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Abstract
Rice paddy fields are one of the major sources of greenhouse gas (GHG) emissions at a global
scale, so that mitigation actions in rice cultivation are needed to reduce the impact of this crop
on climate change. The Ebre Delta is the third rice producing area in Spain, with 65% of its area
covered by rice fields. The project LIFE EBRO-ADMICLIM aims at providing guidance for the
implementation of mitigation practices in rice cultivation in Ebre Delta.
Soil carbon stock is the total amount of carbon stored in the soil. Its environmental importance
is based on the sequestration capacity and the subsequent stabilization of soil organic matter
(SOM) that avoids carbon to be released to the atmosphere in form of GHG emission (CO2 or
CH4). In the Ebro Delta, this process is crucial as it may compensate the current coastal
regression and the progressive increase in sea level rise.
The objectives of this action in regard of GHG are: 1) to assess the temporal pattern of
greenhouse emissions in the rice paddy fields at field scale in the Ebre Delta and 2) to assess the
main controlling factors of GHG emissions. For these purposes, monthly monitoring of the GHG
emission rates in 15 rice fields in 2015, and 8 in 2016, covering the whole geophysical variability
of the Ebro delta was carried out, including both growth and post-harvest (fallow) season.
The objective the estimation of soil C stocks and soil accretion rates of Ebro Delta rice fields are
1) to assess the current C stock and 2) to gain insight on the underlying mechanisms of
soil formation and how rice agricultural practices have influenced on this processes. The
accomplishment of these objectives will represent the baseline for subsequent
identification of plausible mitigation agricultural measures based on enhancement of C
sequestration in rice fields.
CH4 emissions from Ebre Delta rice fields follow bimodal pattern in the two years of the study,
with peaks in August and in October. On average, a total of 5413 ± 413 Tm CH4 year-1 and 0.15
± 0.01 Tg CO2-equivalents year-1 are emitted, of which ca. 63 % during the post-harvest. The
results revealed that water management during the growing season and the incorporation of
rice straw and its microbial degradation into the soil under anaerobic conditions during the
post-harvest were the two main factors to consider when aiming at the implementation of
mitigation strategies. It is derived from the results that post-harvest measurements should be
included to avoid underestimating of CH4 emissions for GHG emission inventorying purposes.
The mean C stock in Ebro Delta rice fields is 4.10± 1.29 kg C m-2.
Introduction
The most current estimated global methane (CH4) emissions in the last decade have been
about 548 Tg CH4 · year-1 (Kirschke et al., 2013). In addition, the agricultural sector contributes
significantly to global greenhouse gas (GHG) emissions by contributing 10-12% of global
emissions, both in the form of CO2 and CH4 in flood (rice). It should be noted that the world rice
crop has a growing production and demand projection in the coming decades (IPCC, 2007). On
the other hand, this crop emits 18-39 Tg CH4 · year-1, representing 3-7% of global emissions and
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5-20% of the anthropogenic emissions of this compound (Zhang et al. 2016; IPCC 2007). In
Europe, there are 450.000 ha of rice fields, among which the Ebro Delta stands out,
considering that 65% of its area is devoted to rice cultivation, while being one of the main
wetlands of the western Mediterranean and Biosphere Reserve since 2013.
The objectives of the present study in relation to the mitigation part are focused on the
following main points:
i)

To assess the annual pattern of CH4 and N2O emissions generated by paddy rice
cultivation in the Ebro delta, including growth and fallow (post- harvest) seasons
during two harvesting campaigns (2015 and 2016).

ii)

To assess diel emission pattern of CH4 emissions

iii)

To determine the main environmental and agronomic variables controlling GHG
emissions

