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Abstract
Water management is crucial for reducing CH4 emissions. Water-management based
mitigation measures consist in introducing draining periods so that oxygen diffusion into the
rice field soil can inhibit methanogenesis. However, this practice can induce salinity or hydric
stress to the crop and reduce grain yield. The implementation of these systems needs to be
conducted at local scale to optimize mitigation capacity without yield penalties. Two watermanagement based mitigation practices were tested and compared to standard water
management, i.e. permanent flooding, in order to assess 1) their capacity in reducing CH4
emissions in Ebro Delta conditions and 2) their impact on rice production.
Winter flooding and straw incorporation are agricultural practices conducted during the postharvest period influencing aquatic bird diversity and abundance in the rice fields and, by
extension, on the Ebre Delta. In order to assess the effect of post-harvest management on bird
diversity, it was conducted census during the winter in rice fields with differing water and
straw managements.
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,
2013). On the other hand, this crop emits 18-39 Tg CH4 · year-1, representing 3-7% of global
emissions and 5-20% of the anthropogenic emissions of this compound (Zhang et al., 2016). 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.
Permanent flooding in rice cultivation induces anaerobic conditions in soils stimulating
methanogenesis and because of this, large CH4 emissions. Therefore, introducing draining over
the growing period may allow oxygen diffusion into the soil and thus, inhibit methane
production. Accordingly, alternative water management to permanent flooding based on
alternating draining periods have been considered as mitigation measures such as Alternating
Wetting and Drying (AWD) and Mid-season drainage (MSD). AWD system introduces several
drainage periods whereas MSD only one, so that the mitigation capacity of the first is higher
although, on the other hand, it may induce salinity or water stress to the crop. GHG emissions
can be reduced up to 60% in AWD systems, and between 7 and 43% with MSD (Wassmann et
al., 2009).However, these draining periods can cause hydric or saline stress to the crop and
eventually reductions in grain yield. Implementation of these systems needs to be studied al
local scale because site-specific conditions are crucial in modulating mitigation capacity and
the impact of the system on rice production.
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In addition, it should be taken into account the crucial role of flooded rice fields in preserving
biodiversity in the Ebro Delta Natural Park. Winter flooding of fields (during the fallow season)
promotes biodiversity in rice fields and, by extension to Ebre Delta, as it provides food for a
wide range of aquatic birds (Ibañez, 2010). Recently, the invasion of apple snail (Pomacea
caniculata) have forced rice farmers to keep fields dry during the fallow season. Such a
measure, and other related to water management during the post-harvest period, can impact
on bird population in winter. Therefore, there is a need to assess the effect of winter water
management on aquatic bird population so that it can support decision on management of
winter flooding. Accordingly, this project included bird census during the winter, in order to
assess the effect of water management during the post-harvest on the water bird community
sheltered in the rice fields.
The objectives of this action were:
i)
ii)

To assess the mitigation capacity of water management practices alternative to the
standard irrigation system (permanent flooding).
To assess the effect of winter flooding on aquatic bird abundance and diversity.

Straw management have effect on soil organic carbon (SOC) concentration and thus on soil C
stock. However, 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. Therefore, we were not able to assess the effect of
straw input of C stock. Alternatively, we assessed the current SOC stock which 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. These results are presented in the
deliverable “Report of the total GHG emissions in the Ebre paddy fields and over the effects of
the agriculture management practices in the emissions and carbon stock”.

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).

3

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)).

Figure 2 GC Autosampler (Left) and gas chromatograph utilized to analyze simultaneously CO2 + N2O
(ECD detector) (right) and CH4 (FID detector)
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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.

Experimental design for the assessment of mitigation capacity of two alternative water
management to permanent flooding
Three commercial fields were monitored in each of which a different water
management, was implemented. GHG and associated variables were monitored.
The three fields selected for this experiment were located in high elevation relative to
the sea level rice field area in the Ebro Delta in order to guarantee a safe rice crop
since the main objective of this study was to assess the mitigation capacity of these
systems while confirming their the agronomical feasibility. In other words, we wanted
to test whether these practices could be successfully implemented at least in the most
favourable conditions for rice crop with no yield penalties. Moreover, it should be
taken into account that farmers voluntarily accepted to participate in the study
without any economical compensation in the case of any yield decline. Thus, before
applying either the MSD or AWD management, farmers were consulted and the
timings of the implementation of the treatments were consensual.
AWD consisted in alternating drainage and flooding periods: the irrigation is cut when water
level reaches approximately 7 cm, thereafter fields are left to dry out by water percolation
until ca. 20 cm below the ground and then they are re-flooded until reaching a water depth of
ca. 7 cm. This procedure is repeated over the vegetative stage. On the other hand, MSD
consists in a single 4-day drainage and keeping the fields permanently flooded during the rest
of the growing season.
In both fields, a piezometer was installed in order to monitor the water table depth below
ground. For this experiment, we increased both the number of chambers (9 chambers per
field) and the sampling frequency during the implementation of AWD (twice a week on
average) to ensure that any effect on GHG emissions caused by the water management would
be observed.
The three water management, i.e. AWD, MSD and PFL (permanent flooding as the control)
were implemented each in one commercial field. 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.
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Rice grain yield of each field was recorded according to farmer’s communication. Mean
emission rates and cumulative emissions of C-CH4, N-N2O as well as GWP were assessed.

