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ARTICLE INFO ABSTRACT

Keywords: Large areas of temperate peatlands are drained for agriculture and are strong sources of greenhouse gases (GHG).
CO; Paddy rice cultivation as a new cropping system in the cool temperate climate could offer an opportunity for
CH4 continuing food production on these organic soils, possibly reducing carbon dioxide (CO3) and nitrous oxide
Il:lﬂégeral cover (N20) emissions by rewetting. However, methane (CH4) from paddy rice cultivation might impair the potential
Rewetting climate benefits. Here, the GHG fluxes of CO3, CH4, and N2O of paddy rice grown on organic soil with and
Paludiculture without amended mineral cover, as well as in ley cultivated on drained organic soil as a reference, were
Peatland quantified in an outdoor mesocosm experiment in Switzerland (cool temperate climate). Measurements were

conducted with manual chambers for one year. Compared to ley under drained management, paddy rice culti-
vation reduced the net GHG balance by 36.1 %, from 32.7 (7.0) to 20.9 (2.7) t CO5 eq ha™! yr’l. The GHG
balance was dominated by CO, whereas CH, accounted for 8 % (54.3 (26.2) kg CH, ha™! yr1). Most CO,
emissions occurred during the drained fallow period (mid-September—April). N2O emissions (0.9 (0.4) kg NoO-N
ha~! yr1) were reduced by 83.9 % with paddy rice. Adding an amended mineral cover to organic soil slightly
reduced the net GHG balance further, but not significantly. Multi-year studies on field-scale are required to
generalize this study’s findings derived from a one-year mesocosm experiment. The results point towards paddy
rice cultivation being a promising alternative to drained agriculture on temperate organic soils while maintaining

food production and mitigating GHG emissions.

1. Introduction

In their natural wet state, peatlands form organic soils, which are
among the largest terrestrial carbon reservoirs, estimated to be between
500 and 600 Pg C (Leifeld and Menichetti, 2018; United Nations Envi-
ronment Programme (UNEP) (UNEP).,2022). However, large-scale
drainage for agriculture and forestry has turned many organic soils
from a carbon sink into a carbon source, mostly owing to microbial peat
oxidation, resulting in accumulated emissions of 80 (20) Pg CO2-eq.
globally or approximately 1.9 Pg CO»-eq. per year (Leifeld et al., 2019).
This problem is most accentuated in Europe, where 46 % of peatlands
are degraded and emit currently 582 Mt CO3-eq. per year (Tanneberger
etal., 2021b; United Nations Environment Programme (UNEP) (UNEP).,

2022). Alongside GHG emissions, managed temperate peatlands in
Europe are affected by soil subsidence, which poses risks to the sustained
use of these soils for agriculture (Erkens et al., 2016; Leifeld et al., 2011;
Tanneberger et al., 2021a).

It is widely acknowledged that water level is the primary control of
organic soil decomposition in peatlands (Evans et al., 2021; Freeman
et al., 2022; Koch et al., 2023; Tiemeyer et al., 2020). Raising the water
table of drained organic soils is therefore the most effective known
measure to strongly reduce CO, emissions (Freeman et al., 2022; Tan-
neberger et al., 2021b). Introducing flooded conditions can strongly
reduce the oxygen supply necessary for aerobic organic matter decom-
position. Agriculturally managed peatlands can either be rewetted by
abandonment of agriculture or by switching to paludiculture (Bianchi
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et al.,, 2021). Paludiculture is a form of agriculture whereby plants
tolerant of waterlogged conditions, such as Sphagnum or Typha, are
cultivated under high-water tables (Joosten et al., 2015), mostly to
produce bioenergy or fiber. Paludiculture reduces CO, emissions and
soil degradation efficiently (Bianchi et al., 2021; Tanneberger et al.,
2022), but only 1 % of degraded peatlands are currently rewetted in
Europe (United Nations Environment Programme (UNEP) (UNEP).,
2022). One reason for this is the economic challenges associated with
paludicultures in comparison to current drained peatland use
(Buschmann et al., 2020; Ferré et al., 2019; Rawlins and Morris, 2010).
Reduced food security remains an additional limitation, either because
most crops currently grown in cool temperate paludiculture are not
edible (Tanneberger et al., 2021b) or because agriculture with raised
water tables is associated with reduced biomass production (Freeman
et al., 2022).

A potential solution for organic soil management that can address
the combined challenges of mitigating climate change while maintain-
ing food security could be the cultivation of rice, the world’s most sig-
nificant water-tolerant staple crop. With the accompanying high water
table, CO, and N»O emissions are predicted to decline strongly. How-
ever, paddy rice cultivation is notorious for its high methane (CHy4)
emissions under anaerobic conditions and, globally, accounts for 8 % of
anthropogenic CH4 emissions (Saunois et al., 2024). Indeed, compared
to wheat and maize, two other globally important staple crops, the
yield-scaled GHG emissions of paddy rice on mineral soil is four times
higher, mainly due to CHy4 emissions (Linquist et al., 2012). The much
higher GHG emissions of rice cited above relates to cultivation on
mineral soils. Relative to upland crop cultivation on drained organic
soils, however, paddy rice cultivation on organic soil could have a lower
GHG balance, due to the reduced CO; and N»O emissions. In Europe,
paddy rice is grown successfully on mineral soil under a warm temperate
climate in Italy, Spain, and Southern France (Kraehmer et al., 2017).
Traditionally, rice could not be cultivated under the cool temperate
climate of Northern and Central Europe; however, changing climate
conditions under global warming are shifting possible rice cropping
regions. It is predicted that within the next four decades, the area suit-
able for rice cropping would touch high latitudes up to 60° north,
thereby including large parts of currently drained European peatland
areas (Su et al., 2021). Indeed, paddy rice cultivation was successfully
introduced for the first time north of the Alps in Switzerland in 2017
(Fabian et al., 2022). Today, farmers sell rice directly as an economically
viable local niche product (Fabian et al., 2024). Given this recent
development, the GHG balance of paddy rice cultivation in the
temperate climate outside of the Mediterranean region, and therefore
the possible implications for organic soil management, is unknown.

