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A B S T R A C T   

Organic soils are important carbon stocks. The conventional (dry) cultivation of these soils turns them into strong 
sources of greenhouse gas (GHG) emissions. For situations where restoration of natural land cover is not possible, 
solutions to this problem include the wet cultivation of these soils, reducing CO2 and N2O emissions. One option, 
paddy rice cultivation, has begun in the Swiss Central Plateau, which hitherto did not provide a suitable climate 
for wet rice. Wet rice is however associated with high CH4 emissions. These need to be quantified for this region, 
as the increased CH4 fluxes might negate the expected reductions in CO2 and N2O. Here, we quantify CH4 and 
N2O emissions from wet rice on organic soil with chamber measurements, in an outdoor mesocosm experiment in 
the Swiss Central Plateau, located in the cool temperate moist zone. We apply two water treatments (a high water 
table (WT) treatment, − 6 cm with mid-season drainage, and two medium WT treatments, − 11 and − 17 cm 
without mid-season drainage) and additionally test the use of a mineral cover layer to reduce N2O emissions. 
Additionally, a deeply-drained grassland treatment is used as a reference treatment. Annual CH4 emissions from 
rice cultivation are 6.2 g CH4.m-2.a-1 for the higher WT treatment, 6.4 g CH4.m-2.a-1 for the medium WT 
treatment and 2.4 g CH4.m-2.a-1 for the medium WT treatment with mineral cover. The corresponding N2O 
emissions are 203, 190 and 56 mg N2O-N.m-2.a-1, respectively. These results show that adding a mineral cover 
layer reduces annual emissions from both GHGs substantially. In total, the maximum increase in CH4 and N2O 
emissions resulting from rice cultivation, compared to the drained grassland treatment, is 2.3 t CO2-eq.ha-1.a-1. 
Expected CO2 emissions savings (derived from a literature-based model) due to a higher WT are a factor of 5–9 
greater than this. We thus conclude that the cultivation of these organic soils in this region with wet rice could 
reduce their induced warming compared to their cultivation with (deeply drained) grassland.   

1. Introduction 

Globally, peatlands have in the past had a net cooling effect on the 
climate (Frolking et al., 2011). Peatland degradation, often through 
drainage allowing agricultural production, has turned these large car-
bon (C) pools into strong net greenhouse gas (GHG) sources (Frolking 
et al., 2011), an effect predicted to increase in the future in the absence 
of peatland protection strategies (Leifeld et al., 2019; Humpenöder 
et al., 2020). From several perspectives however, this management is 
unsustainable (Wijedasa et al., 2016). First, aerobic decomposition of 
these large C pools results in high CO2 and N2O emissions. Indeed, the 
cultivation of degraded peatland worldwide generates 32 % of cropland 
GHG emissions, although less than 1 % of cropland occurs on these soils 

globally (Carlson et al., 2017). Second, from a management perspective, 
subsidence, compaction and continued oxidative decomposition of peat 
following drainage leads to problems for cultivation. These include 
uneven lowering of the soil surface, resulting in local patches of 
waterlogged or very dry soils, as well as a reduction of the root zone as 
the distance between the soil surface and WT decreases. As the effec-
tiveness of the drainage system decreases, drains have to be renewed 
(Verhoeven and Setter, 2010) often at high costs. The aerobic decom-
position of the organic matter eventually leads to a decline in produc-
tivity. This, together with their high GHG emissions, provides a strong 
incentive for the adaptation of agricultural management that respects 
the wetland character of peatlands (Wijedasa et al., 2016; Freeman 
et al., 2022). 
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Management of the soil WT is critical for determining GHG emissions 
from organic soils. CH4 emissions increase strongly as the water level 
increases and approaches the soil surface, but the concurrent reduction 
in N2O and especially CO2 emissions means there is a GHG optimum 
close to the surface (Tiemeyer et al., 2020; Evans et al., 2021; Zou et al., 
2022). It thus follows that complete or even partial rewetting of organic 
soils may reduce GHG emissions significantly (Evans et al., 2021). 
However, partial or complete rewetting impedes or even precludes the 
conventional use of this land. Paludiculture, broadly defined as biomass 
production on wet peatlands (Wichtmann et al., 2016), represents a 
potential alternative form of agriculture that should preserve peat and 
reduce CO2 and N2O emissions while allowing farming to continue. An 
important issue concerning paludiculture however is its potential 
negative impact on crop yields. Especially in regions where subsistence 
farming is practiced, farmers cannot change to a less calorific crop. 
Likewise, in regions where agricultural land is limited and profit mar-
gins high, it is difficult to convince farmers to change to a less profitable 
crop. 

One potential crop might be rice that can withstand dry, waterlogged 
or flooded conditions. Recently, Swiss farmers have begun to cultivate 
paddy rice in the wide, flat valley bottoms of the Swiss Central Plateau 
region, north of the Alps (Jacot et al., 2018). The relatively high yields 
and profitability, alongside the difficulties of otherwise farming on soils 
in need of renewed drainage systems, means regional interest from 
farmers in this crop is increasing. 

The cultivation of paddy rice is however associated with high CH4 
emissions. Global rice cultivation generates 8 % of total anthropogenic 
CH4 emissions (Saunois et al., 2020), which themselves have caused a 
0.5 ◦C surface temperature increase compared to the 1850–1900 
average (Ocko et al., 2021). Indeed, the GHG impact of rice production 
is about 3 times that of wheat or maize (Linquist et al., 2012). However, 
if rice were to be grown on partially rewetted organic soils, the GHG 
balance of cultivating these soils might be improved, as the existing soil 
C stocks would be protected from further rapid degradation. First, 
reduced CO2 emissions (otherwise high on drained organic soils) might 
offset some or even all of the increased CH4 emissions. Second, if rice 
were to be cultivated as ‘wet rice’ i.e. with a high WT but not necessarily 
flooded, CH4 emissions might not be excessively high (Freeman et al., 
2022). 