Soil carbon stock is the total amount of carbon stored in the soil. Its environmental importance
is based on the sequestration capacity resulting from the absorption of carbon from the
atmosphere through CO2 assimilation (via photosynthesis) and the subsequent stabilization of
soil organic matter (SOM) that avoids carbon to be released to the atmosphere in form of
greenhouse gas emission (CO2 or CH4). Thus, increases in soil organic carbon (SOC) stock by
enhancing carbon sequestration can to some extent offset greenhouse gas emissions and
contribute to climate change mitigation. Improved management of agricultural soils can result
in increases in SOC stock (Six et al., 2002). In addition, increases of SOC stocks is usually
accompanied by soil vertical accretion, i.e. vertical soil formation. In the Ebro Delta, this process
is crucial as it may compensate the current coastal regression caused by the natural subsidence,
the retention of sediments in the dams constructed along the river basin (reduced by 99%
(Ibanez et al., 1996)) and the progressive increase in sea level rise.
Carbon stock is the C mass per unit area. In order to assess and predict changes in SOC stock it
is necessary an adequate understanding of carbon dynamics, referred as the processes involved
in changes in SOC concentration and quality (i.e. degree of recalcitrance) along the soil profile,
and soil accretion. Dating soils using 210Pb and 210Po techniques allows tracing the temporal
evolution of soil accretion rate based on relationship between the signal of 210Pb activity and
sample depth over the last 125 years. The application of this procedure in soils of rice fields
provides information on the rate of accretion and the sedimentary processes associated to rice
agricultural management over the soil profile, but with the exception of the 20 to 30 cm deep
top soil layer, because it is yearly mixed with soil laboring operations.
Changes in SOC stocks occur at very slow rates so detecting adequately small changes in SOC
stocks requires periods of at least 5 years (Ellert et al., 2002) which is out of the span of the LIFE
EBROADMICLIM project. However, the assessment of the current SOC stock along with a better
understanding of soil formation processes in rice fields in Ebro Delta, from their reclamation to
the present, represent the baseline for the definition of agricultural measures to enhance SOC
sequestration and increase SOC stocks.
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Soil accretion refers to the process of vertical soil formation allowing gaining elevation. The
importance of promoting soil accretion in rice fields is a double-purpose: firstly, to compensate
the increase of sea level rise and, secondly, to mitigate GHG emissions resulting from increases
in C sequestration.
The objective the estimation of soil C stocks and soil accretion rates of Ebro Delta rice fields are
1) to assess the current C stock and 2) to gain insight on the underlying mechanisms of soil
formation and how rice agricultural practices have influenced on this processes. The
accomplishment of these objectives will represent the baseline for subsequent identification of
plausible mitigation agricultural measures based on enhancement of C sequestration in rice
fields.
Material and methods
Sampling and analyses of GHG emitted from rice fields
In each field, three independent and simultaneously closed static cameras were used. For each
of them, four samples (30mL) of pressurized gas were taken in 10 mL vacuum vials at 10minute intervals) at 10-minute intervals over a period of 30 minutes to calculate the GHG
emission rate (IAEA, 1992). At the same time, water layer depth, soil and water (inflow and
outflow) physical-chemical parameters and vegetation cover were characterized (Fig. 1).

Figure 1 GHG sampling in rice paddy field at Ebro Delta in steady state closed chambers (left).
Over-pressured gas samples are collected in vacuum gas flasks, to be further analyzed by gas
chromatography at the IRTA’s laboratory.
Concentration of CH4, N2O and CO2 were analysed by gas chromatography. In 2015, greenhouse
gases samples were analysed by manual injection using two different chromatographs, the first
equipped with an FID detector and the second with an ECD detector (Fig 2). The CO2 and N2O
were determined by ECD detector (detection limit (LD) of 0.1 ppm (v / v) (N2O) and 80 ppm (v /
v) (CO2)), while CH4 was determined by detector FID (LD of 2 ppm (v / v)).
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Figure 2 GC Autosampler (Left) and gas chromatograph utilized to analyze simultaneously CO2
+ N2O (ECD detector) (right) and CH4 (FID detector)
Due to a delay of three months during the installation of the autosampler system (SeptemberNovember 2016), for the automatized analysis of gas tubes, the development of fast and
repetitive new chromatographic method to simultaneously analyse the three GHG in just one
run, instead two runs, was developed at IRTA during December 2016-February 2017. Those
new chromatographic conditions were implemented during the analysis of 3000 gaseous
samples (action C2+B4+B5) during period February-May 2017.
Calculation of the emission rates of GHG (CO2, N2O and CH4)
Emission rates were calculated through the linear slope of the GHG concentration over the 30minute period of sampling. GHG concentration of each sample was previously corrected for
the increase of temperature in the headspace of the chamber according to the ideal gas law
(Eq. 1):
PV= nRT (Eq. 1)
Where P is the pressure of the gas; V is the volume; n is the moles of gas; R is the gas constant;
T is the temperature of the headspace in Kelvin degrees. Only significant positive linear
regression s (P<0.05) were accepted whereas non-significant or negative regressions were
considered as no-emissions.
GHG monitoring
A total of 23 rice fields (fifteen in 2015 and eight in 2016) were selected to cover the
geophysical variability of the Ebro Delta for GHG monitoring (Fig. 3, Table 1). The standard
agronomic practices in Ebro Delta were practiced: direct water-seeding, permanent flooding
and moderate mineral fertilization during the growing season (May-September), incorporation
of rice straw after harvest, and progressive drainage of fields after the harvest season. The rice
fields were kept fallow during the winter. The GHGs (CO2, CH4 and N2O) were sampled monthly
in triplicate (three simultaneous closed-chamber per rice field), from May to December. In
2016, monthly samplings were extended to May 2017 to complete annual cycle of GHG
emissions.
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Figure 3 Location of rice fields were GHG emission, agronomic traits and physicochemical data
in soil/sediments and flooded water were assessed in 2015 (in yellow) -2016 (in pink)