Experimental design for the assessment of the effect of winter flooding on aquatic bird
population
Every two weeks during the post-harvest period in 2015 and 2016 (November to January), bird
census were conducted in the monitored rice fields. In 2016, it was decided to put more
emphasis on the effect of straw management on population of birds in the rice fields over the
post-harvest so that the number of monitored fields was increased in order to find balanced
number of fields with different timings of straw incorporation (Fig. 3)

Figure 3 Location of the rice fields for bird censing in 2016.
Different bird species were grouped by families (not necessarily taxonomic): Herons, Waders,
Gulls and Terns, Raptors, Passerines and others. A part from bird species, in each sampling day
and rice field physical variables were monitored: water table depth, water flooding percentage
and straw percentage.
Water status and presence of plant residues in each field was monitored as follows:
- Percentage of flooded area in each field
- Percentage of rice field covered by plant resides
- Water layer depth
- Straw incorporation (yes or not)
Depending on the variable to be analysed, different data analyses were performed (Shannon’s
diversity index and Generalized Linear Mixed-effects Models GLMM). The Akaike Information
Criterion (AIC; Burnham & Anderson, 2002) was used for model selection. All the analyses were
performed with R software version 3.3.2.
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Results and Discussion
Mitigation capacity of two alternative water management to permanent flooding
Timing of main agricultural practices and yield was recorded (Table 1):
Water
management
PF
MSD
AWD

Sowing
date
02/05/2016
02/05/2016
03/05/2016

Harvest date
10/10/2016
20/09/2016
10/10/2016

Straw incorporation
date
26/10/2016
10/10/2016
20/12/2016

Yield
(kg/ha)
9150
6156
8900

Tabla 1 Timing of agronomic practices and grain yield in the three water management
treatments

Soil hydrology
Different levels of the water column were observed during the experiment due to the
drainage and flooding periods (Fig. 4). In PF, water level oscillated from 2 to 10 cm.
AWD was applied from 28th of May until 21st of July which included three drainage
period of 16 days of duration on average. Water level dropped until 40 to 30 cm under
the ground level in each drainage. In MSD, two drainages of 4 days of duration were
implemented: the first early in June (starting date: 8/6/2016) and the second in midJuly (starting date: 13/7/2016). The second one was asked to the farmer to be done
because the first (which coincided with herbicide application) was done in a stage with
low expected CH4 emissions and so, the impact was anticipated to be low. Water level
always remained above the ground level because the shorter duration of the drainage
period.
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Figure 4. Water level variation in “Water management” experimental fields. Solid arrows
means harvest dates and pointed arrows means straw incorporation dates

Soil physico-chemical parameters
Soil physico-chemical properties were monitored during the experiment: temperature,
electric conductivity (EC) and redox potential.
Soil temperature showed the same pattern in the three treatments but with higher
values in AWD, MSD and PF (Fig. 5).
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Figure 5. Soil temperature variation in “Water management” experimental fields.

Electric conductivity (EC), which is a proxy of soil salinity, increased during the drainage
periods (Fig. 6). Despite the longer duration of drainage in AWD, EC remained lower
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than MSD and PF because the highest elevation of the field relative to the sea. This
location was selected in purpose to prevent yield declines caused by salinity stress.
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Figure 6 Electric conductivity variation in “Water management” experimental fields.