To date however, there are few reported CH4 emissions from wet rice 
cultivation in the cool moist temperate zone, to which the study site 
belongs, and none from this climate zone in Europe (Bickel et al., 2006; 
Wang et al., 2018). Additionally, there are only few reports (see Hatala 
et al., 2012; Knox et al., 2015; Kajiura et al., 2018) of GHG fluxes from 
wet or flooded rice cultivation outside of the sub-/ tropics (sensu 
Maclean et al., 2002) on organic soils. This is relevant as CH4 emissions 
from wet or flooded rice on organic soils are expected to be higher than 
on other soil types (Wang et al., 2018). 

One measure already used in conventional agriculture to counteract 
the difficulties of farming degraded peatland soils is the addition of a 
mineral soil layer on top of the organic soil (Paul and Leifeld, 2022). This 
measure evens out uneven surfaces, increases the root zone and means 
that management, especially driving heavy machinery, is less con-
strained by meteorology. Very few studies on the effects of this practice 
on CH4 or N2O emissions have been carried out and its effects on GHG 
emissions are unclear (Paul and Leifeld, 2022). Leiber-Sauheitl et al. 
(2014) found no N2O emission reduction on organic soils mixed with 
mineral soil on an extensive pasture in northern Germany, whereas 
Wang et al. (2022) found a reduction in N2O emissions of up to 90 % on a 
meadow covered with a mineral layer in eastern Switzerland. 

Here, we present the results of a mesocosm experiment located in the 
cool temperate moist climate zone in Europe. The use of a mesocosm 
experiment allows for multiple treatments to be compared at a single 
site, reducing variation due to site-specific conditions. Using chamber 
measurements, we compare the CH4 and N2O emissions over one year 
from wet rice cultivation on organic soil, with and without a mineral soil 

cover layer, and from conventional (drained) grass cultivation on the 
same organic soil. We hypothesised that the mineral soil layer would 
reduce N2O emissions and that the rice plots with a medium WT would 
have lower CH4 emissions than those with the higher WT. Finally, we 
discuss the GHG balances of the rice and grass plots, using modelled net 
CO2 emissions to complement the CH4 and N2O measurements. 
Although we expected rice plots to have higher CH4 emissions than the 
grass plots, we expected that these emissions should be offset by the 
reduced (calculated) CO2 emissions in rice, resulting from the increased 
WT. 

2. Methods 

2.1. The experimental site 

The mesocosm experiment is located at Zurich Reckenholz 
(47.42796º N, 8.51769 º E, 444 m a.s.l.) in the eastern part of the 
Switzerland’s Central Plateau. The mean annual temperature of the site 
is 9.8 ◦C (1990–2020) and mean annual precipitation is 1022 mm (see 
Figs. S1 and S2 for monthly values). The mesocosm is situated outdoors 
and comprises eight rows of six square concrete-lined holes (each hole or 
‘plot’: 1.2 m × 1.2 m × 1.4 m deep). The water level of the six plots in 
each row is controlled by an automated water control system. The sys-
tem pumps water into an inspection well at the end of each row and this 
water seeps into the six plots through a pipe running the length of the six 
plots, embedded in a gravel bed at the bottom of the each plot. The water 
level is lowered passively through a drain in the inspection well, but 
water can be pumped out of the well (and thus the six plots) when 
necessary, e.g. for pre-harvest drainage. The six plots in each row are 
thus connected hydrologically. A metal grating at the bottom of each 
plot (above the water pipe) means the soil in each plot is separated from 
that of neighbouring plots. The gas measurement chamber covers a 
surface half the size of the plots (see Section 2.6). A rim, on which the 
fourth edge of the chamber sits, was therefore created by inserting a 
concrete slab (5 cm thick, 1.2 m long, 30 cm wide) vertically into the 
middle of each plot to 25 cm deep (Fig. 1). The resulting subplots were 
managed identically. One subplot was used for gas measurements and 
the other subplot used for soil and moisture sensors (see Section 2.5). 

2.2. Soil 

The 48 concrete-lined plots were filled in March 2020 with degraded 
fen peat (pH: 6.0; organic C content: 27.4 %; C:N ratio: 19.9:1). The plots 
with a ‘mineral cover’ treatment were filled only to 30 cm below the 
surface and the remaining volume filled with a mineral subsoil (silty 
loamy sand with 12 % clay and 46 % silt; pH: 7.6; organic C content =
0.6 %; C:N ratio = 12.6:1) mixed with 10 kg (dry matter, mass per plot) 
of greenwaste compost (pH: 8.1; organic C content = 20.5 %, C:N ratio: 
13.2:1). The same mineral subsoil had been used to cover meadows over 
organic soil at a farm in the region. Soil C (%) and total N (%) of the 
individual plots are given in Table S1. All plots were planted with a 
grass-clover mix, representing typical management of these soils in the 
region. The grass was dug into the upper soil layer of all plots in winter 
2020–2021. 

2.3. Cultivation 

The rice breed ‘Loto’ was used for the experiment. This breed can be 
grown as paddy or upland (dry) rice and is used by farmers in the region. 
Seedlings were grown in commercially-available potting compost. They 
were kept in a climate chamber for four weeks and moved to a green-
house for one week, before being planted out into the mesocosm 
experiment on 26th May 2021. Planting density was 34 per plot, corre-
sponding to 24 plants / m2, typical for this region. Seedlings were fer-
tilised weekly using Wuxal® (Syngenta Agro AG), an NPK mineral 
fertiliser with micronutrients (K, B, Cu, Fe, Mn, Mo, Zn) receiving in 
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total ca. 26 kg N.ha-1, as nitrate, ammonium, urea and organic N (ratio: 
20:29:46:5). Once planted out, the plants received NPK liquid mineral 
fertiliser (water equivalent to 7 mm precipitation) twice, once on 9th 

June (5-leaf stage) and once on 13th July (tillering stage), and N fertiliser 
on 18th August (late booting to heading stage). Total application in the 
field was – in line with the national fertiliser guidelines (Richner and 
Sinaj, 2017) – 110 kg N.ha-1, as ammonium nitrate. The plants were 
harvested (cut ca. 4 cm from plant base) in mid-October 2021, 142–147 
days after sowing. Above-ground biomass (including panicles) was dried 
and weighed. 

