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A B S T R A C T   

Drained agriculturally used peatlands are hotspots for greenhouse gas (GHG) emissions, especially carbon di
oxide (CO2) and nitrous oxide (N2O). To reduce GHG emissions and simultaneously maintain intensive grassland 
use, raising water levels by subsurface irrigation (SI) is controversially discussed. Both, intensive grassland use 
and installations of SI may require grassland renewal. We investigated an experimental intervention site (INT) (SI 
target water levels: -0.30 m) and a deeply drained reference site (REF), both intensive grassland on deep bog 
peat. After installation of the SI system, a mechanical grassland renewal took place at INT. At both sites, CO2 
(eddy covariance), N2O and methane (manual closed chamber technique) were measured. Additionally, soil 
water was analyzed for nitrogen species. Here, we report on the initial year of GHG measurements including 
grassland renewal and rising water levels. Overall, GHG emissions were strongly influenced by grassland renewal 
at INT. Despite progressively rising water levels, soil moisture in the upper centimeters was low and thus grass 
growth was slow, resulting in an almost complete loss of harvest. This resulted in a net ecosystem carbon balance 
(NECB) of 4.64 ± 1.03 t C ha− 1 containing only 0.57 ± 0.09 t C ha− 1 harvest at INT, while NECB at REF was 6.08 
± 1.74 t C ha− 1 including harvest from five grass cuts. Methane fluxes were negligible at both sites. Nitrous oxide 
emissions dominated the GHG balance at INT. With 144.5 ± 45.5 kg N2O–N ha–1 a–1

, they were much higher than 
at REF (3.9 ± 3.1 kg N2O–N ha–1 a–1) and any other values published so far. Peak fluxes occurred when nitrate 
concentrations in soil water were extremely high, soil moisture was increased, and vegetation development was 
struggling. This study highlights the risk of grassland renewals on peat soils regarding yield losses as well as high 
GHG emissions.   

1. Introduction 

Intact peatland ecosystems are efficient sinks of atmospheric carbon 
dioxide (CO2; Frolking et al., 2006; Frolking and Roulet, 2007). Under 
water-logged conditions peat is formed due to incomplete decomposi
tion of peat-forming vegetation, and thus carbon is stored for thousands 
of years (Loisel et al., 2014). It is well known that the water table depth, 
which is strongly correlated with soil moisture over longer observation 
periods and thus oxygen availability, has substantial effect on CO2 
emissions (Komulainen et al., 1999; Tiemeyer et al., 2016). Conse
quently, disturbance, e.g. by drainage to convert peatlands into agri
cultural land, turns them into strong emitters of CO2 because 
mineralization of the organic matter is triggered (Maljanen et al., 2010; 
Moore and Knowles, 1989). 

For European peatlands, Leppelt et al. (2014) estimated that 9–35% 

is used as grassland. In Germany, 97% of all organic soils are drained, 
with grassland being the main land-use type (53%; UBA, 2021). In
tensity of grassland use in Germany is strongly heterogeneous, ranging 
from low-intensity grassland managed for meadow birds to highly 
intensive use in dairy regions. Similar to Germany, peatlands are 
important for dairy farming in the Netherlands. There is also widespread 
grassland use in the UK and Ireland, while in many other European re
gions, croplands or forestry dominate. Overall, drained organic soils in 
the EU are estimated to emit annually about 220 Mt of CO2-eq., which 
comprises 5% of total EU emissions (Tanneberger et al., 2021). 

Generally, CO2 is the most important of all greenhouse gasses (GHG) 
for grassland on organic soils (IPCC, 2014; Tiemeyer et al., 2016; UBA, 
2021). Carbon dioxide emissions frequently increase with decreasing 
water levels (Evans et al., 2021) although there is indication from lab
oratory studies that highest respiration rates might occur at 
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intermediate soil moisture (Kechavarzi et al., 2010; Säurich et al., 2019). 
Intensity of grassland use, especially the nutrient supply by fertilization, 
might also play an important role. Nutrient availability influences mi
crobial activity and can increase heterotrophic respiration, but studies 
have so far mainly been restricted to the laboratory scale (Kechavarzi 
et al., 2010; Larmola et al., 2013; Säurich et al., 2019). 

The second most important GHG emitted from agriculturally used 
peatlands is nitrous oxide (N2O; IPCC, 2014; Leppelt et al., 2014; Tie
meyer et al., 2016; UBA, 2021). Dutch and German intensively managed 
grassland and cropland on organic soils belong to the strongest N2O 
emitters in European agriculture (Leppelt et al., 2014). One main reason 
for these N2O emissions is a high availability of nitrogen (Repo et al., 
2009), especially nitrate. In intensively agriculturally managed peat
lands high amounts of nitrate are added through fertilization, however 
mineralization and nitrification caused by aeration of the peat 
contribute, too. High nitrate concentrations in the pore water can lead to 
high denitrification rates which is the major pathway for N2O produc
tion (Butterbach-Bahl et al., 2013; Firestone and Davidson, 1989; Wra
ge-Mönnig et al., 2018). Prerequisite for denitrification is a soil moisture 
regime close to saturation corresponding to an intermediate and/or a 
fluctuating water level (Smith et al., 1998; Tiemeyer et al., 2016; 
Weslien et al., 2009). The final step of denitrification, i.e. reduction of 
N2O to N2, is pH sensitive (Richardson et al., 2009; Simek and Cooper, 
2002) and reported to be hampered by low pH values (van den Heuvel 
et al., 2011). Low pH values are typical for bog peat, but literature is still 
inconclusive on the importance of pH values for N2O emissions (Lii
matainen et al., 2018), probably as many factors interact. 

Especially at intensively used grasslands, management measures are 
regularly taken to improve the species composition, yields, or, in case of 
peat soils, to level surface roughness caused by subsidence. Measures 
may range from resowing while keeping the entire old grass sward or 
parts of it to completely destroying the old grass sward by chemical or 
physical methods (Kayser et al., 2018). In this study, the term “grassland 
renewal” is used and defined as the mechanical destruction of the entire 
old sward and resowing of the grass. This belongs to the strongest in
terventions in a grassland ecosystem with the highest disturbance of the 
soil and the highest risks of yield losses (Kayser et al., 2018). However, 
this is the only method which allows for leveling surface roughness. Due 
to spatially heterogenous subsidence of the peat body, leveling surface 
roughness from time to time is important for farmers managing grass
land on peat. Grassland renewal is limited by European nature conser
vation legislation and direct payment regulations under the Common 
Agricultural Policy, but often allowed upon application when necessary 
for agronomic reasons. With the exception of one study on N2O only 
(Buchen et al., 2017), there is no data on the effects of grassland renewal 
on GHG emissions on peatlands or other organic soils. For mineral soils, 
a temporary switch from CO2 sink to source is frequently reported 
(Ammann et al., 2020; Merbold et al., 2014; Rutledge et al., 2017). 

High mineralization rates of soil organic matter in form of the old 
milled grass sward in course of a mechanical grassland renewal also 
cause the release of nitrogen (Ammann et al., 2020). This seems to be 
particularly important for mineral soils with low amounts of organic 
matter, but might also be relevant for peat soil, because the younger 
organic matter of the grass sward probably is easier to break down than 
the peat itself (Bader et al., 2017). Higher nitrogen concentrations in the 
soil pore water after grassland renewal (Buchen et al., 2017; Velthof 
et al., 2010) might stimulate N2O emissions, which has been shown in 
several studies (Ammann et al., 2020; Krol et al., 2016; Merbold et al., 
2014; Velthof et al., 2010) mostly restricted to mineral soils. However, 
in the above-mentioned study of Buchen et al. (2017) on a Histic 
Gleysol, only short time responses but no impact on the annual N2O 
balance was found. 

Rewetting peatlands for ecosystem restoration is a well-proven 
method to reduce GHG emissions (IPCC, 2014; Wilson et al., 2016). 
However, a transformation of conventional agriculturally used peat
lands towards near-natural conditions is incompatible with dairy 

farming, especially in regions with a high share of organic soils and thus 
limited alternative options for fodder production. As long as alternatives 
for a steady and stable income are not fully developed, taking all peat
lands out of agricultural use in the next years or decades is not feasible. 
Therefore, there is a strong demand for other options taking the needs of 
farmers into account with regard to productive agricultural land use, but 
also the urgent need to reduce GHG emissions. Subsurface irrigation (SI; 
also known as: reverse drainage, submerged irrigation, sub-soil irriga
tion, submerged drains) has been proposed as a method to achieve 
higher water levels while keeping an intensive agricultural management 
(e.g. van den Akker et al., 2012). Narrow-spaced drains are combined 
with high water levels in ditches, which might be supplemented by 
groundwater to keep the water table in the peat relatively high in 
summer, but to ensure drainage in winter and spring (den Hartogh, 
2014). The installation of the drains is a major intervention and might 
thus require grassland renewal or at least resowing afterwards. 

Despite being tested for decades (Harris et al., 1962; den Hartogh, 
2014), only two field studies with actual GHG measurements on SI sites 
have been published so far. Weideveld et al. (2021) could not show any 
clear effect of SI on CO2, methane (CH4) or N2O emissions. However, 
yearly average water levels were not raised at all and average summer 
water levels were only slightly higher (0.11 m) than at the control sites. 
Boonman et al. (2021), though, were able to implement substantially 
higher water levels. Accordingly, SI resulted in lower CO2 emissions but 
also went along with a slight reduction of harvested biomass. Neither 
N2O nor CH4 were included in their study. These results stress the 
importance of further investigations on SI sites where high water levels 
could be achieved and all major GHGs are measured. 

