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ABSTRACT

The agricultural use of peatlands usually requires drainage, thereby transforming these organic soils from a net carbon sink into a net source. The Seeland region of
Switzerland is characterised by fens that have been intensively used for agriculture for 150 years. Our site is a degraded fen with a remaining peat layer of 60 cm that
had been used as cropland until 2009. In connection to a nature protection project it has been managed as extensive permanent grassland since then. The net
ecosystem carbon balance (NECB) was determined for two years (2015-2016). For this purpose, the net ecosystem exchange of CO5 (NEE) and CH4 fluxes were
measured by eddy covariance, and the carbon removed by harvest was quantified. Our degraded fen site was found to be a net carbon source of 477+73g Cm ™2 yr !
and 434451 g Cm yr~! in 2015 and 2016, respectively. Annual CH4 emissions were marginal in both years with 0.440.8 g CH;-C m~2 yr ! (2015) and 0.740.7 g
CH4-Cm~2 yr 1 (2016). In contrast to NECB, the NEE was considerably higher in 2015 than in 2016 (308+71 g Cm ™2 yr ! vs 117439 g Cm 2 yr '1). The year 2015
was characterised by partial flooding of the grassland, followed by a dry and hot summer leading to lower CO, uptake due to reduced growth, which was reflected in
lower harvest compared to 2016. Thus, the short-term plant-induced carbon fluxes were altered, whereas total soil carbon loss remained rather constant. This was
verified by an intra site comparison between the flooded and non-flooded part in 2015. Our results indicate that the soil carbon loss of this highly degraded peatland

with a shallow peat layer is relatively moderate and hardly influenced by interannual weather variations.

1. Introduction

Carbon preserved in peatlands constitutes a dynamic reservoir of the
global carbon cycle. Over thousands of years partially decomposed
organic material accumulates in peatlands due to reduced mineralisa-
tion under waterlogged conditions. During peat formation, some carbon
is emitted as CH4 to the atmosphere as a result of anaerobic conditions
that allow microbial methanogenesis. Undisturbed peatlands are usually
long-term soil C sinks, both in terms of C mass and radiative forcing, (i.e.
CO; uptake and storage overcompensate CHy emission effects) (Frolk-
ing et al., 2011). During the last centuries, many peatlands have been
drained for agricultural use. The aeration enhances mineralisation,
transforming these sites from a net carbon sink into a substantial net
source. Globally, drained peatlands emit ca. 1.9 Gt COzeq (Leifeld and
Menichetti, 2018). In Europe, about 50 % of the peatlands are used for
agriculture (Joosten and Clarke, 2002). Consequently, drained peat-
lands constitute a key greenhouse gas source in many northern European
countries (Tiemeyer et al., 2020; Evans et al., 2017; Nielsen et al., 2020).
In Switzerland, peatlands cover only 0.68 % of the total surface area, but
600 kt CO; are emitted through the use of organic soils, which corre-
sponds to about 10 % of the emissions from the agricultural sector
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(FOEN, 2020). Because of their relevance for the climate, studies on
greenhouse gas (GHG) fluxes have been emerging and have served as a
basis for default annual emission rates (also called ’emission factors’,
EF) for drained and rewetted organic soils compiled by the Intergov-
ernmental Panel on Climate Change (IPCC) (IPCC, 2014). Based on the
main driving factors of GHG emissions from organic soils, the IPCC
wetlands supplement has categorized default EFs according to climate
zone, land use, soil nutrient status, and drainage status. Uncertainty of
the estimates is high, and given the small number of studies, the default
EFs are not very robust estimates for specific peatlands. Publication of
recent data has further increased the uncertainty: emissions from
organic soils in England and Wales either supported the default EFs
given by IPPC (2014), or suggested lower emissions for some land use
categories (Evans et al. 2017). In contrast, GHG fluxes exceeding the
IPCC default EFs by multiple times were measured from grassland and
cropland sites in Germany (Tiemeyer et al., 2020). Thus, quantifying the
loss of carbon from organic soil remains challenging but is required for
the climate reporting under United Nations Framework Convention on
Climate Change for each country. Consequently, an enhanced data set is
necessary to improve our understanding to develop improved manage-
ment practices, and to robustly upscale GHG emissions. GHG exchange

Received 21 August 2020; Received in revised form 18 December 2020; Accepted 31 December 2020

Available online 23 January 2021

0168-1923/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:sonjamarit.paul@agroscope.admin.ch
www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2021.108319
https://doi.org/10.1016/j.agrformet.2021.108319
https://doi.org/10.1016/j.agrformet.2021.108319
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2021.108319&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Paul et al.

measurements of organic soils have yet not been published for
Switzerland despite intensive agricultural use (for vegetable cultivation
and livestock production) and politically well-connected agricultural
subsidies. Further, the carbon loss and soil subsidence are accompanied
by increased infrastructure costs for the renewal of drainage and
pumping systems. These aspects are crucial to balance the economic
yield and ecological costs resulting from the agricultural use of organic
soils (Ferré et al., 2019).

Quantification of soil organic carbon change (net carbon sequestra-
tion or loss) can be done by measuring all relevant carbon import and
export fluxes and integrating the measured net ecosystem carbon bal-
ance (NECB) over a full year (Ammann et al., 2007; Aubinet et al., 1999;
Leifeld et al., 2011). For peatlands, the NECB is often determined by the
net CO; exchange with the atmosphere (net ecosystem exchange (NEE)),
exchange of CH4-C, and in the case of managed ecosystems carbon
import as organic fertilizers and export as harvest.

