Moreover, a rapid elevation of the water level, as occurred at our
study site, will promote the oxidation of peat-derived CHs in the water column. Future CH4 emissions will depend on
processes, such as the development of vegetation and will likely decrease. LAccording to literature, i-is-tikely-that-drythe

peatlands were found to bewas a rather large sources of NoO befere-rewetting due to theirits drainage for agricultural use[."

However, the permanent inundation_of our study site led toinitialized a rapid decrease of N,O emissions and converted the
peatland into a N2O sink during summer, with fluxes similar to pristine peatlands.

hNith the ongoing formation of salt grass meadows, livestock farming at our study area can and will continue.
However, the area’s use has not hindered its positive development towards an ecosystem with the potential to eventually
become a carbon and nutrient sink in the future. We expect that both the nutrient export and GHG emissions will slowly
decrease due to a shrinking reservoir of substrates. Nonetheless, because degraded peat is both nutrient- and OM-enriched,
this decrease will occur slowly, given that the topsoil was not removed prior to flooding to diminish nutrients and OM, as
was demonstrated by other studies. Whether or not the area will act as a C sink in the future depends on the success and
speed of the establishment of vascular vegetation and its burial in the anoxic parts of the sediment.

Nutrient export from peatlands and the re-establishment of the nutrient and C-sequestration functions of highly
degraded coastal peatlands after rewetting are complex processes whose elucidation requires long-term investigations. The
pronounced seasonal dynamics highlight the need for approaches that include a high temporal resolution, such as achieved
with sensor-based or eddy-supported measurements.|
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Appendix A: Study area
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Figure Al. Water level data from the monitoring station “Barhoft” (WSA Ostsee), representing the Kubitzer Bodden, from the beginning
of rewetting (26 November 2019) until the end of the investigation period. The red dots indicate the sampling days. The dashed horizontal
line represents 0 masl. The minimum and maximum water levels of the investigation period are shown by the blue horizontal lines
(—0.7 masl and 1.1 masl, respectively). See also Figure A2Figure A2Figure-A2 and Figure A3Figure-A33.
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Figure A2. The changing water level and its effect on the water coverage of the study area, shown for (a) —0.5 masl and (b) 0.5 masl.
Topography data retrieved from the Landesamt fiir innere Verwaltung MV, Amt fiir Geoinformation, Vermessungs- und Katasterwesen
Fachbereich GeodatenbereitstellungAFGVKAAR M,
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Appendix B: Nutrient export calculation

Table B1. Seasonal water volume exchanges (Qin/Qout, m® s7%) and nutrient masses (kg m~) + standard error in the inner bay (cis), the
central bay (ccs), the peatland (Cpeatiand), and the resulting net nutrient transport (NNT, in tonnes) for DIN-N and POs-P. Negative values of

NNT indicate an export from the peatland into the inner bay/central bay and vice versa.

Cis

Cpeatland

Cis

Cpeatland

Qin Qo NNT NNT
season DIN-N DIN-N PO.-P PO.-P
(mish)  (mis?) . 3 DIN-N (t) Y & PO.-P (t)
(kgm™) (kgm™) (kgm™) (kgm™)
- 19 -19 1270x10°  1840x10° 65x10°  115x10°
WInter ;91 401 £506x10°  x267x10°  00*99 g0y q0s 37106 008%010
) 13 “13 243X 10° 391x 10° 28x10° 81x10°
spring +01 +0.1 +289x10° 220X 10° 1538 £28x10°  +31x10c 005004
11 EX 440x10° 82.7x10° 68x10°  152x10°
summer 404 £04  +382x10°  +346x10°  03%05 £4.7x10°  +31x100 007005
12 “12 301x 10° 328x10° 81x10°  109x10°
adumn o4 +0.1 +218x10°  +104x10° 04£32 £6.2x10°  £37x10e 004010
total (peatland / inner bay) -108+174 —0.24 £0.29
Ccs Cpeatland Ccs Cpeatland
Qin Qout NNT NNT
season - ' DIN-N DIN-N PO.-P PO.-P
més?) (m*s™) 73 B DIN-N (t) 73 73 PO.-P (t)
(kgm™) (kgm™) (kgm™) (kgm™)
) 19 19 169 x 10° 1840 x 10° 99x10¢  115x10°
winter 401 £01  +631x10°  x267x10¢  202%54 59,100 r37x100 002011
) 13 “13 85.1x10° 391x10° 43x10° 81x10°
sPring - 401 +01  +421x10°  +200x10¢  O1*24 +47x10°  +31x10e 004%006
11 11 202x10° 82.7x 107 84x10°  152x10°
summer 4 0.4 £0.1 £95x10°  +346x10°  05%03 £34x10°  £31x10e 006004
12 “12 265%10° 328x10° 130x10°  10.9x10°
adumn o £04  #01x10¢  +104x10¢  99%*1S  iesii10e  s37x10e 003010
total (peatland / central bay) —33.8+9.6 —0.09 +0.32
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Appendix C: Comparability of two independent approaches to atmospheric flux determination

Since the gas transfer velocity k model (Sect. 2.5.3) requires a water-air interface and thus cannot be applied to dry
conditions, atmospheric flux measurements obtained by manual closed-chambers along a representative transect (Figure
2Figure2Figure—2b) were available to determine pre-rewetting GHG fluxes (CO, and CHa). After rewetting, data from
manual closed-chambers (transect) and from surface water sampling for the k model (transect and peatland stations) were
used. The two methodologies were applied at the same locations along the transect only after rewetting (Table C1).