Our project is the first field-scale study focusing on the evaluation of 
the effects of subsurface irrigation on greenhouse gas emissions from a 
peatland under intensive grassland management. We are using the eddy 
covariance (EC) technique for CO2 and manual chamber measurements 
for N2O and CH4, accompanied by soil water sampling. Due to instal
lation of the subsurface irrigation system, grassland renewal was 
necessary at the site (INT). Thus, the initial year of the project was 
dominated by the impact of strong interventions regarding installation 
of the SI system and grassland renewal measures, while target water 
levels (− 0.30 m) were only reached after several months. A second 
deeply drained grassland site under regionally typical management for 
dairy farming serves as reference site (REF). In this study, we investi
gated the combined effect of grassland renewal and subsequently raised 
water levels on CO2, CH4 and N2O emissions as well as on dissolved 
nitrogen concentrations during one year after grassland renewal. 

2. Material and methods 

2.1. Study sites and management 

We investigated two sites, which have been used as permanent 
grassland for fodder production over at least the last 30 years within the 
bog complex “Gnarrenburger Moor” (North-West Germany), with less 
than 5 km distance to each other. Both sites were intensively managed in 
the past with 4 to 5 cuts each year, accompanied by high N fertilization 
rates. The bog complex is located in an intensively managed dairy region 
and about 80% of its area is nowadays used as grassland. The climate is 
temperate-oceanic with annual precipitation of 779 mm and mean 
annual temperature of 9.1 ◦C (1961–2020; German Meteorological 
Service, Bremervörde). 

2.1.1. Water management 
The reference (REF) site (53◦24′ N 9◦05′ E) is deeply drained with a 

drain spacing of 8 m and a drainage depth of about 0.7 m. Each drain 
pipe discharges into deep ditches at the edges of the field. 

At the experimental intervention (INT) site (53◦22′ N 9◦03′ E) a 
pressurized subsurface irrigation system was installed. “Pressurized” 
means that the hydraulic gradient is controlled via the water level in a 
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manhole. Therefore, higher hydraulic heads can be used than with 
subsurface irrigation from ditches, where the head is limited by the 
lowest part of the ditch banks. The target water level was 0.30 m below 
soil surface. Drain pipes (4 m spacing) were placed in a depth of 1 m in 
December 2018. During this process, the existing deeper and wider 
spaced drain pipes were destroyed. A groundwater well was drilled in 
March 2019 and equipped with a pump (Lorentz PS2 600 CS-J, max. 
pump rate: 7.2 m3 h− 1, Henstedt-Ulzburg, Germany) for the water 
supply using solar power. The pump is controlled by water level sensors 
in the central manholes and operated from 26.04.2019 to 26.09.2019. 
The site is divided into three irrigation fields, because the surface 
elevation is slightly different between these fields. As the water level 
could be controlled separately for the three irrigation fields, it was 
possible to apply a homogenous water level depth for the entire site 
(Fig. 1). The irrigation follows a cascade system: Irrigation field 1 is 
filled with water first, followed by field 2 and 3. The pressure in each 
level is controlled by individual overflow pipes in central manholes, 
while the outlet is also regulated by a flashboard riser. The outlet was 
closed directly after the grassland renewal (26.04.2019) and opened 
permanently from 30.09.2019 on, thus excess water in the winter period 
was released through the main drain pipe into the adjacent ditch. 

2.1.2. Grassland renewal and management 
Grassland renewal was conducted at the INT site, as the sward was 

damaged by the placement of the drain pipes. Furthermore, in the course 
of the renewal the surface was leveled with the intention to implement 
the same water table depth within each irrigation field. An overview of 
the management including grassland renewal procedures at the INT site 
is shown in Fig. 2. In detail, the grassland renewal at the end of April 
2019 was done by cutting the grass, then milling the first 10–15 cm to 
destroy the old grass sward and leveling the field using a snowcat 
equipped with a leveling blade. However, the leveling helped only 
marginally to create a more even field, as standard deviation in micro 
relief was improved by only 1.5 cm (lowest point above sea level: 10.04 
m before leveling, 10.05 m after leveling; highest point above sea level: 
11.16 m before leveling and 10.87 m after leveling). 

After rolling, oat seeds (Avena sativa) as well as a grass seed mixture 
(53% Lolium perenne, 20% Festuca pratensis, 17% Phleum pratense, 10% 
Poa pratensis) were sown and rolling was conducted another two times to 
ensure good growing conditions. The oat was supposed to suppress 
unwanted weeds, as it grows faster than grass and can be used as fodder 
when harvested in an early stage. After a weak development of the grass- 
oat-mixture, unwanted weeds (abundant e.g. Polygonum persicaria, 
Stellaria media, Solanum nigrum; less abundant e.g. Cenopodium spp.) 

Fig. 1. Schematic illustration of the INT site (left) and a section of the REF site (right) with placement of chamber frames for chamber measurements (middle). Drone 
pictures were taken on 08.04.2020 (J.-P. Delorme, Thünen Institute). Inserted scales on the drone pictures serve as overall indication of the size of the study site and 
not for total distances between measurement equipment or drain pipes. 

Fig. 2. Illustration of management operations on the field (relating to EC source area for CO2 measurements) and in chamber frames (relating to N2O and CH4 
measurements with the chamber technique) at REF and INT. The greenhouse gas (GHG) balance year covers the observation period from 21.03.2019 to 20.03.2020. 
Besides milling the first measures at SI comprises all interventions of the initial grassland renewal including leveling. 
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became dominant in many parts of the field. Additionally, other parts 
remained bare and an unusually high mice population contributed to the 
failed grassland development. Consequently, the vegetation was cut and 
the grassland renewal measures were repeated with milling, rolling and 
sowing, but without oat seed application or leveling in July 2019. 

Meanwhile, the REF site was regularly managed with five harvests 
and application of organic and mineral fertilizer (Fig. 2). All operations 
on the field were manually performed inside the frames of the chamber 
plots. 

2.1.3. Vegetation height, biomass export and fertilization 
To get information about vegetation development on field scale, 

representative for the EC footprints, we measured vegetation heights 
every second week and directly before each harvest. Therefore, 16 
randomly distributed points at the REF site and 48 points (16 per irri
gation field) at the INT site were used, due to much more heterogeneous 
growth. For measurements we used a folding rule (5 points within 0.25 
m2 plots; April 2019 to November 2019) and a plate meter (0.25 m2; 
November 2019 to April 2020; Op de Beek et al., 2017). In case of the 
frames for chamber measurements, we additionally measured the 
vegetation height during each chamber campaign. 

At the REF site, we took four randomly distributed biomass samples 
(0.5 × 0.5 m) inside the EC footprint just before each harvest. Simul
taneously, the grass inside the frames used for chamber measurements 
was harvested. All biomass samples were dried at 60 ◦C until mass 
equilibrium to get the dry matter weights (DM). We calculated the mean 
of all taken samples (field and plots) and used standard error of the mean 
as uncertainty. For the uncertainty of the total annual harvest at the REF 
site we used error propagation. 

At the INT site no regular harvest took place. Before the second 
grassland renewal in July the farmer mowed the field but only collected 
grass and oat plants from areas with low weed abundance and thus 
adequate fodder quality. Due to the very selective removal of biomass, 
we could not use the same method to estimate the biomass export as at 
the REF site. The farmer indicated the amount of harvested fresh matter 
(estimated number and weight of trailer loads) from which we estimated 
DM using a mean water content. Uncertainty is given by the standard 
deviation of the range of collected matter the farmer estimated for us. 

Dried field samples taken briefly before each harvest were pooled for 
each site and analyzed for carbon (C) concentrations (TruMac CN, LECO 
Corporation, St. Joseph, Michigan, USA) to derive the amount of 
exported C with the calculated DM and its uncertainties. 

Carbon input into the ecosystem from organic fertilization (only 
REF) was calculated from the amount of cattle slurry the farmer applied 
and the analysed concentration of total organic C (VDLUFA, 2011). 
While nitrogen (N), phosphorus (P), and potassium (K) inputs from 
mineral fertilizer were taken from the manufacturer’s declaration, the 
respective content in organic fertilizer was analysed in the cattle slurry 
(N: Landwirtschaftliche Untersuchungs- und Forschungsanstalt, LUFA 
Nord-West in-house method for total N analysis using near-infrared 
spectroscopy, P and K: DIN EN ISO 11885:2009–09). Total nutrient 
amounts in applied fertilizer were 230.3 kg N ha− 1, 15.4 kg P ha− 1, and 
104.1 kg K ha− 1 at REF and 64.8 kg N ha− 1, 8.8 kg P ha− 1, and 70.1 kg K 
ha− 1 at INT. 

2.2. Measurement and calculation of GHG fluxes 

We used EC systems for measurements of CO2 at the field scale. For 
N2O and CH4 we used the chamber technique (Fig. 1). We report the 
GHG balance from 21.03.2019 to 20.03.2020 and use the atmospheric 
sign convention, i.e. fluxes with a negative sign are defined as uptake by 
the ecosystem while positive numbers indicate emissions. Calculations 
of raw CO2 fluxes were done using the processing software EddyPro 
(7.0.4. LI-COR Environmental, Lincoln, NE, USA). All further calcula
tions and data handling of half hourly CO2 fluxes as well as all N2O and 
CH4 flux calculations were done using the R language (R Core Team, 

2020). 