Table 1 Location, description and GHG sampling dates of rice fields in 2015 and 2016 (action C2
+ B4)
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The diel pattern of CH4 emission was assessed in order to check whether the time window used
for GHG sampling (from 10:00 am to 3:00 pm) did not represent a new source of variation
across the monitored fields.
Accordingly, a 24h CH4 emission assessment was performed in one rice field in 2015 (22-23th
July) and in in 2016 (27-28th July). In 2017 and within the frame of another project, the same
activity was conducted following the same procedure.
GHG sampling was performed every 2 hours in triplicate along 24h. In parallel to GHG
sampling, physicochemical traits of soil (pH, Eh, temperature, conductivity), in inflow/outflow
water from each rice field (T, Eh, pH, DO, turbidity, suspended matter), were measured.

Carbon stock
Carbon stock was calculated from soil C concentration and bulk density (BD):
Carbon stock = Carbon concentration x bulk density x soil depth
Data was obtained from soil analyses done in all monitored rice fields in B4 action in years 2015
and 2016 (Table 1, Fig. 3). Soil samples were taken at 0 – 20 cm deep in dry rice fields during the
pre-sowing stage (March – April). SOC stock in 0 – 20 cm depth was calculated for each rice field
and then averaged across them to estimate mean soil carbon stock in Ebro Delta rice fields.
Soil accretion
We analysed samples of 10 sediment cores (Picture 1) collected from the Ebro Delta for the
analysis of 210Pb to determine the sediment accumulation rates during the last decades/century.
Sampling campaigns and analysis were carried in 2017-2018: in 2017, we sampled only two
fields, Ullals and la Ràpita (Table 5) to check methodological suitability; and in 2018, after
validating the methodology, we sampled eight B4-monitored rice fields (P1, P2, P4, P7, P8, P11,
P12, P14; Table 2 and 5). The selection of these fields was based on the sake of covering the agrienvironmental variability of rice crop. Sediment cores of 100 cm deep were obtained manually
(Picture 1) and brought to laboratory where they were sliced every 2 cm and oven-dried 3 days
at 40ºC. Bulk density (BD) was determined for each slice as the dry weight of the sample divided
by the volume. Dating analysis were processed in Edith Cowen University (Australia) under the
supervision of Dr. Pere Masqué. 210Pb was determined through the analysis of 210Po by alpha
spectrometry after addition of 209Po as an internal tracer and digestion in acid media using an
analytical microwave (Sanchez-Cabeza et al., 1998). The concentrations of excess 210Pb were
used to obtain the age models by calculating difference between total 210Pb and 226Ra (supported
210
Pb). Supported 210Pb was taken as the concentrations at each depth. Analyses by gamma
spectrometry to determine the concentrations of 226Ra were conducted in selected samples of
each core. Mean sediment accumulation rates could be estimated for seven out of the ten
sediment cores dated using the constant flux: constant sedimentation (CF:CS) model
(Krishnaswami et al., 1971) below the top mixed layer (ca. 30cm).
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Picture 1 Extraction of soil cores in Ebro Delta rice fields

Results and Discussion
CH4 emissions
CH4 emissions showed a consistent bimodal pattern in the two years of the study, with peaks in
August and in October (Fig. 4). The first peak in August (two-year mean: 4.60 ± 0.46 mg C-CH4
m-2 h-1), coincided with high temperatures and the maximum physiological activity of the crop,
whereas the second one (two-year mean: 15.86 ± 2.74 mg C-CH4 m-2 h-1) did so with the
incorporation of the straw, which is usually done immediately after harvesting. Mean emission
rates during the growing season are near to 3-fold lower (two-year mean: 2.83 ± 0.25 mg C-CH4
m-2 h-1) than during the post-harvest (two-year mean: 7.46 ± 1.12 mg C-CH4 m-2 h-1).
In total, 289.7 ± 28.2 and 203.4 ± 18.9 kg of C-CH4 ha-1 of the Ebro Delta rice paddies were
emitted in 2015 and 2016, respectively, equivalent to a total mean emission (two-years average)
of 5413 ± 413 Tm CH4 year-1 and 0.15 ± 0.01 Tg CO2-equivalents year-1, of which ca. 63 % were
emitted during the post-harvest. Mean emission rates in the growing and fallow seasons are
presented in Table 3.
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Figure 4. C-CH4 monthly mean emission rates over the growing season (from May to September)
and post-harvest (from October to December) in monitored Ebro Delta rice fields in years 2015
and 2016. Bars in columns indicate confidence interval (95%)
Mean CH4 emission rate
(mg C-CH4 m-2 ha-1)

