it L Voo
Inmatonal boumal of Volume 14, Issue 4, 142540 (1-11)
Recycling of Organic
Waste in Agriculture

International Journal of Recycling of Organic
Waste in Agriculture (IJROWA) I @ICC

https://doi.org/10.57647/ijrowa.2025.16872

Digestate in paddy soil - methane emission and carbon
sequestration

Bente Foereid!>*©, Maria Dietrich? ”, Monica Fongen3 , Lisa Paruch?

YFaculty of Applied Ecology, Agricultural Sciences and Biotechnology, University of Inland Norway, Norway.
2Division of Environment and Natural Resources, Norwegian Institute of Bioeconomy Research, Norway.
3Division of Forest and Forest Resources, Norwegian Institute of Bioeconomy Research, Norway.

*Corresponding author: bfoereid @ gmail.com

Original Research Abstract:

Received: Purpose: Soils are the largest store of carbon in the biosphere, but soils can also act as the key sources of
3 May 2024 greenhouse gases. Rice cultivation in paddy soil is anoxic, thus creating an optimal condition for methane pro-
Revised:

duction. Digestate, a potential biofertilizer, contains a microbial consortium adapted for methane production

igcg;ttzzfr 2024 because it comes from biogas production where methane production is optimised. In this study, we explored
20 April 2025 digestate as fertilizer in paddy soil, focussing on the effects of carbon sequestration and methane emission.

Published online: Method: A number of digestates and digestate products were incubated in the soils, both waterlogged and at
30 May 2025 field capacity. The effects of thermal treatment of the digestates were assessed to understand if the microbial

©2025 The Author(s). Published by COMmunity applied with the digestate played a role.

the OICC Press under the terms of ~ Results: Carbon dioxide emission was 53% higher in the soil with a history of mineral fertilizer application,

the Creative Commons Attribution . . . . . . . . . .

License, which permits use, distribu-  than in the soil with digestate application history under waterlogging, at field capacity it was 13% smaller.

tion and reproduction in any medium, - \fethane emissions came later when the digestate was heat-treated, indicating that the microbial community in

provided the original work is prop- . .. .. . . .

erly cited. the digestate could change the timing of emissions, but not the amount. Otherwise, some digestates increased
methane emissions, whilst others had little effect. The supply of available carbon appeared to be an important
factor to explain differences.
Conclusion: Digestate can increase carbon sequestration in paddy soil, although the interaction between
waterlogging and soil history is not fully understood. The microbial community applied with the digestate

can make methane emission start earlier, but it does not increase total emission.
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1. Introduction of methane, a powerful greenhouse gas from waterlogged
soils (Oertel et al., 2016).

Rice is the most important staple food for half of the world’s
population, and the only grain that is almost exclusively
used for human consumption (Muthayya et al., 2014; Bin
Rahman and Zhang, 2023). Rice is usually cultivated un-

Soils represent the largest store of carbon in the biosphere
(Batjes, 1996; Jobbdgy and Jackson, 2000), and moreover a
source of trace gases (Smith et al., 2018). Soils are therefore
important both as sources and sinks of greenhouse gases

(GHG) (Oertel et al., 2016; Smith et al., 2018). Waterlogged der flooded conditions, which favours methane production
conditions reduce decomposition and can induce peat for- (Wassmann et al., 2004; Gupta et al.,, 2021; FAO, 2023).

mation and large increase in carbon storage, and a large However, the §ubmerged conqltlon can glso lead to car-
proportion of soil carbon is stored in wetlands (Mitra et al., bon sequestration in paddy soil (Pampolino et al., 2008),

2005). Soils that develop under waterlogged or periodically and there is a trade-off between carbon sequestration and

waterlogged conditions also develop other specific biochem- methane. emission (Das et al., 2023). Bice is estimat(?d
ical properties (Ferronato et al., 2019; Jiménez-Ballesta t? contrlb}lte 5% of global anthropogenic methane emis-
et al., 2025). Increased input of organic material also in-  Sions (Knief, 2019). Careful water management and well-

creases carbon storage, but can also increase the emission balanced organic matter inputs are regarded as the most
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effective ways to reduce emissions (Knief, 2019; Yagi et al.,
2019; Liu et al., 2017).