2.2.1. CO2 and meteorological measurement systems 
Two identical EC setups were placed at the two study sites. The 

system at the INT site was powered by solar panels and batteries con
nected to a generator as backup in periods with low solar radiation in 
winter. The system of the REF site was connected to the public power 
grid. The measurement height of the Sonic Anemometer (HS-50, Gill, 
Hampshire, UK) was 2.5 m at both sites. Carbon dioxide concentrations 
were measured with a LI-7200/RS enclosed path infrared analyzer (LI- 
COR Environmental, Lincoln, NE, USA) connected to a short heated 
stainless steel pipe with the inlet closely mounted next to the 
anemometer transducers. The acquisition rate was 10 Hz. A net radi
ometer (model CNR4, Kipp & Zonen B.V., Delft, the Netherlands) was 
used for radiation measurements (global radiation (Rg)) and a Vaisala 
HMP155A/E sensor (Vaisala, Vantaa, Finland) for air temperature. Air 
pressure was measured with a Vaisala PTB110 sensor (Vaisala, Vantaa, 
Finland) at the REF site. Soil temperature was measured with soil tem
perature profile probes (Th3-s, UMS AG, Munich, Germany) in two 
replicates close to the EC system at each site (used depth in this study: 5 
cm depth). Meteorological data was recorded each minute with a 
CR3000 (Campbell Scientific Ltd., Logan, UT, USA) logger. 

2.2.2. CO2 flux calculation 

2.2.2.1. Raw data processing. We used EddyPro to calculate half-hourly 
fluxes of CO2 from high frequency raw data. Table 1 shows standardized 
and well-established processing and correction settings applied during 
flux calculation. 

2.2.2.2. Quality control of half-hourly CO2 fluxes. To ensure that tur
bulent and stationary conditions were given for each calculated half- 
hourly flux, the flagging policy of 0, 1, 2 after Mauder and Foken 
(2004) was applied. We only used data flagged as 0 (best quality) or 1 
(acceptable quality). We further discarded all half-hourly CO2 fluxes 
with a variance > 400 [-] calculated by EddyPro, subsequently repeated 
identical values for CO2 molar density or CO2 mixing ratio as this is a 
sign of erroneous data processing (R package openeddy, Šigut, 2021), 
and fluxes with an average signal strength of the LI-7200/RS < 75%. 
Friction velocity (u*) thresholds were estimated for each site to find 
periods with low turbulent mixing using the R package REddyProc 
(Wutzler et al., 2020) presented in Wutzler et al. (2018). Afterwards, all 
remaining negative nighttime NEE fluxes were rejected as plants fa
voring CAM photosynthesis could be excluded at our sites. 

Finally, half-hourly CO2 flux spikes were filtered, using a MAD 
(median of absolute deviation) based approach (Mauder et al., 2013; 
Papale et al., 2006). The dataset was divided into nighttime (Rg ≤ 10 W 
m− 2) and daytime fluxes (Rg > 10 W m− 2). We compared each value 
with its direct neighbors as: di = (vi − vi− 1) − (vi+1 − vi) for 13-day 
blocks of consecutive records. Block length was limited to < 13 days 
in the occurrence of either harvest or grassland renewal. Whenever vi− 1 

Table 1 
Settings in EddyPro (7.0.4. LI-COR Environmental, Lincoln, NE, USA) for flux 
calculation.  

Processing step Method used 

Axis rotation for tilt correction Double rotation (Wilczak et al., 2001) 
Detrending method Block average (Gash and Culf, 1996) 
Time lag detection and 

compensation 
Covariance maximization (LI-COR, 2022) 

Compensation for air density 
fluctuation 

Webb-Pearman-Leuning (Webb et al., 1980) 

Low frequency range 
correction 

Analytic correction of high-pass filtering effects ( 
Moncrieff et al., 2004) 

High frequency range Correction of low-pass filtering (Moncrieff et al., 
1997)  
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or vi+1 was missing, these values were replaced by the median of the 
data block. Additionally, at the beginning and end of each nighttime 
data block one daytime NEE value was added in order to calculate the di 
value for each half hour. Likewise, a nighttime NEE value was added at 
the beginning and end of each daytime data block. The MAD was 
calculated as MAD = median (|di − Md|) with Md being the median of the 
differences di. NEE was defined as spike whenever: di < Md −

( z*MAD
0.6745

)

or di > Md+
( z*MAD

0.6745
)
. We chose a z value of 7 which is one of the more 

conservatively used values and found 83 spikes for REF and 146 for INT. 

2.2.2.3. Gap filling. Short gaps up to one hour in air and soil tempera
ture and Rg were filled using linear interpolation. Longer periods of 
unavailable site data were filled with data from the other site using a 
linear regression for a short period just before and after the respective 
gap. Negative values for Rg were set to 0 W m− 2. 

To fill missing half-hourly CO2 fluxes (gap size INT: 32%, REF: 39%) 
with average CO2 fluxes occurring under similar meteorological condi
tions, we used a Look-Up table (REddyProc) with five variables and 
respective tolerances: Rg (5 W m-2), vapor pressure deficit (VPD; 5 hPa), 
soil temperature (2.5 ◦C), vegetation height (5 cm), and water level (10 
cm). We started with all five variables, left out one of them step by step 
(order: water level, soil temperature, VPD) and ran each step with 
different window sizes, always beginning with a window of 1 day and 
not exceeding a window size of 11 days. We could fill the major number 
of gaps using all five variables with a window size up to 3 days already 
(remaining gap size INT: 9%, REF: 4%) and remaining gaps were filled 
with larger window sizes and/or less variables. With the dataset free of 
gaps, annual NEE budgets could simply be calculated by summarizing all 
half-hourly fluxes. 

2.2.2.4. Partitioning NEE into GPP and Reco. The measured CO2 flux is 
assumed to represent the net ecosystem exchange (NEE) ignoring CO2 
storage in the air masses underneath the sensor height, plus horizontal 
and/or vertical advection (Aubinet et al., 1999) as these terms are either 
cancelling each other out when averaging over sufficiently long periods 
or cannot be measured with a single site tower. NEE is the difference 
between gross primary production (GPP), constituting carbon uptake 
through photosynthesis, and carbon release through respiration of the 
ecosystem (Reco). For partitioning NEE into GPP and Reco we used the 
nighttime method by Reichstein et al. (2005) implemented in REd
dyProc. Nighttime data were defined by Rg < 10 W m− 2. Gross primary 
production is calculated subsequently as Reco minus NEE. 

2.2.2.5. Uncertainty estimation. The EC sampling error is taken into 
account by calculating the random uncertainty after Finkelstein and 
Sims (2001). Additionally the bias error resulting from gap filling was 
accounted for by calculating the standard deviation of binned fluxes 
under similar meteorological conditions (Wutzler et al., 2018). 

For calculation of uncertainties for cumulative sums, we used error 
propagation for the half-hourly random error, when the respective flux 
was not filled and simply added the bias error when a flux was filled, 
following Moffat et al. (2007) and Lucas-Moffat et al. (2018). The last 
estimated error of the cumulative timeline was used as error for annual 
balances. 

2.2.2.6. Footprint analysis. Footprints of the EC systems were calculated 
for each site based on the whole observation period in order to check for 
the homogeneity of the source areas of the measured CO2 fluxes. We 
followed the approach of Kljun et al. (2015) using the calc_foot
print_FFP_climatology R function (https://footprint.kljun.net, last change 
in code: 25.03.2018). The approach is based on a two dimensional 
parametrization for flux footprint predictions using the Lagrangian 
stochastic particle dispersion model LPDM-B (Kljun et al., 2002). 

2.2.3. N2O and CH4 measurements 
Depending on season, on drained peatland sites the water table be

tween two drains has either a convex or concave shape. In order to cover 
the whole range of water table depths at both study sites, we placed 
three PVC frames directly on a drainage pipe and three frames in the 
middle between two drain pipes (Fig. 1). They were installed by cutting 
into the first centimeters of the peat and pushing them into the ground. 
With the exceptions of the first grassland renewal at the INT site, during 
which the frames were removed, they remained permanently at the field 
sites. All other management procedures the farmers conducted on the 
fields were imitated manually in each individual frame. 

We used opaque static ventilated and vented chambers (0.78 m x 
0.78 m x 0.50 m) in biweekly campaigns with additional measurements 
1, 3, and 7 days after soil tillage or fertilization. When fertilization was 
conducted only at one of the sites, the higher flux measurement fre
quency was applied at the other site as well. To ensure airtightness, 
chambers had rubber seals and were fastened to the frames with 4 
clamps each. During the campaigns, semiautomatic sampling devices 
were connected with tubes to the chambers. Five gas samples within 80 
min, with the first sample taken directly after placing the chamber on a 
frame, were taken (details in Oestmann et al., 2022). Concentrations of 
CO2, N2O and CH4 were determined by a gas chromatograph (GC-2014 
Gaschromatograph, Shimadzu, Kyoto, Japan). Samples with high N2O 
concentration (> 10 ppm) were additionally measured with a 7890A 
Gaschromatograph (Agilent, Santa Clara, CA, USA). 

2.2.4. N2O and CH4 flux calculation 

2.2.4.1. Quality check. Processing of measured gas concentrations and 
calculation of N2O and CH4 fluxes were conducted identically to Oest
mann et al. (2022). As CO2 uptake in opaque chambers is implausible, 
data points with CO2 concentrations more than 10 ppm lower than those 
of the previous sample point showed leakage or sample mix-up. The 
corresponding N2O and CH4 measurement of the same sample were 
omitted of further calculations. If two of the five samples of a chamber 
measurement were identified as outliers, the whole flux measurement 
was discarded. In the period from 17.04.2019 to 03.07.2019 (38% of the 
measurement campaigns) we observed occasional malfunctioning of the 
sampling devices (sometimes valves were not switching due to mois
ture), but otherwise robust and plausible concentration data, thereby 
allowing flux calculation based on only three gas samples. 