This study compares the full GHG balance (i.e., CO5, CHy, N3O, and
harvest export) of paddy rice cultivation on organic soil under cool
temperate climate with that of typical management of these soils for
agriculture—that is, drained ley—in an outdoor mesocosm experiment.
The authors hypothesize that paddy rice cultivation improves the overall
GHG balance by reduced CO5 and N0 emissions in spite of higher CHy4
emissions. Additionally, this study tests whether the GHG balance of
paddy rice cultivation on organic soil can be further improved by
applying a mineral soil cover on top of the organic soil, which has
previously shown positive effects on CH4 and N2O emissions (Paul et al.,
2024; Wang et al., 2022; Wiist-Galley et al., 2023). This paper provides
novel insights as the full GHG balance including all major GHGs (CO»,
CHy4, N2O) of paddy rice cultivation on organic soils has never been
measured before in the temperate cool climate. Furthermore, this study
provides evidence on the effect of a mineral soil cover on organic soil on
the full GHG balance and suggests rice as a new and edible paludiculture
crop for the cool temperate zone of Europe.
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2. Materials and methods
2.1. Experimental setup

2.1.1. Site description

The outdoor mesocosm facility is located at the Agroscope research
institute in Zurich (47.42796° N, 8.51769° E), at 444 m above sea level
in the Swiss plateau. The climate zone is cool temperate according to the
IPCC classification (Bickel et al., 2006), with a mean annual temperature
of 9.8°C and a mean annual precipitation of 1022 mm. The outdoor
mesocosm experiment was composed of eight rows with six
concrete-lined mesocosms per row and the option to actively control or
fluctuate the water table of each row with an automatic system during
the runtime of the experiment. Each mesocosm was 1.2 m long, 1.2 m
wide, and 1.4 m deep. To increase the water level, the system pumped
water into an inspection well located at the end of each row. The water
then moved through a pipe that ran along the bottom of the row and into
each of the six mesocosms. The six mesocosms were thus connected
hydraulically, but a metal grate at the base of each mesocosm ensured
that the plots were otherwise disconnected. To actively remove water
from the mesocosms, water was pumped out of the inspection well
(Figure S1). To ensure independence despite hydraulic connection, all
replicates per treatment (n = 4) were located in different rows except for
the drained mesocosms where the effect of the hydraulic connection was
assumed to be negligible. The mesocosms were divided in half in the
middle by a 0.05-m-thick concrete slab to a depth of 0.3 m. In one half,
gas measurements were taken, while in the other half, soil temperature,
soil moisture, and redox potential were measured. The two sides of each
plot were managed identically.

2.1.2. Experimental treatments

Three treatments were compared. Mesocosms filled with organic soil
and cultivated as paddy rice under flooded conditions were labeled
‘flooded rice’ (FR). The second paddy rice treatment had an amended
mineral cover over organic soil and was also in flooded conditions
denoted as ‘flooded rice with amended mineral cover’ (FR+AC). As a
well-aerated reference treatment, ley (Lolium perenne) was grown on
organic soil under drained conditions named ‘drained ley’ (DL).

2.1.3. Soil properties

In March 2020, all mesocosms were filled with organic soil classified
as degraded fen peat taken from a nearby site that had been drained and
managed for agriculture for several decades. Soils with a soil organic
carbon (SOC) content > 20 % are classified as organic soils while soils
below this threshold are considered mineral soils (IUSS Working Group.,
2022). The organic soil had a pH of 6.0, 27.4 % SOC content, and a C/N
ratio of 20. The mesocosm used for the amended mineral cover/organic
soil combination was filled with organic soil to a depth of only 0.3 m
below the surface. The remaining 0.3 m was filled with a mineral soil
cover. This mineral soil was classified as a loam (12 % clay, 46 % silt,
42 % sand), with a pH of 7.6, SOC content of 0.6 % and C/N ratio of 12.6
(Wiist-Galley et al., 2023). After adding the mineral soil, compost
derived from tree- and bush cuts (10 kg dry mass per plot, pH 8.1,
organic carbon content 20.5 %, C/N-ratio 13.2) was mixed into the
mesocosm in 2020 to increase its biological activity, as is common in
agricultural practice. Similarly, mineral soil is used by farmers to cover
organic soils under agricultural use in Switzerland (Paul et al., 2024).
Since compost and mineral soil were mixed for the amended mineral
cover this study cannot account for the effect of compost addition by
itself nor the effect of mineral soil alone.

2.1.4. Water management

While the rice mesocosms were flooded during the growing season,
the water table was kept, on average, at + 0.045 (0.012) m above the soil
surface (Figure S2). Flooding began on 11 April 2023 and lasted for 28
days, until the mesocosms were drained for seedling transplantation.
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The mesocosms were then flooded again for 33 days until they were
drained for several hours to apply fertilizer, a procedure repeated 36
days later. Mid-season drainage started on 7 August 2023, with the
mesocosms completely drained for 9 days. Thereafter, the rice meso-
cosms were flooded again for 17 days until drainage for harvest on 11
September 2023. After harvest and during winter, the rice mesocosms
remained drained until they were flooded again in spring.

For the DL mesocosms, the water table was, on average, —1.0 (0.06)
m throughout the season (Figure S2). In the absence of rain, the DL
mesocosms were irrigated during the growing season. Due to hot and dry
conditions in June, the water table in the DL mesocosms was raised for a
day to eliminate drought-related crevasses between the peat and the
mesocosm walls and to ensure representative ley growth (Figure S2).