Irrigated rice soil is often drained to field capacity once
during the growing season, and towards harvest, to reduce
methane emissions and save water (Haque et al., 2021; FAO,
2023). Rice fields can also be left dry during a dry season,
sometimes there is also a crop rotation between paddy rice
and dry season crops such as wheat, maize etc. This means
that many rice fields will experience dry periods in between.
After flooding it can take some time before methane emis-
sion starts, because other electron acceptors such as iron and
sulphate need to be used up first (Frenzel et al., 1999; Hu
et al., 2020). Drying-wetting cycles affected the microbial
community, particularly that involved in nitrification in a
wheat field (Wang et al., 2022), but less is known about how
microbial activity leading to methane emission is affected
by drying and re-wetting cycles in paddy soil.

Methane is primarily produced by methanogenic archaea
under anoxic conditions (Buan, 2018). Methane can be con-
sumed by methane oxidisers (methanotrophs) if oxygen is
available (Bodelier and Laanbroek, 2004). Often methane is
produced in deeper soil layers and a fraction is consumed in
upper soils closer to the surface, where oxygen is available.
Biogas is a mixture of methane and carbon dioxide (CO,)
as well as smaller quantities of other gases, and the methane
is used as a source of green energy. Biogas is produced by
microbial processes in closed containers/reactors without
air supply (Angelidaki et al., 2003) in conditions similar to
anoxic condition in soils and sediments. There is always
some organic material left that cannot be completely broken
down in the reactor, which at the end, constitutes digestate
(Al Seadi and Lukehurst, 2012). Digestates are currently
often treated as waste products and not always optimally
used, partly because high water content makes transport
uneconomic (Drosg et al., 2015). However, digestates can
be good fertilizers (Odlare et al., 2014; Sogn et al., 2018).
The fertilizer quality is actually improved compared to the
feedstock (Foereid et al., 2021; Frick et al., 2023). However,
higher ammonium content can increase ammonia loss after
application (Hafner et al., 2018; Lemes et al., 2023).
Partly decomposed organic matter such as digestate are
thought to have smaller effects on methane emissions than
fresh organic matter (Jain et al., 2004; Vu et al., 2015) as
most of the methane potential is used in the digestion pro-
cess. It is not known if the well adapted methanogenic
microbes in a well-functioning biogas plant could introduce
more efficient strains and therefore also affect methane emis-
sions. However, Win et al. (2014) found that application of
biogas slurry increased methane emission in rice paddies.
Dietrich et al. (2020) investigated greenhouse gas emissions
after digestate application to soil. While methane emis-
sions were low from aerobic soil, there was a measurable
effect of applied digestate for a long time. This suggests
that methanogenic bacteria applied with the digestate may
survive for a long time and potentially become active later.
Although no long-term changes in the microbial community
after digestate application could be detected in aerobic soil
(Podmirseg et al., 2019), this may be different in water-
logged paddy soil.

Foereid et al.

Methane emissions from digestate composting have been
shown to be high (Dietrich et al., 2021), caused by
an adapted microbial community. During composting,
favourable conditions for methane emissions can occur, high
temperature and anaerobic microsites. These conditions are
not found in aerobic soils, but similar conditions could be
found in rice fields, although the highest temperatures dur-
ing composting are normally not found in any soil. However,
rice fields already have a microbial community adapted for
methane production, so it is not clear if the addition of new
methane producing microbes will have any effects.

The aim of this study is to find out how digestate application
affects methane emissions and carbon accumulation in rice
paddy soil, and if the microbial community applied with the
digestate plays any role.