The objectives of this paper are: (i) to study the impact of soil
moisture and temperature on the net ecosystem carbon balance and its
components in two consecutive years for a drained, nutrient-rich
managed peat meadow on the Central Swiss Plateau, and (ii) to deter-
mine the corresponding CH4 and CO; emission factors.

2. Methods
2.1. Study site

The study site (47°02’37"’, 7°02°51"", 429.3 m NN, Fig. 1 A) was
located in the Seeland region, on the Central Swiss Plateau, near the
village of Cressier. In this region, fens developed on alluvial or lake
sediments after the retreat of the Rhone Glacier in the early postglacial
period. The area was first drained in 1864 and agricultural use started in
1920 with arable-ley rotation, including installation of a first subsurface
drainage system, which was replaced in 1970. The Cressier site had been
under crop rotation before it was converted into an extensively used
meadow in 2009. The meadow received no fertilizer and was cut three
times a year, with the first cut after 15 June, due to nature conservation
regulations. Dominant grass species were Phleum pratensis, Festuca pra-
tensis, Poa pratensis and Dactylus glomerata. The grassland was managed
by two farmers (eastern and western part) with similar management
strategies: in general, grass mowing events occurred on average within 9
days of one another. The water regime was regulated with a drainage
and pumping system. Whenever the water table depth was above a
specific threshold (0.6 m until 24 March 2016, and 0.5 m afterwards),
the pumps started to drain. The site is characterized by a gentle slope
from east to west, with a total elevation difference of 0.5 m. The long-
term mean annual temperature is 10.2°C and the mean annual precip-
itation is 957 mm.

To characterise the basic soil properties of the site, 25 soil cores of
4.5 cm diameter and 75-100 c¢m total depth were sampled in March 2015
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with a motor-powered soil corer (HUMAX, CH). The cores were sepa-
rated into 6-8 layers of 12.5 cm depth, each. Soil samples were dried at
60°C and milled prior to the determination of organic and inorganic
carbon (LECO RC612 analyser, USA) and total nitrogen content (LECO
CN628 analyser, USA).

The soil of the study site was classified as murshic limnic histosol
(WRB, 2014). The humification index according to von Post was be-
tween 7 and 10 (Bader et al., 2017; Carter and Gregorich, 2006). The soil
was characterised by a shallow peat layer of about 60 cm (Fig. 2), with
the upper 30 to 40 cm being highly earthified. This was indicated by low
organic carbon content (22 %), relatively low C/N ratio and high bulk
density. This layer is underlain by a sapric peat horizon (40-50 cm
depth) with carbon contents up to 41 %, a higher C/N ratio of 16. And a
lower bulk density of 0.27 g cm™. The carbon stock of the peat layer
(incl. only horizons with carbon content > 17 %) was 528 + 120t C ha™!
(median + 2 standard deviations SD). The peat layer was underlain by
mineral sediments. The thickness of the different soil layers differs, as
indicated by the high variability of carbon content, especially at the
lower part of the soil profile.

2.2. Components of the carbon budget

Provided that the soil carbon loss due to erosion or leaching is
negligible at the study site, biomass export by harvest (Cexport) and
gaseous carbon exchange as CO, (= NEE) and CH4 are the main pro-
cesses determining NECB. Thus, it can be expressed as follows:

ASOC
= NECB = NEE + exchange CH; — C + Cexport 1

Note, the gas exchange fluxes follow the micrometeorological sign
convention with negative values indicating a net downward flux (i.e. a
gain of carbon from the atmosphere). Positive values indicate a loss e.g.
carbon export through harvest. Therefore, in Eq. (1) NEE and CH4 ex-
change, like the loss term Cexport, are written with a positive sign. On an
annual or longer-term basis, NECB is equivalent to the change of soil
carbon storage over time (%‘t’c). Gaseous CO, emissions due to mineral
weathering represent an additional possible source of CO; that is not
derived from peat mineralisation (Evans et al., 2016). However, due to
the high pH (7.4), little of this flux can be expected to be emitted as CO»,
and therefore to contribute to overall greenhouse gas emissions from the
fen (Peacock et al., 2019).

Dissolved organic carbon (DOC) loss was not measured in this study.
In most grassland systems, DOC losses contribute only to a minor part to
the overall carbon loss. Typical losses of dissolved organic carbon for
temperate grasslands are in the order of 5-11 g Cm 2 yr~! (Evans et al.,
2016; Frank et al., 2017; Peacock et al., 2019). This range lies within the
lower bounds found for the uncertainty of single component of the
carbon budget for our site (Table 1).

For the NECB calculation, all contributing quantities were expressed

western
part

Fig. 1. A) Distribution of organic soil (red area) in Switzerland
and location of the measurement site (green triangle; map:
FEON/Meteotest, organic soil after Wiist et al. 2015, hillshade
and lakes: swisstopo). B) Map of the measurement site with the
investigated grassland field (green line), eddy tower (black
triangle), groundwater and soil sensor positions (yellow cir-
cles). Annual cumulative footprint contributions are indicated
by the black dashed contour lines for the contributions of 40,
60, and 80 % (from inside to outwards). The dashed red line
indicates the separation of the field into an eastern part, which
was flooded in May 2015 and a western part, corresponding to
the two main wind direction sectors.
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Fig. 2. Organic carbon content, C/N ratio and bulk density for different depth layers (boxplots showing median, 25-75% interval, the highest and lowest value

excluding outliers; n=25 soil profiles, data from Lutz, 2016).

