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Abstract Undisturbed peatlands are usually a sink of greenhouse gases (GHG), but turn to a GHG source
when drained. While rewetting and restoration of drained peatlands play an important role in efforts to mitigate
global warming, high uncertainties exist concerning the time period it takes after the start of rewetting until

the point when the peatland becomes a GHG net sink. We investigated a site within the “Uchter Moor”, NW
Germany. It is an oligotrophic raised bog, which was never used for agriculture, but was drained in 1950

for peat mining. In 1999, restoration began; now the ecosystem is in transition back to a typical raised bog
vegetation with Eriophorum vaginatum, Molinia caerulea and Eriophorum angustifolium being the dominant
species. Sphagnum cuspidatum appears in patches. From June 2016 to January 2018, an eddy covariance (EC)
tower measured the fluxes of carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,0). The flux of ozone
(O,) was also measured for 6 months by EC and modeled for the remaining experimental period. Using the
sustained global warming potential for a 100-year time horizon, the balance of CO,, CH,, and N,0 in 2017 was
+500 + 120 g CO,-equiv m~2 a~!. The plus sign indicates a net emission of GHG into the atmosphere. Methane
contributed 78% to this flux. The inclusion of O, into the balance yielded a somewhat smaller total flux of
+430 + 120 g CO,-equiv m~2 a~!. Overall, the peatland is still a source of GHG, 18 years after re-wetting.

Plain Language Summary Undisturbed peatlands usually have a long-term cooling effect on
global climate. If drained, peatlands turn from a sink to a source of greenhouse gases (GHG), which leads to a
long-term warming effect on climate. More recently, many drained peatlands have been re-wetted. One of the
goals is to bring back the peatland from a source to a sink of GHG, and thus mitigate the human-made global
warming. There is still uncertainty about how much time a peatland ecosystem requires in order to turn back
to a GHG sink. We measured the exchange fluxes of GHG between peatland and the atmosphere in a restored
raised bog in NW Germany, which was re-wetted 18 years earlier. In the year 2017 the restored ecosystem was
still a net source of long-lived GHG (carbon dioxide, methane, nitrous oxide). When including the short-lived
GHG ozone, the total balance was still positive, but ozone adds a cooling effect. We hypothesize that it will take
another few decades before the peatland is a net sink of these GHG. However, in direct comparison the GHG
emissions are already lower than in comparable peatlands, which were still drained for the purpose of peat
extraction.

1. Introduction

Peatlands cover only 3% of the Earth's land surface, but they store about 25% of the global carbon (C) pool
(Leifeld & Menichetti, 2018; Page & Baird, 2016). They play a major role in the global biogeochemical cycles
(Gorham, 1991) and the Earth's climate system, because they act as sources and sinks of greenhouse gases (GHG)
such as carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O). Undisturbed, growing peatlands under
natural conditions usually act as long-term C and GHG sinks, that is, following the first centuries to thousands
years after initiation, the cooling effect of CO, sequestration outweighs the warming effect of short-lived CH,
emissions (Frolking & Roulet, 2007; Mathijssen et al., 2017). In Europe, including the European part of Russia,
still a fraction of 54% of the peatlands are undisturbed. Focusing on Germany, the fraction of peatlands that still
accumulate peat (mires) is only ~2% (Joosten et al., 2017; Tanneberger et al., 2017). The high percentage of
degraded peatlands in Germany and other aeras of western Europe puts these ecosystems into the focus of global
climate research. When peatlands are drained, this leads to peat oxidation and mineralization and turns peatland
ecosystems from a net sink to a net source of GHG (Blodau, 2002; Blodau et al., 2004; Joosten, 2010; Leifeld &
Menichetti, 2018; Page & Baird, 2016). The contributions of agriculture, forestry, and peat mining to peatland
losses are estimated to be 50%, 30%, and 10%, respectively (Joosten & Clarke, 2002). After the termination of
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peat mining in a given area, no vegetation is left at the abandoned peatland, which further emits CO, (Waddington
et al., 2010; Wilson, Farrell, et al., 2016).

To date, peat has been cut over an area of more than 300 km? (Speyer, 2012) in NW Germany. Since the 1980s,
abandoned cutover peatlands must, by law, be rewetted for the purpose of nature restoration (Hoper et al., 2008;
Speyer, 2012) and climate change mitigation (Leifeld & Menichetti, 2018). Rewetting is also the general global
warming mitigation measure for degraded peatlands as discussed in the IPCC guidelines for national GHG inven-
tories (IPCC, 2014). Due to the increased water level shortly after rewetting, the emissions of CO, (Komulainen
etal., 1999; Tuittila et al., 1999) as well as of N,O (Alm et al., 2007) may decrease. Synchronously, the emissions
of CH, may increase due to a lower CH, oxidation and enhanced methanogenesis (Augustin & Joosten, 2007;
Komulainen et al., 1998; Tuittila et al., 2000). In the following years to several decades, CH, emissions are ex-
pected to decrease, eventually turning the ecosystem back to a net GHG sink (Augustin & Joosten, 2007).

Over the past years, very good understanding on the relevant biogeochemical processes in restored peatlands has
been developed (Andersen et al., 2017; Bacon et al., 2017). However, high uncertainties still exist, concerning
the time period it takes after the start of rewetting until the point when the peatland becomes a GHG net sink.
Some authors report a quite rapid decrease of GHG emissions within a few years after rewetting (e.g., Kivimiki
et al., 2007; Tuittila et al., 1999; Wilson et al., 2013), while others report still high GHG emissions up to decades
after rewetting (e.g., Vanselow-Algan et al., 2015; Wilson et al., 2009, 2007). The causes for these very diverse
results are different conditions in land-use before and after rewetting including fertilization (e.g., Harpenslager
et al., 2015; Kandel et al., 2019), vegetation composition (e.g., Huth et al., 2021; Putkinen et al., 2018), soil bio-
geochemistry (e.g., Andersen et al., 2006; Emsens et al., 2020; Huth et al., 2021), water level fluctuations (e.g.,
Jarveoja et al., 2016; Zhong et al., 2020), and local climate (e.g., Nijp et al., 2015; Teklemariam et al., 2010).
Overall though, the available data on GHG fluxes from rewetted peatlands and the understanding of the change
of these fluxes over time is still limited (Bacon et al., 2017). Thus, this study aims to add new information on the
flux balance of CO,, CH,, and N, O, for a representative NW German cutover raised bog, 18 years after rewetting.

CO,, CH,, and N, O are the most commonly investigated GHG in peatland restoration studies. They can be viewed
as the drivers of peatlands' anthropogenic greenhouse effect, because the respective exchange fluxes of these
gases between peat and the atmosphere are a direct result of the human-made rewetting process after drainage.
However, tropospheric ozone (O,) is an important GHG as well. It is not emitted directly by ecosystems or hu-
man-made processes. It is a secondary pollutant, produced photochemically from NO, and oxidation of carbon
monoxide (CO), CH,, and non-CH, volatile organic compounds (NMVOC; Myhre et al., 2013). Since pre-indus-
trial times, the concentration of these O, precursors have been rising dramatically (Lamarque et al., 2010), and, as
a consequence, the tropospheric O, concentration has substantially increased as well (Monks et al., 2015; Myhre
et al., 2013). This makes tropospheric O, a strong anthropogenic greenhouse gas and the third most important
contributor to global radiative forcing (Myhre et al., 2013). Since oligotrophic raised bogs usually do not emit
NO,, it is, in our case, the background O, which is advected by the wind and deposited to the peatland through
turbulent motion. The peatland thus acts as a strong sink of near-surface O, (Galbally & Roy, 1980; M. L. Wesely
& Hicks, 2000). Ozone gets deposited at the surface of water and soil, where it is decomposed rapidly (Lamaud
et al., 2009; Stella, Personne, et al., 2011). Further, O, can be deposited on the vegetation's surface but it can also
directly enter the stomata, leading to physiological damage (Guidi et al., 2001; Lamaud et al., 2009). Due to its
high reactivity, tropospheric O, has a very short and highly variable lifetime, which depends on the location: its
lifetime ranges from a few hours in NO, polluted cities to a couple of weeks in the free troposphere (Dentener
et al., 2010; Goldberg et al., 2015; Jacob, 2000; Young et al., 2013). The high lifetime variability, but also its het-
erogeneous spatial distribution in the atmosphere, substantially hampers the estimation of the GWP of O, which
makes it difficult to consider O, in a total GHG balance. To our knowledge, no studies have yet addressed the
annual O flux over a rewetted raised bog ecosystem, as well as its impact on the total GHG balance.