2.2.4.2. Flux calculation. Fluxes were calculated with robust linear (RL) 
or Hutchinson-Mosier regressions (HMR, Pedersen et al., 2010) using 
the R package gasfluxes (Fuß, 2020). The decision between RL and HMR 
was done based on the kappa.max approach as described in Hüppi et al. 
(2018), which accounts for bias and uncertainty depending on the ac
curacy of the GC measurement and the measurement time. In addition, 
calculated N2O and CH4 fluxes were discarded, if the CO2 flux of the 
same samples were less than 30% of the maximum CO2 flux of the other 
two replicates at the same measurement site. At the REF site N2O fluxes 
were calculated with RL in 88% and with HMR in 6% and CH4 fluxes 
with RL in 92% and with HMR in 2% of all cases. At the INT site N2O 
fluxes were calculated with RL in 52% and with HMR in 42% and CH4 
fluxes with RL in 93% and with HMR in 1% of all cases. No N2O and CH4 
flux could be calculated in 6% at both sites and for both gasses. 

2.2.4.3. Annual balance and uncertainty estimation. To estimate annual 
balances and their uncertainties of N2O and CH4 we used the same 
approach as in Oestmann et al. (2022) and Günther et al. (2015). We 
generated 2000 time series, randomly using one of the three replicates of 
a site for each measurement day. For each of the time series one mea
surement day was left out (jack-knife method) and the remaining mea
surements were used to calculate annual balances by linear 
interpolation. For each measurement site, the annual flux estimate is 
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given by the mean of the jack-knife means and the error by the mean of 
all jack-knife errors. 

2.2.5. Net ecosystem carbon and greenhouse gas balance 
The net ecosystem carbon balance (NECB) in t C ha− 1 a− 1 is calcu

lated as follows: NECB = NEE+ CH4 − Cin + Cout , with Cin being C input 
from seeds and fertilization and Cout the carbon exported via harvested 
material. For the annual GHG balance we converted N2O and CH4 to 
CO2-eq. with respect to their global warming potential compared to CO2 
within the next 100 years, which is 265 and 28, respectively (Myhre 
et al., 2013, IPCC Fifth Assessment Report). The total GHG balance in t 
CO2-eq. ha− 1 a− 1 was calculated using the following equation: GHG =
NEE+ 265 N2O+ 28 CH4 − Cin + Cout . Cin and Cout were converted to 
CO2. Fluvial losses of carbon are potentially an important component of 
the NECB, but their determination was beyond the scope of this study. 
Uncertainties for NECB and the GHG balance were calculated by error 
propagation. 

2.3. Soil hydro-meteorological data and peat properties 

2.3.1. Soil properties 
Close to the frames for chamber measurements, soil profiles were dug 

to characterize the horizons (Table 2). At the INT site both profiles were 
dug after the grassland renewal had already been conducted. Peat type 
and the degree of decomposition according to the von Post scale from H1 
(not decomposed) to H10 (highest degree of decomposition) were 
determined according to Ad-Hoc-AG Boden (2005) in the field. For 
physical and chemical analyses soil samples were taken to the lab and 
cooled (5 ◦C) until analyses. All peat profiles were classified as Ombric 
Drainic Fibric Histosols (Hyperorganic; IUSS Working Group WRB, 
2015) or “Normerdhochmoor” according to the German classification 
(Ad-Hoc-AG Boden, 2005). A more detailed comparison of the two 
profiles is presented in Section 3.1 Weather conditions and study sites. 

Mixed samples from each horizon were taken and homogenized with 
a knife mill (Knife Mill GRINDOMIX GM 300, Retsch® GmbH, Haan, 
Germany) before subsamples were taken for different analyses. One 
subsample was dried at 105 ◦C and milled for total C and N analysis via 
dry combustion (TruMac CN, LECO Corporation, St. Joseph, Michigan, 
USA). The easily available P and K contents were determined in a second 
subsample using a calcium acetate lactate extract following VDLUFA 
(2012). The concentrations in the filtered suspension were determined 
using an emission spectrometer with coupled plasma (ICP-OES, iCAP 

7400 Thermo Fisher Scientific, Waltham, Massachusetts, USA). A third 
subsample was extracted with a 0.01 mol L− 1 CaCl2 solution for subse
quent pH measurement following DIN ISO 10390:2005-12 (pH elec
trode: Blue Line 28 pH, SI Analytics, Mainz, Germany). 

Additionally, six undisturbed sampling rings were taken for calcu
lation of bulk density (BD) and saturated water content (equivalent to 
porosity (ϵ)) using dry mass and saturated weight, respectively. 

2.3.2. Water table depth 
We installed slotted PVC pipes with a continuously logging pressure 

sensor (Mini-Diver, Eijkelkamp Soil & Water, Giesbeek; the 
Netherlands) at the middle of each set of three frames for chamber 
measurements (Fig. 1). For atmospheric pressure corrections, we used 
the air pressure sensor at the REF site. The pipes were anchored in the 
underlying mineral substrate to avoid movements with the peat. To 
account for surface motion, we measured the distance between ground 
surface and the top of the dipwell twice a month, interpolated these 
values and used them to derive water table depths from the pressure 
data. 

Due to the simple drainage network design at the REF site, the whole 
range of water levels should be captured with these two monitoring 
wells directly at and in the middle between two drain pipes. Thus, the 
mean water level represents the average water level of the site. 

SI had different water management levels (Fig. 1), which – despite all 
efforts for a uniform water table depth across the whole field – showed 
some differences. Additional wells and pressure sensors (Rugged TROLL 
100, In-Situ, Fort Collins, CO, USA) were placed in 1 m distance to a 
drain pipe and thus should show an average water level for the 
respective part of the field. Combining the information from a digital 
elevation model, the daily mean water level depth in each irrigation 
field and the daily EC footprint analysis (see Section 2.2.2.6 Footprint 
analysis), we assigned an average water level to the source area of the EC 
fluxes. The elevation model was generated from surface measurements 
in May 2019 and March 2020 and an interpolation in between. 

2.3.3. Soil hydrology 
Additional to water levels we measured soil hydrological parameters. 

Tensiometers (T8, ecoTech Umwelt-Meßsysteme GmbH, Bonn, Ger
many) were placed next to a set of three frames between two drain pipes 
in 15, 30 and 50 cm depth at each site to measure suction of soil water. 

The dielectric constant was measured by capacitance sensors (GS3, 
Meter Group, Pullman, WA, USA), which were inserted from top into the 

Table 2 
Profile information at the sites for chamber measurements at the REF and INT site. Total peat depth at REF: > 240 cm and at INT: 322 cm. Horizon information of total 
nitrogen (TN), total carbon (TC) and their ratio (C:N), pH, phosphorus (P), potassium (K), bulk density (BD), and porosity (ϵ) are shown until a depth of 1 m. For BD and 
ϵ mean and ± standard deviations are calculated from six replicated samples.  

site location horizon depth peat type von Post TN TC C:N pH P K BD ϵ   
[cm]   [%] [%]   [mg cm− 3] [mg cm− 3] [g cm− 3] [cm3 cm− 3] 

REF between drains 0–5 amorphous peat H10 1.80 33.2 18.5 4.4 0.04 0.10 0.36 ± 0.03 0.87 ± 0.01   
5–22 Sphagnum peat H2 0.89 43.1 48.4 3.9 0.00 0.01 0.11 ± 0.00 0.95 ± 0.02   
22–43 Sphagnum peat H3 0.81 47.3 58.4 3.6 0.00 0.01 0.10 ± 0.00 0.96 ± 0.01   
43–63 Sphagnum peat H3 0.96 48.3 50.3 3.4 0.00 0.02 0.10 ± 0.01 0.96 ± 0.00   
63–68 Sphagnum peat H2 0.60 46.0 76.7 3.4 0.00 0.02 – –   
68–77 Sphagnum peat H6 0.98 49.2 50.2 3.4 0.00 0.02 0.11 ± 0.00 0.96 ± 0.01   
77–117 Sphagnum peat H4 0.83 48.2 58.0 3.5 0.00 0.02 0.08 ± 0.00 0.96 ± 0.00 

REF on a drain pipe 0–20 Sphagnum peat H5 0.60 45.2 75.3 3.7 0.00 0.02 0.12 ± 0.01 0.95 ± 0.00   
20–65 Sphagnum peat H2 0.78 46.4 59.4 3.4 0.00 0.01 0.10 ± 0.01 0.96 ± 0.01   
65–85 Sphagnum peat H3 0.98 48.4 49.4 3.4 0.00 0.03 0.10 ± 0.01 0.95 ± 0.00   
85–140 Sphagnum peat H5 1.25 49.0 39.2 3.5 0.00 0.03 0.11 ± 0.00 0.96 ± 0.00 

INT between drains 0–20 amorphous peat H10 2.05 43.5 21.2 4.2 0.02 0.06 0.21 ± 0.01 0.87 ± 0.01   
20–53 Sphagnum peat H2 0.72 46.3 64.3 3.7 0.00 0.00 0.13 ± 0.06 0.91 ± 0.02   
53–92 Sphagnum peat H3 0.83 46.8 56.4 3.7 0.00 0.01 0.09 ± 0.01 0.94 ± 0.02   
92–105 Sphagnum peat H5 1.29 49.7 38.5 3.7 0.01 0.01 0.10 ± 0.01 0.97 ± 0.00 