2.1.5. Cultivation

Eight mesocosms were planted with rice variety Loto (Oryza sativa
L.). Rice seeds were sown in a potting substrate and cultivated in a
greenhouse for one month. During this time, seedlings were fertilized
twice with Wuxal® (Syngenta), an NPK mineral fertilizer with addi-
tional micronutrients (K, B, Cu, Fe, Mn, Mo, Zn). On 17 May 2023, 34
seedlings were transplanted to each rice mesocosm. Rice mesosoms were
fertilized on 9 May, 19 June, and 25 July 2023 with Wuxal® (Syngenta)
and an additional NPK mineral fertilizer, receiving a total of 110 kg N
ha! yr! according to national fertilization recommendations
(Huguenin-Elie et al., 2017). On each fertilization date, one third of the
total N amount was applied (36.7 kg N ha’l). At harvest (19 September
2023), the panicles and straw were removed from the mesocosms.
Subsequently, the rice straw was dried, shredded, and incorporated into
the mesocosms in November 2023. In the previous year, rice straw was
removed from the mesocosms. Panicles, representing a loss of carbon
(Cexport), were not returned to the plots since this is not common prac-
tice. The carbon content of the rice grains was obtained by dry com-
bustion (DIN,2022). The unpolished rice yield was 4.8 (0.5) t/ha in FR
and 4.3 (0.8) t/ha in FR+AC and did not differ significantly (p = 0.94).

Four mesocosms were planted with ley (Lolium perenne L). The ley
was cut twice (14 July and 3 October 2023), and the harvested biomass
was exported. The exported ley biomass was dried and weighed, and
45 % carbon content of ley was derived from literature values (Bolinder
et al.,, 2012; Ma Su Hui et al.,2018) to obtain Cexporr. The ley was
fertilized according to national fertilizer —recommendations
(Huguenin-Elie et al., 2017) on 9 May, 19 June, and 25 July 2023 with
Wuxal® (Syngenta) and an additional NPK mineral fertilizer, receiving a
total of 38 kg N/yr~! ha™l. On each fertilization date, one third of the
total N amount was applied in the ley mesocosms (12.7 kg N ha™1).

2.1.6. Soil sensors

Soil temperature and soil water content of each plot were measured
at a depth of 0.05 m using Teros-11 soil sensors (METER Group),
recording data at an interval of 15 min (Figure S3 and S4). Redox con-
ditions were monitored using self-developed probes (Reiser et al., 2020)
placed 0.05 m deep, with two probes installed per mesocosm. These
probes recorded redox potential every 8 h during the rice growing sea-
son from 17 May to 19 September 2023 (Figure S5).

2.2. Gas flux measurements

Measurements were conducted using two different manual chambers
with dimensions of 1.2 m length, 0.605 m width, and 0.795 m height,
resulting in a total volume of 0.57 m? . Both chambers were equipped
with two fans to ensure gas circulation. Gas measurements took place
from 1 May 2023-30 April 2024.

2.2.1. CO5 measurements

CO; fluxes were measured with a transparent chamber. CO5 con-
centration was measured with an infrared CO, probe (GMP343 diffusion
model, Vaisala, Vantaa, Finland). A separate probe (Vaisala, Vantaa,
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Finland) was connected to a logger (MI70 Indicator, Vaisala), and
relative humidity and temperature were measured from within the
chamber. During the rice growing season (17 May-19 September 2023),
measurements were conducted at a weekly interval with a higher fre-
quency around drainage events (mid-season drainage and harvest
drainage). Off-season (19 September 2023-30 April 2024), the fre-
quency was reduced to a biweekly interval or longer if weather condi-
tions were unsuitable. On a measurement day, net ecosystem exchange
(NEE) measurements were taken with a resolution of 5 s for 2 min at a
time between 2 h before and after solar noon under a bright, cloudless
sky with full sunlight and maximum solar radiation. This was done to
ensure that the maximum gross primary production (GPPp,ay) could be
calculated from the CO, measurements. Light response curves were
generated (two for DL and one for FR and FR+AC) by measuring from
1 h before sunrise to 1 h after sunset, on cloudless days. Ecosystem
respiration (Reco) measurements were carried out on the same day as the
NEE measurements and took place 1 h after sunset, and each measure-
ment lasted for 5 min. Minimal detectable flux as calculated according to
Maier et al. (2022) was 0.028 g CO» m2hL

2.2.2. CHy4 and N0 measurements

An opaque chamber was used for the CH4 and NyO measurements.
The gases were measured with a Picarro G2308 gas analyzer with a
resolution of one second (Picarro Inc., USA). The chamber air temper-
ature was measured during each gas measurement using a thermometer
mounted within the chamber. During the rice season, measurements
were conducted twice a week, or more frequently if a significant change
in the water table was manually introduced or if fertilizer was applied.
Off-season measurements took place monthly. In April 2024, no CH4 and
N0 measurements were performed in the DL mesocosms. The chamber
was placed on each mesocosm for 15 min for each measurement. Gas
concentration curves were checked visually for irregularities that indi-
cated leakage of the system. Additionally, for this error assessment, the
first 3 min of data were omitted from each measurement to remove any
irregularities caused by the lowering of the chamber, resulting in 12 min
measurements. Minimal detectable flux as calculated according to Maier
etal. (2022) was 0.0014 mg CHs m~2h ™! and 0.075 mg NoO-Nm2h 2.

2.3. Flux calculations and GHG balance

2.3.1. CO2 fluxes

To account for gas pressure equilibration, the first 20 s of each CO,
measurement were discarded. A linear regression was fitted through the
remaining 20 measurement points. Measurements were only included
for calculation if they had a R > 0.75. Measurements with no clear
increase or decrease in CO; concentration were accepted if the change in
CO; concentrations was smaller than 3 % of the mean CO; concentration
(Oestmann et al.,2022). Lastly, 20 % of the NEE measurements were
discarded because the air temperature in the chamber increased > 3°C
during the measurement, which results in an overestimation of CO5
uptake (Drosler, 2005). Due to variations in the water table between
flooded and drained periods and between mesocosms, the volume of air
within the chamber was adjusted for flux determination. The volume of
plants grown in the mesocosms was estimated and considered negligible
(Lim et al., 2021).