Additionally, water vapor (H,O) is by far the largest contributor to the greenhouse effect in the natural atmosphere
(Myhre et al., 2013; Schmidt et al., 2010). Attempts addressing the global warming impact of H,O exchange in
peatlands exist, for example, addressing local evaporative cooling effects (Helbig et al., 2020). However, due to
the specific properties of H,O in the atmosphere, it is still challenging to develop measures in terms of CO,-equiv-
alents (e.g., Sherwood et al., 2018). We therefore decided to not include H,O in the balance. By then including
CO,, CH,, N,0, and O, this study covers most relevant GHG for peatland ecosystems (Bacon et al., 2017; Myhre
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Figure 1. Left panel: Aerial image of the study area in early summer 2017. The yellow framed area denotes the actual
rewetted study site, where the measurement tower (yellow “T”’) was located (excerpt from “Geobasisdaten” of the Landesamt
fiir Geoinformation und Landesvermessung Niedersachsen, Hannover, Germany, © 2019 LGLN). The map in the bottom left
border locates Uchte within Germany (modified from last access: 07 May 2019, © Stamen and OpenStreetMap contributors
under Creative Commons License CC-BY-SA). Right panel: EC tower equipped with all measuring devices in June 2017. The
closed path analyzers were located in wooden weather huts, while the rain gauge was situated behind the photographer. Line
of sight is northeast.

et al., 2013). Thus, this paper provides a first attempt of a complete assessment of the total annual GHG balance
of a NW German raised bog, 18 years after rewetting.

2. Material and Methods
2.1. Study Site

The study site (Figure 1, left) is located within the “Uchter Moor”, about 6 km west of the township Uchte,
NW Germany. It is part of the Ramsar wetland area “Diepholzer Moorniederung” (Ramsar Sites Information
Service, 1976). It extends over 5,660 ha, of which 3,263 ha are under high-priority nature protection (BUND
Diepholzer Moorniederung, 2016). The onset of peat growth is estimated at about 7,000-7,500 years ago, that is,
during the early Atlantic period of the Holocene (Schneekloth & Schneider, 1970). Peat was cut manually from
1930 on; from 1955 on, the cutting process was switched to industrial peat mining (Richard, 1990), which has
been in operation up to today.

The actual study site (52° 30’ 30” N, 8° 49’ 33” E, 40 m above sea level, site code DE-UtM in the European
Fluxes Database Cluster) is a raised bog that remained completely undisturbed until 1950. At that time, it was
drained and the peat was cut using industrial machinery until 1998. Overall, up to 2-3 m peat was cut and 0.5 m of
peat was left undisturbed. In 1999, restoration started by constructing dams, filling up of the cut-over areas with
Bunkerde, and rewetting within an area that is about 19 ha. Bunkerde is the upper original rooted soil layer with
vegetation, which was removed from the site before cutting the peat and stored for the later restoration (Money &
Wheeler, 1999). A continuous vegetation monitoring of the site since the beginning of the rewetting revealed an
increasing abundance of Sphagnum cuspidatum patches from 1999 until 2006. Since then, the increase of Sphag-
num cuspidatum coverage has slowed down. The ecosystem is in transition back to a typical raised bog vegetation
with Eriophorum vaginatum, Molinia caerulea and Eriophorum angustifolium being the dominant species. Ag-
riculture has never been performed within the flux footprint area around the experimental site (Section 3.2), thus
the bog is still in an oligotrophic state with a surface peat C/N ratio of ~50 (S. Agethen & K.-H. Knorr, personal
communication, 2016).

A comparison of the O, concentration measured at the site and the O, concentration at background air quality
stations outside the peatlands, about 40-80 km away, revealed a very good agreement of the O, levels (see Sec-
tion 2.5.2). Thus, it is extemely unlikely that the site is a relevant local source of O, after photochemical reactions
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Table 1
Mounting Distances of the Gas Analyzer Intakes on the Eddy Covariance
Tower in cm, Relative to the Center of the Sonic Anemometer

Analyzer Vertical North East

LI-7200 -8 6 -8
LI-7700 0 20 =5
LGR 913-1054 =15 5 -1
CLD 88 O, -16 6 =

with freshly emitted NO, and VOC. The O, concentration at the site reflects
the background O,, which is moved by wind and turbulent motion to the
ecosystem.

The climate is warm-temperate and fully humid with a warm summer fol-
lowing the Koppen-Geiger classification (Kottek et al., 2006). During the
climate normal reference period 1981-2010, the long-term mean annual tem-
perature and precipitation sum was 9.6°C and 703 mm, respectively (German
Meteorological Service, weather station Rahden-Kleinendorf, 17 km south-
west of the study site).

2.2. Instrumentation

An eddy covariance (EC) tower was installed from June 2016 to January
2018 and equipped (Figure 1 right) with an R3-50 sonic anemometer (Gill

Instruments Ltd., Lymington, UK) at an observation height of 3.2 m above ground. We installed a LI-7700 open-
path CH, analyzer and a LI-7200 enclosed-path CO,/H,0O analyzer (both LI-COR Inc., Lincoln, NE, USA). The
LI-7200 intake tube was 0.5 m long and had an inner diameter of 5.3 mm. Further, we employed a CH,/N,0/H,0
closed path analyzer LGR 913-1054 (Los Gatos Research Inc., San Jose, CA, USA), equipped with a Teflon tube
(inner diameter 4.0 mm, length 4.0 m) as intake and a dry scroll vacuum pump XDS 35i (Edwards Ltd., Burgess
Hill, UK). From 6 June 2017 on, we added a CLD 88 O, closed path analyzer (ECO PHYSICS AG, Diirnten,
Switzerland) to the setup and operated it using an insulated Teflon tube of 3.9 m length and an inner diameter of

1.6 mm as inlet line. Table 1 provides details on the intake distances of all analyzers relative to the sonic anemom-

eter. All instruments described so far were running at a data acquisition frequency of 10 Hz.

Ancillary meteorological data was measured at 0.2 Hz and aggregated to 10-min values. Data was collected for
air temperature and relative humidity (HC2S3, Campbell Scientific Ltd., Logan, UT, USA, at a height of 2 m
a.g.l.), barometric pressure (Model 278, Setra Systems Inc., Boxborough, MA, USA) as well as shortwave and
longwave radiation in both upwelling and downwelling directions using a CNR4 net radiometer (Kipp & Zonen

B.V.,, Delft, The Netherlands). Soil temperature was measured in a depth of —5 cm below ground level using a
Pt100 resistance thermometer (WK63, UGT GmbH, Miincheberg, Germany). A heated tipping bucket rain gauge
52202 (R.M. Young Company, Traverse City, MI, USA) measured precipitation, while heating was switched on
only for air temperatures 7, < 1°C. All measurements described so far, including EC, were logged centrally using
a CR3000 micrologger (Campbell Scientific Ltd., Logan, UT, USA). The water level of the bog ecosystem rela-
tive to the ground surface was measured using a standalone diver DI272 (Van Essen Instruments B.V., Delft, The
Netherlands), which has an integrated data logger. To detect the existence of snow cover during the winter season,

pictures of a webcam were stored every 10 min and evaluated manually. The timestamps of all collected datasets
refer to Central European Time (CET/UTC + 1 hr) throughout the whole measuring period.