INT on a drain pipe 0–17 amorphous peat H10 2.08 41.1 19.7 4.4 0.02 0.03 0.30 ± 0.02 0.85 ± 0.01   
17–33 Sphagnum peat H4 0.90 47.1 52.4 4.2 0.01 0.00 0.13 ± 0.02 0.94 ± 0.01   
33–70 Sphagnum peat H3 0.97 44.5 45.8 3.9 0.00 0.01 0.10 ± 0.01 0.95 ± 0.00   
70–117 Sphagnum peat H2 0.82 47.2 57.5 3.8 0.00 0.01 0.07 ± 0.00 0.89 ± 0.01  
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soil in each frame (Fig. 1). Soil water contents (SWC) were calculated 
with the measured dielectric constants and bulk densities of the 
respective soil horizons, following Malicki et al. (1996). Gap filling was 
performed with a hydrological Model (Hydrus 1D; ̌Simůnek et al., 2013). 
The model was set-up for each individual plot using a soil profile of 1.5 
m, with an element refinement towards the top. The top boundary 
condition was set to atmospheric using precipitation and potential 
evaporation from the weather station in Bremervörde (operated by the 
German Meteorological Service). As bottom boundary condition, the 
water table readings of the sites were set as variable pressure heads. 
Parameters of a bimodal van Genuchten-Mualem model (Durner, 1994; 
Mualem, 1976; Priesack and Durner, 2006; van Genuchten, 1980) were 
optimized by minimizing the residual sum of squares of measured and 
simulated SWC. Achieved root mean square errors were low (SWC 2 – 
6%). 

Water filled pore space (WFPS) was calculated by dividing SWC by 
the highest available SWC of the timeline (including data until May 
2021). We also compared the respective maximum SWC to measure
ments of saturated water content (equivalent to porosity) at undisturbed 
sampling rings (Table 2) from those horizons where the capacitance 
sensors were placed and used these values for WFPS calculation if they 
were higher than maximal SWC values. This was the case at the REF site, 
as no water logged conditions occurred at the soil surface. For the INT 
site maximum SWC were comparable or higher than measurements at 
sampling rings. 

2.4. Soil water sampling and analysis 

Soil water was sampled with borosilicate glass suction plates (eco
Tech Umwelt-Meßsysteme GmbH, Bonn, Germany) under the frames for 
chamber measurements between two drain pipes. Under each frame, 
suction plates in 15, 30 and 60 cm were installed and connected to glass 
bottles using Teflon tubes (Fig. 1). Negative pressure in the glass bottles 
was set individually for each depth depending on the current tensiom
eter readings and collected soil water was taken approximately every 
second week. For dissolved organic carbon (DOC) analysis samples were 
stored cooled (4 ◦C), the remaining water was stored at − 20 ◦C and 
thawed for analyzing dissolved inorganic nitrogen (DIN; nitrate (NO3

− ), 
ammonium (NH4

+)) and total dissolved nitrogen (TDN). Analysis of DOC 
was done with a Dimatoc 2000 (Dimatec Analysentechnik, Essen, Ger
many), DIN was analyzed with an ion chromatograph (Metrom, Filder
stadt, Germany) and TDN with a total nitrogen analyzer (TN-100, 
Mitsubishi Chemical Analytech, Kanagawa, Japan). Subsequently, dis
solved organic nitrogen (DON) was determined by subtracting DIN from 
TDN. Analytical problems are common for high DIN:TDN ratios. 
Graeber et al. (2012), for example, found large errors for samples with 
DIN:TDN ratios larger than 0.6 using a similar analytical approach as in 
this study. This threshold is exceeded in many cases in our study, 
sometimes resulting in negative DON values. We used a linear regression 

between DON and DOC to estimate plausible DON (and thus TDN) 
concentrations for samples with high DIN values (R2 REF: 0.93, R2 INT: 
0.94). For the INT site, almost only soil water from 60 cm depth could be 
used for the correction, as DIN concentrations mostly were too high in 
15 and 30 cm. 

3. Results and discussion 

3.1. Weather conditions and study sites 

Annual precipitation (757 mm, weather station in Bremervörde 
operated by the German Meteorological Service) was slightly lower and 
mean air temperature (10.5 ◦C) more than 1 ◦C higher than the long- 
term average from 1961 to 2020. In addition to the weather condi
tions of our study periods and the water management, water levels and 
soil moisture were still influenced by the drought year 2018, which had 
led to unusually low water levels in winter and spring 2019. 

As the two investigated sites are located in the same peat complex, 
less than 5 km apart from each other, the historical use as well as the 
recent management intensity are equal, thereby assuring a good 
comparability. This is demonstrated by similar soil profile characteris
tics, soil physical and chemical properties (Table 2). However, the upper 
soil differs between the two sites, which is a result from the time of 
sampling. The soil profiles were dug after the mechanical grassland 
renewal was conducted at INT, thus the upper 15 cm are strongly 
disturbed and cannot be compared to the REF site. Below, the Sphagnum 
peat was waekly decomposed (first H2 - H4, in greater depth also up to 
H6), C:N ratios were wider (38.5–76.7) and pH values mostly lower 
(3.4–4.2) at both sites. Bulk density was higher in the upper layer (up to 
0.36 g cm− 3) as compared to deeper layers (around 0.1 g cm− 3). 

Water levels at the REF site showed a typical seasonal pattern of 
drained peatlands with lowest values (minimum − 1.26 m; Table 3) in 
September and higher, more fluctuating values in winter (Figs. 3, 4). 
Mean annual water level was at − 0.82 ± 0.27 m (Table 3). Water filled 
pore space showed a pattern similar to the peat water levels (Fig. 5). 

Initially, water levels within the average daily footprint of the EC 
system at the INT site were as low as at the REF site. From May 2019 
onwards, they showed a completely different pattern, reaching target 
water levels in September. This resulted in a higher mean annual water 
level (− 0.24 ± 0.16 m; Table 3) and a difference of 0.75 m for mean 
summer water levels between the two sites. The rising water levels in 
summer in the observed first year of irrigation clearly show that the 
subsurface irrigation system technically works well and might perform 
even better in the next years when water can already be held back in 
spring by closing the outlet. The water level curve at INT (Figs. 3, 4) 
seems to be fluctuating much more than at the REF site, but this is the 
result of the spatial heterogeneity and water levels of the different irri
gation fields and the assignment of these water levels to the daily EC 
source areas. Depending on the location and extent of the EC footprint, 

Table 3 
Mean and standard deviation of water levels as well as water filled pore space (WFPS) and soil water content (SWC) in 0–5 and 15 cm depth within the whole balance 
year and during summer (01.05. − 31.10.2019). “Between drains” and “on a drain pipe” indicates that measurements took place at the locations of the chamber frames 
for chamber measurements.  

site location water level summer water level WFPS summer WFPS SWC summer SWC     
0–5 cm depth 0–5 cm depth   

[m] [m] [-] [-] [cm3 cm− 3] [cm3 cm− 3] 

REF field − 0.82 ± 0.27 − 1.05 ± 0.13      
between drains − 0.72 ± 0.32 − 0.99 ± 0.18 0.45 ± 0.15 0.33 ± 0.09 0.40 ± 0.13 0.29 ± 0.08  
on a drain pipe − 0.93 ± 0.23 − 1.11 ± 0.10 0.49 ± 0.14 0.39 ± 0.12 0.46 ± 0.13 0.37 ± 0.12 

INT EC footprint-average − 0.24 ± 0.16 − 0.30 ± 0.17      
field − 0.26 ± 0.16 − 0.33 ± 0.17      
irrigation field 1 − 0.22 ± 0.21 − 0.34 ± 0.17      
irrigation field 2 − 0.20 ± 0.11 − 0.23 ± 0.13      
irrigation field 3 − 0.39 ± 0.15 − 0.43 ± 0.17      
between drains − 0.59 ± 0.25 − 0.66 ± 0. 29 0.50 ± 0.12 0.44 ± 0.12 0.43 ± 0.10 0.38 ± 0.10  
on a drain pipe − 0.46 ± 0.22 − 0.44 ± 0.20 0.49 ± 0.12 0.44 ± 0.12 0.45 ± 0.12 0.41 ± 0.11  
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the water table depth within the footprint might change from day to day 
even if the water level was stable within the different irrigation fields. 

Until June, WFPS in the upper soil at the INT site was similar to the 
REF site, after that it was at a constant level, whereas it decreased at the 
REF site until August (Fig. 5). Water levels in summer at the INT site 
were around 20 cm higher directly on a drain pipe as compared to the 
middle between two drain pipes, but in the course of the summer still 
higher than at the REF site. Patterns of WFPS at INT were mostly similar 
to the REF site, but when the water level was high at INT, WFPS showed 
much stronger spikes. 

3.2. CO2 fluxes and net ecosystem carbon balance 

Prior to the first grassland renewal at the INT site, NEE was not equal 
at the two sites due to very divergent circumstances. At INT, NEE was 
close to zero, whereas at the REF site CO2 uptake occurred. Respiration 
was similar at both sites, thus the reason for the difference in NEE was 
the lower GPP at the INT site. A lower productivity at INT probably came 
from a lower nutrient availability, as the REF site had been fertilized 
once prior to the beginning of the balance year (org. fertilizer: 
04.02.2019) and another time just after the beginning of the balance 
year (min. fertilizer: 25.03.2019), whereas no fertilization took place at 
the INT site. We do not have field water levels prior to the grassland 
renewal at the INT site, but WFPS in the upper centimeters was com
parable at the chamber frames at both sites. 

