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ABSTRACT: The objective of this paper was to evaluate the quality of water drained after the
use of the knife-roller (animplement used to incorporate rice residues after harvest), the partial
global warming potential (o GWP) and straw decomposition as a result of postharvest field
management of irrigated rice. The experiments were conducted during the 2018 and 2019 off-
season and the treatments consisted of several water drainage periods (0, 3, 6,9 and 12 days)
after a field pass with a knife-roller. In addition, a nonflooded harvest treatment without straw
management was included. Analysis of drainage water three days after a pass with the knife-
roller showed a reduction in total soluble solids by 94% compared to zero days. Nitrogen and
soluble phosphorus were not influenced by the treatments. However, potassium levels increased
as the drainage period increased, which is related to the period between harvest and drainage.

As the electrical conductivity is influenced by the concentration of ions, it showed the same
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submersion. Water should be drained three days after a pass with the knife-roller in order to . .
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reduce potassium loss and suspended solids as well as pGWP. The use of the knife-roller Hector Valenzuela
accelerated the process of straw decomposition in relation to the unmanaged straw treatment. *Corresponding author:
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INTRODUCTION

After the harvest of irrigated rice, it is important to conduct the proper management of these areas in order to reduce
the remaining dry mass and not to affect negatively the timely sowing period of the next crop. Among the practices that can
be adopted, the use of cattle grazing in the area, the desiccation of the stubble or the incorporation of straw with the use of
the knife-roller could be mentioned (Sosbai 2018). The knife-roller is one of the most frequently used management tools
after the harvest of rice under saturated soil conditions. In addition, it is widely adopted by farmers in Argentina, Uruguay
and Southern Brazil. This equipment consists of a roller with parallel blades, in which its load is determined through water
or sand inside the roller (Silva et al. 2012). This process promotes the lodging of rice stubble by increasing the stubble’s
contact with the soil and by accelerating the straw decomposition. Furthermore, this equipment contributes to correct the
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tire tracks created by the harvest, factors that facilitate land preparation and the sowing of the following crop at the proper
timing (Massoni et al. 2013 a).

However, after this process, it is necessary to drain the standing water, which carries suspended particles leading to the
loss of nutrients adsorbed to the particles or present in the solution (Kondoh et al. 2019). Xiao et al. (2015) observed that
the loss of nutrients N, P and sediments was reduced under controlled drainage. The authors proposed to increase the flood
holding period in order to precipitate colloidal particles in suspension, as an alternative to decrease the level of sediments
and nutrients in solution.

However, this management practice may impact greenhouse gas emissions since submersion alters the soil redox
conditions, affecting microbial processes, which are the main responsible agents for the production of methane (CH,) and
nitrous oxide (N,O) in the soil (Jumadi et al. 2019).

In this context, it is important to adopt management practices which include the entire rice production system, not only
the plant growing, because climatic conditions associated with the stubble management after harvest can also influence the
CH, and N,O emissions, during the period between rice crops.

Wu et al. (2018), evaluating greenhouse gas emissions as a function of rice postharvest, concluded that the maintenance
of rice straw on the surface during the off-season enhances emissions of N,O. On the other hand, the incorporation of straw
on flooded soil contributes to higher CH, emission (Sander et al. 2018). In this sense, it is necessary to adopt management
practices that eliminate rice residues after harvest, aiming at their decomposition during the oft-season to enhance
sustainability by minimizing the emission of greenhouse gas.

Therefore, the objective of this study was to evaluate the water quality drained from rice fields after a pass of the knife-
roller, its effect on the emission of CH, and N,O and the partial global warming potential. In addition, this study aimed to
determine the decomposition rate of plant residues as a function of the postharvest field management of rice.

MATERIAL AND METHODS

The experiments were conducted in the field during the 2018 and 2019 off-season in the municipality of Santa Maria
(29°43 S, 53°43” W, 95 m altitude), RS, Brazil. The soil of the experimental area is classified as eutrophic arenic hexic planosol
(Santos et al. 2018) and its climate is characterized, according to the classification of Kdppen, as subtropical humid (Cfa),
with an average annual precipitation of 1688 mm (Climate Data 2019).