Table 1

Uncertainty estimates (95 % confidence interval) for annual NEE (individual
error sources and total) harvest yield Ceyport, CH4 exchange and NECB. All units
ingCm2yr L

2015 2016
NEE (noise) 28 20
NEE (gaps) 30 11
NEE (u* threshold) 58 32
NEE (total) 71 39
Cexport 17 32
CH, exchange 0.8 0.7
NECB 73 51

in terms of carbon mass. Yet, for the comparison of the radiative forcing
effect of the different greenhouse gases and for the analysis of the net
GHG budget, the standard IPCC global warming potentials (GWP1¢g)
were used with values of 28 for CH4 and 265 for N5O relative to CO5, and
a time horizon of 100 yr (Myhre et al., 2013). NoO emissions were
estimated from the relationship between soil C/N ratios and N,O
emissions (Leifeld, 2018). Based on the average C/N ratio of 14 (Fig. 2),
N2O emissions of 8.0 kg NoO-N haflyr*1 were derived from Leifeld
(2018) for our site. This country-specific EF corresponded roughly to the
IPCC default EF of 8.2 kg N,O-N ha~'yr~! (IPCC, 2014). The uncertainty
for N2O emissions was estimated roughly to 100%.

The measurement and the processing of the gas fluxes are described
in detail in Sect. 2.4, 2.5, and 2.6. The harvested biomass was deter-
mined from the number of hay bales, their average weight, and their dry
mass fraction and carbon content. The yield was determined separately
for the eastern and western parts of the grassland. The uncertainty of the
yield was estimated to 10 % from the error (2 x SE) in weighing the hay
bales (Ammann et al., 2007).

2.3. Meteorological and soil measurements

Meteorological parameters were continuously monitored close to the
EC tower. Air temperature, pressure, relative humidity, and precipita-
tion were measured with a Vaisala Weather Transmitter (WXT520,
Finland). Global radiation was measured with a Pyranometer Sensor
(SKL 2655, Skye Instruments Ltd, UK). The devices were mounted at the
same height as the EC system. Data were measured at 0.1 Hz and average
values were logged every 10 min on a CR1000 (Campbell Scientific, UK).
Data gaps (01.01.-07.01.2015 and 13.09.-06.10.2016) of the weather
parameters were filled with data from a nearby meteorological station
(Cressier, 1 km distance, same altitude) of the Swiss national observa-
tion network (operated by MeteoSwiss, the Federal Office of Meteo-
rology and Climatology).

Soil water content and soil temperature were measured (in one
minute intervals) in three profiles with a soil moisture sensor (GS3 and

5TE decagon devices, NE Hopkins Court, USA). The averages were
logged every 30 min on EM50 digital loggers (decagon devices, NE
Hopkins Court, USA). Since February 2015, a soil profile (n=2 for 5 cm
depth; n=1 for the other sampling depth: 10, 20 and 40 cm) was
measured near the EC system. In November 2015, two additional soil
profiles with identical setups were installed in the main footprint areas
to better cover the spatial heterogeneity.

Three groundwater observation wells were installed in August 2015
(Fig. 3). At two sites (near the EC tower and at the eastern part) the
groundwater level was measured continuously and logged every 30
minutes with a pressure probe (CTD/CTD-GPRS, UIT, Umwelt- und
Ingenieurtechnik GmbH Dresden, Germany). The third groundwater
observation site (located in the western part) was measured manually
with an electrical contact gauge about every 2-4 weeks. Missing
groundwater table data from February 2015 to August 2015 were
modelled based on a fitted non-linear regression between the measured
soil water content and groundwater table data from August 2015 to
September 2016 = 0.83; RMSE = 0.09 m). From August 2015 on-
wards, missing groundwater data — due to a failure in a single mea-
surement device - were replaced using linear regression between the
individual groundwater measurements. They generally showed a high
temporal correlation of % =0.97 (RMSE = 0.05 m).

2.4. Gas flux measurements

The net exchange of CO5 and CH,4 between the ecosystem and at-
mosphere was measured using the eddy covariance (EC) method near
the centre of the meadow field (Fig. 1 B). A three-dimensional sonic
anemometer (CSAT-3, Campbell Scientific, UK) was used to measure
directional wind velocities and temperature. Fast-response open-path
infrared gas analysers were used for measurements of COy (non-
dispersive infrared spectroscopy, LI-7500A, LI-COR Biosciences, USA)
and CH4 (wavelength modulation spectroscopy, LI-7700, LI-COR Bio-
sciences, USA). The EC system was installed on a tripod tower 2.0 m
above canopy height. The height of the EC system above ground was
adjusted regularly to account for the height of the growing vegetation.
Typically, the height of the EC system varied between 2.2 m and 2.6 m
above ground, and data were recorded with a frequency of 10 Hz on the
LI-7500a system. The zero and the span of the CO, analyser were set
using high-purity N, zero gas and one standard gas with concentrations
of 495 ppm for CO, and 1.92 ppm for CH4. Standard gases with lower
concentrations of 346 ppm (CO3) and 1.45 ppm (CH4) were used to
check the performance and linearity of the calibration. The operating
temperature of the gas analysers was changed in spring and in fall (to
summer and winter mode, respectively) to avoid internal heating effects,
with the temperature changes being accompanied by a calibration.

Due to a breakdown of the LI7500A (23.11.2015-20.01.2016), an
alternative system was used to measure CO, and H,0 fluxes (23.12.2015
to 20.01.2016) consisting of a LI7500 (LI-COR Biosciences, Lincoln,
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USA). Data were logged on a CR1000 (Campbell Scientific UK). No CH4
data were measured from 23.12.2015 to 20.01.2016 as the LI7700 was
not integrated to the alternative EC-system.

