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ABSTRACT 22 

Rice cultivation is a major source of methane (CH4) emissions. Intermittent irrigation systems in 23 

rice cultivation, such as the mid-season drainage (MSD), are effective strategies to mitigate CH4 24 

emissions during the growing season, though reduction rates are variable and dependent on the 25 

crop context. Aeration periods induce alteration of soil CH4 dynamics that can be prolonged after 26 

flooding recovery. However, whether these changes persist beyond the growing season remains 27 

underexplored.  28 

A field experiment was conducted in Spain to  study the effect of MSD implemented during the 29 

rice growing season on greenhouse gas (GHG) emissions in relation to the standard permanently 30 

flooded water management (PFL).  Specifically, the study aimed at 1) assessing the CH4 31 

mitigation capacity of MSD in the studied area, and 2) testing the hypothesis that the mitigating 32 

effect of MSD can be extended into the following winter flooded fallow season.  Year-round GHG 33 

sampling was conducted, seasonal and annual cumulative emissions of CH4 and N2O as well as 34 

the global warming potential were calculated, and grain yield measured. MSD reduced growing 35 

season CH4 emissions by ca. 80% without yield penalties. During the flooded fallow season, MSD 36 

reduced CH4 emissions by ca. 60%, despite both fields being permanently flooded. The novelty 37 

of our observations lies in the amplified mitigation capacity of MSD by extending the CH4 38 

mitigation effect to the following flooded winter fallow season. This finding becomes especially 39 

relevant in rice systems with flooded winter fallow season given the large contribution of this 40 

season to the annual CH4 emissions. 41 

 42 

Key words: greenhouse gas emission; paddy rice; water management; intermittent irrigation; 43 

mitigation measure; winter fallow  44 
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Introduction 45 

Paddy rice cultivation is one of the main sources of agricultural CH4 emissions (Saunois et al., 46 

2016) being water management a key driver of greenhouse gas (GHG) emissions. Irrigation 47 

systems based on a single or multiple drying periods, such as the mid-season drainage (MSD) or 48 

the alternate wetting and drying system (AWD), are effective water saving measures to face the 49 

projected water scarcity (Javadinejad et al., 2021) that can also effectively reduce CH4 emissions 50 

and the global warming potential (GWP) during the rice growing season (Carrijo et al., 2017; Liu 51 

et al., 2019; Martínez-Eixarch et al., 2021a).  52 

In a previous study in Spain, the implementation of AWD during the vegetative growth stage of 53 

rice (Martínez-Eixarch et al., 2021a) significantly reduced CH4 emissions not only during the 54 

aeration periods but also after flooding recovery in the subsequent reproductive and maturity 55 

stages. Such a prolonged interruption of the CH4 emissions beyond AWD implementation,  56 

suggested, firstly, a prolonged lag phase of methanogenesis (Linquist et al., 2015) persisting after 57 

flooding recovery; and secondly, that aeration periods could have altered the structure and 58 

functioning of methanogenic communities, as already reported in rice (Ji et al., 2015; Reim et al., 59 

2017) and lake sediments (Conrad et al., 2014). The interruption of CH4 emission after flooding 60 

recovery has only been reported within the same growing season while few studies have examined 61 

whether it could persist in the subsequent post-harvest season. If this happened this way, the 62 

mitigation capacity of water-saving irrigation practices could be boosted at no grain yield cost. 63 

To our knowledge, there is only one single study assessing this response (LaHue et al., 2016) 64 

which concluded in a lack of effect. 65 

We conducted a one-year field experiment in a rice growing area in Southern Spain, aiming at 1) 66 

assessing the mitigation capacity of a mid-season drainage on both seasonal and annual CH4 67 

emissions, and 2) testing the hypothesis that the mitigating effect of MSD implemented in the 68 

growing season can be extended to the following winter flooded fallow season.    69 
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Material and methods 70 

A field experiment was conducted covering the whole rice cropping period, including the growing 71 

(June to October 2019) and fallow (October 2019 to June 2020) seasons. The fallow season 72 

included a flooded (October to January) and an unflooded (January to May) period. Two adjacent 73 

commercial rice fields of 1.2 ha each were selected to study two water treatments: 1) control 74 