To assess the overall carbon balance, the system’s NEE was calcu-
lated on a continuous basis. As CO, fluxes were measured discontinu-
ously, the widely used approach of parameterizing the two underlying
fluxes of NEE with opposite signs, namely plant uptake (i.e., gross pri-
mary production GPP) and ecosystem respiration (Reco) Was applied as
follows:

NEE = GPP + R, (@)

Reco can be obtained in the absence of sunlight during the night,
when it equals NEE. To obtain Rec, for daytime, a Rec, model was fitted
to the measured Rec, values of the night and applied to daytime
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temperatures (Lloyd and Taylor, 1994; Richardson et al., 2006) using:

1 1
= Ey|=——— 2
Reco RlO + eXp|: 0 (TRef -, T— TO) :| ( )

R¢, is a function of soil temperature and is described in the Arrhenius
function, where R is the respiration at a reference temperature of 10°C,
E represents the long-term ecosystem sensitivity coefficient, Trer stands
for the given reference temperature (10°C), T is the soil temperature
measured at 0.05 m depth, and T, is the activation temperature 46.02°C
(Jurasinski et al., 2014).

For all the following carbon flux calculations,the R package flux was
used (Jurasinski et al. (2014). Since Reco strongly differs between floo-
ded and drained conditions, two fits for each of these conditions were
performed using Eq. 2. Since Reco measurements could not be conducted
during the warmest time of the day due to photosynthesis interference,
extrapolation of Rec, beyond the temperature range with existing Reco
measurements was necessary. The maximum temperature for which R,
measurements were available denoted the extrapolation threshold for
each treatment. Beyond the extrapolation threshold, all Re., measure-
ments of one treatment were pooled to calculate one model per treat-
ment to reduce the impact of outlier mesocosms. Below the
extrapolation threshold, each mesocosm was modeled separately with
its corresponding measurements. Extrapolation accounted for 12.5 (4.1)
% of total annual Reco in FR, 24.2 (9.0) % in FR+AC, and 14.9 (1.9) % in
DL. If the extrapolated part is omitted from total Reco, the difference
between FR and DL remains significant. Therefore, the beneficial effect
of flooding on Rec, remains clear, despite extrapolation.

The resulting Reco, models were then used for parametrization in
combination with the continuous soil temperature measurements to
obtain continuous Rec, values throughout the measurement period. Reco
models were also used to simulate the effect of off-season flooding on
Reco by considering the flooded Rec, models instead of the drained ones
for the time interval mid-September 2023 to April 2024.

To obtain the GPP outside of the solar noon for the calculation of
continuous CO; uptake, global radiation (GR) measurements and a light-
response curve are necessary. The light-response curve shows the rela-
tionship between global radiation and the resulting GPP and is described
in the Michaelis-Menten model (Johnson and Goody, 2011). The
equation used to calculate continuous GPP is as follows (Volk et al.,
2011):

GPP,.x ® @ @ GR

GPP= GeGrT GPPnax )

o denotes the ecosystem quantum yield and represents the starting
slope of the light-response curve. To obtain a, a whole-day measurement
campaign was conducted starting 1 h before sunrise and ending 1 h after
sunset, covering a whole diurnal and cloudless GPP cycle. A nearby
(~50 m distance to experimental sites) meteorological station measured
GR at a 10-min interval. To obtain GPP throughout the measurement
period, the gaps between each GPP .y measurement (see Section 2.2.1)
were filled by linear interpolation, which enabled continuous calcula-
tion of GPP in a 10-min interval, according to Eq. 3. After ley and rice
harvest, GPP,.x was set to zero until the next measurement, which took
place 9 days later. The annual COy uptake was then calculated by
summing all calculated GPP values. Annual GPP of the rice plants and
ley were cross validated by comparing them to the total biomass C by
taking root-shoot ratio from Sriskandarajah et al. (2024) and C loss as
root exudates (Liu et al., 2019) for rice and root-shoot ratio for ley
(Crush et al., 2009). For details see Supplementary Information
(Table S1).

2.3.2. CH4 and NO fluxes

Flux calculations for CH4 and N2O were performed according to
Wiist-Galley et al. (2023). Gas fluxes were determined using the “gas-
fluxes” R package (Fuss, 2020; Hiippi et al., 2018). This package auto-
matically selects the optimal model to describe changes in gas
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concentrations, thereby preventing artifacts from gas saturation in the
headspace. Conversion from gas concentration to fluxes required
chamber temperature and air pressure, both obtained from the nearby
meteorological station.

2.3.3. Carbon and GHG balance

For the harvest export (Cgyport), the carbon content was either
measured (unpolished dry matter rice) or taken from the literature on
ley (Bolinder et al., 2012; Ma Su Hui et al.,2018); carbon was assumed to
return to the atmosphere upon consumption. The carbon balance is
described from an atmospheric perspective, which gives GPP a negative
sign, as it represents a loss of carbon from the atmosphere, whereas all
other terms of the carbon balance are positive, representing a gain of
carbon in the atmosphere:

CBalance = NEE + CH4 + CExport (4)

To obtain the annual budget for CH4 and N»O, linear interpolation
was used to obtain daily fluxes for the days on which no measurements
were carried out. The resulting continuous fluxes were summed to
obtain annual budgets. The total annual budgets of the individual gases
were multiplied by their 100-year global warming potential (GWP)
(CHg4: 27; N9O: 273; Smith et al., 2021) to express the annual budgets as
COq-equivalent.