A commercially-available grass-clover mix (10 % clover, main grass 
species: Festuca pratensis, Poa pratensis, Alopecurus pratensis, Lolium per-
enne and Festuca rubra) was used for the ‘grass’ treatment. This was sown 
(18th May 2021) two days prior to the first gas measurements. The plots 
were managed extensively, cut and fertilised twice (fertilised 2–3 days 
after mowing), receiving a total of 25 kg N.ha-1. 

2.4. Water treatment 

The water levels for the rice plots were set to be at − 20 cm (treat-
ments with a ‘medium’ WT) and − 5 cm (treatment with a ‘high’ WT) for 
the vegetation period. The WT for the grass plots was − 110 cm. These 
automated water levels were initially started on 18th May 2021 but 
technical problems meant the site had to be drained on 20th May; 
automation was re-implemented on 28th May. Mid-season drainage was 
carried out 4th to 12th August (‘high’ WT plots only) and all plots were 
drained (22nd September) 3–4 weeks prior to harvesting, after which the 
automated water levels were switched off and plots remained drained. 

To calculate WT depths in each plot, water levels (logged in the in-
spection well of each row) were adjusted to account for soil subsidence 
of individual plots. Soil subsidence was calculated as the average of 
monthly measurements (May–September) from the top of the concrete 
rim to the soil surface. Differential subsidence, as well as a technical 
limitation of the water control system, meant that the mean calculated 
water depths for the four treatments deviated from the levels stated 
above (Fig. 1). 

In total, four management options, or treatments, were tested 
(Fig. 1): Three treatments with rice (4 plots with a high WT [RH], 4 plots 
with a medium WT [RM], 4 plots with a medium WT with mineral cover 
[RM+min]) and one treatment with grass (4 grass plots that were deeply 
drained to − 110 cm [GL]). The 4 plots of each treatment were 
distributed over 2 rows (i.e. 2 plots per row). 

2.5. Soil temperature and moisture 

From mid-July onwards, Teros-11® (METER Group) soil sensors 
buried in each plot at 5 cm depth measured temperature and soil 

moisture half-hourly or hourly. The soil temperature before mid-July 
was derived by calibrating temperature measurements from a nearby 
(< 30 m) meteorological station (Federal Office of Meteorology and 
Climatology). The raw outputs from the soil moisture sensors were 
calibrated to obtain volumetric water content (VWC), using calibration 
curves for organic and mineral soils separately. These curves were 
generated according to manufacturer’s instructions, using three soil 
samples (1 organic, 2 mineral) taken from the experimental site. 

The average VWC during the period for which the water levels were 
controlled were as follows: 0.65 m3.m-3 for the RH treatment (excluding 
the mid-season drainage), 0.63 m3.m-3 for the RM treatment and 
0.42 m3.m-3 for the RM+min treatment (Fig. 2). The reductions in VWC 
due to the mid-season drainage (VWC at end of drainage vs. average 
VWC before drainage) were between 15 % and 33 %. 

2.6. Gas exchange measurements 

CH4 and N2O fluxes were measured from May 2021 to May 2022 for 
rice (for grass, May to October 2021). The first measurements (20th May) 
took place two days after the grass was sown and six days prior to the 
planting out of rice seedlings. Measurements were carried out twice 
weekly (rice) and weekly (grass) during the growing season, and more 
often around fertilisation events and man-made changes in the WT. For 
the former, a measurement was carried out one day prior to and one day 
following fertilisation, and additionally one (for grass) or three (for rice) 
times in the 10 days following. Monthly measurements were made in the 
fallow winter season. There was no snow cover at the site on measure-
ment days. In total, for the rice plots, there were 54 measurement days, 
of which 42 were within the growing season. For the grass plots, there 
were 26 measurement days. Fluxes from all 12 rice plots or all 4 grass 
plots were always measured on the same day, between 9 am and 4 pm. 

A manual opaque chamber was used for gas sampling, lowered for 
15 min per measurement. The chamber (1.2 m × 0.605 m, height 
0.795 m, volume 0.5724 m3) sat on the concrete rim of each subplot (see 
Section 2.1 and Fig. 1). Two fans at the top of the chamber were used to 
mix the air within the chamber. The air was circulated in a closed loop 
system to a Picarro G2308 gas analyser (Picarro Inc., USA) which uses 
cavity ringdown spectroscopy, allowing online gas concentration mea-
surements of CO2, CH4 and N2O (raw precision: CH4: 10 ppb, N2O: 25 
ppb). N2 gas was used in the system to ensure dry gas measurements. 
Our ecosystem respiration measurements were used as quality control 
for the system (see Section 2.7) and our measurement campaign was not 
suitable to infer CO2 emissions. 