(permanently flooded over the growing and fallow seasons, PFL) and 2) mid-season drainage 75 

implemented in the growing season and fallow season with permanent flooding from October to 76 

January (MSD). PFL represented the standard water management, and it included a short aeration 77 

period early in the growing season of 2 days in which water table dropped to –15 cm. MSD 78 

consisted of a drainage period in the vegetative stage of approximately 4.5 days, in which the 79 

water level dropped to – 28.7 ± 0.01 cm, and then the flooding was recovered. Thereafter, during 80 

the ripening stage, the MSD field was emptied with the objective of implementing a second 81 

aeration period prior to harvest to let the water table drop at ca. – 15 cm; however, the rainfalls 82 

only allowed water layer to drop from 15.3 ± 0.01 cm to 0 ± 0.01 cm (Table 1). Apart from these 83 

two drying periods, water level was maintained at 5 to 10 cm over the vegetative and reproductive 84 

stages in both MSD and PFL fields. In the winter fallow season, both PFL and MSD fields 85 

remained flooded from harvest until January 15th (flooded fallow season). Thereafter, the 86 

irrigation was cut, and both fields were left to progressively drain (unflooded fallow season).  87 

Crop management in the two fields were the same and it was based on  the standard practices in 88 

the area (Table 1). In each field, three different subplots of 154 x 7.5 m were harvested separately. 89 

The harvest and grain moisture in each of them was measured to calculate grain  yield at 14 % of 90 

moisture (kg of paddy rice ha-1).  91 

Water level was continuously monitored with sensors (Meter Hydros 21 and Entelechy EnviroPro 92 

EP100G-08 in MSD and PFL plots, respectively PFL).  93 

Greenhouse gas (GHG) emissions were monitored using static gas chambers on a weekly or bi-94 

weekly basis during flooded periods and every two days during draining periods. Gas sampling 95 

was consistently conducted from 10 am to 2 pm to avoid diurnal variations of emissions and in 96 
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clear sunny days, thus avoiding cloudy, rainy, or windy days. Three floating chambers per 97 

treatment were installed and removed every sampling day. Chambers were equipped with two 98 

ports for the insertion of a thermometer, to monitor headspace temperature, and a syringe for gas 99 

extraction. The basis of the chamber structure was covered by removable foam for its buoyancy 100 

on the flooded rice fields, in order to avoid both soil disturbance and gas exchange between the 101 

headspace and the exterior. When the fields were dry, foams were removed and chambers were 102 

carefully placed on the soil, with humid towels around the base to prevent gas exchange. Wooden 103 

boards were used to access the chamber without disturbing the soil. In each sampling event, 104 

chambers were installed in the field for 30 minutes and 4 gas samples were extracted every 10 105 

minutes. Each gas sample was transferred to an overpressured 12.5 mL vial.   106 

Concentrations of GHG were measured by gas chromatography (FID, Trace GC 2000, Thermo 107 

Finnigan, Germany). Gas concentration of each sample was corrected by temperature measured 108 

in the headspace of the chamber according to the ideal gas law. The emission rates in each 109 

chamber was calculated from the slope of the linear regression between gas concentration and the 110 

time interval of sampling. Only linear regressions with R2>0.70 were accepted. Cumulative GHG 111 

emissions between two consecutive sampling events were calculated assuming constant emission 112 

rates between them and then, they were all summed to calculate the seasonal cumulative CH4 and 113 

N2O emissions. Global warming potential was calculated summing the warming effect of CH4 114 

and N2O, which is 28 and 268 times higher than that of CO2 (IPCC, 2013), respectively, and given 115 

in CO2-equivalent units. Further details on GHG sampling, concentration analyses, calculations 116 

of the emission rates and the seasonal and annual cumulative emissions are referred in Martínez-117 

Eixarch et al. (2018). The effect of water treatment on emission rates, cumulative seasonal and 118 

annual GHG emissions and the GWP was tested with ANOVA. Statistical analyses were run with 119 

SPSS statistics software (IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM 120 