2. Materials and methods

Seil

The sampling site for the experiment was Salepur, a town
in the district of Cuttack, in India. Two types of soil were
used. One of the plots at this site was being treated with
digestate compost for 7 years (SO). In the other plot syn-
thetic fertilizer had been applied for at least 9 years (SI). See
Table 1 for the history of each plot, and soil analysis results.
Sampling was done using a soil auger. A composite sample
of soil from the whole area was collected from each plot.
Samples of the soils were grinded and analysed for carbon
(C) and nitrogen (N) content on CHN analyser (Elementar
Vario EL with TCD detector). Grinded samples (0.25 — 0.3
g) were digested in 5 mL of ultrapure nitric acid in an Ul-
traClave from Milestone at 260 °C. Samples were diluted
to 50.0 mL with DI water after digestion. Determination
of inorganic elements was performed on an Agilent 8800
ICP-MS in oxygen reaction mode as a mass shift reaction
31P=>31P180.

Digestates

Digestates were collected from two plants in Norway as
well as composted digestate from a farm-scale plant in In-
dia. Romerike biogas plant (RBA) is a biogas plant to the
north of Oslo, that treats food waste. This biogas plant uses
THP (Thermal Hydrolysis Process) as pre-treatment and
mesophilic process (38 °C). Samples were taken of unsep-
arated (RBA) and solid fraction (RBAS) digestate. Magic
factory biogas plant (MF) is another biogas plant in Norway
which treats 60% mixture of manure from pigs and cattle
and 40% food waste mainly from households but also some
industrial food waste from commercial kitchens and food
industry. This biogas plant uses a mesophilic process, and
from this plant only unseparated digestate was collected.
Composted digestate was collected in India (IN). The di-
gestate comes from small-scale dome shaped bioreactors at
Salepur region of India, which treats mainly cow manure.
The solid is separated out by settling and composted in open
piles. This was also the type of organic fertilizer used in the
SO soil over 7 years (Table 1). A heat treatment was used
to kill all microbes to test if the microbes imported with the
digestate played any role for the emissions. RBAS (solid
fraction from RBA) was heat treated at 105 °C for 24 hours

2195-3228]https://doi.org/10.57647/ijrowa.2025.16872]


https://doi.org/10.57647/ijrowa.2025.16872

Foereid et al.

IJROWA14 (2025)-142540 3/11

Table 1. Summary of properties and history of the two soils, one with a history of mineral fertilizer application only (SI) and one with a history of
composted digestate application as organic fertilizer (SO). Measured soil properties are from topsoil (1 — 10 cm).

Soil SI SO

Plot Area (m?) 400 240

Type of Soil Sandy Loam Sandy Loam

Amount and type of fertilizer 10 Gromor Potash, 10 Urea, 1200 kg/ha composted

applied before sowing (Kg/ha) 10 Single Super Phosphate digestate

Amount and type of fertilizer 10 Urea -

applied before flowering (Kg/ha)

Duration of treatment (years) 9 7

Yield (Kg/m?) 1.75 2.5

Soil analysis results

pH 7.3 6.8

Total carbon (%) 0.26 0.88

Total nitrogen (%) 0.04 0.09

C:N 6.50 9.78

Phosphorus (mg/kg) 220 275

Potassium (mg/kg) 3015 2963

Magnesium (mg/kg) 2228 1942

Calcium (mg/kg) 3613 2427

Sulphur (mg/kg) 27.6 81.4

Iron (mg/kg) 17003 13612
(RBASH). pore space (WFPS) and pre-incubated in a climate chamber

Analysis results for the digestates are given in Table 2. All
organic fractions from Norway were analysed by Eurofins
using their standard methods, method given in Table. The
Indian digestate (IN) was analysed in the same way as the
soil (because little material was available). All the sam-
ples were stored at a temperature of 4 °C until use in the
incubation.