Mean ± SE

Growing-season

2015
2.69 ± 0.26

2016
3.15 ± 0.61

Post-harvest

8.74 ± 1.54

5.33 ± 1.53

Annual

4.94 ± 0.61

4.09 ± 0.74

Table 2 Mean methane emissions in rice paddies in 2015 and 2016.
A GLMz analyses was conducted to determine the major drivers of CH4 emission during the
growing and post-harvest season. The information-theoretic framework analyses provided
predictive models of the effects of the analyzed variables on CH4 emission rates (Table 4) using
the AICC-based model selection criteria, i.e. a Δ AICc <7. The best explanatory variables were
those those included in all the selected plausible models (Selection Probability, SP=1, according
to the AIC criteria ΔAICc<7). The analysis using the in-season data provided a total of 20 plausible
predictive models. From this, it was derived that the most important factors were soil redox,
water level and plant cover; whereas in the post-harvest, timing of straw incorporation, water
level and soil temperature the most influencing factors resulted to be the most important from
a total of 26 plausible models.
model parameter

(Intercept)
Soil Redox
Soil Temperature

in-season model
off-season model
N=20
N=26
SP
ẞ
Bias
SP
ẞ
Bias
1.000
3.670
-0.191
1.000
-6.918
-0.115
1.000
-3.798
0.026
0.453
-1.551
-1.142
0.288
0.208
-2.977
1.000
4.771
-0.263
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Soil pH
0.335
-0.766
-1.776
0.135
0.009 -218.89
Soil conductivity
0.379
-0.214
-1.400
0.230
0.221
-2.331
Plant cover
0.956
0.050
0.021
0.240
0.021
-3.820
Water level
1.000
3.884
0.103
0.985
-5.240
0.044
Air temperature
0.225
0.000
1721.8
0.203
-0.360
-3.823
Season
Straw 1
0.993
0.788
-0.156
Straw 2
0.993
-0.001
2.457
Straw 3
0.993
-0.556
0.703
Table 3 Results from the information-theoretic framework analysis to evaluate the variation of
C-CH4 emission in the Ebre Delta rice field area. Model-averaged regression coefficients (ẞ) are
parameter coefficients averaged by model weight (Wi) across all candidate models (ΔAICc<7) in
which the given parameter occurs; selection probability (SP) indicates the importance of an
independent variable, and parameter bias is the difference between the averaged estimates (ẞ)
and the full model coefficients. The number (N) of candidate models (ΔAICc<7) is also shown.
Parameters included in the best model, in each case, are highlighted in blue colour. Herein
presented data correspond to field experiment in 2015.
The peak of CH4 in the growing season coincides with the maximum plant cover. This pattern
shows the linkage between CH4 production and photosynthesis through the production of
plant biomass (Denier van der Gon et al., 2002) and the consequent proportional availability of
soil labile C through deposition of root exudates (Das and Baruah, 2008a) and plant residues
providing substrate for methanogens (Tokida et al., 2011). In addition, the vegetative
development is proportional to CH4 transport capacity from the soil to the atmosphere
through the aerenchyma (Aulakh et al., 2000; Das and Baruah, 2008). Drop in methane
emissions with at maximum cover plant correspond to fields at early ripening stage which have
lower transport capacity because of leaf senescence (Kimura et al., 2004) and reduced carbon
supply from plant photosynthates at the end of the growing season (Lu et al., 2002). Water
table acts as an “on-off switch” as already described by Meijide et al. (2011). The effect of
water management on CH4 emission confirms this practice as a mitigation strategy justifying
the convenience of the pilot test conducted in this project (see “Document of the measures of
adaptation and mitigation to the climate change in the Ebre Delta paddy fields”) in which
different water management were tested to assess their mitigation capacity and impact on rice
grain yield.
Compared with other European rice areas, cumulative emissions during cultivation (98.4 kg CCH4 ha-1) are comparable to those previously observed in Spain (Seiler et al. 1983) and Portugal
(Pereira 2013), but much lower than the values reported in Italy of 370 kg C-CH4 kg ha-1
(Meijide, 2011). Fewer studies consider post-harvest emissions. Post-harvest emissions here
reported, 215.7 kg C-CH4 ha-1, are within the broad range of emissions observed in other
studies ranging from 35 kg C-CH4 ha-1 in California (Linquist et al., 2012; Pittelkow et al., 2014)
to the 534.75 kg C-CH4 ha-1 in China (Cao et al., 1995) in systems with straw management
similar to the present study.
The large CH4 emissions rates during the post-harvest were caused by the incorporation of the
rice straw into the wet soil facilitating the emission of accumulated methane while boosting
microbial hydrolytic and fermentation processes of straw and the subsequent methanogenic
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activity from the utilization of fermentation products (volatile fatty acids) under anoxic
conditions.
To gain insight into the contribution of rice straw and nutrients incorporation into the rice paddy
soil, on methane emission during post-harvest season, a lab scale assessment was implemented
in the framework of other project, in 2017 (Fig. 5). Post-harvest soil, rice straw, and irrigation
water from Ebre river were incubated in batch lab tests under anaerobic conditions during 55
days at 20ºC. The effect of different amount of rice straw (0, 0,35% 1% and 2% ) on methane
emissions were tested with and without nutrients by using irrigation water collected from
irrigation channels at Ebre Delta.