2.5. Flux calculation and quality control

Half-hourly mean CO3 and CH4 fluxes were calculated from high-
frequency data using the EC software EddyPro® (Version 6.2.1; 2016),
using the widely adopted 2-D wind vector rotation and linear detrending
(Vickers and Mahrt, 1997; Gash and Culf, 1996). Air density fluctuations
were compensated according to Webb et al. (1980). Time lags were
compensated using the covariance maximization with the default
method. A statistical test for raw data screening was done after Vickers
and Mahrt (1997). To correct flux estimates for low and high- frequency
losses due to the instrument setup and intrinsic sampling limits of the
instruments, the methods according to Moncrieff et al. (1997) and
Moncrieff et al. (2004) was used. The footprint estimation was imple-
mented according to Kormann and Meixner (2001).

Temperature-dependant CSAT-3 offsets were identified and

corrected separately for winter time (01.10.-15.04.) with u: 0.16 m s L
v=-0.03m s ! w: 0.01 m s~! and summertime (15.04.-01.10.) with u:
0.2m s}, v=-0.45 m s™! w: 0.05 m s~!. Calculated fluxes were quality
flagged for micrometeorological tests (Mauder and Foken, 2011) . Flag
values were 0 (best quality), 1 (suitable for annual budgets) and 2 (bad
quality). CO; fluxes were removed when: (a) their quality flag was >1;
(b) the signal strength was <95% (Li7500A) or the AGC value was >75%
(Li7500); (c) CO, concentration was >800 ppm; (d) the rotation angle
for tilt correction was < -3° or > 4°; (e) u* was < 0.065 m s!as
determined by the MPI-Jena online gap-filling tool; and (f) time lag for
CO4 was <-0.7 s or >0.7 s. In addition, based on the relationship be-
tween Ty and NEE measured at night, a temperature-dependent
threshold for implausible high positive (or negative) CO, fluxes was
used to remove outliers. It eliminated only 0.3 % (2015) and 0.6 %
(2016) of the total dataset. The entire quality filtering process and the
loss of data due to malfunction of the EC system led to a data coverage of
42 % for 2015 and 44 % for 2016 of the entire CO, data set.

CH4 fluxes were removed when: (a) the signal strength was <40%;
(b) their quality flag was > 1; (c) the rotation angle for tilt correction
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pitch < -3° or > 4°; (d) u*< 0.065 ms’l, was determined by the MPI-
Jena online gap-filling tool; and (f) time lag for CH4 was <-1.1s or
>1.1s. For CHg, the total data coverage was 42 % in 2015 and to 39 % in
2016.

The gas exchange and carbon budget of the site was evaluated for the
entire grassland site including all wind directions. Additionally, we
separated the site into an eastern and a western part (Fig. 2), reflecting
the two main wind sectors. Slightly lower elevation and a higher
groundwater table characterize the eastern part. To analyse the sensi-
tivity of this elevation effect on the carbon cycling, we followed the
approach of Wall et al. (2020) and used our single EC system to calculate
the NEE and NECB separately for the two adjacent sectors. The NEE time
series was separated accounting for the wind direction into a (north-)
easterly sector (>330° or <140°) and in a (south-)westerly sector
(>140° or < 330°). For some periods with very low nighttime data
coverage (<5 % for two out of three weeks), a separation was not
meaningful and data from all wind directions were used. This occurred
only in the second half of the year and in January 2016. The total annual
data coverage of western and eastern sector was 16 % and 27 %,
respectively.

2.6. Flux gap-filling and uncertainty estimation of annual sums

To obtain annual NEE budgets, data gaps for CO, fluxes were filled
using the New ReddyProcWeb online tool, developed at the Max Planck
Institute for Biogeochemistry, Jena, Germany (Reichstein et al., 2005;
Wautzler et al., 2018). To partition the measured NEE into gross primary
production (GPP) and ecosystem respiration (Reco), the nighttime par-
titioning approach was used (Reichstein et al., 2005). Briefly, it is
assumed that the temperature response function of nighttime NEE fluxes
is also applicable for daytime data. Daytime Reco is then predicted from
the measured soil temperature, while GPP is calculated as the difference
between NEE and Reco. The environmental factors used for the
gap-filling were: global radiation, soil temperature at 5 cm depth,
vapour pressure deficit, and friction velocity (ux). Filling of gaps was
performed based on similar meteorological conditions using a lookup
table. The time window in which the method was looking for similar
results was seven days, in absence of similar conditions, the window was
extended to 14 days.

For CHj4 fluxes by the open path Li7700 LICOR device, no systematic
dependence on potential driving factors and no diurnal cycle were
found. Therefore, monthly average fluxes were directly calculated from
the quality filtered dataset. The annual CH4 budget was determined as
sum of the monthly fluxes and its uncertainty was estimated as 2 x SE
(determined from the variability of monthly data) for the two individual
years. This uncertainty represents an upper limit because it may also
include systematic seasonal variations. The flux detection limit for CHy
fluxes measured with the open path Li7700 LICOR device was estimated
to be approximately 3+3 nmol m2s~! (3 mg CH4-C d ™5 Deventer et al.,
2019).

Annual NEE values are associated with different kinds of random-like
and systematic uncertainties (Goulden et al., 1996). In this study, three
components of NEE uncertainties were considered and computed (as 2
x SD) separately:

i) The random uncertainty was assessed by adding additional noise
to the measured NEE data before gap-filling (Felber et al., 2016).
The random error of individual fluxes was estimated as the
standard deviation of the residuals between measured NEE fluxes
and inferred fluxes by the gap filling routine (assuming a gap at
the place of the valid measured flux). Linear regressions for SD vs
NEE were applied to bins of 2 pmol m~2 5! width and separately
for positive and negative NEE values (Felber et al., 2016; Jérome
et al., 2014).