Incubation experiment

To get enough soil for the incubation from both SI and SO,
soil from depths 1 — 10, 10 — 30, and > 30 cm was mixed
in the ratio 3:1:6. The digestates and digestate products
as described above were mixed with soil (SI and SO), but
not all in both soil types. In addition, a treatment used soil
only and one mineral fertilizer (urea). The treatments are
summarised in Table 3. The amount of material added was
chosen so that 6 mg N was applied in all. This amount
was based on an application rate of 120 kg N/ha and 10
cm depth. All treatments were carried out both under wa-
terlogged conditions and at field capacity. There were 3
replicates of each treatment.

50 mL mass of SO soil and SI soil (61 g and 62 g respec-
tively) was transferred to 250 mL bottles at 40% water filled

at 30 °C and 90% humidity for 2 days. After pre-incubation,
all the treatments (Table 3) were added to the soils in the
bottles, and water content was adjusted to 60% WFPS in the
non-waterlogged and 150% WEFPS in the waterlogged. The
bottles were then incubated for 21 days at 30 °C and 90%
humidity. Gas samples were collected on intervals, twice
a day in the beginning, then once a day. Water was added
during the incubation to keep weight constant. pH (H,O)
in the mixtures was measured at the start and the end of the
incubation.

Also 30 mL cups were incubated with the same treatment
(proportions of soil and additions and water content). They
were taken out at regular intervals and immediately stored
at —80 °C for later DNA extraction.

Gas sampling and measurements

Measurements of the gas produced in the bottles were done
by closing the bottles for a period of +/- 1 hour at the begin-
ning of the incubation period and up to +/- 2 hours towards
the end of the incubation. After this accumulation period 15
mL of gas was extracted through a septum with a syringe.
This gas was injected into an evacuated vial and the samples
were analysed by gas chromatography mass spectrometry to
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Table 2. Chemical parameters measured in the digestates used. TS = total solids, TOC = total organic carbon, Ny, = total nitrogen.

Treatment pH Conductivity TS TOC Ntot NH4-N
[mS/m] [mg/L] [mg/L] [mg/L] [mg/L]
RBA 7.6 1620 35000 11000 2700 1700
MF 7.8 2290 43000 1200 2500 2500
[mS/m] [%] [%DM] [g Niot/100g DM]  [g NH4-N/100g DM]
Method Measured at 23/-2  Loss on ignition = TOC/NPOC Kjeldahl KClI extracted
RBAS 8.7 120 32.50% 43.30% 4.9 0.44
IN 7.2 129.1 28.02 323 1.96

determine concentrations of CO; and CHy. (Agilent Tech-
nologies 7820 A GC System gas chromatograph, coupled to
a mass detector Agilent Technologies 5875 Series MSD and
a Gilson 222 XL auto sampler). The sample was injected by
a5 mL sample loop, through a 0.5 m x 0.32 mm deactivated
precolumn, into a 25 m x 0.32 mm CP-PoraPLOT Q-HT
column (Chrompack), kept at 40 °C. Helium was used as
carrier gas at 1.0 mL/min.

Microbial genomic DNA (gDNA) extraction

Soil bulk samples (stored at —80 °C) were slowly thawed
and thoroughly homogenized. From each individual sam-
ple, 250 mg were taken in triplicate for subsequent gDNA
extraction using DNeasy PowerLyzer PowerSoil Kit (Qia-
gen) following the manufacturer’s instruction with minor
modification for bead beating using 3000 rpm for 45 s
on a Precellys®24 homogenizer. The extracted gDNA
for each soil sample (in triplicate) was pooled and the
yielded gDNA concentration was measured on a Qubit™
fluorometer (LifeTechnologies, Eugene, OR, USA) using
Quant-IT™ dsDNA HSAssay Kit (Invitrogen, Carlsbad,
CA, USA). To avoid repeated freeze-thaw cycles of the puri-
fied gDNA, small aliquots were prepared and stored at —20
°C for downstream molecular analysis.