2.3. Raw Data Processing and Flux Calculation

Half-hourly fluxes of H,0, CO,, CH,, N,O, O, were calculated from the high-frequency data using the proved
processing routine (Fratini & Mauder, 2014) of the software package EddyPro v6.2.2 (LI-COR Inc., Lincoln, NE,
USA). The EddyPro routine included despiking (MAD test, Mauder et al., 2013), double coordinate rotation into
the mean wind field (Kaimal & Finnigan, 1994; Aubinet et al., 2000), Reynolds decomposition of turbulent fluc-
tuations by block averaging, covariance maximizing and spectral corrections in the high-frequency (Ibrom, Dell-
wik, Flyvbjerg, et al., 2007) and low-frequency range (Moncrieff et al., 2004). For CH, data from the LI-7700,
fluctuations in air density were considered (McDermitt et al., 2011; Webb et al., 1980). The CLD 88 O, does not
measure water vapor, therefore dilution effects of the O, mole fraction were corrected (Ibrom, Dellwik, Larsen, &
Pilegaard, 2007). Data from LI-7200 and LGR 913-1054 were already available as mixing ratio. To obtain highly
reliable results, raw data were discarded if the relative signal strength indicator (RSSI) of the LI-7200 was <80%.
For the LI-7700, the respective threshold was set to RSSI <20%. Raw data of LGR 913-1054 and CLD 88 O,
were discarded in case of anomalies of the optical cell temperature, pressure readings and device malfunctions.
All data work besides the EddyPro processing was performed using R (R Core Team, 2017). Using the half-hour-
ly EC results, the flux footprint over the whole measuring period was calculated after (Kljun et al., 2015). The
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high-frequency cospectra (Kaimal et al., 1972; Kaimal & Finnigan, 1994) were checked for disturbed turbulence
flow induced by the wooden weather huts (Figure 1) and no signs for flow distortion effects were found.

2.4. Quality Assurance and Gap-Filling

To fulfill the EC assumptions of steady state conditions and well developed turbulence, we applied the overall
quality flag policy of Foken et al. (2004), which is based on 9 quality grades from “0” (best) to “9” (poorest).
Only half-hourly data with flags <6 were kept. To ensure that flux calculation and quality flagging performed
as expected, the remaining data was additionally checked visually. Here, some unreasonably high negative and
positive CO, fluxes were detected. These were discarded by calculating a running 95% quantile of the absolute
flux random uncertainty estimate (RUE, Finkelstein & Sims, 2001) over a centered running time window hav-
ing a 14-day duration. Fluxes, for which the associated RUE was outside the 95% quantile were removed. All
flagged data were excluded from further analysis. After that procedure, there were gaps of 20% for sensible heat
flux H, 27% for latent heat flux LE (LI-7200), 27% for H,O flux Fg,o (LI-7200), 27% for CO, flux Fco,, 14%
for N,O flux Fy,0, 15% for CH, flux Fégf, and 62% for CH, flux FCEZZ of the time series. By combining the
quality-checked flux data from the two CH, analyzers, F, CLZZ and F, chf , the percentage of gaps for Fcp, decreased
to 12%. To ensure that the fluxes resulting from the two CH, analyzers are comparable, an orthogonal regression
analysis was conducted. With slope m = 0.91, intercept t = 0.00, Spearman's p = 0.94 and the root mean square
error RMSE = 12 nmol m™2 57!, a very good agreement between F:77 and F.S® was found. This agreement is
in accordance with, but slightly is better than reported by Detto et al. (2011) for a similar setup of an LI-7700
and an LGR fast greenhouse gas analyzer (FGGA), which is based on the same spectroscopy technology as the
913-1054. Taking the entire measuring period into account, the percentage of gaps is still in a similar order of

magnitude. For the measured O, flux, F, ()Ef’ 15% of data between 6 June and 31 December 2017 are missing.

For cumulative flux calculations and annual balances, a gap-free data set is necessary. Due to power outages or
device failures, some of the gaps are present not only in the flux data but also in the ancillary meteorological
measurements. However, these ancillary data are absolutely required for the gapfilling of the fluxes as well as for
the calculation of the synthetic ozone flux (Section 2.5). To provide a reliable, gap-free timeseries, the missing
data was downloaded from the German Meteorological Service (DWD) homepage (ftp://opendata.dwd.de/) as
half-hourly data for T, relative humidity R, and barometric pressure p from the nearest weather station Diepholz
(30 km west-northwestern). For the synthethic ozone flux (Section 2.5), the hourly friction velocity (#*) mean
was also required. As u* was not available in the Diepholz dataset, a monthwise linear regression model, based
on hourly data, where uf;, is a function of the wind speed Uy, .., Was calculated to predict uy,, = in case of
missing values. To ensure that the predicted u* was comparable with the measured u*, an orthogonal regression
analysis on every monthly model was applied. With m = [0.78; 0.94], r = [0.02; 0.05], Spearman's p = [0.74;
0.92] and RMSE = [0.06; 0.10] m s~!, a good agreement was found. To avoid circular reasoning, every second
value of the dataset was used to fit the linear model for validation of the model only, while the other half of data
was used to predict u*.

To exclude values of Fco, being biased during nighttime, periods with low u* were discarded following the mov-
ing point method (Papale et al., 2006). The final u* threshold was obtained using the median result of the boot-
strapping estimate (Wutzler, Lucas-Moffat, et al., 2018) with 200 replicates. Seasonal variability of the threshold
was taken into account using a windowed approach, where the u* threshold was calculated in steps of 3 months.
Finally, after all quality assurance steps (flagging, RUE, u*), 33% of Fco, had to be gapfilled.

The gaps in all flux time series except O, were filled using the marginal distribution sampling (MDS) approach
by Reichstein et al. (2005). The MDS method combines the look-up table (LUT) approach with the mean diur-
nal course (MDC) approach (Falge et al., 2001). In the MDS method, first a LUT was created, where fluxes are
binned in classes of similar micrometeorological conditions within a defined time window. Missing values are
then replaced with the average flux for the associated class of similar meteorology. Only in cases when no mete-
orological data was available, the MDC method was used instead, which replaces missing values with the average
value at the same hour of day within a certain moving time window. For the CH, flux, the vapor-pressure deficit
AE, the water level and the soil temperature 5 cm below ground level T? was used to fill the LUT. For Fy, o, the
water level, T? and the sum of precipitation were employed. For H, LE, F, 1,0, and Fco,, we used AE, T, and the
shortwave down-welling radiation K | as explaining variables.
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We used REddyProc v1.1.5 (Wutzler, Lucas-Moffat, et al., 2018; Wutzler, Reichstein, et al., 2018) for all u*
bootstrapping and MDS gapfilling procedures. For F oEf no gapfilling routine was applied.

2.5. Synthetic Ozone Flux

Because measured ozone fluxes were available only for the second half of 2017, we used the approach by Ducker
et al. (2018) to estimate a hourly synthetic ozone flux

Fol =—va-pa-x M

for the entire measuring period, where p,, is the molecular density of air, y the mole fraction of O,, and v, denotes
the deposition velocity of O,. A minus sign is introduced into the equation, to fulfill the micrometeorological
conventions that fluxes toward the Earth's surface are always negative and, at the same time, deposition velocities
associated with a negative flux are positive numbers. The inverse of v, U;1 can be expressed as resistances (M.
Wesely, 1989; Ducker et al., 2018)

-1
D T N o (L o W (@)

where r, denotes the aerodynamic resistance, which depends on near-surface turbulence conditions like the rough-
ness length and u*. The boundary layer resistance r, considers the properties, for example, molecular diffusivity,
of the gas in air, and (5! + r;;! )_] expresses the canopy and ground surface resistance, where the part of the ozone
flux that enters the stomata corresponds to the stomatal resistance r,. The remaining non-stomatal resistance r,,
describes the portion of the flux that terminates on the surfaces of ground or vegetation (Ducker et al., 2018) and
its associated supplement provides information on the methodology in detail.