In the GHG balance, the harvest export was included:

GHGBalance = GPP + Recg + CH4 L] GVVPCH4 + Nzo [ GVVPNZQ + COZ.Expun
(5)

2.4. Statistics

For the statistical analysis, R software (version 4.4.3) was used. First,
the residuals of the GHG budgets were checked for normality by visual
inspection with a qg-plot and the Shapiro-Wilk test with the help of the
olsrr package. For non-normal cases, the GHG budgets were transformed
logarithmically to achieve a normal distribution of the residuals. Sec-
ond, the residuals were tested for homoscedasticity using a
Breusch-Pagan test from the car package. A one-way ANOVA was then
used to test whether the treatments had significantly different annual
GHG budgets (p < 0.05). As this was the case, the Tukey post hoc test
was used to assess the difference between the three individual treat-
ments. The difference was seen as significant if the p-value was < 0.05.
Effect size was calculated with standardized mean difference (Cohen’s
d). Sensitivity analyses based on the measurement uncertainty of the
devices were conducted. Numbers are provided together with their
standard deviation in parenthesis. Test statistics and residual plots are
listed in the supplementary material (Table S2-S5, Figure S6-7).

3. Results
3.1. CO2 exchange

The Reco-temperature relationship revealed an exponential de-
pendency for both drained and flooded conditions. Flooding had a
clearly decreasing effect on Reco, especially at temperatures below 20°C
(Fig. 1).

Cumulative NEE was significantly higher in DL compared to FR and
FR+AC (p < 0.001, Cohen’s d > 1.77), but there was no significant
difference between FR and FR+AC (p=0.2, Cohen’s d = 1.09)
(Table 1). At the start of measurements before seedling transplantation
in May 2023, all mesocosms had a positive NEE, indicating a higher Rec,
than GPP (Fig. 2a). As the season progressed, cumulative NEE became
negative in FR and FR+AC as GPP outweighed Rec,, Whereas the cu-
mulative NEE of the DL increased throughout the entire experiment. The
difference in cumulative NEE was strongest at the harvest drainage at
the end of the rice season when the cumulative NEE of FR was —4.5 t
CO, ha™!, in FR+AC —5.0t CO, ha™!, and 18.8t CO, ha™! in DL
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Fig. 1. Ecosystem respiration (Reco) related to temperature. (a) flooded rice (FR), (b) flooded rice with amended mineral cover (FR+AC), (c) drained ley (DL) with
root mean squared error (RMSE). The points denote all measurements taken throughout one year. The solid line shows the Arrhenius model fitted to the measurement
points (Eq. 2), and the dotted part represents where extrapolation was necessary. Brown diamonds are measurement values conducted under drained conditions,

while blue points were measured during flooded conditions.

Table 1

Mean and standard deviation of annual GHG fluxes and balances of GHG and
carbon (including carbon exported in harvest) in mesocosms with flooded rice
(FR), flooded rice with amended mineral cover (FR+AC), and drained ley (DL)
cultivation (4 replicates). NEE stands for net ecosystem exchange (NEE = GPP +
Reco), GPP for gross primary production, and Rec, for ecosystem respiration.
Positive numbers indicate net emissions to the atmosphere.

Unit FR FR+AC DL
NEE tCOyhatyr! 8.5(2.2) 3.3(5.5) 24.2 (3.5)
GPP t CO; ha ! yr? -22.7(1.7) -21.0(3.1) -25.9(1.7)
Reco tCO, ha !yr? 31.3(1.9) 24.3(7.1)  50.1(4.0)
Harvest tCha'yr! 2.9 (0.3) 2.5 (0.4) 1.7 (0.7)
export
CH, kg CH4 ha™! yr! 54.3 40.2 1.1 (0.2)
(26.6) (15.2)
t CO2-eq. ha™* 1.5 (0.7) 1.1 (0.4) -0.03
yr ! (0.005)
N0 kg N2O-N ha! 0.9 (0.4) 0.7 (0.5) 5.6 (4.2)
—1
yr
t CO2-eq. ha™! 0.2 (0.1) 0.2 (0.1) 1.5(1.1)
yrt
GHG balance t CO2-eq. ha™! 20.9 (2.7) 14.0 (6.3) 32.7 (7.0)
—1
yr
C balance tChalyr! 5.3 (0.7) 3.5 (1.7) 8.4 (1.6)
(Fig. 2a).

A day before mid-season drainage, the NEE was negative —0.5 (0.03)
g CO, m™2 h™! in FR and —0.4 (0.05) g CO, m~2 h™! in FR+AC
(Figure S8). The lowering of the water table for the mid-season drainage
in August turned NEE positive (0.8 (0.3) g CO5 m2h!inFR and 0.4
(0.2) g CO2 m2h!in FR+AC). The reason for the positive NEE rates
was the high Rec, following drainage. The summed Rec, during the mid-
season drainage accounted for 8.8 % of the annual Rec, of the FR plots
and 7.7 % of that of the FR4+-AC plots. Following reflooding 9 days later,
NEE values were comparable to those before the mid-season drainage
(FR: —0.5 (0.1) g CO, m~2 h™!, FR+AC: —0.4 (0.2) g CO; m~2 h™1)
(Figure S8).

Following the final drainage for harvest in September, NEE in FR and
FR+AC rose again from negative to positive values, resulting in the
highest NEE measured all year (Figure S8). The summed Re., over the six
days following the drainage accounted for 7.8 % of the total annual Reco
in FR and for 6.7 % in FR+AC. During winter, all mesocosms remained
drained, and daily NEE was consistently positive (Figure S8). At the end
of the measurement period of a full crop cycle in April 2024, all

mesocosms had a positive cumulative NEE, with the exception of one of
the FR+AC mesocosms (Fig. 2b). Reeo during drained conditions
accounted for 61.6 % of the annual total Reco, in FR and 68.4 % in
FR+AC. Analysis of the Rec, models for a hypothetical off-season
flooding (end of September to seedling transplantation mid-May) to
assess potential GHG balance improvements revealed that Rec, was
reduced by 40 % in FR over the whole year.