The following regression parameters were found for the NEE
dataset:

Agricultural and Forest Meteorology 300 (2021) 108319

SD = 0.0626 NEE + 1.499 for NEE >0 (R?>= 0.87)

SD = -0.1013 NEE +1.570 for NEE < 0 (R* = 0.89)

These parametrisations were used to add additional noise to
the measured NEE assuming a normal distribution. We performed
ten simulation runs with subsequent gap-filling.

ii) The uncertainty due to larger gaps was estimated by adding
artificial gaps to the existing dataset. The five largest gaps of 2016
were inserted in the 2015 dataset and vice versa. Moreover, these
additional gaps were shifted in several steps between -720 and
+720 hours resulting in 11 datasets with varying gap patterns for
each year. The resulting uncertainty was estimated from the 2 x
SD of the 11 annual NEE data sets with the additional artificial
gaps for each year.

iii) The systematic uncertainty of u* filtering was determined by
varying the u* threshold prior to gap-filling within a range of -
0.04 and + 0.06 m s~! around the chosen threshold 0.065 m s~ *.
We then calculated the standard deviation of the resulting six
annual NEE datasets.

The total uncertainty for NEE and NECB was subsequently calculated
by combining the individual uncertainties using Gaussian error propa-
gation (Felber et al. 2016, Table 1).

3. Results
3.1. Environmental conditions and grassland harvests

In the first year (2015), the study site Cressier received 720 mm
annual precipitation, a quarter less than the long-term annual precipi-
tation average (Fig. 3). In May, an exceptionally heavy rain event
occurred and the following summer was extraordinarily hot: average
maximum air temperature in June to July was 29.5°C (min-max: 19.9-
37.5°C; SD 4.7°C) in 2015, while the temperature was about 3.4°C
cooler for the same period in 2016. The year 2016 was characterized by
a relatively cold spring and early summer, followed by a very humid
June, leading to relatively high groundwater tables (Fig. 3). The average
groundwater table was lower in 2015 (-0.60 m) than in 2016 (-0.44 m),
but fluctuated strongly throughout the seasons (min: -1.20 m; max: 0.11
m). High water tables were measured in winter and spring seasons. In
May 2015, a heavy rain event lead to partially flooding of the eastern
part for about three weeks (Fig. 3 and field observation). The following
summer was characterized by a prolonged period of low water table
(-0.8 m from June to December 2015). In contrast, in summer 2016 the
groundwater table was at a depth of -0.6 m for only 3 months (August-
October 2016). The groundwater table on the east side was generally
higher (on average by 0.21 m) with a few flooding episodes in Mai 2015
and the beginning of 2016 than on the west side, which reflects the
topographic differences, i.e. the slight slope of the study site. We
observed that the soil water content and groundwater table closely
followed rain events (Fig. 3). The dry summer conditions of 2015 are
also reflected in very low water content in the upper soil (<0.2 m®m~3;
Fig. 3) during July to November 2015 (5, 10 and 20 cm). In contrast,
these soil layers were relatively moist in June and July in 2016 and
lower soil water contents were only observed from August to October of
that year.

In 2015, the total yield of the three cuts was 169 g C m™~2, which was
about half of 2016 (Table 2). In 2015, the yield of the first cut was
smaller in the eastern, partly flooded part of the grassland, while in
2016, yields of the two parts of the grassland were similar.

3.2. Gas fluxes and carbon budget

3.2.1. COz

We found pronounced diurnal and seasonal variations in half-hourly
NEE values during both measurement years (Fig. 4). Negative values
usually represent daylight fluxes dominated by CO; uptake. Each
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Table 2
Mowing dates and carbon removal by harvest (in units g C m™).
cut East part East West part West Entire
mowing part mowing part field
date harvest date harvest harvest
2015 1% 19.06.2015 72 23.06.2015 140 106
ond 12.08.2015 31 07.08.2015 35 33
3d 09.10.2015 27 22.10.2015 32 30
Total 130 208 169
2016 1% 26.06.2016 226 01.07.2016 197 212
ond 22.08.2016 54 24.08.2016 65 59
3rd 03.10.2016 49 29.10.2016 42 46
Total 329 304 317

mowing event was followed by a sharp reduction of CO, uptake and a
subsequent steady increase in magnitude. However, in May 2015 a
reduction of CO3 uptake also occurred few days after the flooding event.
In addition, the average daylight NEE between the first and second cut
was considerably less negative in 2015 than in the following year (-1.2
pmol mol ™! vs -3.0 pmol mol ). Both study years showed a positive
cumulative NEE of 308471 g Cm 2 yr ! in 2015 and 117439 g Cm 2
yr~! in 2016, respectively (Fig. 5). Reduced carbon uptake from May to
June 2015 and from July to mid August 2015 compared to 2016 resulted
in a higher positive NEE in 2015 (Figs 4, 5). The same pattern is observed
for both sectors of the grassland: from May onwards the net cumulative
NEE of the eastern (flooded) part increased only slightly, while we
observed a distinct carbon uptake for the (non-flooded) western sector
until mid-May, followed by a rather constant net cumulative NEE until
mid-June. Thus, the NEE of the western part was slightly lower
compared to the eastern part (273 g C m 2 yr’1 vs341gC m 2 yr’l). In
contrast, the period of net carbon uptake was substantially longer in
2016 (8.3. - 22.06.2016). Further, no difference in annual NEE was
observed between the eastern and western part. In 2015, the GPP was
1620449 g Cm~2yr~! and considerably lower than in 2016 (193056 g
C m~2 yr 1), while Reco was rather similar in both years (1928488 g C
m~2 yr! and 204680 g C m~2 yr}, respectively).