3.2.1. Pattern of CO2 fluxes REF 
The pattern of NEE, Reco and GPP differed strongly between the two 

sites (Fig. 3). At the REF site, the CO2 flux patterns represent a typical 
annual course for grassland on peat with strong reactions to harvest 
events. At the beginning of the balance year (March to June), we saw 
high GPP rates while Reco was rather small compared to the upcoming 
months, resulting in predominantly net CO2 uptake around this time. 
Especially before the first harvest, almost only net CO2 uptake occurred 
for daily fluxes, which fits well to a typically high export of biomass with 
the first harvest and with this, the temporary stored carbon (0.9 ± 0.1 t 
C ha− 1). After each harvest, at least for several days, daily CO2 fluxes 
remained positive, because the grass was short and CO2 uptake through 
photosynthesis could not exceed CO2 emission from respiration. After 
the second harvest, almost no daily net CO2 uptake occurred for the rest 
of the balance year. In the course of the summer, smaller GPP probably 
resulted from an increasing limitation of photosynthesis due to insuffi
cient water availability as the water levels decreased continuously. This 
assumption fits to findings of Fu et al. (2022), who calculated a critical 
soil moisture threshold of 27 ± 10.6% SWC for two temperate grass
lands by investigating the covariance between VPD and GPP on an ICOS 
(Integrated Carbon Observation System network of eddy covariance 
observations) dataset. At the REF site SWC between two drain pipes was 
lower than this threshold until the beginning of October (mean SWC 
from second harvest to 1.10.2019: 24%) and SWC on a drain pipe (mean 
SWC from second harvest to 1.10.2019: 30%) was within the estimated 
uncertainty. One more factor might be a growing mice population in the 
course of the year 2019, resulting in damage of the grass cover and thus 
a decrease in GPP, still there were three other harvests possible. At the 
same time, mean daily temperatures were high, causing high decom
position rates reflected in high Reco rates. The strong influence of tem
perature on Reco is already well investigated (Boonman et al., 2021; 
D’Angelo et al., 2016; Juszczak et al., 2013; Lafleur et al., 2005; Tuittila 
et al., 2004). 

3.2.2. Pattern of CO2 fluxes at INT – effects of and problems with the 
grassland renewal 

At the beginning of the study period, patterns of CO2 fluxes at the INT 
site were strongly influenced by the grassland renewal with repeated 
milling, but raised water levels increasingly gained in influence. Distinct 
changes in NEE, GPP and Reco occur after milling the upper 10–15 cm of 
soil to destroy the old grass sward in April and the weeds in July. After 
each of these strong interferences NEE stayed at a level of about 5 g C 
m− 2 d− 1 for several days. 

Overall, the grassland renewal did not work as planned as grass 
growth remained poor and almost no grass could be harvested. After the 
first renewal operations, upcoming weeds increased daily GPP until 
these were cut in July. During that time, daily GPP and Reco reached 
highest values at the INT site of the entire balance year. In contrast, at 
the REF site Reco drops down strongly in June and begins to raise again 
in July. There are several possible reasons for the increased Reco and GPP 
at INT. First, the peat had been disturbed during the renewal procedure 
and fresh grass and root biomass was available for decomposition. Both, 
increasing temperature and water table depth might provide favourable 
conditions for microorganisms. Intermediate water levels were found to 
hold optimum conditions for heterotrophic respiration reported in lab 
studies (Kechavarzi et al., 2010; Säurich et al., 2019). Second, imme
diately before the increase of CO2 emissions in June, a fertilizer appli
cation with high amounts of N (64.8 kg ha− 1), P (8.8 kg ha− 1) and K 
(70.1 kg ha–1) took place, which promoted the growth of unwanted 
weeds more than growth of seeded species. High N, P, and K availabil
ities are not only increasing GPP due to stronger plant growth but are 
also reported to increase Reco (Larmola et al., 2013; Säurich et al., 2019). 
Finally, another beneficial factor for increasing plant (mainly unwanted 
weeds) growth might have been increasing soil moisture from consec
utive precipitation days. Only marginal changes in soil moisture in the 
upper centimeters were detectable at the chamber measurement frames, 
but water table and soil moisture are heterogenous (Figs. 3, 5). Addi
tionally, the fast growing unwanted weeds might have profited from the 
already risen water levels, which their roots might have reached already 
or soil moisture was higher in other parts of the field. Higher tempera
tures and longer daylight at this time of the year probably promoted 
their growth as well. 

Overall, grass growth was strongly hampered by water stress, which 
could not significantly be decreased in the upper centimeters by subsoil 
irrigation due to limited capillary rise in summer in large parts of the 
field. Comparing to the threshold of SWC for water stress in temperate 
grassland (27 ± 10.6%) determined by Fu et al. (2022) SWC at the INT 
site was mostly above the threshold median but still within the given 
uncertainty range until mid of August (mean SWC from grassland 
renewal until 15.08.2019: 32% (plots between two drain pipes) and 33% 
(plots on a drain pipe)). Further, in contrast to REF where soil moisture 
was even lower in summer, there were no deep grass roots of an 
established grass sward which could access water in deeper horizons. 
The water stress was presumably not only due to meteorological con
ditions but also intensified by the grassland renewal, with aeration of the 
upper peat layer and destruction of soil structure. Even when grass 
growth could be established at adequate water levels in September, 
single larger patches still remained free of vegetation until March 2020. 
Besides the unfavorable weather conditions, the patchy grass growth 
might be traced back to leveling the field, where deeper peat horizons 
came to the surface. This well-preserved Sphagnum peat is much poorer 
in nutrients and lower in pH than the upper few centimeters of the peat 
(Table 2), which might hamper the cultivation of grass (or even other 
unwanted weeds). Overall, despite the leveling procedure, water table 
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Fig. 3. Mean daily air temperature (Tair; mean of both eddy covariance stations), sum of daily precipitation (weather station in Bremervörde operated by the German 
Meteorological Service), mean daily water levels and daily CO2-fluxes shown as net ecosystem exchange (NEE) and partitioned into gross primary production (GPP) 
and respiration of the ecosystem (Reco) at both sites. 
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depths and probably also nutrient availability remained heterogeneous 
across the field. 

3.2.3. Flux patterns of CO2 at INT – increasing impact of subsurface 
irrigation 

Only after a third sowing in August, grass growth finally started and, 
at least in parts of the field, the young plants had enough water for 
survival. From September on the increasing impact of raised water levels 
and first shoots from the last sowing resulted in NEE close to zero at the 
INT site, whereas at REF net CO2 emissions were observed (Fig. 3). 
Comparing also GPP and Reco to the REF site showed that differences in 
NEE mainly resulted from lower Reco at the INT site. At the end of the 
balance year, we even saw slightly negative NEE at INT, whereas REF 
fluxes were still positive. In this phase of the year, this was additionally a 
result from higher GPP at INT due to the development of the new grass 
cover probably comprising both above ground and below ground 
biomass production. However, comparing the partitioned CO2 fluxes, 
overall, mostly the establishment of higher water levels and less an 
increased (aboveground) biomass growth were the main reason for 
reduced CO2 emissions at INT compared to REF. 

3.2.4. Net ecosystem carbon balance 
At the REF and INT site, NECB of 6.08 ± 1.74 t C ha− 1 a− 1 and 4.64 

± 1.03 t C ha− 1 a− 1 were determined, respectively. Methane as well as 
applied seeds in course of the grassland renewal only marginally 
contributed to NECB (Table 4). The REF carbon emissions are almost 
twice as high as the reported mean 3.8 t C ha− 1 a− 1 for German grassland 
on bog peat by Tiemeyer et al. (2016). However, all but one bog peat site 
in that synthesis study were partially rewetted grassland managed for 
nature conservation (details in Leiber-Sauheitl et al., 2014 and Förster, 
2016). The one intensively managed site (described in detail in Beetz 

et al., 2013) showed a NECB of 5.4 ± 2.2 t C ha− 1 a− 1 (Tiemeyer et al., 
2020), which is still slightly lower than the values measured here. Our 
carbon balance was also higher than the standard emission factor for 
grasslands on nutrient poor temperate peatlands (5.3 t C ha− 1 a− 1, IPCC, 
2014), which is also mainly based on data from less intensively used 
grasslands. However, the difference is not entirely unambiguous, as this 
standard emission factor is still within the range of uncertainty of our 
NECB. 

We did not account for losses of dissolved organic carbon (DOC) or 
other fluvial C losses in this study. However, these fluxes might sub
stantially increase the total C losses: The standard IPCC emission factor 
for CO2 emissions from DOC is 0.31 t C ha− 1 a− 1 (IPCC, 2014), while 
Frank (2016) determined losses of 0.32 t C ha− 1 a− 1 from an intensively 
used grassland similar to our REF site. This would correspond to 5% of 
the NECB determined for the REF site so far. While this is not a large 
share, losses of DOC from grassland sites with either grassland renewal 
or subsurface drainage are so far unknown and might require further 
attention. 