3.2. CHy4 emissions

Cumulative CH4 emissions were higher in FR and FR+AC compared
to DL, with DL acting as a minor CHy4 sink (Table 1). Although mean total
CH,4 emissions were lower in FR-+AC compared to FR, this difference was
not significant (p = 0.77, Cohen’s d = 0.66) (Fig. 3b). CH4 fluxes
correlated non-linearly and negatively with redox potential in FR and
FR+AC (p < 0.001) (Figure S9).

In May 2023, when the mesocosms were freshly flooded, CH4 fluxes
were very low. After 4 weeks of flooding, CH,4 fluxes began to rise in FR
and FR+AC (Fig. 3a). CH4 fluxes increased during July and were high
before mid-season drainage in August (FR: 3.8 (1.6 mg) CH4 m2h,
FR+AC: 2.2 (0.4) mg CH4 m2h) (Figure S10). Mid-season drainage in
August reduced CH4 emissions in nearly all mesocosms by 68 % in FR
and 85 % in FR+AC. Following reflooding after this drainage event, CHy
fluxes increased slower than before the drainage. The final drainage for
harvest caused a pulse of CH4 emissions accounting for 5.2 (2.6)% of the
annual CH4 emission (FR: 6.3 (3.8) mg CH4 m 2 h’l, FR+AC: 5.1
+ 3.4 mg CH4 m2hh (Fig. 3a). These were the highest CH4 fluxes
recorded during the entire measurement period. Thereafter, all meso-
cosms were drained during winter, resulting in very low or negative CHy
fluxes during this period (Figure S10). CHy fluxes in DL were negative
throughout the entire measurement period.

3.3. N3O emissions

FR had 83.9 % lower cumulative N3O emission compared to DL
(p = 0.025, Cohen’s d = 1.26) (Fig. 4b). The difference between FR and
FR+AC was not significant (p = 0.61, Cohen’s d = 0.36) (Table 1). N3O
emissions were strongly related to fertilization events (Fig. 4a). N3O
peaks following fertilization were responsible for 89.3 % of total NyO
emissions in all treatments. After the second fertilization event in mid-
June, N,O emissions increased strongly in the DL plots (DL: 0.9 (1.4)
mg NO-N m 2 h’l) (Figure S11). This second fertilization event
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coincided with rainfall of 28.3 mm over 4 days and had a ratio of NoO-N:
total fertilizer N applied of 0.05. At the end of August, after heavy
precipitation of 76.6 mm over 3 days following prolonged dry condi-
tions (Figure S12), another N2O emission burst occurred in DL with no
associated fertilizer event (0.3 (0.3) mg NyO-N m~2h~L, ratio of N5O-N:
total fertilizer N applied: 0.03). Over the whole measurement period the
ratio of NoO-N:total fertilizer N applied was 0.15 in DL. In FR and
FR+AC, N3O emissions increased only during the third fertilization
event at the end of July. NoO emissions were unaffected by drainage
events in FR and FR+AC. In the off-season months from mid-September
2023 to April 2024, N3O emissions were low in all mesocosms, ac-
counting for 1.4 (1.1)% of the annual N3O emissions in DL and 22.6
(18.8)% in FR, and negative in FR+AC. In FR the ratio of N,O-N:total
fertilizer N applied over the whole year was 0.008 and 0.006 in FR+AC.

3.4. Carbon and GHG balance

All treatments had a positive carbon balance acting as a carbon
source. Differences in carbon balance between treatments were pri-
marily induced by Reco (Table 1). FR and FR+AC had significantly lower
Reco compared to Re, in DL (p < 0.001). Although total Re., was lower
in FR+AC compared to FR, the reduction was not significantly different
from FR (p =0.15). For GPP, only the difference between DL and
FR-+AC was significant (p = 0.02). CH,4 emissions had a negligible share
of the total carbon balance of all treatments. The Cexport Was significantly
lower in DL compared to FR and FR+AC (p < 0.02).

In summary, over the course of one year, the net GHG balance was
highest in DL (Table 1). FR had a 36.1 % lower net GHG balance
compared to DL (p = 0.03, Cohen’s d = 1.47), and FR+AC showed an
even greater decrease by 57.2 % (p = 0.004, Cohen’s d = 1.59) using the
100-year global warming potential of each gas according to Eq. 5. The
difference between FR and FR+AC was not significant (p = 0.37,
Cohen’s d = 1.19). The GHG balance was dominated by CO5 emissions in
all treatments, accounting for 91 % in FR and FR+AC and 95 % in DL
(Fig. 5). CH4 only accounted for 8 % of the total GHG balance in the
paddy rice treatments, while NyO emissions accounted for 1 %. In DL,
CH4 emissions were negative, and NoO emissions were responsible for
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Fig. 5. Share of each GHG on the total GHG balance in flooded rice (FR),
flooded rice + amended mineral cover (FR+AC), and drained ley (DL). Net
ecosystem exchange (NEE) is the sum of gross primary production (GPP) and

ecosystem respiration (Reeo). CO» (harvest) represents the carbon in the
exported biomass converted to CO,.
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5 % of the GHG balance.
4. Discussion

4.1. Paddy rice cultivation can reduce the net GHG balance of managed
organic soil

In this experiment, paddy rice cultivation significantly reduced the
net GHG balance relative to the currently drained use of organic soils
(Table 1). This improvement was mostly due to reduced CO2 emissions
under flooded conditions compared to the DL treatment (Fig. 2b).
Although high water tables during the rice season also led to an increase
in CH4 emissions (Fig. 3b), a beneficial net effect of flooding prevailed,
given that the saved CO5 more than compensated for the emitted CHy
(Fig. 5). Rewetting organic soils not only reduces CO2 emissions but also
mitigates NoO emissions (Tiemeyer et al., 2016). Indeed, rice treatments
emitted less than one fifth of NoO emissions compared to DL (Fig. 4).
Overall, the induced CH4 emissions associated with paddy rice cultiva-
tion were strongly outweighed by the reduced CO3 and N5O emissions.