2.7. Flux calculation 

Data checks were carried out as follows. First, the curves of the three 

Fig. 1. Schematic diagram showing the cross- 
sections of plots from the four treatments 
compared in this study, indicating the calcu-
lated water levels (see text for details); RH =
rice with high water table (WT), RM+min =
rice with medium WT with mineral soil layer, 
RM = rice with medium WT, GL = grass with 
low WT; brown = peat, yellow = mineral soil 
layer, blue line = approx. water level, blue 
circle = irrigation / drainage pipe, black hori-
zontal line = metal grating, black vertical line 
= concrete slab inserted to create a rim on 
which the measurement chamber can sit; note 
that the water levels refer to levels during 
period in which these were controlled, and 
excluding the period of mid-season drainage.   
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gases were checked visually. Irregular CH4 values occurred at the 
beginning of circa 5 % of measurements. The first 3 min of all mea-
surements (all treatments, all gases) were therefore omitted, resulting in 
12 min of data per measurement. Second, the P-values of the slopes of 
the CO2 curves were used to check for leaks in the system. Four poten-
tially problematic measurements (or measurement days) were identi-
fied. Two of these were single cases (i.e. all other plots were 
unproblematic on that day) and showed significant CH4 fluxes. These 
two cases were retained. On two consecutive measurement days (28th 

June and 2nd July) several plots showed non-significant CO2 slopes. A 
leak in the chamber system was identified and data from these two days 
discarded. Third, following the flux calculation, fluxes and their confi-
dence intervals (CIs) were used to identify large fluxes with a CI span-
ning zero, which might be problematic. With one exception, all fluxes 
with a CI spanning zero (for rice: CH4, 3 cases; N2O, ~ 45 % of mea-
surements) were lower than the MDF of the system and thus deemed 
unproblematic. The one exception, a CH4 flux, was only 0.001 mg CH4. 
m-2.h-1 greater than the minimal detectable flux (MDF, see below) and 
was also retained. 

The MDF of the system, sensu Maier et al. (2022), was 0.0013 mg 
CH4.m-2.h-1 and 0.075 mg N2O-N.m-2.h-1. Following Maier et al. (2022), 
fluxes below the MDF were retained. 

The fluxes were calculated using the gasfluxes R package (Hüppi 
et al., 2018; Fuss, 2020), which automatically selects the most appro-
priate model to describe the change in gas concentrations, thus avoiding 
artefacts due to saturation of gases in the headspace. The ‘f.detect’ 
parameter was estimated using the simulation method (Fuss, 2020). 

Conversion from the change in gas concentration to a gas flux 
incorporated information on chamber temperature and air pressure. The 
latter was obtained from the nearby meteorological station (using an 
average air pressure for the period 9 am–3 pm of each measurement 
day). The chamber temperature was measured, from the 10th June on-
wards, using a HOBO temperature logger (Onset Computer Corporation, 
USA) attached to the chamber. For the (five) measurement days prior to 
this, calibrated hourly air temperature data from the nearby meteoro-
logical station were used. 

Annual fluxes were derived from measured fluxes by using linear 
interpolation to derive continuous fluxes and then by summing these 
continuous fluxes to generate annual fluxes. In this way, the dominant 
flux variation – affected most strongly by management activities and 
season – could be captured. A more complex, driver-based approach was 
not suitable because no consistent relationships with environmental 
driver variables were found (data not shown). Annual CH4 and N2O 

fluxes were converted to CO2 equivalents using 100-year global warm-
ing potentials, CH4: 28, N2O: 273 (Smith et al., 2021). As the GL treat-
ment acted as a ‘reference’ management option, the mean annual fluxes 
from that treatment were deducted from those of the rice treatments. 

Fertiliser peaks were defined as those N2O fluxes following a fertil-
isation event that were higher than the mean flux of the 10 days prior to 
fertilisation (using upper limit of the confidence interval of the flux), 
until a flux lower than the mean flux occurred. 

2.8. Statistical analysis 

The inhomogeneity of variance of the treatments precluded the use 
of a parametric test. The Kruskal-Wallis test was used to assess whether 
the three rice treatments had significantly different annual CH4 and N2O 
emissions from one another. Where this was the case (P < 0.05), the 
Games-Howell (post-hoc) test was used to assess the differences between 
the individual treatments. 

3. Results 

The hourly flux data (CH4 and N2O) are available at Mendeley Data 
(DOI: 10.17632/fxmnty8zf8.1). 

3.1. CH4 fluxes 

After establishment of the wet rice plots, CH4 fluxes were very low, in 
the range of − 0.05–0.14 (mean 0.004) mg CH4.m-2.h-1 (Fig. 3). Circa 
one month after the onset of water management and the planting of the 
seedlings, significant emissions were recorded from all treatments but 
rose the highest in the RH treatment (mean flux from 1st July to onset of 
mid-season drainage on 4th August: RH: 5.82 mg CH4.m-2.h-1; RM+min: 
0.64 mg CH4.m-2.h-1; RM: 0.75 mg CH4.m-2.h-1). The mid-season 
drainage of the RH plots decreased CH4 emissions there, to levels 
lower than the other two treatments for the same period (mean fluxes 4th 

to 12th August: RH: 0.37 mg CH4.m-2.h-1; RM+min: 1.07 mg CH4.m-2.h- 

1; RM: 1.37 mg CH4.m-2.h-1). Following the re-flooding of the RH plots, 
emissions from that treatment rose to a maximum of only 3.2 mg CH4.m- 

2.h-1 (Fig. 3, Fig. S4). In general, the RM and RM+min treatments had 
lower emissions than the RH treatment (Fig. 3, Figs. S3–5), with the 
exception of fluxes immediately following the onset of the pre-harvest 
drainage in September. Here, fluxes of up to 10.1 mg CH4.m-2.h-1 were 
measured for the RM+min treatment and up to 97.1 mg CH4.m-2.h-1 for 
the RM treatment (Fig. 3, Figs. S3, S5). In the latter treatment, two plots 