Quantitative real-time PCR (qPCR) was performed to de-
tect and quantify the methanogenic archaea and methan-
otrophic bacteria. = The abundance of methanogens
was measured by targeting methyl coenzyme M re-

ductase gene (mcrA), using primer set ME23MF (5'
- ATGTCNGGTGGHGTMGGSTTYAC-3') (Nunoura et
al., 2008)/ME2r’ (5'- TCATBGCRTAGTTDGGRTAGT-3')
(Hales et al., 1996). The qPCR thermal cycles started
with heat-up at 95 °C for 3 min, followed by 40 cycles
of 95 °C for 15 s, 52 °C for 30 s, 60 °C for 30 s, 83 °C
for 10 s for plate reading at the end of each cycle. For
qPCR examination of bacterial methanotrophs, methane
monooxygenase gene (pmoA) was targeted using primer
set A189f (5'-GGNGACTGGGACTTCTGG-3’) (Holmes
et al., 1999)/mb661r (5'-CCGGMGCAACGTCYTTACC-
3y (Costello and Lidstrom, 1999). The established gPCR
protocol included an initial denaturation at 95 °C for 3 min,
followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min
and completed by plate reading at 83 °C for 10 s.

All gPCR assays were performed in duplicate on a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad Lab-
oratories, Hercules, CA, USA) in 20 pL reaction mix con-
sisting of 10 uL of SsoAdvanced™ Universal Probes Su-
permix (Bio-Rad Laboratories, Hercules, CA, USA), 800
nM of each primer, 2 uL DNA template. Negative con-
trol (template-free) was included in each gPCR setup by
substituting DNA with Nuclease-free water. To quantify
the marker gene, a standard curve was established for
each marker gene using serial dilutions of reference gene
constructs (target gene-carrying plasmids). The verified
standard curve exhibiting optimal amplification efficiency
(90 — 100%) and linear regression coefficient R? (> 0.99)

Table 3. List of the treatments applied. All treatments were also repeated waterlogged (+W).

SO-soil with history of or-

SI-soil with history of inor-

Treatments ganic fertilizer application  ganic fertilizer application
Soil only SO SI

Unseparated RBA digestate - SI + RBA

Solid RBA digestate SO + RBAS SI + RBAS

Heat treated RBAS SO + RBASH SI + RBASH

Magic Factory digestate - SI + MF

Composted Indian digestate SO + IN -

Mineral fertilizer (urea) - SI+ IF
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was used for marker gene quantification of each soil sam-
ple. The collected raw qPCR data were further analysed
and compiled using CFX ManagerTM Software Version 3.1
(Bio-Rad).

Volatile fatty acids

To measure the presence of volatile fatty acids (VFA) in the
samples, samples from the cups were collected at the end
of the incubation period. All the samples were stored at
—20 °C until samples were processed for HPLC analysis.
For sample preparation, to collect the liquid samples, a
soil slurry was prepared, with 1.5 g of soil and 1 mL of
distilled water in microcentrifuge tubes and it was mixed
briefly on a vortex mixer, transferred into fresh 2.0 mL
microcentrifuge tubes and then centrifuged at 10000 X g for
10 min. The supernatant was collected and filtered through
a 0.2 um membrane syringe filter. The supernatants were
stored at —20 °C. Right before the analysis, 0.1 mL of
conc. Sulphuric acid was added to 1 mL of supernatant.
Thereafter, samples were centrifuged at 10000 X g for 1
min. Finally, the supernatant was transferred to HPLC vials.
For the standard, a stock of 8 VFAs in known concentrations
was prepared. From this stock, 6 dilutions of calibration
standard were prepared. The concentrations of the volatile
fatty acids were analysed using the Dionex UltiMate 3000
HPLC unit (Thermo Fisher Scientific) UV detection. The
analytical column applied is Zorbax Eclipse Plus C18 from
Agilent Technologies.

Statistics

Cumulated emissions over the whole period were calcu-
lated. The trapeze approach was applied to calculate the
gas produced between the time steps before cumulating the
emissions.

Minitab v19 was used for statistics. Cumulated values for
gas emissions were compared using ANOVA and t-test as
required. A 5% significance level was used.