Given that this experiment was conducted in a mesocosm setup, it is
important to know whether the DL treatment, serving as a reference,
accurately reflects the typical GHG values of cool temperate grassland
on drained organic soil. The carbon balance obtained in this study is
almost equal to that of Tiemeyer et al. (2020). N2O emissions in DL were
also within the range of other studies on drained organic soil in the cool
temperate climate (Koch et al., 2023; Tiemeyer et al., 2020). Overall, the
GHG measurements from DL show that this outdoor mesocosm setup
produced comparable results and that drained ley treatment was a
suitable reference for cool temperate grassland on deeply drained
organic soils.

4.2. Drivers of individual budget components

Although the higher water table in the flooded rice treatments could
not completely stop peat decomposition, it strongly reduced CO2 emis-
sions (Fig. 1). Lowering the water table, however, caused high CO5
emissions peaks. For example, during mid-season drainage, Reco Strongly
increased (Fig. 2a). This CO, emission peak was attributed to degassing
following the reduction of hydrostatic pressure and increased oxygen
availability, resulting in higher Req, values (Haque et al., 2016; Knox
et al., 2015). This has also been observed in warm temperate rice fields
with organic soil, which reported a similar CO2 emission peak during
mid-season drainage, with a similar share in total annual Rec, (Hatala
et al.,, 2012; Knox et al., 2015). However, both studies reported an
annual Rec, that was one third higher compared to this study, although
their fields were, in contrast to this experiment, flooded in winter.
Among other reasons, these higher Re., values might be due to higher
temperatures in warm temperate climate. Temperature is a major driver
of Reco (Fig. 1).

CH4 emissions in this experiment were equal (Naser et al., 2007) or
half as high (Nishimura et al., 2020) as those measured in a mineral
paddy field in cool temperate northern climate. However, CH4 emissions
in this study were unexpectedly low, given that organic soils under
paddy rice cultivation emit about two times more CH4 than mineral soils
(Kajiura et al., 2018). An explanation for the low CH4 emissions
potentially lies in the multiple water table adjustments made during the
season. Although CH,4 emission rates usually increase over the rice
season (Hatala et al., 2012; Nishimura et al., 2020), this was observed to
a limited extent in this study (Figure S10). A possible reason for this
difference could be the short drainage events of several hours used for
fertilization (Figure S5). This was apparently enough time to increase
the redox potential above —180 mV, which is generally considered the
threshold below which methanogenesis occurs (Yu et al., 2001). Addi-
tionally, the low CH4 emissions recorded in this study might be because
straw was not returned to the site prior to the experiment. The addition
of straw is known to increase CH4 emissions in paddy rice cultivation
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(Conrad, 2002; Kajiura et al., 2018).

Compared to the N2O emissions measured in this experiment, studies
from mineral paddy fields in cool temperate northern Japan reported
slightly lower N2O emissions (Naser et al., 2019; Nishimura et al., 2020).
This discrepancy is mostly linked to less N fertilizer application. Despite
the DL treatment receiving less fertilizer than FR and FR+AC, its NyO
emissions were higher in DL. One possible explanation is that N,O
emissions in drained organic soils mainly stem from soilborne N rather
than from N applied by fertilization (Wang et al., 2024). Furthermore,
the prolonged water-saturated conditions during the rice season
(May-September 2023) resulted in a strong reduction of redox potential
(Figure S5), establishing anaerobic conditions. This most likely led to
complete denitrification with Ny instead of N2O as an end-product as it is
often the case in continuously flooded rice paddies (Peyron et al., 2016;
Zhou et al., 2017). However, the N-cycle was not quantified in this study
and without NHf and NO3 pore water measurements the low N3O
emissions in rice mesocosms cannot be clearly linked to complete
denitrification, which is a limitation of this study. Furthermore, it is
impossible to say to which degree the differing N-fertilizer input be-
tween DL and the rice treatments affected N,O emissions

4.3. Effect of amended mineral cover on GHG emissions

The amended mineral cover had a reducing effect on CO, emissions,
but this was not significant. Similarly, Paul et al. (2024) did not find a
decrease in CO5 emissions due to mineral cover under field conditions.
Although CH4 emissions were reduced by amended mineral cover, this
effect was not significant, in line with the findings by Wiist-Galley et al.
(2023) for the same experimental site. Based on previous work, also it
was expected that mineral cover would reduce N2O emissions (Paul
etal., 2024; Wang et al., 2022; Wiist-Galley et al., 2023), but this was not
found. Differences in the water table and soil aeration are the most
plausible factors for these diverging results. Whereas the mineral cover
was aerobic in Wang et al. (2022) and Wiist-Galley et al. (2023), the
water table in this study was several centimeters above the soil surface,
possibly resulting in complete denitrification following the low redox
potential (Peyron et al., 2016; Zhou et al., 2017).

Compost addition was necessary to biologically activate the nutrient-
poor subsoil used as cover in 2020 as it is common agricultural practice.
It cannot be excluded that this affected the GHG balance. Prior work has
shown that organic amendments like compost may (Jeong et al., 2018;
Yagi and Minami, 1990) or may not increase CH4 emissions from rice
fields (Yan et al., 2005). Furthermore, compost application reduces bulk
density and increases porosity (Kranz et al., 2020) and therefore affects
gas diffusion during drainage events, which can be responsible for peaks
in CO4 and CHy4 emissions (Han et al., 2005; Hatala et al., 2012). Overall,
the reducing effect on GHG emissions of the mineral cover alone might
have been more pronounced without compost application, but this
experimental setup does not allow to quantify that.