To obtain the synthetic O, flux, several input parameters were necessary. Most of them were available and used
directly from the instrumentation at the study site: Displacement height, roughness length, u*, H, LE, water vapor
2

flux Fi,0, R, T,, p. We assumed ( St ) ¥ = 1.14 for O, and 0.87 for H,0 following Erisman et al. (1994), where Sc

denotes the Schmidt number and Pr the Prandtl number. For the calculation of r,, we followed the parametriza-
tion by Zhang et al. (2002); Zhang et al. (2003), where the reference value for in-canopy aerodynamic resistance
=20 s m~!. The dry-cuticle uptake resistance of O, was assumed r,,,,, = 500 s m~! for the land use

category “swamp”. The soil resistance was set to r, = 500 s m~! as recommended by Zhang et al. (2003) for wet
ground. In the case of a snow cover at the site, r,= 2000 s m~! was taken instead.

was settor,

2.5.1. Leaf Area Index

The leaf area index (LAI), which is necessary to calculate r,

ns’

was estimated using the Sentinel-2 Toolbox (S2TBX
v6.0.3, European Space Agency, Paris, France) as part of the Sentinel Application Platform (SNAP v6.0, Europe-
an Space Agency, Paris, France). Cloud-free Sentinel-2 multispectral imagery (Drusch et al., 2012) was obtained
from the Copernicus Sentinel Scientific Data Hub (https://scihub.copernicus.eu/dhus/). If available, we directly
used Sentinel-2 Level-2A data, which are already atmospheric-corrected bottom-of-atmosphere (top-of-canopy)
reflectance images. Only if Level-2A data was not available, we generated Level-2A images from the associated
Level-1C top-of-atmosphere reflectance images using the Sen2Cor (Louis et al., 2016) atmospheric correction
processor v2.5.5 (European Space Agency, Paris, France). The Level-2A imagery has 13 spectral bands in the
short-wave, near infrared and visible regions in three different spatial resolutions of 10, 20 and 60 m (Drusch
et al., 2012). After resampling of the 10 m resolution bands to a resolution of 20 m, the biophysical processor
tool integrated in S2TBX was applied. It calculates the LAI based on a neural network approach, which had been
trained using simulations by radiative transfer models (Weiss & Baret, 2016). In a next step, only the 85 pixels
located within the study site ecosystem were kept and averaged. S2TBX provides a quality flag for the LAI results
and only estimates free of any error were taken into account for the averaging process. The calculated mean LAI
values range from 0.3 (February 2017) to 1.9 (August 2016). As the revisit frequency of the Sentinel-2 satellites
is >1 day and only cloud-free imagery could be used, there are gaps in data of lengths between 3 and 53 days.
These gaps were filled by linear interpolation.
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Table 2

Spearman's p, Slope m and Intercept t of an Orthogonal Regression
Analysis Comparing Measured Against Predicted Ozone Densities

2.5.2. Ozone Mole Fraction

Equation 1 requires the hourly O, mole fraction y. Data for y were derived

using O, molar density measurements from three background air quality

Wilg (] Kol P n g Gaps  stations of the German State of Lower Saxony (“Landesiiberwachungsnetz
U~ SO + AT + WB 0.93 1.06 0.00 10.9% Niedersachsen”, L[“JN). The respective stations, “Allertal” (AT), “Siidolden-
U ~ AT + WB 0.92 1.08 0.00 8.0%  burg” (SO) and “Weserbergland” (WB) were located 65, 80, and 40 km in
U ~SO + WB 0.92 1.08 0.00 559 northea.stern, northw.estern, and sot.lth-?o.utheastern directions from Uc‘hte,

respectively. Depending on the availability of O, data at these three sites,
U~ SO + AT 0.91 1.09 0.00 2.4% . .. . . .

seven linear additive regression models were fitted to predict the concentra-
U~WB 0.88 1.12 —0.01 1.5%  tion in Uchte, O} In the first model, O} depends on 1) 057, O5° and O}®.
U~ AT 0.88 1.12 —0.01 1.2%  In the second to fourth model, O depends on two variables: 2) 05T, OY'®; 3)
U ~ SO 0.86 1.16 -0.01 *0.0%  O5°, 0P and 4) O3°, 04". Models 5-7 consist of just one explaining variable

Note. To avoid circular reasoning, every second value of the dataset was

O;’VB, O?T and Ogo, respectively. All models were fitted using data from 6

used to fit the linear model for validation only, while the other half of data June 2017 to 31 December 2017, when the CLD88 O, analyzer was present
was used for prediction. Models are ordered by Spearman's p, while the last in Uchte. Regarding the residuals, the homoscedasticity criterion was always
column gives the percentage of remaining gaps after inserting the predicted fulfilled and the distribution was symmetric, but not Gaussian. However, the

values into the final timeseries. After applying the last model, one single
missing value* (0.01%) was gap-filled linearly.

assumption of Gaussian distributed residuals is not strictly required, because
in all cases the sample size (n > 3,566) was large enough to meet the cen-
tral limit theorem. Finally, using 05", O3° and O}'® as explaining variables,
the concentration O;J was predicted for the entire measuring period. For this
purpose, all 7 models were necessary to obtain a gap-free final time series of Og, because the LUN data was not
free of gaps due to electricity outages, analyzer malfunctions, and maintenance periods. The final Og dataset was
constructed by inserting first the predicted values of the model that showed the best fit (Spearman's p). Missing
values were then filled using the next best models, which were ordered by decreasing Spearman's p. Table 2 lists
all models, ordered by Spearman's p and their results, which will be addressed in detail in Section 3.4.1. The
finally predicted Og time series from 1 June 2016 to 31 December 2017 was completely continuous and gap free,
except for one hour, which was interpolated linearly. The timeseries was converted from molar density to mole

fraction y and used to calculate F gf "

2.6. Sustained Global Warming Potentials

To estimate the balance of all measured greenhouse gas fluxes, we used the sustained global warming potential
(SGWP) approach (Neubauer & Megonigal, 2015, 2019). Unlike the most widely used global warming potential
(GWP) it does not assume a single pulse emission (Myhre et al., 2013), but a continuous (sustained) emission
over time, which is more justified for (peatland) ecosystem studies. The SGWP approach calculates inventories
M () of ecosystem-derived fluxes of a GHG i for every timestep dt = 0.2 a from ¢ = 0 up to the time horizon H of
interest. Multiplying M () by the corresponding radiative efficiency A, yields the instantaneous radiative forcing
RF (1) of each GHG. The SGWP, describes the relation of the cumulative radiative forcing of gas i to the cumula-
tive radiative forcing of the reference gas, CO,,

S RF, (1) dt

SGW P, (H) = ———.
Jo RFco, (t)dt

3

Over a time horizon of H = 100 years, we assumed SG WPI%: * =45 and SGWPII(\)’(Z)O = 270 according to the
sustained-emissions-scenario by (Neubauer & Megonigal, 2015, 2019). In this scenario, the flux of one GHG F;

was set at 1 kg m~2 a~! with an atmospheric inventory of 0 kg m™2 at ¢ = 0.

The SGWP of tropospheric O, was estimated as SGW P%

oo = 29 using Equation 3, where

RFo, () = Ao, - <F03d1+ [MO_z.('—l)'exp(_T(h)])’ C))

for H = 100 years. A radiative efficiency of Ap, = 3.33 - 1072 Wm™ ppb*l (Iglesias-Suarez et al., 2018; Tuck-
ett, 2016) and a tropospheric O, perturbation lifetime 7 = 0.267 a (Aamaas et al., 2013; Fuglestvedt et al., 2010)
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was assumed. All CO,-equivalent-values given in this article are based on the SGWP approach. Values from other
authors cited were recalculated accordingly.

2.7. Uncertainty Estimation

Errors in all final flux results were quantified using standard error propagation techniques (e.g., Taylor, 1997).
For Fcu, and Fy, o the total relative error was estimated for each flux 7 as

= /52 2
OTOoT.i =\ Orpyri T Csewrir ®)

where o, ; denotes the relative RUE due to EC sampling errors. It was determined as

2
OrRUE,i = < <O-RIL%EJ> >, 6)

where o, ; denotes the absolute RUE (Finkelstein & Sims, 2001,from EddyPro processing) for every half hour,
which was divided by its associated half-hourly flux F;. 6,,,,;; Was then obtained by taking the (median) value,
which is expressed by the angle brackets. For Fco, we asssumed 6, = 6,5, as there was no SGWP conversion.