3. Results and discussion

Soil carbon content was relatively low at the site, 7 years
of application of digestate led to a large percentagewise in-
crease (Table 1), but as it started from low level, the amount
was relatively modest. The increase in C:N suggests that

IJROWA14 (2025)-142540 5/11

much of the increase was particulate organic matter that is
not stable in soil. Other authors have also found relatively
small increase after organic matter applications in paddy
soil (Pampolino et al., 2008). This seems to hold true also
in paddy drained part of the year as was the case here.

Soil carbon and nitrogen were higher in SO than in SI,
whilst most other element contents were somewhat lower in
SO than in SI (Table 1). Sulphur concentration was higher
in SI than SO soil, whilst iron concentration was slightly
higher in SO soil, this could affect methane production
(Frenzel et al., 1999; Rath et al., 2002; Hu et al., 2020).
The total amount of nitrogen applied yearly was about the
same in both fields, but higher yields were recorded with
the organic fertilizer in the last year (Table 1). This reflects
that organic nitrogen builds up in the soil and therefore
most likely supplies more nitrogen to the crop after several
years of application. The higher yield will also increase soil
carbon content over time.

pH was higher in the soil with mineral fertilizer (urea) his-
tory (SI) than in the soil with a history of digestate ap-
plication (SO). In most treatments, pH changed little or
decreased slightly during the incubation. An exception
was the mineral fertilizer treatment under waterlogging,
where pH increased more than a unit (Fig. 1). This can
be explained by the type of mineral fertilizer applied, urea.
The initial step of urea process in the soil is dissociation
with pH increase (Sigurdarson et al., 2018). There may be
a pH decrease later through nitrification and/or ammonia
volatilisation. Nitrification will usually not happen under
waterlogging, so this can explain why the increase was only
seen in the waterlogged treatment. The same effect could
explain pH in the field.

CO, emissions during the incubation did not change very
much over time during the incubation (data not shown), but
emissions tended to increase and then decrease to reach a
minimum somewhere between day 10 and day 15, and then
sometimes have another peak after that. We do not have a
good explanation for what happened between days 10 and
15, but a change is also seen in other parameters around that
time. There was a significant, but not very large effect of the
organic matter additions on cumulated emissions (Fig. 2),
generally, higher emissions were recorded where more or-
ganic matter was applied. CO, emission was significantly
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Figure 1. Change in pH during the incubation period.
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Figure 2. CO, emission cumulated over the incubation period. Error bars are standard error (N = 3).

larger at field capacity than in waterlogged soil with a his-
tory of digestate application, whilst the opposite was true
in the soil with a history of mineral fertilizer application.
Liu et al. (2023) concluded that the effect of waterlogging
depends on soil biochemistry, which is supported by our
results. There was no significant effect of heat treatment on
cumulated CO, emission.

In the soil with a history of mineral fertilizer use, higher
CO, emissions were found under waterlogging than at field
capacity (Fig. 2). This is surprising. Waterlogging should
reduce the decomposition process. Higher CO, emission
at waterlogging suggests that oxygen has not been limiting,
and that extra water may have enhanced decomposition.
Methane oxidised at the surface could contribute to this.
The soil only shows the opposite, higher CO, at field ca-
pacity. This may suggest that the organic additions supply

600

some easily available carbon that is not available in the soil,
or nitrogen may increase decomposition rate. The latter is
supported by the fact that also the mineral nitrogen treat-
ment showed the same trend. This could, however, also be
explained by the increased pH in this treatment.