Since the publication of the above-mentioned synthesis studies, some 
more recent literature data on intensively used grassland on bog peat in 
Denmark and the Netherlands has become available. Compared to these 
field studies with similar management, our observed emissions were 
low. The authors determined 11.3 and 13.6 t C ha− 1 a− 1 with mean 
annual water levels of − 0.53 and − 0.61 m respectively (Weideveld 
et al., 2021, site B (conventional grazing without mineral soil cover, 
conventionally drained)) and 10.4 t C ha− 1 a− 1 with a mean yearly water 
level of − 0.61 m (Elsgaard et al., 2012) using chamber measurements. 
Possibly, microbial activity was restrained by the low soil moisture in 
the topsoil at our REF site explaining the lower net carbon emissions 
compared to the Danish and Dutch sites (Figs. 4, 5). This interpretation 
is supported by incubation studies where highest heterotrophic 

Table 4 
Mean annual emissions and uncertainties of net ecosystem exchange (NEE), nitrous oxide (N2O), methane (CH4), harvest and inputs in form of applicated seeds and 
fertilization, net ecosystem carbon balance (NECB) and greenhouse gas (GHG) balance at both study sites.  

site location NEE N2O CH4 harvest fertilizer and seeds NECB GHG balance   
[t C ha− 1] [kg N ha− 1] [kg C ha− 1] [t C ha− 1] [t C ha− 1] [t C ha− 1] [t CO2–eq. ha− 1] 

REF field 4.50 ± 1.73   3.17 ± 0.17 1.59 6.08 ± 1.74 26.93 ± 6.57  
between drains  6.37 ± 2.85 − 0.48 ± 0.22      
on a drain pipe  1.42 ± 1.30 1.98 ± 1.55     

INT field 4.15 ± 1.03   0.57 ± 0.09 0.08 4.64 ± 1.03 77.23 ± 19.31  
between drains  101.35 ± 19.64 0.52 ± 0.94      
on a drain pipe  187.70 ± 41.00 1.80 ± 1.77      

Fig. 4. Top: Cumulative carbon flux including net ecosystem exchange, carbon in harvested biomass, and carbon in applied organic (org.) fertilizer at the REF and 
INT site. Uncertainty of carbon in harvested material and organic fertilizer is not included in error bands. Bottom: Mean daily water levels at the REF and INT site. 
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respiration rates occurred at intermediate soil moisture corresponding 
to water levels between − 0.2 and − 0.6 m (Kechavarzi et al., 2010; 
Säurich et al., 2019). Another possible explanation might be the 
methodical difference as Weideveld et al. (2021) as well as Elsgaard 
et al. (2012) used chamber measurements in contrast to the EC tech
nique in this study. This interpretation is supported by estimating NECB 
(without CH4) for REF from the mean annual water table depth with 
equation 2 from Evans et al. (2021) which describes a linear relationship 
between NECB (without CH4) and water table depth using a large 
dataset of only EC measurements. This results in 5.9 t C ha− 1 a− 1, which 
is very close to our results. However, Beetz et al. (2013) also used 
chambers and came up with a lower NECB than meausured at our site. 
Therefore, methodological differences cannot be the only reason for the 
contrasting results. 

The emissions from the INT site are not comparable with other 
grassland sites on peat due to the renewal measures and no other CO2 
measurements including grassland renewals on peat are published so 
far. Certainly, the relation of NEE to harvested biomass is extremely 

unfavorable for this measurement year, as almost no grass could be 
harvested. 

3.3. Nitrous oxide (N2O) 

Nitrous oxide emissions were on a very similar, low level prior to the 
grassland renewal on both sites. Fluxes of almost all campaigns at the 
REF site were below 0.02 mg N2O–N m− 2 h− 1. Nitrate concentrations in 
soil water were low at that time presumably due to uptake by growing 
biomass as a preceding fertilization prevented any nutrient limitation. 
At the INT site five out of six fluxes between two drain pipes were not 
larger than 0.04 mg N2O–N m− 2 h− 1. Only for fluxes on a drain pipe at 
INT we saw slightly increased emissions, which however were mostly 
below 0.1 mg N2O–N m− 2 h− 1 with one exception (0.25 mg N2O–N m− 2 

h− 1). This can probably be explained with the disturbance due to the 
installation of the drain pipe by cutting approximately 1 m deep into the 
peat. 

Fig. 5. Nitrous oxide (N2O) emissions, water filled pore space (WFPS) in 0–5 cm depth, water level, and dissolved nitrogen (DN) in soil water (15 and 30 cm depth) at 
the REF and INT site. 

L. Offermanns et al.                                                                                                                                                                                                                            



Agricultural and Forest Meteorology 331 (2023) 109309

12

3.3.1. Pattern of N2O fluxes at REF 
Nitrous oxide fluxes and balances strongly differed between the two 

investigated sites. At the REF site the mean flux of all measurement 
campaigns was 0.03 mg N2O–N m− 2 h− 1, whereby fluxes only increased 
markedly in February/March 2020 (flux at 09.03.2020: 0.43 mg N2O–N 
m− 2 h− 1). We could not detect any direct reaction to fertilization, in 
contrast to findings by other studies (Nykänen et al., 1995; Wang et al., 
2022). We assume that conditions were too dry for high denitrification 
rates when fertilization took place. This could for example explain the 
difference to the study of Wang et al. (2022), who showed increased N2O 
emissions after each fertilization from a site in Switzerland during WFPS 
around 50–80% at 5 cm depth. Except for the first fertilization, we had 
only 20–40% WFPS in 0–5 cm depth, when fertilization took place. 
Further, at the REF site increased N2O emissions occurred at plots be
tween two drain pipes where highest water levels and WFPS occurred in 
the beginning of 2020 (highest water level: − 0.16 m; highest WFPS: 
79% in 0-5 cm; Fig. 5). This fits well to findings of incubation experi
ments of Säurich et al. (2019) where highest N2O emissions were found 
for WFPS > 80%, of Wen et al. (2021) who measured highest, inter
mediate and lowest N2O emissions at water levels of − 0.3, − 0.5 and 
− 0.1 m respectively and to a lysimeter experiment of Berglund and 
Berglund (2011) who found higher N2O emissions for water levels at 
− 0.4 than at − 0.8 m depth. Water filled pore space in the upper soil 
fluctuated with precipitation, which might additionally contribute to 
increasing N2O emissions (Harris et al., 2021; Smith et al., 1998). 
Simultaneously to higher WFPS from November onwards, nitrate con
centrations in sampled soil water increased. As nitrate acts as electron 
acceptor during denitrification, several studies (Liimatainen et al., 2018; 
Nykänen et al., 1995) also found higher nitrate concentration corre
sponding to increased N2O emissions. Overall, nitrate concentrations 
(median 0.84 (15 cm depth), 0.15 (30 cm depth) and 0.03 mg N L− 1 (60 
cm depths; not shown)) were typical for intensively used bog peat when 
compared to findings of Frank et al., 2014 which is higher than in near 
natural peatlands, but not strongly elevated (Frank et al., 2014). 

3.3.2. Pattern of N2O fluxes at INT – combined impacts of grassland 
renewal and subsurface irrigation 

At our INT site, we measured extremely high N2O fluxes of up to 
12.58 mg N2O–N m− 2 h− 1 after the grassland renewal measures, but 
only after water levels had been increased by subsurface irrigation. 
These high emissions could be explained by a combination of drivers: 
The grassland renewal, the limited grass growth despite a fertilization 
event, the increased water levels and thus soil moisture and the low pH- 
value of the peat. All these aspects will be discussed in the following. 

Grassland renewal destroyed the old sward and thus enabled the 
mineralization of the fast decaying young grass litter in addition to the 
peat organic matter. As Reco stays at a similar level, but GPP drops down 
significantly, accumulation of nutrients is probable (Fig. 3). This will 
also have led to N mineralization, as demonstrated by much higher pore 
water nitrate concentrations prior to fertilization (median 10.70 mg N 
L− 1 at 30 cm) than at the REF site (median 0.06 mg N L− 1 at same depth 
on the same sampling days). Buchen et al. (2017) found increased 
emissions rates of up to 6.7 mg N2O–N m− 2 h− 1, which is only half as 
high as our maximum value on a drainage pipe, but similar to the highest 
emissions at the plots between two drain pipes (6.33 mg N2O–N m− 2 

h− 1). However, we did not only measure one distinct peak as Buchen 
et al. (2017), but sustained high emissions from August 2019 onwards. 
Ammann et al. (2020) though, found a generally lengthy effect of a 
grassland renewal on a mineral soil site with increased N2O emissions 
during the following two years. 

While we did not see significantly increased fluxes directly after the 
first grassland renewal measures in April, high fluxes have been deter
mined after the repeated measures in July after a preceded mineral 
fertilization. In accordance to peak N2O emissions, highest nitrate con
centrations appeared in 15 cm depth (highest concentration: 292 mg N 
L− 1), which obviously is one of the key prerequisites for increased N2O 

emissions, since nitrate is required for denitrification. Dependencies 
were found in many other peatland studies (Buchen et al., 2017; Lii
matainen et al., 2018; Nykänen et al., 1995) as well as for our REF site, 
though on a much lower level. In 30 cm depth nitrate concentrations 
were for a very long time showing a median of 62 mg N L− 1 between end 
of July and February. Concentrations in 60 cm stayed low (median: 0.12 
mg N L− 1; data not shown), thus the risk of losing nitrate through drain 
water seemed to be low. Still, the median of nitrate concentrations in 
pore water were alarmingly high and exceeded the EU drinking water 
limit 26 times at 15 cm and 6 times at 30 cm (Directive (EU) 
2020/2184). While nitrate concentrations in drained bogs tend to be 
relatively low (Frank et al., 2014), concentrations exceeding the 
drinking water limit have been measured in the discharge of drained fen 
peat (Tiemeyer and Kahle, 2014). There is little data on the effects of 
grassland renewal at field scale so far. In a rare study on this topic, 
Roberts et al. (1986) found that nitrate losses were increased by around 
70% even three years after an upland pasture on peat had been ploughed 
and reseeded. However, as grassland renewal is regularly practiced and 
not always immediately successful, strongly elevated nitrate concen
trations as in our study might not be an isolated case. 