For the synthetic ozone flux F;", the total relative error was estimated as

SE.\> [SE\*
0'TOT=\/<—) +<T’) +O'éWP, @)

m

where m and ¢ denote the slope and intercept, respectively, of the orthogonal regression between F (;z "and F, (ic.
The standard error of the mean SE,, and SE, of slope m and intercept ¢, respectively, yields a measure of uncer-
tainty for the synthetic flux against the real measured EC flux.

As there is no explicit uncertainty estimation of SGWP given by (Neubauer & Megonigal, 2015), we decided to
use the uncertainties of the traditional GWP reported by (Myhre et al., 2013), which should be appropriate due to
the close mathematical relationship between the SGWP and GWP approaches. For CH, and N, O, we scaled the
uncertainties of the GWP reported by (Myhre et al., 2013) from their given 90% confidence range to a 16 (68.3%)
range. Regarding SGW Pl(())%, information on the uncertainty of Ao, and 7 were not available. Thus, we assume the
uncertainty osw p,0, to be on the order of the largest 6, reported by (Myhre et al., 2013) and used in their study.
As ogwp.cH, > oewp,.N,0 (Myhre et al., 2013) we assume an uncertainty of 6sew p.0, *® cowr.cu, = 23.7 %.

3. Results and Discussion
3.1. Meteorological Conditions

The mean annual 7, (2 m height) clearly exceeded the long-term average (1981-2010) by 0.6°C and 0.8°C in
2016 and 2017, respectively. At the nearest operational weather station Rahden, the 2016 mean temperature was
10.2°C. In 2017, at both Rahden weather station and the study site, the annual mean T, was 10.4°C. During the
study period the monthly mean ranged between 0.1°C (January 2017) and 19.0°C (July 2016). In January 2017
also the largest negative deviation of —1.8°C from the climatological mean was observed. The largest positive de-
viations from the climatological mean occurred in September 2016, March 2017 and September 2017, exhibiting
differences of +3.3°C, +2.9°C and +2.7°C, respectively. Soil temperature T? (Figure 2, bottom panel) ranged be-
tween 0.7°C (January 2017) and 17.0°C (July 2016). During the months June—September 2016, T was between
1.5°C (August) and 3.5°C (September) higher than the respective monthly data of 2017. From October to De-
cember though, T? was, by 0.9°C (November, December) to 1.1°C (October), colder in 2016 than it was in 2017.

The total annual precipitation in 2016 and 2017 was 629 and 621 mm, respectively, meaning that both were below
the long-term average. Except for June with a total of 160 mm (92 mm more than climate mean), all months in the
second half of 2016 were clearly drier than in 2017 (Figure 2, bottom panel). In January and from March—-May
2017, the precipitation was substantially less then the climatological mean, while in July the sum was greater than
usually. The months August-December 2017 were near the long-term average. A snow cover lasted only during
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Figure 3. Aerial image of the study area in summer 2015, where the

overlay shows the flux footprint based on the entire EC dataset according to
Kljun et al. (2015). The yellow contour lines correspond to the 10%-90%
contributions to the flux in 10% steps. The borders of the study site ecosystem
are denoted by blue lines (excerpt from “Geobasisdaten” of the Landesamt fiir
Geoinformation und Landesvermessung Niedersachsen, Hannover, Germany,

©2019 LGLN).
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Figure 2. Upper panel: biweekly mean water level relative to the ground surface in 2016 (dashed lines) and 2017 (solid
lines). Lower panel: 7, 5 cm below ground surface in 2016 (dashed lines), 2017 (solid lines) and precipitation sum (2016

in light blue, 2017 in dark blue) at the study site in Uchte (“U”). Due to power outages during thunderstorms or rain gauge
failures, in some months the precipitation sum was taken from the Rahden weather station nearby, denoted as “R” below the

sum bar.

the periods 13 through 19 January 2017, 8 through 11 February 2017, and on 11 December 2017. Note that Uchte
data was replaced by Rahden data during months when rain gauge failures or power outages occurred.

The bog water level (Figure 2, top panel, biweekly mean) relative to ground surface in 2017 showed an annual
pattern ranging from +11 cm (March) over —2 cm (July) to +13 cm (December). In contrast, 2016 data started
with 49 cm in June and +7 in the first half of July, followed by a rapid decrease down to a minimum of —35 cm
in late September. From that point, water level rose continuously, where ground surface was reached again in late

December.

3.2. Flux Footprint

Over the entire study period, more than 85% of the measured fluxes originat-
ed from the wetland ecosystem (Figure 3). For north-northeastern to eastern
and for south-southwestern to west-southwestern directions, respectively, the
90% flux contribution contour line reached somewhat over the ecosystem
under study. As the main wind direction was from south western directions, a
small fraction of the measured fluxes originated from the neighboring field.
In this field, peat cutting had happened before, but it was not yet in the re-
wetting and restoration process. We assume that the very small flux con-
tributions from this field are statistically negligible, and the measured total
fluxes are representative for the restored ecosystem of interest. During un-
stable stratification (zL™! < — 0.2) the footprint was constrained closer to the
EC tower, so that the 90% contribution contour line for individual half-hour
time periods was always well within the ecosystem. A few further exceptions
occur within a small sector from north-northeastern direction. Taking the
entire study period into account, there were only few cases when the wind
originated from the northeast or east-northeast. The contribution of fluxes
from footprint sections beyond the ecosystem under study are minor.

2017

3.3. Comparison of CO,, N,0, CH, Fluxes Late 2016 With Those Late

The months June to December were covered by measurements both in 2016
and 2017, which allows a direct comparison of these periods with each other

(Figure 4). For N, O, the monthly mean fluxes were extremely small both in
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Figure 4. Mean monthly flux of CO,, CH,, N,O (see discussion in Section 3.3), and O, (see discussion in Section 3.4.3)
during the months June to December in 2016 (dashed lines) and 2017 (solid lines). Note the different unit magnitudes given
in legend at the bottom.

2016 and 2017, ranging from —0.05 nmol m~2 s~! (September 2017) to +0.27 nmol m~2 s~! (September 2016). In
the months April, June, and October 2017, Fx,o was not significant different from zero. Differences between the
seasons (summer vs. winter) were not observed.

The monthly Fcp, in 2016 (Figure 4, dashed orange line) started in June 2016 with 36 nmol m~2s~! and continu-
ously increased up to 44 nmol m~2 s~! in August. From then on, Fcp, decreased to a minimum of 6 nmol m=2 s~!
in December. In 2017 (Figure 4, solid line), Fcp, generally showed the same pattern, but the monthly flux in June
to September was lower, by up to 13 nmol m~2 s~! (July). From October to December, there was no difference
between the years.

Due to photosynthetic CO, assimilation, the monthly Fcop, in 2016 was directed toward ground from June to
September, turning the ecosystem into a net sink of CO, and reaching a maximum flux of —2.4 pmol m=2s~!in
July. From October—December 2016, a positive Fco, of up to 0.9 pmol m~2s~! was observed. In contrast to 2016,
the 2017 Fco, was only negative from June to August. The mean fluxes during these months were significantly
lower than in 2016, reaching only a maximum of —1.3 pmol m~2 s~! (July). In September—December 2017, the
ecosystem was a net source for CO, with mean fluxes of up to 0.7 pmol m=2 s~!, which was slightly less than it
was in 2016.

To summarize here, for both CO, and CH, and the months from June to September, larger absolute fluxes were
observed in 2016 as compared to 2017. For Fco,, the meteorological observations give reasons for these findings
as the total sunshine duration (K |> 120 W m~2) during April, May and July—September 2016 exceeded the cor-
responding 2017 data by 19 (May) to 107 (September) hours. In summer 2016, more radiation lead to more pho-
tosynthesis and growth. Also, the LAI in 2016 slightly exceeded the 2017 LAI by 0.2 (July) to 0.6 (September).
Although the precipitation in 2016 was significantly lower (Figure 2), the water level ranged between 8 cm above
ground (June) to 11 cm below ground (late August). Thus, the availability of water was not a limiting factor for
the vegetation in June to August, when the greatest deviations of Fco, between the years were observed.