Concentrations of VFA were low and below the detection
limit in most cases (data not shown). Only iso-butyric acid
concentrations were sometimes found above the detection
limit in all replicates of a treatment. There was no signifi-
cant effect of either waterlogging or organic addition, but
in SO a significant interaction between them was found.
Acetic acid was low in all, values above the detection limit
were found most often in waterlogged samples. Methane
emissions started somewhat later in the heat-treated diges-
tate (RBASH) than in the untreated (RBAS) (Fig. 3), but
then it became larger, and the cumulated emissions at the

S

=]

waterogged
organic ferilised soil

waterlogged
mineral fertilised soil

field capacity
organic ferfiised soil

hethane emission (g CH4-C Mk sail)

field capacity
mignral fertiised soil

—s=— Rawdigestate
—o— Heattreated digestate

T
a 3 10 15 20

a 3 10 15 20

Time (days)

Figure 3. Methane emissions as a function of time comparing heat-treated and not heat-treated solid RBA digestate (RBAS and RBASH).
Error bars are standard error (N = 3).
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end of the incubation were not significantly different when
heat-treated. This can be explained by methanogenic mi-
crobes imported with the digestate. However, the effect was
not large as that found during composting (Dietrich et al.,
2021), both because methanogenic microbes were already
present in the paddy soil, and because the temperature did
not reach the optimum for the methanogen in the diges-
tate. This is supported to some extent by the DNA analysis,
which showed a tendency of higher methanogen enrichment
in the beginning in the untreated and towards the end in the
heat-treated. This indicated that microbes applied with the
digestate can have an effect in soil, but in this paddy soil
there is also indigenous methanogens, so that the microbial
suppression is only temporary, the population manages to
revive after some time also in the heat-treated, leading to no
tangible difference on overall methane production. At field
capacity heat treatment had little effect because methane
emissions were low overall, as expected.

Only the solid RBA digestate induced high methane emis-
sions (Fig. 4). There was a tendency to higher emissions
from liquid RBA digestate than the liquid MF digestate,
although not significantly so (p = 0.059). Otherwise only
small emissions were recorded. Methane emission from lig-
uid RBA showed a much more distinct peak than the solid
RBA digestates (RBAS(H)) (Fig. 5). Emission levelled
about day 10, but it remained higher than in the beginning.
The other two digestates had smaller peaks after day 10.
The high emissions from RBA digestates may be because
the digestion process was not run to completion in that bio-
gas plant. In some cases the biogas process is not run to
completion because shorter residence time in the reactor
can give better economic return (Al Seadi and Lukehurst,
2012). Then there will still be some biogas potential in the
digestate, which seems to be the case for RBA digestate.
The digestate from the other plant (Magic factory MF di-
gestate) and the composted Indian digestate (IN digestate)
both induced only small emissions, not much different from
soil only, suggesting that methane potential was used up in
those.

Surprisingly, in soil only (both SO and SI) cumulated
methane emissions were significantly higher in the soil at
field capacity than in the waterlogged soil (Fig. 4). This may

200

180 -
1

160 -

140 -
mmmm field capacity
120 4 1 waterlogged

80 |
60
40

20 4 I T i
N Y |

T
SO SO+IN sl

Cumulated CH, emission (ng CH,-C/Kg soil)
g

0

SI+MF SI+IF

SI+RBA

Figure 4. Methane emission cumulated over the incubation period.
Error bars are standard error (N = 3).
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Figure 5. Methane emission for soil only and the two Norwegian liquid
digestates.
Error bars are standard error (N = 3).

also suggest that oxygen was not limiting, as also suggested
by the CO; results, but decomposition may instead be lim-
ited by supply of available carbon. The non-waterlogged
soil only had significantly higher emissions than with any
of the additions except the RBA digestate products, and this
product had more available carbon. It was found that appli-
cations of organic matter other than RBA products (MF and
IN) increased emissions much less (Fig. 4). The soil with a
history of organic additions (SO) gave significantly higher
emissions than the soil with history of mineral fertilizer
application (SI).