3.2.2. CH4

Annual CH,4 emissions were 0.4+0.8 g CH4-C m 2 yr ! (2015) and
0.74+0.7 g CH4-C m ™2 yr ! (2016) and thus marginal in comparison to
annual NEE. Slightly higher emissions were measured in spring 2015
(Fig. 6). The eastern part of the field, which was flooded in May 2015,
emitted on average 2.9 mg CHy4-C m~2 d ™! in May 2015. After 16 days of
flooding, the highest daily CH4 emissions of 13.4 CH4-C m 2 d ! were
measured (Fig. 7), followed by decreasing emissions corresponding with
drying of the grassland. The following three months were characterized
by low emissions in both parts, accompanied by a small CH4 uptake.

3.2.3. Net ecosystem carbon balance
The individual components of the carbon budget differed
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considerably between 2015 and 2016, but also between the eastern
(flooded) and western part in 2015. However, the resulting annual NECB
was very similar for both years (477473 ¢ C m~2 yr ! in 2015, and
434451 g Cm~2 yr~! in 2016) (Fig. 8)). The higher NEE in 2015 was
compensated by a low harvest, leading to similar net carbon loss as the
2016 budget. In 2015, the NECB was 471 g C m ™2 yr ! in the eastern
(flooded) part and 481 g C m~2 yr~! in the western part. The reduced
harvest in combination with higher NEE of the eastern (flooded) part
offset the differences in net carbon balance in 2015 for both sectors.
Compared to CO; fluxes, CHy fluxes were negligible.

4. Discussion
4.1. CHy fluxes

The relatively low annual CH4 emission rates of this well-drained site
are in line with other intensively used organic soils (Poyda et al., 2016;
Tiemeyer et al., 2016). The main driving factor of CH4 emissions is the
groundwater level. In agreement with this, low average CH, emissions of
0.0240.35 g CH4~C m~2yr~! were measured in 20 deeply-drained fens
in Germany, compared to higher emissions of 7.98+10.4 g CH4-C
m~2yr! for shallow-drained nutrient-rich German peatlands (Tiemeyer
etal. 2016). Generally, a drainage depth of -0.25 m is sufficient to inhibit
the diffusion of high amounts of CHy4 into the atmosphere, as CH4 pro-
duced in the anoxic zone is oxidized by methanotrophs in the oxic zone
(Jungkunst et al., 2008; Turetsky et al., 2014). In addition, our site lacks
aerenchyma shunt species, which enable CH4 transport from the
anaerobic layer to the atmosphere, bypassing the oxic zone and thus
increasing CH,4 emissions (Whiting and Chanton, 1992).

Although the water table at our site is dynamic and includes periods
where the water table is clearly above -0.2 m, CH4 emissions remained
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rather low throughout the year. Recent studies found that the summer
groundwater level (rather than annually-averaged groundwater levels)
was the main driving factor of CH4 emissions (Renou-Wilson et al., 2016;
Tiemeyer et al., 2016). Accordingly, the relatively high water table in
winter and spring left no imprint in the CH4 emissions at our site. Lowest
CH4 emissions and even net uptake were observed during summertime
with very low soil water content in 2015, supporting general findings of
reduced CH4 emission or even uptake by drained organic soils (Malja-
nen et al., 2010). CH,4 uptake is characteristic for oxic mineral soils and
was found to vary from -0.01 to -0.68 g CH4-C m ™2 yr ™! (mean -0.12) in
northern Europe (Smith et al., 2000).

Short periods of high groundwater table, including flooding in May
2015 and June 2016, did not lead to substantial CH4 emissions for the
whole grassland. However, after 17 days of flooding in May 2015 in the
eastern part of the grassland, CH4 emissions increased slightly up to 13.4
g CH4—C m~2 yr_l. This is in agreement with incubation experiments
where peat soils were flooded after an artificial drought. CH4 emissions
were reduced for days to weeks after rewetting (Knorr et al., 2008). After
17 days of flooding at our site, we observed a partial die-off for the
wetness-intolerant plants such as Lolium. We assume that this plant
material may serve as an easily degradable carbon source needed for
high CH4 emissions, as it was shown in incubation experiments
(Hahn-Schofl et al., 2011). However, due to the pumping system at our
site, the ground water level decreased and consequently terminated the
phase of anaerobic soil conditions. Apparently, the period where the
water table was elevated was too short at our site to establish substantial
methanogen-driven anaerobic decomposition of plant debris. Although
degraded peatlands are prone to flooding conditions after heavy rain
events, due to the hydrophobic properties of degraded peat, and com-
pacted soil horizons, substantial CH4 emissions might not occur as long
as flooding periods are restricted up to two weeks.