4.4. Comparison of paddy rice on organic soil with paludiculture

One motivation for this study was to evaluate paddy rice as an
additional option to paludiculture for managing organic soils under a
high water table. Thus, the question remains how the GHG balance of
paddy rice cultivation on organic soils compares to the GHG balance of
common paludiculture crops. The CO,-related terms (including harvest)
in this experiment were in the range of values of studies on several
paludiculture crops in Europe reviewed by Bianchi et al. (2021),
although the rice mesocosms were drained over winter. Non-sphagnum
paludiculture crops in Bianchi et al. (2021) emitted 4.5 times more CH4
most likely because they had an all-year-round higher water table
compared to the FR mesocosms. Similarly, Tiemeyer et al. (2020) re-
ported a fivefold higher CH4 emissions in rewetted organic soils
compared to the FR treatment of this study. The CH4 emissions recorded
in FR were similar to those from paludiculture crops with water levels
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below the surface (Glinther et al., 2015), presumably because the water
table in the rice mesocosms was above the soil surface only from May to
September. As for NyO in paludiculture, emissions fall below the
detection limit (Giinther et al., 2015; Minke et al., 2016) or tend to be of
a similarly low magnitude, as measured in the FR mesocosms (Bianchi
et al.,, 2021; Tiemeyer et al., 2020). Together, the total GHG balance
across different paludiculture crops was, on average, 18 t CO eq ha™?
yr~! in Europe (Bianchi et al., 2021). The reported value is very close to
this study’s GHG balance (20.9 t CO2 eq ha™! yr’l) and indicates that
paddy rice on organic soil could be as beneficial as a paludiculture crop
in terms of its GHG mitigation potential. While economic feasibility of
rice as a local niche product is clearly given (Fabian et al., 2024) other
practical constraints to large-scale implementations such as water
availability, weed pressure, and policy barriers need to be addressed in
future studies.

4.5. Management option for further reducing the GHG balance of paddy
rice on organic soil

All rice mesocosms were drained during off-season (September
2023-April 2024), which is in line with farmer’s practice in Switzerland.
During this time, 62 % of Rec, occurred in FR. Therefore, off-season
flooding in rice cultivation could further reduce the net GHG balance
in this experiment. To test this possibility, the Reco model obtained for
flooded conditions was used to simulate off-season flooding. The result
indicates that total Reco could be further reduced by about 40 % in FR.
Since NO emissions were mostly linked to fertilization and were min-
imal during flooded conditions, it can be assumed that they would be
negligible during off-season flooding without fertilization. However, the
overall improvement in off-season flooding for the GHG balance cannot
be precisely determined, as flooding would probably increase CHy
emissions. Knox et al. (2016) found CHy4 emissions of 65.3 kg CH4 ha™!
under flooded conditions during off-season months. This accounted for
44 % of their annual CH4 emissions. If the reported relationship of
off-season to annual CH4 emissions was applied to this experiment, it
would result in off-season CH4 emissions of 23.8 kg CHy4 ha~!. Overall,
winter flooding as an alternative form of management would then lead
to a total annual GHG balance of 9.5t COs-eq ha™! yr~!, which is a
hypothetical reduction of approximately 55 % compared to the current
GHG balance in FR and would be 71 % better than the GHG balance in
DL (Table 1). Clearly, this is only a rough estimate of how the CHy4
emission would develop under off-season flooding but paired with the
results from this study’s Reco model, it suggests that the effect would be
beneficial for the GHG balance. Apart from this management option,
future research on reducing the net GHG balance further could focus on
CHy4-mitigating straw management such as turning it into biochar (Han
et al., 2016; Nan et al., 2020) or composting it (Launio et al., 2016).

4.6. Study limitations

While the results of this study indicate that paddy rice cultivation on
organic soils could reduce net GHG emissions compared to ley on
drained organic soil, it is also important to discuss the limitations on the
scope of this study. First, this study was conducted over the course of a
year and, therefore, cannot account for interannual variability of the
system. Weather conditions can strongly influence the carbon balance.
For example, Knox et al. (2016) observed a paddy rice field on organic
soil in California to be a carbon sink in a colder year, whereas it turned
into a carbon source in a hot year. Exported biomass C from DL was less
than half compared to a relatable study (Paul et al., 2024) due to a
heatwave in June and August, which resulted in a partial dieback of ley
despite additional watering. This strongly affects the DL GHG balance,
possibly resulting in a lower GHG balance due to reduced C export. On
the other hand, high temperatures result in CO2 emission peaks
(Figure S8 and S12), which would lead to a higher GHG balance.
Furthermore, peaks in N2O emissions after intense rainfall following a
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dry period were observed, highlighting the importance of weather
conditions for GHG measurements. Second, conducting GHG measure-
ments on mesocosm-scale might not yield the same results as measure-
ments on field-scale due to edge effects and temperature differences
(Teuben and Verhoef, 1992). Therefore, a multi-annual GHG balance on
field-scale is necessary to generalize this study’s results.

5. Conclusion

This study assessed the net GHG balance of an innovative solution to
a long-standing problem in cool temperate Europe, namely the negative
impact of drained farmed peatlands on soils and climate. To date, the
necessary rewetting associated with paludiculture has only been taken
up on a small scale due to the lack of markets, that is, economic feasi-
bility, and impacts on food security. Growing paddy rice as a new crop in
the cool temperate climate offers an alternative that is currently
economically attractive as a local niche product for farmers in
Switzerland. For the first time in Europe north of the Alps, all relevant
GHGs were measured for paddy rice cultivation on organic soil. The
results show a potential in the reduction of the net GHG balance with
paddy rice cultivation by more than one third compared to traditional
drained management of organic soil, despite higher CH4 emissions with
its higher global warming potential, and similar GHG benefits as other
paludiculture crops. Furthermore, additional reduction in the net GHG
balance of this cultivation system could be possible by off-season
flooding. While the results of this study are promising, it could not ac-
count for interannual variability nor was it conducted under field-scale
conditions. Therefore, this study justifies further research on multi-
annual field scale into GHG mitigation options for rice cultivation on
organic soils in the cool temperate zone.
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