Previous studies have indicated that application of organic
matter (e.g. straw return) can increase carbon sequestration
but also methane emission in paddy soils, careful water
management could also reduce methane emission (Chen
et al., 2024; Zhang et al., 2024; Zhu et al., 2024). The
interaction between organic matter application and water
content is not well understood. Although methanogenesis
can only occur under anaerobic conditions, also aerobic soil
contain anaerobic microsites that are important for carbon
turnover and stabilisation (Keiluweit et al., 2017). More car-
bon may become available through aerobic decomposition
at field capacity, to support methane emission. Abundance
of methanogens also reached its peak later in the aerobic
treatment rather than in the anaerobic, supporting this in-
terpretation. Also low levels of all VFA at the end of the
incubation suggest substrate limitation of methane produc-
tion. The finding from our study does not agree with the
widely shared knowledge on that methane production can
only happen in anaerobic soil and oxidation only in aerobic
soils (Knief, 2019), although methane production mostly
happens in deeper soil layers, deeper than our experimental
setup. There is also evidence that inhibition of methanogens
by oxygen is limited and reversible (Pedizzi et al., 2016).
Other authors have also found supply of available carbon
to be important for methane emission particularly at high
temperature (Kim et al., 2016; Wei et al., 2019). As the
temperature here was 30 °C it can be expected that avail-
able carbon quickly became limiting. In the treatments
with organic additions, methane emission was higher un-
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der waterlogging, particularly with the RBA digestate. In
this case decomposition of the abundantly available carbon
quickly exhausted oxygen supply, so that methane produc-
tion started.

Methanogenic population was at low level in all soils to start
with, and it increased faster in SO than in SI (Fig. 6), particu-
larly at waterlogged conditions. Waterlogging played a role
in the beginning (up to day 11), the highest abundance peak
was reached around day 6 — 8 in waterlogged SO and SI.
Moreover, the thermal treatment suppressed the growth of
methanogen population to varying extents at the start phase
(up to around day 10), especially in cases of waterlogged
SO and SI. However, the microbial inhibiting impact was
rather time-limited, after day 14 most methanogens in both
treated and non-treated samples were similar.
Methanotrophs only increased later in the incubation (after
day 8 — 10) in all treatments. Soil type did not have any
large effect (Fig. 7). However, whilst populations increased
sharply at the end at field capacity, they stabilised under
waterlogging. There were no clear effects of any of the addi-
tions or of heat treatment. This suggests that it takes time for
populations to build up in response to a source of methane.
This was supported by Yu et al. (2023) who found that even
years were needed for stabilisation of both methanogen and
methanotroph populations, so that long term and short-term
effects were different. It is not possible to see any clear
effect of the rise in these populations on methane emission,
but it is possible that they prevent emissions to continue
to increase in solid RBA (RBAS(H)) treatments. However,
high numbers do not necessarily mean high activity, and
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methane oxidation probably did not play any major role.

Digestate applications supply organic matter, but also am-
monium. Ammonium oxidation can compete with methane
oxidation and therefore increase emissions, but nitrogen is
also needed for methanotroph growth, and it could therefore
also decrease emission (Bodelier et al., 2000; Bodelier and
Laanbroek, 2004). This makes it very complicated to know
what to expect when applying substances like digestate, that
are rich in both ammonium and organic matter as well as a
microbial population. We found lower methane emissions
when urea was applied than in soil only, but the growth of
methanotrophs was not much affected by any treatment.

4. Conclusion

We can conclude that digestate can safely be used as
fertilisers in paddy soil, at least if the digestion process
has been run to completion. The microbial community
applied with digestate has a small effect on the timing of
methane emissions, but it does not have any long-term
effect. Digestate applications appear to increase organic
matter in paddy soil, also if the soil is periodically dried.
The study raises questions about the theory of anaerobic
decomposition, as we sometimes found larger methane
emissions and less CO, emission at field capacity than
waterlogged, contradicting current theory. At least this
suggests that both anaerobic and aerobic decomposition
can occur simultaneously in different microsites of the soil.
This requires further investigation.
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Figure 6. Copy number of methane producing genes in heat-treated and not heat-treated solid RBA digestate (RBAS and RBASH).
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Figure 7. Copy number of methane oxidising genes in heat-treated and not heat-treated solid RBA digestate (RBAS and RBASH).
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