Figure 5 Picture of setting up of lab batch tests: Rice straw amendment (left) and establishment
of anaerobic conditions by N2 purging in closed crimpled serum flasks.
Main results (Fig. 6) revealed that buried rice straw was a good source of VFA under anaerobic
conditions, during the first 10 days of incubation both with and without mineral nutrient
amendments. Methane was already detected after 10-15 days of incubation, with a total
accumulation (in case of 0,35%) within the range observed in the field (post harvest season),
after 55 days of incubation.
A)
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B)

Figure 6. A) Evolution throughout incubation time of VFA content and methane accumulation in
the serum flasks under anaerobic conditions with different rice straw proportions. B) Methane
production rates (0,35% rice straw assays) under different conditions (red: optimal conditions
with soil and mineral media with N+P availability; and green: natural conditions (river water+soil
without macronutrient amendment) .
Methane emission in batch lab assays was directly dependent of rice content and nutrient
availability (N + P). When N macronutrients were available (N+P) the methane yield were 2,1
fold higher than observed under “natural conditions” (0,35% of rice straw + river irrigation water
without amended macronutrients). Tests simulating natural conditions (rice straw at 0,35% p/p)
mimics the methane emission observed during postharvest season in rice fields at field scale
(218,5 kg C-CH4 ha-1 in lab tests during 55 days versus 215 kg C-CH4 ha-1 in rice fields (OctoberDecember)
Main conclusions obtained from lab tests are the following:
• Rice straw incorporation to the soil constitutes significantly to methane production,
increasing both the methanogenic microbial populations and the methane emissions.
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•
•
•

Soils from rice paddy fields in the Ebro Delta just before rice straw mixing does not
produce methane emissions, having recalcitrant organic matter.
Soil nutrient addition, when there is organic matter, increases methane yield and
emissions.
The nutrients present naturally in the soil and surface water of the Ebro Delta allows
initiating the methanogenic process when organic biodegradable compounds are
available.