Table C1. Overview of the methods used to determine the atmospheric GHG fluxes

Pre-rewetting Post-rewetting

hat formatiert: Schriftart: Nicht Fett, Schriftfarbe:
Automatisch

transect (Figure 2Figure 2Figure 2b) transect (Figure 2Figure 2Figure 2b) z:ltland area (Figure 2 {I;Sttofrgg?s:;lert Schriftart: 9 Pt., Nicht Fett, Schriftfarbe }
chamber-based hamber-based 12 Crmodel? { hat formatiert: Schriftart: 9 Pt Nicht Fett, Schriftfarbe: }
Automatisch
k model ** hat formatiert: Schriftart: 9 Pt., Nicht Fett, Schriftfarbe:
! inter-methodological comparison at station BTD7 { Automatisch }

2 formed the data representing post-rewetting fluxes

To evaluate the inter-comparability of the flux estimates obtained with the two methods, the results from station BTD7 were
compared for each post-rewetting season (Figure C1). Data from this station were chosen because it was permanently
flooded after rewetting and thus assured a valid baseline for comparison. The dynamics of the CO- fluxes determined by the
two methods were the same and thus did not differ significantly in any of the seasons (Kruskal-Wallis test, p > 0.05).

CHj fluxes also did not differ significantly, except in autumn (Kruskal-Wallis test, p < 0.001), when the average
flux calculated according to the two methods differed by a factor of 2.7. However, the data of the k model had less impact,
due to the smaller number of measurements (n = 6). Given the smaller data set compared to that of the closed chambers
(n=17), the same statistical analysis was conducted without a seasonal division. The results showed no significant
differences in the two methods for CH, fluxes (Kruskal-Wallis test, CO, and CH,). Therefore, it was deemed appropriate to
combine the flux-estimation methods for each GHG into one post-rewetting data set, as this allowed the consideration of a
broader range of possible flux amplitudes. In addition, the post-rewetting data acquired along the transect were pooled with
data distributed throughout the peatland area. Although the area covered by the transect was smaller than the covered by the
k-model data from the peatland, such that pooling of the post-rewetting-data risked spatial bias, two positive effects of
pooling were identified: (1) The transect stations were representative of the entire area after flooding, because they covered a
water-level-gradient (several cm to > 2 m in the ditch) that coincided with the conditions of the peatland stations. (2) The
transect stations represented a large heterogeneity in the peatland before rewetting that decreased post-rewetting. This was
also evident from the CO; flux measurements, which showed a high variability (data not shown) at each station before
rewetting. After rewetting, there was less variability such that the stations became more similar in their atmospheric C-
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exchange patterns, likely due to the mixing patterns triggered by lateral exchange with the Baltic Sea (Sect. 3.1). Largely
similar conditions were therefore assumed at all stations within the peatland.
The pooled post-rewetting flux values were compared with the pre-rewetting values to investigate the direct effect

of rewetting on CH, and CO; fluxes.
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Figure C1. Seasonal post-rewetting fluxes of (a) CO2 and (b) CHa at station BTD7 which is part of the GHG flux transect. Chamber-based
atmospheric GHG fluxes are shown in blue and air-sea GHG fluxes from the k model in red. The methodological comparisons within
seasons are based on a significance level of p < 0.05. ns: not significant; *** p < 0.001).

Appendix D: Nutrient cross plots

Cross plots with linear regression analyses were generated for nutrients (NH4*, NO3~, NO,", PO,*) and DOC concentrations
across all seasons to investigate potential correlations (Figure D1). Significant correlations are shown with red asterisks (p <
0.05).

38



920

925

930

935

940

(a) 0 20 40 80 Innerbay o 40 &0 120 (b) o 40 80 120 Peatland o so 150

Ll L - RN Lo o
pou * o ) *% *% kK-
> PO
(M) 0.29 0.20 -0.17 0.36 C : v 0.27 0% -025 0.46 : 2
Ca e -2
P P LEE %% N *%k - * kN *kN
©] NH,*
a :% L (M) 070 0.54 0.53 ; 068 0.45 018
" - .
A o * %A Fe * kK Lo
P F NO;
5 o0l wn | 075 | o3 fe b1 0.84 | e b
i Lo
o -] e L o
1 T ° g 8o *k
g le e o 0y o & %o 5 -
“Joe o oo NO, & No, -
1. EE P 0.26 g < e 0.31
5o L - o 60009 -
Ed o Fio] ? L+
ps0 2 poc [« o poc [®
e mgLy [ mgl) F&
rrrr 11T P T T T T 7-7| T T T rrrrrr -
01 2 3 4 00 10 20 30 8 10 12 14 18 o1 2 3 4 10 20 30 40

Figure D1. Cross plots of the measured nutrient (NHs*, NOs~, NO2~, PO4*) and DOC concentrations in (a) the inner bay and (b) the
peatland across all seasons. Significant correlations are indicated by asterisks.

Data availability. The raw data used in this study are archived at http://doi.io-warnemuende.de/10.12754/data-2022-0003.
The calculated GHG emission data used in this study are archived at http://doi.io-warnemuende.de/10.12754/data-2022-
0004.
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