Fig. 2. Volumetric water content of the 12 rice plots from mid-July until the end of September; purple = high water table (WT); green = medium WT with mineral 
cover; orange = medium WT; red dotted lines = start and end of mid-season drainage (flooded plots only); black vertical line = pre-harvest drainage (all plots). 
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showed extreme values, contributing to 68 % and 84 % of gap-filled 
emissions of these plots (Fig. 4) and causing the annual CH4 emis-
sions, on average, to be as high as those of the RH treatment. Across all 
rice treatments, fluxes fell below 0.16 mg CH4.m-2.h-1 within eight days 
of the pre-harvest drainage at the end of September. They remained 

below 0.06 mg CH4.m-2.h-1 from the beginning of October until the end 
of the experiment (Fig. 3). Cumulative fluxes during the fallow period i. 
e. following harvest, were negative for all treatments; the CH4 uptake 
was equivalent to between 1 % and 3 % of the annual emissions. Across 
the whole experiment, the RM+min treatment had lowest annual 
average CH4 fluxes (Fig. 4, treatment means: RM+min: 2.44 g CH4.m-2. 
a-1; RH: 6.20 g CH4.m-2.a-1; RM: 6.36 g CH4.m-2.a-1) though treatment 
means were not significantly different from one another (χ2(2) = 4.19, 
P = 0.123). 

A non-linear relationship between CH4 fluxes and chamber temper-
ature (Fig. S11) was identified. Below 12.5 ◦C, the maximum hourly flux 
was 0.013 mg CH4.m-2 and above 12.5 ◦C fluxes reached 97.1 mg CH4. 
m-2.h-1. No significant relationship between CH4 fluxes and temperature 
was identified (linear model: log10(fluxes + 0.06) ~ temperature; 
P > 0.05). 

In the grass plots, CH4 fluxes (Fig. S6) were close to zero (5th and 95th 

percentiles of all measurements: − 0.041 and 0.013 mg CH4.m-2.h-1, 
respectively) and the mean seasonal flux was negative at − 0.040 g CH4. 
m-2.season-1 (range of plot means: − 0.057 to − 0.030 g CH4.m-2.season- 

1). 

3.2. N2O fluxes 

N2O fluxes in rice were highest following fertilisation events (all 
treatments) and, for the RM treatment, following rainfall events (8th 

June, 30th August) and the pre-harvest drainage (27th September) 
(Fig. 5). In total, the N2O-N losses represent 0.51–1.8 % of the N added 
to the plots through fertiliser. No emission peaks following the mid- 
season drainage of the RH plots (4th to 12th August) were identified. 
The last high fluxes were measured 15 days after the beginning of the 
pre-harvest drainage (in the RM treatment). From 11th October onwards, 
fluxes across all rice treatments remained below 0.04 mg N2O-N.m-2.h-1 

(Fig. 5). Fluxes during the fallow period contributed to 7 % (RH), 16 % 
(RM) and 44 % (RM+min) of the annual emissions. 

The mean annual flux of the RM+min treatment (56 mg N2O-N.m-2. 
a-1) was significantly lower than that of the RH treatment (203 mg N2O- 
N.m-2.a-1; P = 0.037, Table 1) and lower, though not significantly, than 
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that of the RM treatment (190 mg N2O-N.m-2.a-1; P = 0.124; Table 1, 
Fig. 5). The contribution of fertiliser-induced peaks to the annual N2O 
emissions was variable (Table 1). The RM treatment had high fluxes 
following the pre-harvest drainage that were not associated with fertil-
isation (Fig. 5). 

The mean seasonal N2O flux from the grass plots was 84 (range: 
53–165) mg N2O-N.m-2 season-1). With one exception, all flux mea-
surements were below 0.24 mg N2O-N.m-2.ha-1.h-1 (Fig. S10). No 
fertiliser-induced N2O peaks were identified. 

4. Discussion 

4.1. CH4 emissions 

Reported annual or seasonal CH4 emissions from flooded rice culti-
vation in the literature are very variable, in part because there are 
several important drivers of fluxes, including water management, 
organic amendments, soil type, previous land use, organic matter con-
tent and climate. Ranges of CH4 emissions from other regions in the 
same climate zone include 17–367 kg CH4.ha-1.a-1 for N Japan (5th and 
95th percentiles for sites without straw addition, Kajiura et al., 2018) 
and 14–208 kg CH4.ha-1.season-1 for NE China (range of values, sites 
without straw addition, Wang et al., 2018). Our annual fluxes (24–64 kg 
CH4.ha-1.a-1, Fig. 4) fall within the range of these values but are at the 
lower end. This might be explained by several reasons. First, our site has 
cooler summers than those of the above-cited regions (mean June, July, 
August temperatures of our site: 17.5, 19.2, 18.7 ◦C [1991–2020], 19.0, 
18.3, 17.4 ◦C [2021, MeteoSwiss]; Hokkaido, Japan: 17.0, 21.1, 22.3 ◦C 
[1991–2020, Japan Meteorological Agency]; Jilin, NE China: 19.5, 22.3, 
21.1 ◦C [1991–2021, climate-data.org]) which can be expected to lower 
CH4 emissions (Yvon-Durocher et al., 2014). Differences in climate can 
also explain the lower annual CH4 emissions measured in this study 
compared to that calculated using the IPCC Tier 1 approach for Europe 
(161 [95 % CI: 82–315] kg CH4.ha-1.a-1, Hergoualc’h et al., 2019); the 
sites used to calibrate this IPCC function are situated exclusively in the 
Mediterranean region (Wang et al., 2018), with hot summers. This 
highlights the need for measurements in a wider range of climate regions 
so that emissions from rice cultivation in Europe outside of the Medi-
terranean region can be estimated adequately. Second, the water level 
even in the RH rice treatment was high but not flooded, meaning there 
was a zone in the soil where methanotrophy could have occurred, thus 
lowering emissions in our experiment. Third, the experiment was car-
ried out during the first occurrence of water-logged conditions on this 
soil (in the mesocosm experiment). This is relevant because lower CH4 
emissions in the first year of measurements (following dry cultivation) 
have been observed in other studies (e.g. Hatala et al., 2012; Lago-
marsino et al., 2016). Hatala et al. (2012) explained low CH4 emissions 
in the first year of measurements by the lack of labile C substrate in the 
soil. This explanation might apply to our study as although plots were 
cultivated (grass) in 2020, this organic matter might have been 