The small but significant difference of Fcp, in June through September in 2016 as compared to the same months
in 2017 might possibly be explained by T, which was higher in 2016 than in 2017. Higher soil temperatures
usually correlate with an increased microbial decay of organic matter and therefore intensify the process of
methanogenesis (e.g., Inglett et al., 2012; Whalen, 2005). For the month of October, no difference of Fcp, was
observed between the years 2016 and 2017. This is on the one hand surprizing, because differences in water
level, as observed in our case (—30 cm in 2016, +10 cm in 2017), have led to considerable differences of Fcp,
in several other studies (e.g., Waddington & Day, 2007; Wilson et al., 2009). On the other hand, Wilson, Farrell,
et al. (2016); Rinne et al. (2007); Jackowicz-Korczyriski et al. (2010) reported that the Fcy, did not change with
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water level changes (—18 cm vs. +20 cm) in a restored bog with Eriophorum
angustifolium cover. In our case, no information on the water content of the
unsaturated soil layer is available. Assuming that the soil moisture content is
high although the water level low, it is conceivable that no changes in Fcp,
were observed between the months of October in 2016 and 2017, respective-
ly. A more detailed analysis of the processes driving the flux of CH, will be
presented in a follow-up study.

3.4. Ozone Flux

In the following two subsections we first validate F;”" against F, OE3C to be sure
that the synthetic results are reliable. Secondly, we show and discuss the typ-

ical diurnal Fo, cycle.

® m =0.91
t=0.001
Spearman's p = 0.90 3.4.1. Validation of Synthetic Ozone Flux

RMSE = 1.75 nmol m 2 s . .
We compare the measured ozone fluxes F EC with the synthetic ozone flux

‘ ‘ ‘ ‘ Sf " for the time period when both methods yield synchronous data (6 June —

-2 -10 -8 -6 -4 -2 0 31 December, 2017). To ensure that EC data met the requirements of steady-

FEC [nmol m2%s™] state conditions and well-developed turbulence, only time periods with over-

all quality flag <6, after Foken et al. (2004), for F EC were considered. An

Figure 5. Synthetic ozone flux F;" against measured EC flux F7¢ for times orthogonal regression analysis (Figure 5) reveals a Very good agreement of

with overall quality flag <6 after Foken et al. (2004) between 6 J une and 31
December 2017. The solid line represents the orthogonal regression function,
while the dashed line follows f(x) = x.

the two methods. The Spearman's correlation coefficient p is 0.90, intercept
t ~# 0 and RMSE = 1.75 nmol m~2 s™!. The slope (m = 0.91) is 9% less than
the ideal slope of 1, that is, the synthetic ozone flux generally slightly under-
estimates the observed EC flux. The underestimation is larger for low fluxes,
especially during nighttime, and less for higher daytime fluxes. A total of
96% of F Sf " values agree with F, 0E3C within a factor of 2. The observed results are reliable and agree with the meth-
odological evaluation by Ducker et al. (2018).

3.4.2. Diurnal Ozone Flux

The EC O, flux exhibits a diurnal cycle with the lowest deposition fluxes happening during the night hours.
For example, the median hourly flux in July 2017 (Figure 6, top panel), was F£¢ ~ —1.5 nmol m~2 s~ between
22 and 05 hr. After sunrise, from 6:00 on, F EC continuosly increased in magmtude up to —6.9 nmol m~2 s~ ! at
13:00. In the following hours F, Ec remamed at this flux rate until 17:00 before decreasing again until 23:00,
when Fj EC = _1.5 nmol m~2 57! The observed O, flux correlated with the O, mixing ratio (Figure 6, bottom
panel), Wthh was lowest (<20 ppb) during night time, when it decreased and reached its minimum in the early
morning before sunrise. The maximum O, mixing ratio (40 ppb) was observed during late afternoon. Within the
conceptional framework of Equation 1, the diurnal variations of the ozone deposition flux are controlled not only
by the O, mixing ratio but also by v,. During nighttime, v, < 0.1 cm s~! both during the cold and warm seasons.
In summer, for example, in July 2017, the daytime v, reached maxima around 0.45 cm s~! (Figure 6, top panel,
turquoise), supporting a higher Fo, toward ground.

The observed diurnal cycles of both O, flux and mixing ratio can be explained by 4 primary processes: (a)
near-surface O, mixing ratios are low during the nights. Ongoing deposition leads to a decrease of O, in the
near-surface air. At the same time, a stable stratification and low turbulence (x*) prevent any mixing of ozone
from the residual layer during the nights. (b) With sunrise and developing turbulence, O, from previously decou-
pled layers, that is, the residual layer, is mixed downwards. (c) O, is produced through photochemical processing
during the day. Consequently, Fo, increases both due to higher O; mixing ratio and (d) a higher v, triggered by
developing turbulence. Due to weakening turbulence, increasing stomatal resistance and decreasing O, concen-
tration, Fo, decreases in the evening. Besides u*-driven effects, the larger v, results from daytime contribution of
stomatal uptake by the vegetation (e.g., EI-Madany et al., 2017; Fuhrer & Booker, 2003; Guidi et al., 2001). The
observed diurnal summer O, flux is in very good agreement with El-Madany et al. (2017), who investigated F, OEf
in the Mittleres Wietingsmoor, a rewetted raised bog 20 km north-northwestern from Uchte.
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Figure 6. Top panel: median hourly F;" (black) and F £C (gray) in July 2017. The turquoise colored triangles denote the
median v,. Bottom panel: correspondmg median ozone mrxmg ratio obtained by the Ecophysics CLD 88 O, (gray) and the
synthetic dataset based on the regression models on the LUN data (black). Bars denote lower and upper quartlles

The measured and modeled ozone fluxes F, EC and F,)", agree well with each other. In particular, the diurnal
course of the synthetic flux followed the measured flux As mentioned in Section 3.4.1 above, Fy, V" underesti-
mated F EC somewhat during nighttime, when the fluxes were small. The high daytime flux toward ground was
modeled Very well, in this case F) "~ FEC. Note, that F," always used the modeled O, concentration based on
the LUN data, which also showed a very good agreement to the data measured in Uchte (Figure 6, bottom panel).

During the warm season, the observed diurnal variability of the O, flux was substantially larger than during the
cold season. For example, in December 2017, both F,”" and F£€ did not exceed —2 nmol m~2 s~! during the entire
day. In this month, the maximum difference between daytrme and nighttime flux was only about 0.6 nmol m~

s~!. The O, concentration in December 2017 was about 20 ppb without any significant variations during the day.
The seasonal cycle of O, was not caused by fluctuations of either y or v,, but by a combination of both. In the
winter months (December to February), both variables are small (0.03 < v | < 0.10 cm s~! and y < 22 ppb). In the
summer months (June to August) both variables reach their maxima (0.12 < lv,] < 0.26 cm s™! and 22 < y < 32
ppb) in median.

3.4.3. Comparison of the Ozone Flux Late 2016 With Late 2017

The synthetic O, flux was calculated both for 2016 and 2017, which allows a direct comparison of the variability
of Fj’ " between the two years. The mean monthly F}’"in 2016 (Figure 4, dashed purple line) was largest in early
summer with a maximum of (-3.6 nmol m~2s7 ) in July, became lower (—2.7 nmol m~2 s~!) in August and Sep-
tember, and decreased to — 0.6 nmol m~2 s~! in December. In 2017 (Figure 4, solid purple line) the pattern was
similar, but the maximum (—3.7 nmol m~2 s~!) was already reached in June, followed by a decreasing F}’" until
December. In July, August, September 2017 F " was significantly lower than in 2016. In the other months there
was no significant difference between the years

While F " did not differ from October to December between the two years, the results reveal a slightly larger ab-

solute Fy o in July—September 2016, compared to 2017. The two general explanatory variables of the ozone flux
are v, and  (see previous Section 3.4.2). From June to August the monthly median y did not show substantial dif-
ferences between the two years, but in September (23 ppb in 2016, 17 ppb in 2017). The median monthly v, was
0.25 cm s~! both in June 2016 and 2017. From July to September, v, was always by about 0.02 cm s~! (September)
t0 0.09 cm s~! (July) greater in 2016, compared to 2017. Thus, it is likely that the same reasons that led to a larger
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Figure 7. Monthly mean flux of the greenhouse gases in 2017. Note, that the unit magnitude and axis scaling differs between
the fluxes.