Soil redox potential declined in PF and MSD with the advance of the flooding period
because of the progressive oxygen depletion and the subsequent more reductive
conditions (Fig. 7). The production of CH4 by methanogenic bacteria is initiated within
a – 100 to – 210 mV range (Yu et al., 2001) which occurred early in June. Thereafter,
redox values continued declining until – 250 mV and – 400 mV in PF and MSD
treatments, respectively. During the implementation of the AWD treatment, redox
could not be measured in many occasions, as the redox probe cannot read under dry
conditions.
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Figure 7. Redox potential variation in “Water management” experimental fields. Note the lack
of data during the drainage periods because it was impossible to measure it in dry conditions.
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GHG emissions
CH4 emission in the three treatments showed different patterns and range of emission rates (Fig.
7). In PF, emissions started to increase in early July and reached a peak the 21st of July (11.6 ±
0.24 mg C-CH4 m-2 h-1). Thereafter, CH4 emissions sharply declined to almost nil emissions in late
September, around ten days before harvesting. During the post-harvest season, a peak of 8.64 ±
0.4 mg C-CH4 m-2 h-1 was observed the 26th of October, immediately before straw incorporation
(GHG were sampled some hours before straw incorporation). The next sampling after the straw
input occurred at the end of November, likely too late to capture the peak caused by the straw
input. The annual cumulative CH4 emissions in PF were 17.64 g m-2 of which 9.6 g m-2 (54%)
were emitted during the growing season.
The pattern of CH4 emissions in the AWD treatment demonstrated that this system clearly
reduces CH4 emissions, as the mean rates during the implementation of AWD (from 28th of May
to 21st of July) were almost 10-fold lower (0.16 ± 0.03 mg m-2 h-1) than those in PF (1.54 ± 0.40
mg m-2 h-1). CH4 emission rates after the AWD sharply increased until 8.34 ± 0.24 mg C-CH4 m-2
h-1 but still remaining lower than the maximum recorded in PF (11.61 ± 0.24 mg C-CH4 m-2 h-1).
Such a fast recovery of the emission rates were likely due to the recovery of anaerobic conditions
right after the flooding and to the accumulation of organic matter in the soil, derived from root
exudates and plant residues, over the AWD period. The annual cumulative CH4 emissions in AWD
were 11.7 g C-CH4 m-2 of which 0.89 g C-CH4 m-2 (7%) were emitted during the growing season.
In MSD, very low emissions were found over the growing season, with emission rates ranging
from 0 to 0.64 mg C-CH4 m-2 h-1. Low plant density (120 plants m-2 compared to 247 plants m-2 in
PF), caused by midges (Cricotopus sp) which ate a high percentage of seedlings might explain the
low emissions. Low plant density and subsequent low biomass implies low input of organic
matter to the soil what may have limited the methanogenic activity. Actually, grain yield in this
field was also considerably lower (6156 kg ha-1) than in PF (9149 kg ha-1). Figure 14 shows that
during the flooding between the first and the second drainages, CH4 emissions were negligible
compared to those in PF. Therefore, the low CH4 emissions in MSD probably cannot be attributed
to the water management. Instead, the highest peak during the post-harvest season, in relation
to the other water management, was observed in this field (12.63 ± 1.54 mg C-CH4 m-2 h-1) likely
because GHG sampling was done only 16 days after the straw incorporation whereas in the other
treatments time gap between straw incorporation and sampling was longer in the case of PF or
straw was incorporated after the last GHG sampling (AWD). The annual cumulative CH4 emissions
in MSD were 11.4 g m-2 of which 0.30 g m-2 (2.6%) were emitted during the growing season.
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Figure 8 Annual patern of CH4 emission rates in the three treatments studied.
N2O is an important greenhouse gas that needs to be considered when rice fields are
submitted to drainage period as it is produced under aerobic conditions. Indeed, the
application of drainage periods in AWD and MSD significantly increased the mean N2O
emission rates: 0.003 ± 0.002, 0.11 ± 0.02 mg N-N2O m-2 h-1 in AWD and MSD respectively
whereas 0.0006 ± 0.0004 mg N-N2O m-2 h-1 in PF. Higher N2O emissions were expected to be
found in AWD than in MSD because of the longer duration of draining periods. Instead, the
opposite pattern was observed probably because of the low agronomic performance of the
crop: lower plant density in MSD would have induced low N uptake and consequently N
available for nitrification processes that lead to N2O emission. Overall, the cumulative N2O
emissions during the growing season in the three treatments were 2.16, 226.6 and 1.68 mg NN2O m-2 in AWD, MSD and PF, respectively. Mean rates in AWD and PF are similar to those
reported Linquist et al. (2015) in rice fields in California (2.8 and 0.8 mg N-N2O m-2,
respectively).
The Global Warming Potential (GWP), considering C-CH4 and N-N2O, was calculated to allow
comparisons of the global warming impacts.The results indicated that both AWD and MSD
reduced GWP relative to PF by 33% and 19% respectively and that these differences were
clearly accentuated during the growing season which were reduced by 91% and 75 % (Table 1).
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CH4