Fig. 5. N2O fluxes (mg N2O-N.m-2) showing cumulative fluxes through time (left-hand graph) and annual fluxes of the rice and seasonal fluxes of grass plots 
(treatment means = black dots; vertical lines = 95 % confidence intervals) (right-hand graph); RH = rice plots with a high water table (WT); RM+min = rice plots 
with a medium WT with mineral cover; RM = rice plots with a medium WT; GL = grass plots with a low WT; the different lines (left-hand graph) and symbols (right- 
hand graph) show the different plots (4 per treatment); daily precipitation shown in turquoise; fertilisation events shown as vertical dashed lines, planting out of rice 
plants indicated as a vertical dotted line (end of May), harvest dates shown as vertical dotted lines (mid-October); the beige background shows periods during which 
either the RH plots were drained (mid-season drainage, early August) or all plots were drained (late September onwards). 

Table 1 
Mean (and 95 % CI) annual CH4 and N2O emissions from the rice treatments, as 
well as their increase in emissions compared to those of the grass treatment 
(“Additional emissions”), in CO2-equivalent; and mean (and standard deviation, 
n = 4) of proportion (and standard deviation, n = 4) of annual N2O emissions 
identified as fertilisation induced; RH = rice plots with a high water table (WT); 
RM+min = rice plots with a medium WT with mineral cover; RM = rice plots 
with a medium WT; GL = grass plots with a low WT; letters in superscript 
indicate significant differences between mean annual emissions of rice treat-
ments, as described in main text.   

Annual 
CH4 

emissions 

Annual 
N2O 
emissions 

Combined 
CH4 and 
N2O 
emissions 

Additional 
CH4 and 
N2O 
emissions* 

Fertilisation 
peaks  

(t CO2-eq.ha-1.a-1) (%) 

RH 1.74 
(0.58, 
2.89)a 

0.87 
(0.60, 
1.14)a 

2.61 (1.19, 
4.03) 

2.26 (1.07, 
3.45) 

87.3 (15.3) 

RM+min 0.68 
(0.51, 
0.86)a 

0.24 
(0.20, 
0.28)b 

0.92 (0.71, 
1.14) 

0.57 (0.56, 
0.59) 

59.7 (22.4) 

RM 1.78 
(0.54, 
3.02)a 

0.82 
(0.42, 
1.21)ab 

2.60 (0.97, 
4.23) 

2.25 (0.85, 
3.64) 

11.0 (10.0) 

GL − 0.01 
(− 0.014, 
−

0.0078) 

0.36 
(0.13, 
0.59) 

0.35 (0.12, 
0.58) 

- None 
identified  

* = the sum of CH4 and N2O emissions (CO2-eq.) from each treatment minus 
the sum of CH4 and N2O (CO2-eq.) emissions from the GL treatment. 
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decomposed aerobically in the fallow months prior to flooding. Lago-
marsino et al. (2016) explained their observation of low CH4 emissions 
in the first year by the delayed adaptation of the microbial community to 
anaerobic conditions. This explanation is compatible with our experi-
ment and implies that measurements from this site in future years are 
necessary to test for the long-term GHG emission effects of wet rice / 
dry-cultivation rotation and rice monocultures at our study site. 

From the beginning of July until mid-season drainage, the RH 
treatment had the highest CH4 emissions (Fig. 3). This is most likely 
explained by the higher WT of this treatment (Fig. 1) but the higher 
biomass of plants from this treatment (Table S2) might have also 
contributed to these higher emissions. Mid-season drainage worked well 
to reduce CH4 emissions from the RH treatment, both during the 
drainage period and for several weeks afterwards (Fig. 3). The reduction 
in VWC for two of the four plots was < 18 % (Fig. 1), lower than that 
reported in another study (40–60 %, Linquist et al., 2015). This dem-
onstrates that even in organic soils that retain high VWC following 
drainage, CH4 emission reductions can be reached with temporary 
drainage. 

The lowest annual CH4 flux was recorded from the RM+min treat-
ment. One interpretation might be that the mineral cover reduced CH4 
emissions in these water-logged conditions due to lower C content in the 
upper soil layer of this treatment. However, with the exception of 
measurements from a single day (following pre-harvest drainage, see 
below), fluxes from the RM treatment were similarly low (Fig. 3). It is 
therefore difficult to explain the cause of the lower annual CH4 emis-
sions in the RM+min treatment. 

The high CH4 peaks following pre-harvest drainage (end of 
September) recorded from two plots in the RM treatment caused the 
mean annual emission estimate of this treatment to be as high as that of 
the RH treatment (Fig. 4). This suggests that eliminating these tempo-
rary fluxes is important. High emissions from rice fields following 
drainage have been recorded also in other studies (e.g. Wassmann et al., 
2000; Hatala et al., 2012; Linquist et al., 2015). These large emission 
peaks are explained as the release of trapped methane due to reduced 
pressure upon drainage, alongside a low rate of methanotrophy due to 
both the more rapid movement of the CH4 through the soil profile and 
the persistent low redox potential of soil initially following drainage 
(Denier van der Gon et al., 1996; Han et al., 2005). Consequently, slow 
decrease in the water table, causing a gradual reduction in pressure, 
might avoid such post-drainage peaks, substantially reducing the annual 
GHG balance of this system. 

We did not identify a relationship between soil temperature and CH4 
emissions during the growing season, as might be expected based on the 
close relationship between temperature and annual fluxes (Yvon-Dur-
ocher et al., 2014). It suggests that within our system, temperature is not 
a major driving factor of seasonal CH4 emission dynamics. 