The experimental design was a randomized block design with four replications and a 7 x 15 m (105 m?) experimental
unit. The treatments consisted of several water drainage periods after a pass with a knife-roller (0, 3, 6,9 and 12 days) and a
nonflooded harvest treatment without straw management. Soon after the rice harvest, the remaining straw was previously
quantified, with 10758 kg-hain the first year and 10200 kg-ha in the second year.

After rice harvest, straw samples of 0.15 m” were collected in each experimental unit and then oven dried at 65 °C to
a constant weight. The respective straw samples were placed in “mesh bags”, with dimensions of 0.2 x 0.15 m and mesh of
0.5 mm, in order to determine the residue decomposition rates. These mesh bags were distributed in each experimental unit
shortly after the pass with the knife-roller. Moreover, they were buried about 0.05 m in the straw incorporation treatments
and they were left on the surface in the nonflooded harvest treatment. At 30, 60, 90 and 120 days after the pass with the
knife-roller, one mesh bag was collected per experimental unit, then oven dried at 65 °C to a constant weight, in order to
verify the remaining straw biomass.

A knife-roller, manufactured by KLR implements (Sdo Lourenco do Sul, RS, Brazil), ROC3000 model, 3 m wide and
with estimated weight of 1500 kg was used. This operation was performed after the harvest rice, on April 7, 2018 (first off-
season), and March 18, 2019 (second off-season), both with two passes in each plot and the presence of a 0.10 m water
depth. During drainage, water samples were collected for quality analysis. For total suspended solids, pH and electrical
conductivity (EC), the samples were maintained at room temperature. For nutrient analysis, the samples were stored in a
freezer at -20 °C.
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The analysis of total suspended solids was conducted according to Shreve and Downs (2005) while the concentration
of N, P and K according to Tedesco et al. (1995). The electrical conductivity was determined using a conductivity meter
(Tecnal, 4MP model) adjusted to the temperature of the sample. The pH measurements were determined with a Tecnopon
pHmeter, with a combined glass electrode and calibration of the device with a buffer solution pH: 4.0 (+ 0.05/ 25 °C) and
pH: 7.0 (+0.05/ 25 °C).

The CH, and N, O evaluations were performed on the day after each drainage event. After the last drainage event — 12 days
after the pass with the knife-roller (DAKR), the evaluations were conducted weekly during three weeks (corresponding to
19, 26 and 33 DAKR) in order to determine the gas emissions after the application of all treatments. The evaluations were
conducted with a system composed of a base and a camera, using a static closed chamber methodology (Mosier 1989).
The dimensions of the galvanized steel square chambers were 0.2 m high and a base of 0.4 x 0.4 m.

During the gas analysis assessments, each chamber was fitted to the metallic base of the trough and then water was added in
the trough to seal the chamber to prevent gas exchange with the outside. Before the evaluation, air circulation was performed
during 30 s for homogenization of the internal atmosphere. The samples were collected with 20 mL polypropylene syringes
at four-time intervals after placing the chamber on the base: 0, 15, 30 and 45 min. After each assessment, the samples were
transferred to glass tubes (extainers) and analyzed through gas chromatography (Shimadzu GC - 2014 Greenhouse model).

Gas fluxes were calculated according to Eq. 1:

f=AQ/At x PV/RT x M/A (1)

where: fis the flux of N,O or CH, (g-ha™ per day); AQ/At is the alteration in gas concentration (mol-h™) in the chamber at
the time of assessment; P is the atmospheric pressure (atm) inside the chamber, which was assumed to be 1 atm; V is the
volume of the chamber (L); R is the ideal gas constant (0.08205 atm L-mol*-K); T is the temperature inside the chamber
at the moment of assessment (K); M is the molar mass of the gas (ug-mol'); and A is the base area of the chamber (m?).
The accumulated emissions were calculated from the average N,O and CH, fluxes between two consecutive assessments,
multiplying the resulting value by the time interval, in days, between the two assessments. Based on the accumulated emission
of CH, and N,O, and on the global warming potential of each gas in relation to CO, - 25 times for CH, and 298 times for
N, O, emissions were calculated as CO, equivalents (CO,eq). The sum of these equivalents, named partial global warming
potential (P GWP), was calculated by: pPGWP = (CH, x 25) + (N,O x 298) in which CH, and N,O are the emissions over
the assessed period (kg-ha™).