Fco, (as discussed in Section 3.3) were responsible for the larger v, and therefore a larger absolute F,;”". Higher
photosynthetic rates likely led to a larger stomatal uptake of O, in 2016 as compared to 2017. In September 2016
the absolute F," was also larger than in 2017, although the difference in v, between the two years was quite small.
In this case, the Ay = +6 ppb in 2016, compared to 2017, could explain the larger absolute F,, o

3.5. Yearly GHG Flux Pattern in 2017

The availability of GHG flux measurements for the entire year 2017 allows a description and discussion of their
seasonal cycle (Figure 7). Fy,o was very low and ranged from —0.05 to +0.22 nmol m~* s™' during the entire year,
independent of the season. In the months April, June, and October 2017 Fy,o was not significant different from
zero. Fco, was positive from January to April and September to December with values up to 0.73 gmol m= s™' in
November. During these months, the net ecosystem exchange was primarily driven by respiration. Due to prima-
ry production (photosynthesis) as major driver, Fco, was directed toward the ecosystem from May to August and
reached a maximum negative mean flux of —1.3 pmol m=2 s~' in July. Fcp, was always positive with a monthly
mean around 6 pmol m=2 s~' from January to April. From May, Fc, continuously increased up to 39 pmol m=2 s~
in August. From then on, Fcp, continuously decreased to 8 pmol m= s~! in December. The yearly Fo, cycle started
with —0.5 nmol m~2 s~ in January, reached its absolute maximum of —3.7 nmol m~2 s~! in June, and then declined to
—0.8 nmol m~2 s~! in December.

3.6. Climate Budget for 2017

The main focus of this study was on the global warming balance of the rewetted bog ecosystem. First, we show and
discuss the widely used standard balance, which includes CO,, CH, and N,O. In the second subsection we add O,.

3.6.1. Standard Balance: CO,, CH,, N,O

In 2017, the accumulated fluxes of each CH,, N,O, but also CO,, reached a positive yearly sum (Figure 8).
The positive CO, balance of +72 + 9 g CO, m~2 a~! shows that the ecosystem respiration turned out to be
stronger then the sequestration of C by photosynthesis. The annual total contribution of Fy,o was +89 + 33 mg
N,O-N m~2a~!, which equals +38 + 16 g CO,-equiv m~2a~!. While Fy,o contributes less to the total balance, the
greatest emission of CO,-equiv was caused by Fcp, = +6.5 + 1.3 g CH,-C m~2 a~!, which equals +390 + 120 g
CO,-equiv m~2 a~!. Considering the contributions of CH, (78%), CO, (14%), and N,O (8%), the total annual
balance in 2017 summed up to +500 + 120 g CO,-equiv m=2 a~.
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Figure 8. Cumulative balance of CO,, CH, and N,O fluxes, expressed in g CO,-equiv m~2. The uncertainty (see Section 2.7)
is denoted by error bars.

The balance clearly revealed that 18 years after rewetting, the study site still acted as net source of CO,-equiv. of
the “standard” greenhouse gases. The site is, to a large extent, dominated by CH,. This is in accordance with the
first phase of the 3-phases-after-reflooding concept suggested by Augustin and Joosten (2007): in the first years
after rewetting, Fco, generally decreases (e.g., Tuittila et al., 1999; Waddington et al., 2010), while Fcp, generally
increases (e.g., Waddington & Day, 2007). Fy, 0 is in the same time most likely to decrease rapidly (e.g., Wilson
et al., 2013). During this first phase, the rewetted ecosystem might be populated by aerenchymatous tissue plant
species like Eriophorum spp., Molinia caerulea (e.g., Waddington & Day, 2007) as was also the case in our study
site at Uchte. These plants are known to provide an important pathway for CH, release under anoxic soil condi-
tions, where the plants directly act as a CH, conduit (Gray et al., 2013; Greenup et al., 2000; Strom et al., 2005).
A recent study from Ireland confirmed comparatively high CH, emissions (+14 g CH,-C m=2 a~!, 6 years after
rewetting) for a restored raised bog ecosystem dominated by Eriophorum angustifolium (Swenson et al., 2019).
Jordan et al. (2016) also observed a higher Fepy, for sites covered by Eriophorum spp. in comparison to sites with
less aerenchymatous tissue plant species in a formerly peat exctracted fen (Sweden) at soil surface water level,
15 years after rewetting. Brummell et al. (2017) found a smaller or even negative Fy,o during summer at a com-
parable rewetted bog with a high cover of vascular plants. This effect may additionally suppress the release of
N,O at our study site. In the overall context, we suggest that our study site is currently, 18 years after rewetting,
still in the first phase according to Augustin and Joosten (2007).

We hypothesize that the use of Bunkerde (Section 2.1) for fillingup the site before rewetting also might enhance
CH, emissions. As Bunkerde was the former bog surface layer including vegetation and peat, it was exposed to
oxygen before rewetting. Thus, the decay process of plant matter in this soil layer was already initiated, which
might enhance the decomposition of organic matter by methanogenesis after rewetting. Additionally, the Bun-
kerde introduced new labile organic matter as a major food source for methanogens into the ground. Even though
we cannot prove this hypothesis, Cooper et al. (2014), and Vanselow-Algan et al. (2015) also observed higher CH,
emissions from peatlands that had been filled with partly decayed plant matter before rewetting. We assume that
similar processes occur at our Uchte study site.

The second phase after reflooding (Augustin & Joosten, 2007) is characterized by a change in plant species, with
a decreasing percentage of aerenchymatous vegetation and increasing percentage of mosses (Sphagnum spp.), as
well as other primary peatland species (Augustin & Joosten, 2007; Bain et al., 2011). In this phase, emissions of
CH, strongly decrease, likely turning the ecosystem into a GHG sink or at least leading to a zero GHG balance. The
current state of our site with Sphagnum cuspidatum appearing in patches and Eriophorum vaginatum as primary
pioneer species is already a positive sign: based on practical experience from other NW German peatlands we
know that the occurrence and spread of hummock-forming Sphagnum species could be expected about 30—40 years
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Figure 9. Cumulative balance of the O, flux (purple), which has a cooling effect on the total cumulative GHG balance
(black) over a SGWP time horizon of 100 years. Without considering the cooling effect of O,, the total cumulative GHG
balance would be higher (blue). All values are expressed in g CO,-equiv m~2. The uncertainty (see Section 2.7) is denoted by
error bars.

after rewetting. Based on that finding it might be hypothesized that the study site will turn to the second phase
after Augustin and Joosten (2007) within the next two decades. Note that, with the current knowledge, any kind of
prediction remains difficult if not speculative. For N/NW German raised bog peat extraction sites, 30 years after
rewetting, two studies resulted in a large range of observed GHG balances: (a) for two subsequent years at a site
dominated by Eriophorum angustifolium, Molinia caerulea, and Sphagnum cuspidatum, Beyer and Hoper (2015)
observed an annual balance of +0.25 + 0.48 kg CO,-equiv m~2a~!in 2010 and +1.23 + 0.45 kg CO,-equiv m—a~!
in 2011. (b) In another restored bog in N Germany, for three restoration sites with different dominating vegetations
(ericaceous shrubs, Sphagnum spp., Molinia caerulea) and different water levels, Vanselow-Algan et al. (2015) re-
ported extremely high balances of minimum +3.2 = 0.7 kg CO,-equiv m~2 a~!, where CH, contributed >89% to the
total balance. Compared to these high balances, our study site has a substantially lower warming impact on climate.

The comparison of these results with ours leads to two key findings: (a) the emissions from the Uchte site seem
to be within the typical range for this kind of rewetted raised bog (Beyer & Hoper, 2015) in its first phase of
rewetting. (b) We observed emissions of CH, that may have been partly caused by the input of Bunkerde into
the site before re-wetting. However, the CH, emissions are much less than those observed by Vanselow-Algan
et al. (2015) at a similar site after application of Bunkerde.