4.2. NECB and GHG budget

The soil carbon loss for the site was 477+73g Cm ™2 yr ! in 2015 and
434451 g Cm ™2 yr ! in 2016 and thus within the lower bounds found
for deep-drained temperate organic grassland soils (Tiemeyer et al.,
2016; IPCC, 2014). Recent publications demonstrate the high variability
of emission rates: Tiemeyer et al. (2016) analysed a comprehensive
dataset consisting of 48 German grasslands on organic soils. The mean
soil carbon loss for 20 deep-drained nutrient-rich grasslands was
960+530 g C m~2 yr~!; considerably higher than the IPCC default EF of
610 g Cm 2 yr L. Besides the ground water level, a complex interaction
of soil properties, hydro-meteorological conditions, plant communities,
and ecosystem management affects the loss of soil carbon. Fertilisation -
and thus intensive management — likely corresponds with increased CO;
emissions. For example, most of the grassland analysed by Tiemeyer
et al. (2016) with emissions exceeding the IPCC default EF were fertil-
ised. This finding is supported by the generally lower soil carbon loss
found for nutrient-poor peatlands (IPCC 2014, Tiemeyer et al. 2016).
Moreover, incubation experiments showed that nutrient status, espe-
cially potassium and phosphorus availability, increases mineralisation
rates in peatland soils (Saurich et al., 2019; Sundstrom et al., 2000).
Thus, the extensive use of our meadow (no fertilisation and first cut only
after mid-June) could be one factor for the relatively low NECB.

Besides the extensive use of our grassland, the long-lasting aerobic
conditions and the resulting change in soil organic matter quality may
have had an impact on the soil carbon loss rates at the Cressier site.
During decomposition, peat is depleted in easily degradable poly-
saccharides, and more recalcitrant fractions accumulate within the
profile (Leifeld et al., 2012; Sangok et al., 2017; Sjogersten et al., 2016).
The content of O-alkyl-C served as an indicator for the duration of aer-
obic decomposition processes: with the duration of aerobic exposure,
O-alkyl-C decreased concurrently with emission rates (Leifeld et al.
2012). The finding that poorly decomposed peat emits more CO2 than
strongly decomposed peat was confirmed by others in incubation
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Fig. 8. Carbon budget components for (A) the whole grassland and for (B) the
eastern (flooded in May 2015) and western sectors.

experiments (Glatzel et al., 2006). Our site has had subsurface drainage
and was tilled for nearly 100 years. Moreover, most of the remaining
peat layer has generally remained above the average groundwater level
during the growing season. Thus, a substantial portion of the peat was
exposed to aerobic mineralization for decades. Indeed, highly degraded
peat, with high contributions of aromatic compounds, was indicated by
low O/C and H/C ratios at the Cressier site (Bader et al., 2017; Visser,
1983). Relatively narrow C/N ratios through the entire profile also in-
dicates highly decomposed organic matter at the Cressier site, as during
decomposition C is preferentially lost over N (Kriiger et al., 2015; Kuhry
and Vitt, 1996). In addition, relatively low emission rates were found in
incubation experiments of 21 drained organic soils from Switzerland,
compared to undisturbed and extensively managed organic soils (Bader
et al., 2018). More specifically, incubation experiments of top- and
subsoils from the Cressier site showed similar mineralization rates for
the different depths (Bader et al., 2018). The authors attributed the
relatively high stability of carbon in the upper soil horizon to the highly
recalcitrant organic matter due to the previous intense decomposition
processes stimulated by drainage and decades-long agricultural use.
Thus, our relatively low observed emission rates might be also attributed
to the relative stability of the already highly decomposed peat material.

Despite the contrasting weather conditions, the loss of soil organic
carbon was rather similar for the last two years. Tiemeyer et al. (2016)
showed a peatland-specific CO, response to groundwater fluctuations.
However, changes in soil moisture did not affect the annual soil carbon
loss at our site. One explanation might be that the differences in soil
moisture in 2015 resulted in a net zero effect in the C budget. The wet
period during May 2015 might have been too short to reduce mineral-
isation rates sufficiently to be reflected in the annual carbon budget.
Indeed, reduced respiration was only observed for one (eastern part) to

Agricultural and Forest Meteorology 300 (2021) 108319

three weeks (western part, data not shown). Also, Han et al. (2014)
observed a reduction in nighttime respiration after a flooding event, but
the effect was visible for only 10 days after flooding in that field
experiment.

Similarly, the carbon loss on an annual basis was not influenced by
the drier soil conditions in 2015 during summertime. Due to the shallow
peat layer (0.6 m depth) at the Cressier site, no additional peat material
was exposed to oxygen in 2015, when the groundwater level fell up to
1.2 m in the summer of that year. This may explain the absence of
increased organic carbon mineralization. Moreover, the effect of drier
soil conditions in the deeper peat layer, which could result in increased
mineralisation, might be offset by very dry soil conditions in the upper
peat layer leading to reduced mineralisation. This was also confirmed in
laboratory incubations of peat soils showing that respiration was limited
by very low moisture levels (Glatzel et al., 2006; Saurich et al., 2019;
Toberman et al., 2008). In agreement with this, the highest CO, emis-
sions occurred at deeply drained sites that had highly dynamic
groundwater levels and lacked drought stress (Tiemeyer et al., 2016).

Another explanation might be that highly degraded and recalcitrant
peat under intensive use is less sensitive to alteration in soil moisture.
Poyda et al. (2016) observed constant emission rates of 1300 g C m—2
yr ! for an intensively-used, degraded grassland for two consecutive
years, while a nearby extensively used, shallow-drained grassland
emitted 700 g Cm 2 yr ! and 1300 g Cm~2 yr ! in the same years. High
interannual variability of NECB varying from 143 to 880 g C m ™2 yr!
(mean: 210+250 g C m~2 yr™1) in four consecutive years was also re-
ported for drained grasslands on deep fen peat in NW Germany (Beyer
et al., 2015). However, the lack of long-term time series data makes it
difficult to determine whether highly degraded peatlands with shallow
peat layers indeed show less inter-annual variability compared to more
undisturbed peatlands.