The analyzed variables were submitted to test the assumptions of the mathematical model (normality of the errors
and homogeneity of the variances). The variance analysis of experimental data was performed using the F test (p < 0.05).
The means of water-related variables, when significant, were submitted to polynomial regression analysis. For variables
including nonflooded harvest treatments with drainage duration treatments, the Scott-Knott test (p < 0.05) was used to
perform the statistical analysis.

RESULTS AND DISCUSSION

The concentration of total suspended solids demonstrated a difference in both off-seasons, with higher concentrations
observed in the drainage water performed immediately after the knife-roller pass (zero days). In the 2018 off-season,
there was a reduction of 95% in relation to the other drainage events (Fig. 1a), while in the second off-season, there was a
reduction of 93% (Fig. 1b). In the aforementioned experiments, the water depth was 0.10 m, resulting in the drainage of
1000 m*-ha™! of water. In this volume of water, 2000 and 1300 kg-ha™ of total solids were released in the drainage at zero
days, in the first and second years, respectively. In comparison, a mean of 80 kg-ha™ of total solids were lost via water
drainage in the other treatment periods.

During the knife-roller pass, with the presence of standing water, a movement of soil particles occurs. The drainage
performed right after this process does not allow the time required for the particles to precipitate, which increases the
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Figure 1. Total suspended solids (mg-L%), electrical conductivity (uS-cm™) and pH in drainage water as a function of irrigated rice postharvest
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field management during the 2018 (a, c and e) and 2019 (b, d and f) off-seasons.

suspended solids content. Kondoh et al. (2019) observed that, without a flood holding period before drainage, the precipitate
contents increased from 54 to 2700 mg-L"', which corresponded to 54 and 2700 kg-ha of solids lost by drainage water.
The EC of the water in both years showed a significant difference between the drainage periods. During the 2018 off-
season, EC increased until the drainage period at 9 days with a small reduction at 12 days (Fig. 1c). In the second off-season,
EC increased until the last drainage period (Fig. 1d). Shah and Joshi (2017) define EC as the capacity of the medium to
conduct electricity and that it is related to the amount of dissolved salts in the form of ions. Thus, EC followed the same

o 3 6 9 1
Water drainage after a pass
with the knife-roller (days)

trend as the potassium concentration, which was influenced by the salt content (Fig. 2a and b).
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Figure 2. Potassium concentration (mg-L*) and soluble P (mg-L?) in drainage water as a function of irrigated rice postharvest field management
during the 2018 (a and c) and 2019 (b and d) off-seasons

For pH, a significant difference was observed in both years, ranging from 6 to 7 (Fig. le) in 2018 and from 7 to 8 in
2019 (Fig. 1f). The observed oscillation is possibly due to the variation in organic matter dissolution and to temperature
and solar radiation oscillations. A reduction in pH values was observed with increasing water temperature (Fia et al. 2015).
In the 2018 oft-season, the lowest pH values were around 6 at 24 and 25 °C. In the second off-season, the lowest value was
7.2 at 24 °C (Fig. 3a and b).

In the first year, there was a 47% increase in potassium content in water until drainage at 9 DAKR with a reduction at
12 DAKR (Fig. 2a). In 2019, there was a 60% K increase by the last drainage period (Fig. 2b). Massoni et al. (2013 b), evaluating
nutrient cycling as a function of rice postharvest, observed that the K release process from plant tissues was extremely fast
with 90% of K contained in the residues released by 41 days after harvest. Therefore, it was possible to observe a reduction in
the content of this salt. This reduction occurred possibly due to the interval between harvest and the assessment performed
at 12 DAKR, which was 45 days. For the second oft-season, the reduction of K was not observed since the interval between
harvest and sampling was only 23 days. Thus, K had not yet likely been fully released from the residues.

Potassium is present in ionic form in plants, which allows it to be extracted from plant residues only with soil moisture,
without requiring microbial interference activity (Li et al. 2014). In addition, around 70% of plant tissues contain water-
soluble K, facilitating its leaching (Giacomini et al. 2003).