Especially at the position of the frames for chamber measurements, 
grass growth was extremely poor and germination struggled until the 
end of the study. Therefore, nitrate and other nutrients in the pore water 
could not be reduced by biomass uptake and plants did not compete with 
microorganisms for the consumption of nutrients. Nitrous oxide emis
sions have been found to positively correlate with nutrient availability 
(P, K) in other studies (Liimatainen et al., 2018; Mehnaz and Dijkstra, 
2016; Säurich et al., 2019) which could be important in our case, too. 
Further, findings of Merbold et al. (2014) on a mineral soil site, showed 
that plant activity is an influencing factor for N2O emissions. In detail, 
availability of nitrogen may lead to higher CO2 uptake through photo
synthesis or if plant activity is low it may lead to higher N2O emissions 
through denitrification. Buchen et al. (2017) also found a relation be
tween microbial activity, visible for example in CO2 emissions, which 
originates from heterotrophic respiration in our case when plants were 
absent in measurement frames, and N2O fluxes. At our site, nitrate 
concentration in 15 cm depth increased until July and stayed at an 
extremely high level until October, when concurrently N2O emissions 
dropped down. By this time, most of the nitrate had probably been 
denitrified or leached, as the nitrate concentrations were still slightly 
rising until the maximum was reached in autumn in 30 cm depths. 
However, high concentrations were not found in deeper (60 cm) layers. 

Besides rising nitrate concentrations, WFPS was increasing from 
August onwards, establishing even more favorable conditions for deni
trification. Water filled pore space plays a key role for N2O emissions in 
peatlands (Berglund and Berglund, 2011; Buchen et al., 2017; Säurich 
et al., 2019; Wen et al., 2021). At the plots on a drain pipe with higher 
water levels, maximum emissions were twice as high as between two 
drain pipes, however WFPS was similar in 0–5 cm depth. Comparing 
water levels measured at the plots, it is most likely that WFPS below 5 
cm was higher on a drain pipe than between two drain pipes. Water 
levels were in fact 15 to 20 cm higher on a drain pipe than between two 
drain pipes, when peak emissions occurred. Although on a different 
magnitude, these results are comparable to Wen et al. (2021) and Ber
glund and Berglund (2011), who found higher emissions with water 
levels at − 0.3 m than at − 0.5 m and at − 0.4 m than at − 0.8 m, 
respectively. While in our case, the subsurface irrigation caused the 
increase in water level and soil moisture, a similarly adverse situation 
could probably occur due to prolonged rainfall. 

One additional reason for our high N2O emissions might also be the 
typically low pH (3.7–4.4) of bog peat in the upper horizon. Low pH 
values are reported to inhibit the last step of denitrification from N2O to 
N2 (Bakken et al., 2012). The relevance of the pH value could be shown 
in some peatland studies (Flessa et al., 1998; Regina et al., 1996; 
Weslien et al., 2009), while there was no effect in others (Liimatainen 
et al., 2018; Maljanen et al., 2010). This is not surprising, as for high N2O 
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emissions, the fulfillment of one prerequisite (e.g. pH value, high nitrate 
availability) is usually not sufficient. In the case of the INT site, all 
relevant prerequisites for high N2O emissions (via denitrification) 
coincide and thus result in unprecedented high fluxes. 

3.3.3. Annual N2O emissions 
With 3.9 ± 3.1 kg N2O–N ha− 1 a− 1 the annual N2O emissions at the 

REF site are well in line with IPCC standard emission factors for grass
land on drained, nutrient poor temperate peatlands (4.3 kg N2O–N ha− 1 

a− 1; IPCC, 2014) but higher than emissions from German grasslands on 
bog peat (Tiemeyer et al., 2016) with 1.8 kg N2O–N ha− 1 a− 1. As already 
described, data from this study originates mainly from grasslands with 
low intensity use and thus lower or no N fertilization. However, N2O 
fluxes were smaller than in Buchen et al. (2017; 6.26 ± 3.10 and 6.54 ±
3.92 kg N2O–N ha− 1 a− 1) but with regard to uncertainties comparable. 

At the INT site, we calculated total annual N2O emissions of 144.5 ±
45.5 kg N2O–N ha− 1 a− 1, which is to our best knowledge the highest ever 
reported annual N2O emission from organic soils. Highest emissions so 
far (56.4 kg N2O–N ha− 1 a− 1) were found for an unfertilized arable field 
(Flessa et al., 1998). For organic soils, the only publication on grassland 
renewal found a significant increase of N2O fluxes for two month, but no 
effect on annual budgets, which are, even in the one year with highest 
fluxes, more than one magnitude lower than our results (9.88 ± 4.55 kg 
N2O–N ha− 1 a− 1, year 2013/2014; Buchen et al., 2017). However, they 
did not report any problems with the renewal procedures as in our case. 
Still, looking at other grassland sites in northern Germany conducting 
renewals in the same year 2019 with low precipitation in spring, 
germinating was often not more successful than at our INT site. 

3.4. Greenhouse gas balance 

For the REF site, we calculated a total GHG balance of 26.9 ± 6.6 t 
CO2–eq. ha− 1 a− 1, with the two largest components being NEE and 
harvest. As both CO2 and N2O emissions were higher than those reported 
for German grassland on bog peat (Tiemeyer et al., 2016), our total GHG 
emissions were larger than the average for bog peat, too (Fig. 6). Only 
when comparing to all included German peatland sites in this study the 
total GHG balance is similar, which would include fen peat with a higher 
nutrient status and all other organic soils. Our total GHG emissions at 
REF are still around 4 t CO2–eq. ha− 1 a− 1higher than the average from 
the intensively managed grassland site in Beetz et al. (2013) and also 
higher than the IPCC (2014) default value for grassland on nutrient-poor 
peat (21.3 t CO2–eq. ha− 1 a− 1), but within the range of uncertainties. 

At the INT site, the extremely high N2O emissions, caused by the 
grassland renewal and the related combination of circumstances 
including raised water levels, clearly dominated the total GHG balance. 
Thus, total emissions of 77.2 ± 19.3 t CO2–eq. ha− 1 a− 1 were very high 

as well. To our best knowledge there are no other studies on annual GHG 
emissions comprising CO2, CH4, and N2O measurements including 
grassland renewal measures to which we could compare our results. 

4. Conclusions 

Greenhouse gas emissions of deeply drained bog peat under intensive 
grassland use (REF site) were higher than most values previously re
ported for grassland on nutrient-poor peat, probably due to the lower 
land use intensity of sites studied so far. At the second studied site (INT) 
with a SI system, a combination of mechanical grassland renewal, 
including leveling, poor grass growth and raised water levels by sub
surface irrigation resulted in a strong increase of GHG emissions in the 
first year after implementation. Particularly, we measured the highest 
ever published N2O emissions from organic soils at our INT site caused 
by an interaction of high nitrate availability due to mineralization 
induced by (repeated) renewal measures, poor grass growth and fertil
ization on the one hand and moist conditions favoring denitrification on 
the other hand, possibly enhanced by the low pH of the peat. Net 
ecosystem carbon balance was lower at the INT site than at the REF site, 
although with high efforts of repeated grassland renewal measures and 
only marginal harvest. 

When transformed into CO2-equivalents, N2O emissions conse
quently dominated the GHG balance at INT, which exceeded all values 
measured for drained bog peat so far. However, there are no studies on 
the effect of grassland renewal on all GHGs for organic soils available in 
literature so far. 

This is only one first year of GHG data where the effects of the me
chanical grassland renewal dominated the reaction of the ecosystem. 
During the later stage of the study, net ecosystem exchange decreased 
with higher water levels, which gives hope for a reduction of CO2 
emissions in the upcoming years. Certainly, a longer monitoring period 
will be required to ascertain the overall effects of SI. However, as SI is 
meant to act as a climate mitigation measure, the installation of such a 
system should be conducted with care to avoid a negative climate effect 
in the beginning. 

As leveling did not improve the applicability of subsurface irrigation 
as shown by the still spatially heterogeneous water levels, the entire 
grassland renewal seems to have been rather pointless regarding harvest 
failure of almost an entire year as well as the unnecessarily high GHG 
emissions. The results of this study show that mechanical grassland re
newals on organic soils should be avoided and a careful maintenance of 
grassland sites is very important to omit renewals more often than in the 
past. A coincidence of grassland renewal measures with sparse grass 
growth and wet conditions is not necessarily a result of subsurface 
irrigation, but could also be caused by prolonged rainfall. Still, special 
attention should be payed when grassland renewal and water level 

Fig. 6. Greenhouse gas (GHG) balance and their components net ecosystem exchange (NEE), methane, nitrous oxide, carbon export in harvested biomass and carbon 
input from organic fertilizer and seeds are shown for the REF and INT site and for data from Tiemeyer et al. (2016) for German grassland on bog peat as well as IPCC 
default values for grassland on nutrient-poor peat (IPCC, 2014). In case of IPCC (2014), CO2-eq. of NEE, organic fertilizer, and harvest are not separately available. 
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management is practiced at the same time to prevent N2O emission 
peaks. 
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