To address the current yearly net impact of the performed land use change on global warming, we compare the
net GHG balance of our restored site with that of a reference site that has not undergone any restoration so far. As
there is no reference flux data available from our site before the restoration started, we use the (IPCC, 2014) emis-
sion factors, which were recently updated by (Wilson, Blain, & Couwenberg, 2016). Accepting that a temperate
peatland drained for peat extraction has an emission factor (CO,, CH,, N,O, converted from GWP to SGWP) of
+1.2 kg CO,-equiv m~2 a~! as reference, our site emitted less GHG by 0.7 kg CO,-equiv m~2 a~!. This finding
implies that due to the restoration process the yearly GHG emissions are lower than they would have been if
restoration had not started 18 years ago.

3.6.2. Extended Balance Including O,

The total 2017 O, flux summed up to FS;"’ =-2.6 + 0.3g0,m2a"!, whichequals —77 + 19 g CO,-equivm=—2a~!
(Figure 9). Thus the annual O, balance has a cooling effect on the total GHG balance over a GWP time horizon
of 100 years. Summing up over all GHG (CO,, CH,, N,O, O,) yields a total 2017 balance of +430 + 120 g CO,-
equivm2a-!
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As we found in Section 3.4.2 that nighttime O, fluxes were slightly underestimated, the annual O, balance could
thus be slightly higher than estimated here. However, this does not change the overall finding that the restored
cut-over raised bog is still a net source of GHG in terms of CO,-equivalents. The cooling effect of the O, deposi-
tion flux has an impact on the GHG balance based on the SGWP metric. For extreme short-lived climate forcers,
like O, the SGWP metrics has shortcomings to be considered. It assumes a global distribution of the GHG being
uniform or varying only moderately (Pierrehumbert, 2014). This assumption is fulfilled for GHG like CO,, or
N,O, whose lifetimes are much longer than the mixing time of the atmosphere. Due to their very short lifetimes,
short-lived climate forcers (SLCF) such as O, are usually not well mixed, which weakens the reliability of the
estimates of their long-term radiative forcing and SGWP values (Pierrehumbert, 2014).

Due to the uncertainty introduced by the methodological shortcomings of accounting for the warming impact
of O, as an extreme SLCF, the question of the quantitative effect of O, on the climate impact of study site over
a time horizon of 100 years cannot be answered unambiguously. Tropospheric O, is an important greenhouse
gas (Myhre et al., 2013). If there are no changes both of the ozone production from its precursors and of the
deposition rate, the long-term O, concentration would remain constant. The IPCC emission scenarios (Collins
et al., 2013) show that only in the most optimistic case (RCP 2.6) does the future O, concentration decrease in
Europe. In all other RCPs, O, will remain at current levels or even increase (Eyring et al., 2013). In the case of
rising O, background concentrations, the O, deposition flux would also increase. Additionally, with rising air
temperature and a longer growing season due to global warming, stomatal O, uptake could occur over a longer
period within a year (Anav et al., 2019; Hayes et al., 2019). In consequence, both effects might lead to an in-
creased deposition rate, implicating a cooling effect on climate. At the same time, an increasing O, background
concentration might also cause structural and physiological plant damage (Rinnan, 2004), which could reduce
C uptake by gross primary production (Oliver et al., 2018) and lower CH, emissions through plant-mediated/
aerenchymatous transport. Note that the effective impact of increased O, background concentration on CO, and
CH, fluxes in peatland ecosystems has rarely been estimated and could be rather small (Haapala et al., 2011; Toet
et al., 2017; Williamson et al., 2016).

A comparison of the hypothetical O, balance before with the measured O, balance 18 years after rewetting
remains challenging as studies of ozone deposition over baer (degraded) peat soil still do not exist (Clifton
et al., 2020). We may postulate that the site just consisted of baer soil without plants before restoration. In this
case there is neither stomatal deposition nor cuticlar uptake, and deposition to the baer soil remains as the only O,
sink. This might lead to a somewhat smaller v, and Fp, before restoration. However, it is known that v, without
vegetation is not necessarily less than with vegetation (Stella, Loubet, et al., 2011; Stella et al., 2013), and thus
the difference in Fo, before and after restoration could be rather small or even neglegible.

4. Conclusions

Fluxes of the five most important GHG were measured at a rewetted cut-over raised bog in NW Germany,
18 years after rewetting. Summing up the annual emissions of CO,, CH,, and N,O in 2017 yields a balance of
+500 + 120 g CO,-equiv m~2 a~!. With a probability approaching 100%, the site was still a source of GHG in
terms of CO,-equivalents over a SGWP time horizon of 100 years. We suggest that the site is still in the first phase
after rewetting, during which CH, emissions rise. Based on the finding of an increasing abundance of Sphagnum
spp. within the dominating aerenchymatous plant species, we hypothesize that the site will turn to a sink within
the next two decades. The deposition flux of O, has a cooling effect of =77 + 19 g CO,-equiv m~2 a~!, yielding

a still positive balance of +430 + 120 g CO,-equiv m—2a~..

All balances reported in our study are based on the SGWP approach, while most studies in the past are based
on the traditional GWP approach. To complete the picture, we might assume the traditional GWPE)(I:4 =272

(non-fossil) and GWPII(\)%O = 273 (Forster et al., 2021). Then CH, contributed +237 + 75 g CO,-equiv m~2 a™!,
while the annual contribution of N,O was +38 + 20 g CO,-equiv m~2 a~!, which yields a GWP (100 years) bal-

ance of +347 + 78 g CO,-equiv m~2 a~! for CO,, CH,, and N,O in 2017.

Finally, 18 years after rewetting and assuming a zero baseline, the site is still a source of greenhouse gases, re-
gardless of the choice of eiter the GWP or the SGWP approach. The deposition of near-surface O, adds a cooling
effect. We estimated the impact of this contribution based on the SGWP metric. Note that there are shortcomings of
the SGWP metric when it comes to the inclusion of short-lived greenhouse gases (SLCF) into an overall balance.
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We trust that that we used the best possible approach to include SLCF gases such as O,. To our knowledge, this is
the first time that the annual O, deposition flux was obtained at a rewetted raised bog ecosystem.

In the perspective of a future increasing O, background concentration, another research topic arises: an increased
stomatal uptake of O, leads to structural and physiological damage of the vegetation. This might cause a decrease
in the uptake of CO,, but also a decrease of the emissions of CH,. We refrain from speculating of the combination
of these effects may lead to a net cooling or net warming impact on the global atmosphere.

In our study, a response of the CH, flux to changes in the water level was not observed. A general process-based
investigation of possible covariables driving the observed fluxes will be presented in a follow-up study, which
will further include additional CO,, CH,, and H,O fluxes from a second site nearby.

We emphasize that our study was based on the assumption of a zero baseline, that is, a comparison between our
rewetted peatland and an area with zero emissions. This is a widely used approach, and thus makes our results
comparable to GHG balance studies from other peatlands and ecosystems. However, the question arises of how
the properties of any alternative scenario may be alike: What would the situation be alike if the area had not been
rewetted? A comparison with the (IPCC, 2014) emission factor reveals that our yearly emissions from the rewet-
ted site are lower than those of a temperate peatland recently drained for peat extraction (Section 3.6.1). Note that
this comparison is nothing more than a rough estimate. In order to obtain reliable and high-quality data for such
a comparison, future studies should conduct simultaeneous flux measurements in one peatland at both a rewetted
area and an area still under peat harvesting. Then it will be possible to balance flux differences occurring due to
land use while not being affected by other effects such as local climate or weather.

For policy makers: First, 18 years after restoration, the peatland is still releasing more GHG than it takes up,
which makes it a GHG source. Nonetheless, it is likely that the yearly emissions are already lower than they
would have been if restoration had not started 18 years ago. Secondly, based on the positive development of the
vegetation, including mosses, we hypothesize that the annual emissions will continue decreasing over the next
decades. The rewetting of the site was a good decision in 1999, which helps to mitigate global warming and to
reduce the local carbon footprint today.

Data Availability Statement

The flux data is available on the European Fluxes Database Cluster, site code DE-UtM, http://www.europe-flux-
data.eu/home/site-details7id=DE-UtM.
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