According to this, it would follow that straw should be removed from the fields to mitigate CH4
emissions. However, straw return has been proven to show agronomic and enviromental
benefits such as increases in grain yield (Wang et al., 2015), improvement of soil fertility and
quality (Liu et al., 2014) and enhancement of soil C sequestration (Chaudhary et al., 2017) that
could offset, at least partially, the net negative impact of CH4 emission. In addition, fields in
which straw was input in colder months (November and December) emitted less CH4 than those
in October. Mitigation strategies for straw management should be identified to keep the
benefits of straw return while minimizing fallow CH4 emissions. The assessment of the best
mitigation practices should be done on the annual net ecosystem carbon budget, i.e. overall
GHG emissions (i.e. CH4, N2O and CO2) and C sequestration, and considering the agronomic
response, i.e. impact on grain yield and reduction in N fertilization. In Ebre Delta, straw is usually
incorporated in October. The controlling effect of temperature on CH4 emissions (Table 4) lead
us to hypothesize that delaying straw input to colder months (late November or December) may
reduce CH4 emissions. Furthermore, in order to achieve a realistic and precise assessment of
effect of straw management on the total GHG emissions, fluxes after post-harvest (from January
to April) and during the following growing season should be considered. Therefore, to test the
hypothesis that delaying straw input can mitigate GHG emissions, further studies should be
carried out with different timings of straw input and GHG measurements extended until (at
least) the start of the following growing season.
Regarding the water management at post-harvest, the observed negative correlation of water
level to CH4 emissions, as opposed to the positive one in the growing season, can be attributed
to an artefact caused by the fact that straw incorporation operations are conducted with shallow
water.
N2O, CO2 and Global Warming Potential
Emissions rates of N2O (Fig. 7), as expected, remained very low throughout the growing and
post-harvest in years 2015 and 2016, with monthly emissions rates lower than 0.05 mg N-N2O
m-2 h-1.
The Global Warming Potential (GWP) allows comparisons of the global impacts of different
gases. Specifically, it is a measure of how much energy the emissions of 1 ton of a gas will
absorb over a given period, relative to the emissions of 1 ton of carbon dioxide (CO2). The
larger the GWP, the more that a given gas warms the Earth compared to CO2 over that period.
The period usually used for GWPs is 100 years. GWPs provide a common unit of measure,
which allows analysts to add up emissions estimates of different gases (e.g., to compile a
national GHG inventory), and allows policymakers to compare emissions reduction
opportunities across sectors and gases (https://www.epa.gov/ghgemissions/understanding13

global-warming-potentials). According to IPCC (2013) CH4 is estimated to have a warming
potential of 28 that of CO2 over 100 years whereas N2O, 265 for the same period. The units of
GWP are given in CO2 equivalents (CO2-eq). Thus, considering cumulative CH4 and N2O
emissions from Ebro Delta rice fields, GWP is 0.12 Tg CO2-eq, counting for 0.27% of the total
GHG emissions in Catalunya, which are estimated to be 44 Tg CO2-eq in 2013 (IEC; Generalitat
de Catalunya, 2017). It should be noted that CO2 emissions have not been considered for the
estimation of GWP given the high diel variability in CO2.

Figure 7 N-N2O monthly mean emission rates over the growing season (from May to
September) and post-harvest (from October to December) in monitored Ebro Delta rice fields in
years 2015 and 2016. Bars in columns indicate confidence interval (95%)

Diel patern of CH4 emissions
The diel pattern of CH4 emissions (Fig. 8) consisted in a slight increase from the morning (9 am)
until the dawn (5 am), disrupted by an oscillatory pattern from the sunset (ca. 7 pm to 9 pm) to
midnight with a peak at 11pm in between two minimums, at 9 pm and 1 am. This oscillatory
pattern might have been driven by the ending of photosynthetic activity of the plant at the
sunset, causing changes in both O2 availability and rhizoexudates deposition in the soil, hence
altering the activity of microorganisms involved in CH4 production and consumption.
Daily CO2 emissions were also monitored (Fig. 9) and showed a differentiated day-night
pattern driven by the photosynthesis: CO2 flux is negative in daylight because of CO2
assimilation by plants and algae whereas it turns positive at night when CO2 assimilation by
plant is inhibited but heterotrophic respiration from plants algae and microbial populations is
kept active.
The main purpose of these samplings was to assess any effect of diel variations on the
estimated emission rates and to check the appropriateness of the time window for GHG
sampling (from 10 am to 3 pm). The low variability in CH4 emissions observed from 10 am to 3
pm, with no significant differences P<0.05) across the sampling times, confirmed the adequacy
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of the sampling times. Apart from this, the sampling sequence of the rice fields was
randomized every sampling campaign to offset any possible effect of daily variation.

Figure 8 Diel pattern of CH4 emissions in years 2015, 2016 and 2017. Dashed red line represents
the 3-year mean. Data from year 2017 was obtained from another project.