Corp). 121 

Results and discussion 122 
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Methane emissions under PFL, i.e., the standard water management (Table 2), were lower than 123 

those previously reported in Spain in the growing season (Seiler et al., 1983; Martínez-Eixarch et 124 

al., 2018) and during the whole annual rice cropping cycle (Martínez-Eixarch et al., 2021b). The 125 

lower emissions herein reported could be explained by the larger clay and sulphate soil content 126 

(Table 1) since both factors are negatively related to CH4 emissions (Brye et al., 2016; Martínez-127 

Eixarch et al., 2021).  128 

In the growing season (Fig. 1), MSD significantly (F1,8.2, P < 0.05) reduced cumulative CH4 129 

emissions by 80 % (Table 2) without any effect on grain yield (µ ± SE = 10.4 ± 2.9 T ha-1 and 130 

10.2 ± 5.1 T ha-1, in MSD and PFL, respectively). Emissions rates of CH4 in MSD were 131 

interrupted after the first drainage and remained low  thereafter, resulting in significant (F1,13.1, P 132 

< 0.05) lower mean rates (0.11 ± 0.03 mg CH4 m-2 h-1 vs. 0. 50 ± 0.11 mg CH4 m-2 h-1).   It is 133 

worthy to remark the substantial reduction observed, which is comparable to that observed in 134 

another rice growing area in Spain (Martínez-Eixarch et al. (2021a).  Such a large reduction is 135 

placed in the uppermost range of reductions induced by intermittent irrigation systems with 136 

minimum yield losses reviewed by Carrijo et al. (2017) and Liu et al. (2019). 137 

In the winter flooded fallow season (Fig. 1), CH4 emission rates followed the same temporal 138 

pattern in both treatments but they were significantly lower (F1,5.6, P < 0.05) in MSD throughout 139 

the flooded period (1.46 ± 0.70 mg CH4 m-2 h-1 vs. 4.07 ± 1.05 mg CH4 m-2 h-1). As a result of 140 

this, cumulative CH4 emissions during the fallow season were reduced by 61.8 % in relation to 141 

PFL, though non-significantly (F1, 3.0, P > 0.05) (Table 2). Therefore, the mitigation effect of 142 

MSD implemented in the growing season persisted in the subsequent flooded fallow season.  143 

During the aeration periods, O2 diffusion inhibits CH4 production (Conrad 2020).  The reduced 144 

CH4 emission rates observed after the implementation of MSD could have been driven by 145 

alterations in soil structure induced by the draining periods.  For example, short aerations can 146 

increase soil hardness (Norton et al., 2017) and decrease soil macroporosity (Diel et al., 2019), 147 

thus limiting CH4 diffusion to the atmosphere. Yet, this effect is more accentuated in clay-rich 148 

soils (Diel et al., 2019), such as that in our study (ca. 70 % of clay), fact that could explain the 149 
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contrasting results with LaHue et al. (2016), who found no extended effect of AWD in the 150 

following fallow season in a paddy soil with lower clay content (45 %).Another plausible reason 151 

explaining the mitigation of CH4 is an altered composition and activity of the methanogenic 152 

communities induced by short-term drying effects (Krüger et al., 2005; Conrad et al., 2014; Reim 153 

et al., 2017) that could have reduced CH4 production. These biogeochemical responses to MSD 154 

could have persisted not only in after field reflooding within the growing season, thus explaining 155 

the large mitigation of CH4 during the growing season, but also in the following winter flooded 156 

fallow season.  157 

From February onwards, when both fields were drained, CH4 emissions were interrupted in both 158 

treatments. Overall, annual CH4 cumulative emissions in MSD were reduced by 63.3 % in 159 

comparison to PFL (Table 2). Additionally, it is worthy to remark the substantial reduction 160 

observed (ca. 80%), which is comparable to that observed in another rice growing area in Spain 161 

(Martínez-Eixarch et al. (2021a).  Such a large reduction is placed in the uppermost range of 162 

reductions induced by intermittent irrigation systems with minimum yield losses reviewed by 163 

Carrijo et al. (2017) and Liu et al. (2019). 164 

Emission rates of N2O were not significantly affected by the water management in either the 165 

growing (F1,0.01, P > 0.05) or fallow (F1,0.89, P > 0.05) seasons (Table 2). Therefore, the decreased 166 