4.2. N2O emissions 

Annual N2O emissions from the rice treatments of 0.56–2.03 kg N2O- 
N.ha-1.a-1 fall between emission factors from (drained) grassland and 
semi-natural / rewetted land use types (Freeman, 2022), as well as 
within the range of annual emissions from N Japan (mean [range]: 1 
[0.1–3.9] kg N2O-N.ha-1.a-1, Kajiura et al., 2018). The emissions are 
lower than the IPCC estimate for drained agriculturally-managed 
organic soils (8.2–13 kg N2O-N.ha-1.a-1, Drösler et al., 2014) but this 
can be explained by the lower C (and thus N) availability in the soils in 
our study, where much organic matter was protected by anoxic condi-
tions due to water logging, reducing microbial organic matter decom-
position rates. 

Annual N2O emissions recorded from the rice plots were lower for 
the RM+min treatment than the RH and RM treatments (72 % and 70 % 
lower, respectively). These results support the findings of a field 
experiment in eastern Switzerland (Wang et al., 2022) which found a 
84–90 % reduction of N2O emissions after mineral coverage on an 

intensively managed meadow on organic soil over two years. Though 
the reduction measured in our study is somewhat lower, it is still a 
substantial reduction, and shows that the effect holds for organic soil 
with a near-surface water level. Wang et al. (2022) suggested several 
explanations for the lower emissions in covered soils, including lower 
soil organic C content and higher pH in the upper soil layer. These two 
explanations are supported by our results. The lower soil organic carbon 
content is especially relevant in this experiment because the peat in the 
RM+min treatment was completely submerged in water, meaning the 
main C source was the C-poor mineral cover layer. Additionally, the 
different water levels might also offer an explanation. Higher N2O 
emissions following N inputs are expected for soils near the saturated 
water-filled pore space (WFPS) (Bateman and Baggs, 2005). Indeed, the 
VWC of the RM+min treatment (at 5 cm below soil surface) was 
consistently lower than that of the two other rice treatments. However, 
because we do not have information on the porosity of the soils, it is not 
possible to estimate WFPS. This would be important in follow-up 
studies, because the (expected) lower porosity of the mineral soil 
might compensate for its lower VWC, resulting in a similar WFPS. In 
short, the lower N2O emissions from the RM+min treatment might be 
the higher pH, the lower C availability, or possibly the lower WFPS. 
Based on our experimental design however, we cannot disentangle these 
mechanisms. 

Fertiliser peaks accounted for more than half of annual emissions 
from the RH and RM+min plots (Table 1, Fig. 5), suggesting an 
important role of N inputs in these treatments. Fertiliser peaks also 
occurred in the RM treatment (Fig. 5), though they did not account for 
such a high proportion of annual emissions (11 %). This low value was 
mostly due to high N2O fluxes not associated with fertilisation. These 
occurred a) after the automated water control had been switched on 
then off then on in mid-May, and b) following the pre-harvest drainage 
(Fig. 5). Varying water levels have been shown to increase N2O emis-
sions in several studies (e.g. Beare et al., 2009; Harrison-Kirk et al., 
2013). This possible explanation however applies to all rice treatments, 
and leaves the question unanswered as to why these non-fertiliser peaks 
were so prominent in the RM treatment. Understanding these emission 
peaks is important, as they made up a large proportion of the annual N2O 
fluxes of this treatment (Fig. 5). Unlike in other studies (e.g. Lago-
marsino et al., 2016) the mid-season drainage did not cause enhanced 
N2O emissions. In our study site there is thus no indication that this 
measure, used to reduce CH4 emissions, increases N2O emissions. 

The GL plots did not show any fertiliser peaks. This might be due to 
fact that the they received in the field only about a quarter as much N as 
the rice treatments did (GL: 26 kg N.ha-1, rice: 110 kg N.ha-1). Corre-
spondingly, the annual N2O emission of the GL treatment was less than 
half of that of the two rice treatments with the same soil (RH and RM), 
though the variability between plots was large (Fig. 5). 

4.3. Climate-friendlier organic soil cultivation 

The additional CH4 and N2O emissions from the rice treatments, 
compared to grass control plots were generally low (Table 1). The CH4 
and N2O emissions from the GL treatment fall within the range of annual 
emissions from a recent study of drained organic soils in Germany 
(Tiemeyer et al., 2020, considering fluxes from only those (33) grassland 
sites receiving < 100 kg annual N inputs: 5th and 95th percentile CH4 
emissions: − 5.0–67.3 kg CH4.ha-1.a-1; 5th and 95th percentile of N2O-N 
losses: 0.28–10.4 kg N2O-N.ha-1.a-1). Although our annual flux esti-
mates are at the lower ends of these ranges, this – and similar results 
from the rice treatments – implies that our mesocosm experiment is 
suitable for comparing GHG emissions between different treatments. 

In order to compare the overall GHG balance of these treatments 
however, information on CO2 emissions is necessary. Although we did 
not measure net CO2 emissions, a statistical relationship between water 
table depth (WTD) and net CO2 emissions allows the potential CO2 
savings associated with a change from deeply drained grassland to wet 
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rice production to be estimated. For example Tiemeyer et al. (2020) use 
a sigmoidal function to describe the net CO2 emissions based on WTD, 
based on data from 188 sites in Germany (mixed land use), given in Eq. 
1. 