Figure 9 Diel pattern of C-CO2 emissions in years 2015, 2016 and 2017. Dashed red line
represents the 3-year mean. Data from year 2017 was obtained from another project
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Carbon stock
Carbon concentration, bulk density and carbon stock in the monitored commercial rice fields in
action B4 are presented in the following table:

Year

Plot ID

2015
P01
2015
P02
2015
P03
2015
P04
2015
P05
2015
P06
2015
P07
2015
P08
2015
P09
2015
P10
2015
P11
2015
P12
2015
P13
2015
P14
2015
P15
2016
P01
2016
P02
2016
P04
2016
P05
2016
P07
2016
P09
Average
Standard deviation

Bulk Density
(g cm-3)

Organic C
content
( %)
2.6
2.3
2.8
2.2
2.2
2.3
2.5
1.8
2.7
2.3
1.4
2.6
2.8
1
2.2
1.8
5.3
1.5
2.1
1.8
1.4
2.27
0.86

0.969
0.903
0.688
0.869
0.812
0.884
1.014
1.016
0.878
0.879
0.975
0.896
0.809
1.104
1.013
1.041
0.806
0.906
1.066
0.9
1.011
0.93
0.10

Stock C
(kg C m-2)
5.0388
4.1538
3.8528
3.8236
3.5728
4.0664
5.07
3.6576
4.7412
4.0434
2.73
4.6592
4.5304
2.208
4.4572
3.7476
8.5436
2.718
4.4772
3.24
2.8308
4.10
1.29

Table 4 Bulk density, Organic carbon concentration and carbon stock in the B4-monitored rice
fields. Bulk density and organic C concentration was obtained from soil analyses; carbon stock
was calculated from by multiplying bulk density x OC
The mean C stock in Ebro Delta rice fields is 4.10± 1.29 kg C m-2 which falls within the range of C
stock reported in temperate rice fields: 3.02 kg C m-2 in Korea (Minasny et al., 2012) and 5.27 in
Japan (Cheng et al., 2017). At a global scale, there is large variability in C stock over agrosystems
worldwide, for example in China it ranges from 3.6 to 17.43 kg C m-2 (Pan et al., 2010; Yan et al.,
2013).
Our results indicate that soil C is near 4-fold higher than that reported for rice plant biomass
which is 1.37 kg C m-2 as reported in the 3rd Report of Climate Change in Catalonia (IEC, 2016).
Such ratio shows the relevance of soil as a sink of carbon provided by the low decomposition
rates of organic matter caused by anaerobiosis in flooded conditions (Sahrawat, 2005)
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The incorporation of rice straw into the soil enhances C sequestration in the rice fields
(Chaudhary et al., 2017)). Unfortunately, this effect could not be assessed in Ebro Delta because
this practice was implemented all the monitored rice fields (as it is a common practice in Ebro
Delta) and so the comparison between straw return vs no return could not be possible. Apart
from enhancing carbon sequestration, straw return has also been proven to show agronomic
and enviromental benefits such as increases in grain yield (Wang et al., 2015) and improvement
of soil fertility, soil diversity and quality (Liu et al., 2014). All these environmental and agronomic
benefits could offset, at least partially, the large CH4 emissions caused by this practice. Thus,
according to the reported benefits of straw incorporation and despite the subsequent large CH4
emissions, in order to optimize C budget we suggest to maintain straw incorporation as a
mitigation practice but being accompanied of novel strategies to minimize CH4 emissions. In
the Deliverable “Measures of adaptation and mitigation ot climate change in Ebro Delta”, we
point out the timing of straw incorporation in combination with water management as factors
to optimize such balance.
Soil accretion
Bulk density (BD) in the top mixed layer of 20 to 30 cm deep (depending on the core), where the
crop is grown, is lower (BD = 1.1± 0.3 gr cm-3) than in deeper layers (BD =1.5 ± 0.4 gr cm-3) as a
consequence of compaction of the bottom layer. Regarding the texture of the different cores,
clays predominate in the upper layer while, the texture varies from sandy, silty or peat according
in the deeper horizons likely depending on the type of wetland above which rice field was set.
The estimated accretion rates ranged from 1.4 to 5 mm yr-1 (Table 5) which are lower than those
estimated by Ibàñez et al. (1997) ranging from 4.7 to 7.4 mmyr-1. In the study, they pointed out
that such accretion rates correspond to the period comprising the creation of rice fields and the
construction of the main dams in the Ebro River (Mequinença and Ribarroja) in 1969, whereas
there is no soil accretion at present because of a net export of sediments from the rice fields.
The lower accretion rates found in EBROADMICLIM project in relation to those reported by
Ibáñez et al. may confirm the downward trend in soil elevation in rice field. On the other hand,
we should be cautious in putting together accretion rates from this project and those obtained
by Ibáñez et al. (1997) to estimate a temporal pattern because: 1) different methodology
(radiotracers vs horizon markers), 2) accretion rates in Ibáñez’s work was obtained from
abandoned rice fields and 3) our estimations do not include the top mixed layer because of the
methodology used.
Soil formation is promoted by increases of soil organic carbon (SOC) (DeLaune and Pezeshki,
2003). Accordingly, we hypothesized that the incorporation of rice straw over the las 20 years
in Ebro Delta rice fields could have to some extent compensate loss of soil elevation. However,
we could not demonstrate this effect because of the methodology constraints since annual
mixing by soil laboring prevents from soil stratification in the top layer which is necessary to
observe accumulation patterns. On the other hand, it could also be true that such gain in soil
elevation could not have occurred despite the straw return because to achieve efficient soil
formation inorganic sediments must be combined with organic matter (Neubauer, 2008) in
order to stabilize soil organic matter.
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In any case, we stress the urgency of finding an effective way to inject sediments to the Ebro
Delta to compensate the loss of soil elevation through their direct (sediment deposition) and
indirect (stabilizing soil organic matter) effects.
Core
ID