CH4 emissions induced by MSD were not offset by N2O, which is in line with Linquist et al. 167 

(2015) and Martínez-Eixarch et al., (2021a) but in contrast with Kritee et al., (2018). The resulting 168 

annual GWP was reduced by 59.7% (Table 2).  169 

Conclusions 170 

The present study confirms the capacity of MSD to effectively mitigate CH4 emissions in the rice 171 

growing season without yield penalties (Liu et al., 2019). The novelty of our observations lies in 172 

the prolonged mitigation capacity of an intermittent irrigation system, MSD, in the following 173 

flooded winter fallow season. The herein reported ca. 60 % reduction of the fallow CH4 emissions 174 

becomes especially relevant in rice systems with post-harvest management consisting in  175 
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maintaining the fields flooded and incorporating rice straw into the soil,   given the large 176 

contribution of this season to the annual CH4 emissions (Fitzgerald et al., 2000; Martínez-Eixarch 177 

et al., 2021b). Despite the promising results herein presented, we are aware that the experimental 178 

design, consisting in one single year of study in one unique location, limits their 179 

representativeness and generalizability. Nevertheless, in the view of the potentially impactful 180 

finding of an amplified mitigating effect of MSD on annual CH4 emissions, we strongly suggest 181 

that further research should be conducted, with special emphasis on the underlying soil microbial 182 

processes. 183 
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Figure captions 254 

Fig 1. a. Methane (CH4) emission rates (mg C-CH4 m-2 h-1) in control (PFL) and mid-season 255 

drainage (MSD) treatments over a) the whole rice cropping period and b) the growing season.  256 

Error bars indicate ± standard error of the mean. The rectangle in 1b indicates the period of mid-257 

season drainage (from 10/7 to 18/7). Note the different scale of the values for Y-axis in both 258 

graphs.  259 

 260 
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Table 1 Crop Management and soil traits of the rice fields with contrasting water management 

during the growing season: control (PFL, permanent flooding) and mid-season drainage (MSD).  

Crop management Permanently flooded Mid-season drainage 

Sowing date 02/06/19 02/06/19 

Harvest  17/10/19 17/10/19 

Fertilization rate  165 (KgN ha-1) 165 (KgN ha-1) 

Straw incorporation 20/11/19 20/11/19 

Water management during 

the growing season 

Permanent flooding, with a 

short aeration period of < 2 

days (10/7/19 – 13/7/19) 

Two drainages:  

10/7/19 – 18/7/19, 

 13/9/19 – 17/9/19 

Water management during 

the winter fallow season 

Permanent flooding: 

15/11/19 - 15/01/20 

Irrigation cut and fields 

progressively drained: 

15/01/20 

Permanent flooding: 

15/11/19 - 15/01/20 

Irrigation cut and fields 

progressively drained: 

15/01/20 

Soil traits   

Clay (%) 69 71 

Sand (%) 4 3 

Lime (%) 27 26 

Soil organic matter (%) 3.03 3.06 

Total Nitrogen (mg kg-1) 2584 2537 

Sulphates (mg kg-1) 3109 3872 

P (Olsen, mg kg-1) 36.9 40.6 
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Table 2 Cumulative seasonal (growing and fallow seasons) and annual GHG emissions (CH4 and 

N2O) and GWP (µ ± SE) in the studied water managements: PFL, permanent flooding over the 

growing and fallow season; MSD, mid-season drainage in the growing seasons + winter flooding. 

Units are given in kg CH4, N2O or CO2-eq per ha. 

  Growing Fallow Annual 

CH4  MSD 2.9 ± 0.2 66.0 ± 16.1 68.8± 16.4 

 PFL 14.8 ± 0.5 173 ± 59.8 187.8 ± 57.8 

N2O  MSD -0.06 ± 0.01 0.78 ± 1.3 0.72 ± 1.4 

 PFL -0.15 ± 0.05 0.16 ± 0.3 0.01 ± 0.3 

GWP  MSD 64.8 ± 30.4 2054.5 ± 799.4  2119.3 ± 813.2 

 PFL 374.4± 74.3 4887.1 ± 1730.8 5261.6 ± 1685.2 
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