AWD
MSD
PF

11.7
11.4
17.6

N2O

0.002
0.3
0.002

GWP
(CO2-eq)

Reduction
GWP

Grain yield
(g m-2)

Yieldscaled
GWP
(g CO2-eq/
g rice)

Reduction
Yieldscaled
GWP

Annual
-33%
-19%

328.13
890.0
0.37
-32%
398.7
615.6
0.65
20%
493.33
914.9
0.54
Growing season
AWD
0.89
0.002
25.45
-91%
890.0
0.03
-90%
MSD
0.3
0.22
66.7
-75%
615.6
0.11
-64%
PF
9.7
0.002
272.13
914.9
0.30
Table 1 Cumulative emissions for CH4, N2O global warming potential in the water management
tested (AWD -alternate wetting and drying, MSD -Mid-season drainage- and PF -permanent
flooding- and GWP reduction relative to PF, which is the standard water management.
Rice productivity and crop biomass positively influence CH4 emissions since 40 to 60% of CH4
emissions during the growing season are derived from the photosynthates (Tokida et al., 2011).
In addition, there is a plant-mediated transport of rice plants, so that the higher plant density
the higher the emissions. Thus, in order to discard the contribution of rice productivity to GHG
emissions, yield-scaled emissions rates, i.e. emissions rates divided by grain yield, were
calculated. The results showed similar pattern: AWD reduced by 90% the yield-scaled GWP
during the growing season and by 32% the annual emissions whereas MSD reduced 64% during
the growing season. However, and increase of 20% was found for the annual emissions given by
the large N2O emissions during the growing season and the CH4 peak in post-harvest which was
not found in the other treatments as straw was incorporated after GHG samplings. The similar
reductions observed in AWD for GWP and yield-scaled GWP are given by the similar grain yield
obtained in the two rice fields (9150 kg ha-1 in PF and 8900 kg ha-1 in AWD). The different location
of the rice fields prevent us to assess if the reason of the lower yield in AWD was given by the
water management but small differences in yield (2.7%) allow us to conclude that that AWD
could reduce GHG emission with low or negligible yield penalty.

Assessment of the effect of winter flooding on aquatic bird population
As described in Material and Methods, bird census was conducted every two weeks during the
post-harvest season. The percentage of flooded area in each field decreased over the winter
since water is left to progressively dry.
In 2015, 2434 birds were counted. A total of 2434 birds were counted over the census period
which were more abundant in those fields with more flooded area (Fig. 9).
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Figure 9 Number of birds (Y-axis) depending on percentage of flooded area (X-axis) in each field

Bird diversity, measured by means of Shannon index, was higher in October and
November and declined from December to January. Higher diversity was observed in
those fields with lower (5%) and higher (>75%) flooded area whereas the lowest values
were found in dry fields (Fig. 10). In addition, it was observed that the number of fields
decreased with the depth of water (Fig. 10).

Figure 10 Shannon index (Y-axis) depending on the percentage of flooded área (X-axis) in rice
fields (above) and number of birds (Y-axis) against water layer depth (X-Axis) (below) in year
2015.
In 2016, 2331 birds were counted over the post-harvest, but in contrast to the preceding year,
more birds were present in fields with a low percentage of flooding area (Fig. 11).

13

Figure 11 Number of birds (Y-axis) depending on the percentage of flooded area in each field (Xaxis)
Similarly, bird diversity in 2015 declined over the winter and shallow water promoted bird
abundance but, in contrast, higher diversity was found in fields with 5 to 50% of their area
flooded (Fig. 12)

Figure 12 Shannon index (Y-axis) depending on the percentage of flooded area (X-axis) in rice
fields (left) and number of birds (Y-axis) against water layer depth (X-Axis) (right) in year 2016
Concerning straw incorporation (Fig. 13), in November and Late January, those fields with
straw incorporated showed more birds than those in which straw was not incorporated. The
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opposite was seen in December. In general, straw incorporation seems to favour the presence
of birds while this effect seem to be more visible in November.

Figure 13 Number of birds (Y-axis) over the post-harvest season (from first fortnight of
November to the las in January) depending on straw incorporation: YES in blue, NO in pink
In conclusion, shallow water and field partially inundated promote the presence of birds as
well as bird diversity whereas the higher bird abundance was observed in rice fields in which
straw was incorporated in early November.
Conclusions
The implementation of AWD can significantly reduce methane emissions without any impact
on grain yield, although more experiments should be conducted considering
agrienvironmental variability to eventually provide specific guidelines to rice sector.
Shallow water and partial inundation of fields promote the presence of birds as well as bird
diversity while straw incorporation in early November favours bird abundance.
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