CO2 − C(WT) = CO2 − Cmin+CO2 − Cdiff × e− aebWT (1)  

where CO2 - C(WT) is the annual CO2 - C loss (t C.ha-1.a-1) for a given 
WTD (m), CO2 - Cmin is the lower asymptote of CO2 - C loss (− 0.93 t C. 
ha-1.a-1), CO2 - Cdiff is the difference between the lower and upper 
(11.00 t C.ha-1.a-1) asymptotes, a = 7.52 and b = 12.97 m-1 (Tiemeyer 
et al., 2020). The function estimated emissions of ca. 37 t CO2.ha-1.a-1 

for deeply drained soils, ca. − 3.4 t CO2.ha-1.a-1 for flooded soils, and a 
steep decline in emissions between water levels of ca. − 30 cm and 
− 10 cm (Tiemeyer et al., 2020). The WTDs recorded from our experi-
ment can thus be used to predict the CO2 emissions from our four 
treatments. Two adjustments however need to be made. First, assuming 
the volume of aerated peat is relevant for the function relating WTD to 
CO2 emissions, we set the WTD of the RM+min treatment to be 0 cm, 
because the peat in this treatment was entirely submerged in water. 
Second, the wettest sites in Tiemeyer ’s et al. (2020) data set, for which 
the function predicts negative CO2 emissions, were near-natural. Such 
sites might have negative net CO2 emissions in part because vegetation 
of near-natural peatlands tends to produce dead organic matter rela-
tively resilient to decomposition. This is not the case for our plots 
therefore we set the CO2 emissions of the RM+min and RH treatments to 
be zero, rather than negative. 

Using the Tiemeyer et al. (2020) function to predict the CO2 emis-
sions from the four treatments from this study results in much higher 
CO2 emissions from the GL treatment, than the rice treatments (Table 2). 
Combining estimated CO2 emissions with the CH4 and N2O from our 
measurements allows the CO2-eq. savings obtained by cultivating wet 
rice instead of (dry) grass to be calculated. This is done by deducting the 
CH4, N2O (Table 1) and CO2 emissions of the GL control treatment from 
those of the rice treatments. Total emissions from the GL treatment are 
estimated to be 37.3 t CO2-eq.ha-1.a-1 and the rice treatments are esti-
mated to have 93 % (RH), 98 % (RM+min) and 60 % (RM) lower GHG 
emissions. The IPCC CO2 emission factor for deeply drained 
nutrient-rich grasslands in the temperate zone is 6.1 t CO2-eq.ha-1.a-1 

(Drösler et al., 2014), considerably lower than that predicted by Tie-
meyer et al. (2020). This discrepancy can be accounted for by calcu-
lating the reduction in CO2 emissions due to the different WTDs of our 
rice treatments (compared to GL), as described above, and then applying 
this reduction to the IPCC emission factor (=22.4 t CO2.ha-1.a-1) instead 
of the CO2 emission factor from Tiemeyer et al. (2020). Rice treatments 
are then estimated to have 89 % (RH), 96 % (RM+min) and 56 % (RM) 
lower GHG emissions than the GL treatment (Table 2). 

In summary, the high savings of the RH and RM+min treatments 
stem from their high effective water tables, reducing the estimated CO2 
emissions, but without excessively increased CH4 emissions (Table 1). 
Furthermore, our results suggest that the mineral coverage also lowers 
N2O and possibly CH4 emissions, though its effect is secondary to water 
level increase. The effectiveness of this mitigation measure needs to be 
tested still in flooded rice. Nonetheless, the observed high GHG savings 
suggest that even an 8-fold increase (using the IPCC CO2 emission factor) 
in CH4 emissions would still result in emissions savings from the two rice 
treatments with the highest effective water tables. This value increases 
to 14-fold if the higher CO2 emission factor from Tiemeyer et al. (2020) 
is used. 

5. Conclusion 

CH4 and N2O emissions were measured from wet rice and deeply 
drained grass grown on organic soil in an outdoor mesocosm experiment 
in the cool temperate moist zone. For rice, the combined emissions were 
less than 2.7 t CO2-eq.ha-1.a-1. The generally low CH4 and N2O emissions 

indicate that wet rice cultivation on the investigated organic soils in this 
climate zone has the potential to reduce the warming induced by agri-
cultural use of these soils, as opposed to conventional (deeply drained) 
grass cultivation. Estimated CO2 emissions further support this propo-
sition. Lower emissions (for N2O, significantly lower) were recorded 
from the rice treatment that had a 30 cm mineral layer, indicating this 
management option should be pursued as a potential GHG reduction 
option. In general, the CH4 emissions from the rice treatments had a 2–3 
times higher warming potential than the N2O emissions, implying that 
further improvement of the GHG balance of this system should focus on 
CH4 emissions. The very different dynamics of CH4 emissions in the two 
rice treatments that had similarly high annual CH4 fluxes suggest that 
there are multiple ways of doing this. For the future, we suggest two 
directions of research for GHG emission from wet rice in this climate 
zone. First, measuring CO2 emissions alongside CH4 and N2O emissions. 
Second, how to amend the rate of drainage, to prevent the pre-harvest 
drainage CH4 emission peak. 
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Table 2 
CO2 emissions from the four treatments as estimated using Eq. (1) (from Tie-
meyer et al., 2020) in conjunction with estimates of CO2 emissions from deeply 
drained grassland from Tiemeyer et al. (2020) or IPCC (Drösler et al., 2014), see 
Section 4.3 for details; RH = rice plots with a high water table (WT); RM+min =
rice plots with a medium WT with mineral cover; RM = rice plots with a medium 
WT; GL = grass plots with a low WT.   

CO2 emission 
using Tiemeyer 
estimate 

CO2 reduction 
using Tiemeyer 
estimate 

CO2 emission 
using IPCC 
estimate 

CO2 reduction 
using IPCC 
estimate  

(t CO2-eq.ha-1.a-1) 

RH 0* 36.96 0* 22.39 
RM+min 0* 36.96 0* 22.39 
RM 12.27 24.68 7.44 14.95 
GL 36.96 – 22.39 –  

* The negative CO2 emissions estimated by Eq. (1) were set to zero (see Section 
4.3 for details). 
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