X coord

Y coord

Depth
(cm)

Texture

Mixed
Layer
Depth
(cm)
31

Excess
horizon
210Pb
(cm)
26

Accretion
rate
(mm yr -1)

P1

300086

4508907

89

all clay

P2

298548

4504884

46

30

>45

NA

31

0-30 clay; 30-46 claysilt
all clay-sand

P4

303234

4504459

18

>31

4

P7

300881

4513008

90

all clay

33

46

4-9

P8

304756

4517327

94

0-57 clay; 57-94 sand

19-21

36

NA

P11

314956

4505536

48

25

22

NA

P12

311736

4509260

87.5

30

34

3-14

P14

314401

4513990

59

24

24

2-3

Ullals

296748

4503375

20

14

16

1.4

La
Ràpita

299831

4500184

28

0-5 clay-sand; 5-48
clay
0-59 clay; 59-87.5
clay-silt
0-24 clay; 24-33.5
clay-sand; 33.5-59
sand
0-14 clay; 14-15 clay
peat; >15 peat
0-20 clay; 20-25 claypeat; 25-28 sand

14

20

1.9

3-5

Table 5 Identification, location, description and estimated rate of accretion for the different cores
taken in rice paddies of the Ebro Delta in 2017 (Ullals, La Ràpita) and 2018 (the rest)
Datation of these soils provides valuable information that together with carbon profiles and
sediment flow will allow us in the future to understand the biogeochemical processes that occur
in this cultivated deltaic soils. Next steps to be done in this sense, which will be out of the frame
of this project because of time limitations, will be to conduct multivariate analyses to determine
the major factors controlling the accretion rates. The outcome will provide a better
understanding of the underlying processes in soil formation in paddy rice fields.
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Conclusions
CH4 emissions from Ebre Delta rice fields follow bimodal pattern in the two years of the study,
with peaks in August and in October. On average, a total of 5413 ± 413 Tm CH4 year-1 and 0.15
± 0.01 Tg CO2-equivalents year-1 are emitted, of which ca. 63 % during the post-harvest.
Compared with other European rice areas, cumulative emissions during cultivation are
comparable to those previously observed in Spain and Portugal, but much lower than the
values reported in Italy. Post-harvest emissions in the present study are within the broad range
of emissions observed in other studies, from California and in China, in systems with straw
management similar to the present study.
Water management during the growing and post-harvest seasons and straw incorporation at
post-harvest are the main agricultural factors modulating CH4.
The major contribution of the (post-harvest) fallow season in rice cultivation to the total
annual emissions of CH4 evidenced in our study, both in 2015 and 2016, suggests that more
attention should be paid to crop management during this stage to mitigate more efficiently the
emissions of CH4, being the management of water and rice straw the key factors.
It is advisable to include the fallow season in GHG emissions inventories of paddy rice, not
currently considered, to avoid underestimating CH4 emissions. Concerning the incorporation of
rice straw into the soil after harvesting, the following conclusions are derived:
- Rice straw incorporation to the soil constitutes significantly to methane production,
increasing both the methanogenic microbial populations and the methane emissions.
- Soils from rice paddy fields in the Ebro Delta just before rice straw mixing does not
produce methane emissions, having recalcitrant organic matter.
- Soil nutrient addition, when there is organic matter, increases methane yield and
emissions.
- The nutrients present naturally in the soil and surface water of the Ebro Delta allows
initiating the methanogenic process when organic biodegradable compounds are
available.
The mean C stock in Ebro Delta rice fields is 4.10± 1.29 kg C m-2.
The estimated accretion rates ranged from 1.4 to 5 mm yr-1 which are lower than those
estimated by Ibàñez et al. (1997) ranging from 4.7 to 7.4 mm yr-1 what may confirm the
downward trend in soil elevation in rice field
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