The GHG budget was dominated by CO, fluxes: the marginal CHy
emissions of 0.1540.30 and 0.26+0.26 t COzeq ha ! yr~! did not
contribute to the total GHG emissions. The estimated N,O emissions
were 3.3+3.3 t COzeq ha™! yr~!. Accounting for all GHG-fluxes —
including the estimation for NyO - the GHG budget resulting in 20.9+4.3
(2015) and 19.5+3.8 t CO%eq ha™! yr’1 (2016), quite similar for both
years.

4.3. Components of NECB

Even though the NECB was relatively similar in the two consecutive
years, the individual components of the NECB were sensitive to chang-
ing weather conditions. A short period of flooding in May 2015 led to
reduced NEE during spring and early summer compared to 2016. This
was considered to be due not to reduced degradation of soil organic
matter, but rather to reduced photosynthesis of plants. The most
important constraint for plants during flooding is oxygen deficiency
(Vartapetian and Jackson, 1997). As a consequence, growth rate and
biomass production of terrestrial plants are reduced under flooded
conditions (Gibberd, 2001; van Eck et al., 2004; Wright et al., 2017).
Thus, high rainfall conditions at our site led to unfavourable growth
conditions for the grass vegetation that was not well-adapted to satu-
rated soil conditions (e.g. as they lack the aerenchyma systems of many
wetland plants). Reduced plant biomass production was reflected by a
reduction in yield by 50 % in 2015 for the first cut compared to 2016.
The same holds for the two sectors of the grassland in 2015. In the
eastern part of the meadow, which was partly flooded in May 2015, CO4
uptake was further reduced, mirrored by a lower harvest compared to
the western site, which was unaffected by the flooding.

The growth conditions at the Cressier site remained rather unfav-
ourable in 2015, as a dry and hot summer followed, causing very low soil
moisture content combined with high air temperatures. Water stress
limits plant growth through diminished leaf C fixation resulting from
stomatal closure to reduce transpiration (Signarbieux and Feller, 2012).
High temperatures lead to reduced photosynthesis through thermal
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damage in plants (Allakhverdiev et al., 2008). Generally, the combina-
tion of drought and heat stress results in a decrease in gross primary
production, which could be observed in the extraordinarily dry and hot
summer in Europe in 2003 (Reichstein et al., 2007; von Buttlar et al.,
2018). In Switzerland, it was estimated that the 2003 heatwave caused a
20-30 % reduction in grassland production (Keller and Fuhrer 2004).
Thus, the 50 % lower yield for the second cut in 2015 compared to the
following year may be explained by reduced photosynthesis due to the
combination of water and temperature stress.

However, the impact of drought on the components of NECB in
peatlands differs considerably depending on peat type, vegetation and
degradation status. Generally, mineralization of peat increases in dry
years, as the lower water table exposes more soil organic matter to ox-
ygen. In contrast, the response of plants to drier soil conditions strongly
depends on vegetation types and characteristic of drought. In near-
natural peatlands, wetland-adapted vegetation such as sedges or
sphagnum mosses show a strong reduction in CO5 uptake in dry years,
turning these peatlands from carbon sinks to carbon sources (Alm et al.,
1999; Bubier et al., 2003a; Griffis et al., 2000; Lafleur et al., 2003). In
only slightly disturbed peatlands, or within the drier sites of natural
peatlands, (such as hummocks), vegetation adapted to drier soil condi-
tions. These vegetation types responded to the drier soil conditions with
enhanced carbon uptake (Bubier et al., 2003b; Drollinger et al., 2019;
Flanagan and Syed, 2011). The combination of simultaneous increased
mineralisation and CO uptake rates can turn these peatlands into car-
bon sources (Bubier et al., 2003a; Cai et al., 2010; Lafleur et al., 2003) or
to carbon neutrality (Drollinger et al., 2019). Moreover, areas with de-
ciduous trees were found to represent a net carbon sink in a dry year, as
the increased GPP overcompensated for the increased ecosystem respi-
ration (Bubier et al., 2003a). However, in a temperate peatland affected
by past agricultural activities, drainage and mining, a severe drought led
to reduced GPP of the grassland vegetation and to increased minerali-
zation (Aslan-Sungur et al., 2016). This resulted in a threefold increase
in CO; source strength compared to other years during a four-year
measurement campaign (Aslan-Sungur et al., 2016).

In contrast, at our agriculturally-used fen, respiration was similar in
both years. We observed substantially lower GPP in the dry year
compared to 2016 (1620 vs 1930 g C m~2yr!) for the entire grassland.
In 2016, under more favourable growth conditions, the considerably
higher yield was counterbalanced by higher NEE. Thus the overall NECB
and soil carbon loss were rather unaffected by environmental
conditions.

5. Conclusion

While the individual components of NECB, mainly NEE and C export
by harvest, reacted sensitively to different soil moisture conditions in the
study years, the resulting annual NECB values were not significantly
different. A flooding event in May 2015 followed by a dry summer
reduced the photosynthetic C fixation and resulted in a relatively high
annual NEE, but this was counterbalanced by a low biomass production
and thus a low harvest export. Surprisingly, the respiration of soil
organic matter did not react significantly to the inter-annual difference
of weather conditions. The rather constant mineralisation rates are
probably due to the highly degraded recalcitrant peat material, and that
in the warm season the amount of peat exposed to oxygen (and thus
prone to mineralization) is not limited by the groundwater level but
rather by the shallow peat layer depth. Whether our results generally
apply to drained organic soils under long-term agricultural use with
shallow peat layers needs to be tested at other similar sites.
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