No significant differences were observed on both years with respect to soluble P levels, but extremely low values were
registered (Fig. 2c and d), possibly related to its adsorption process by Fe and Al oxides and hydroxides. With the flooding
of the soil, after consumption of molecular oxygen, anaerobic microorganisms use oxidized soil compounds as electron
receptors. With these oxidation-reduction reactions, the pH values are changed, increasing the availability of elements like
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Figure 3. Mean daily air temperature (°C) and daily rainfall (mm) during the period of treatments application as well as greenhouse gas
emission assessment during the 2018 (a) and 2019 (b) off-seasons.

Fe and Mn (Ponnamperuma 1972). Phosphorus has its dynamics modified due to adsorption on the surface of these oxides,
and can be released in the soil solution (Teixeira et al. 2018).

However, this released concentration was not sufficient to observe high levels in the standing water. In addition,
approximately 23 to 60% of the P released from plant residues occurs between the 5™ and the 23 week after their incorporation
(Singh et al. 2010). Thus, the soluble P concentrations in the current study were likely very low because the drainage period
was less than two weeks.

With respect to the assessments of nitrate (Fig. 4a and b) and ammonium (Fig. 4c and d) in the drainage water, there
were no differences between the treatments, over the two years. Such results can be explained by the timing of the last
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Figure 4. Nitrate — N-NO,” (mg-L*) and ammonium — N-NH,* (mg-L?) in drainage water as a function of irrigated rice postharvest field
management during the 2018 (a and c) and 2019 (b and d) off-seasons.

nitrogen application, which was carried out at the R phenological stage of irrigated rice, resulting in a time interval between
this application and the collections longer than 60 days. After this period, nitrogen was no longer available, likely due to
plant uptake and losses resulting from denitrification and volatilization.

With soil flooding, nitrification is reduced and there is an increase in denitrification potential. The low NO, content is related
to changes in microbial activity, and the lack of oxygen ceases the nitrification process by mandatory aerobic microorganisms.
Thus, under flooding, NO, is the first oxidized compound used as a final electron acceptor by anaerobic and optional microorganisms
in cellular respiration, being transformed into N,O and, later, N,. This process may have caused an increase in N,O in the soil
solution (Fig. 5a). In addition to the losses, part of the applied N can be immobilized by the bacterial flora (Ponnamperuma 1972).

Besides the low concentration of nitrogen in the soil, rice straw is also characterized by low levels of N, around 0.95%
(Sun et al. 2019). Moreover, the sample collection period was less than 12 days after the knife-roller pass, a period which
was not enough to release nitrogen from the plant residues. The anaerobic environment restricts the microbial population
to a few species, which reduces decomposition and nitrogen release (Massoni et al. 2013 b).

All these changes in the anaerobic environment directly depend on the residue management and interfere with the behavior
of microorganisms and the dynamics of elements in the soil. As a consequence, they impact the atmospheric environment
through greenhouse gas emissions. In this context, the presence of methanogenic bacteria, which are anaerobic and use C
as the final electron acceptor, results in methane emissions (CH,) while the nitrification and denitrification processes cause
the nitrous oxide emissions (N,O).

The presence of standing water provides a favorable redox potential (Eh) for CH, emissions. After flooding, Islam
et al. (2018) observed that the beginning of CH, production occurred when the soil redox potential (Eh) was -127 mV
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and, at 20 days after flooding, it obtained maximum reduction up to -255 mV, with significant CH, emissions. As such,

during the two oft-seasons higher emissions were observed under flooded than in the nonflooded harvest treatment.

In the presence of standing water, the highest fluxes of CH, observed were 15 and 4 kg-ha'-day" for 2018 and 2019,

respectively, while in the nonflooded treatment, the values were close to zero. These results corroborate data from Balaine

et al. (2019), who observed daily CH, fluxes of 8 and 6 kg-ha"'-day™ in flooded areas and values tending to zero under

nonflooded conditions.
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As the treatments were applied and the water was drained, there was a reduction in the CH, flux in the respective treatments,

stabilizing after 12 DAKR in the first year (Fig. 6a). However, in the second year, the response differed, as there were flux oscillations

due to precipitation (Fig. 6b). In both off-seasons, after the last drainage at 12 DAKR, there was rainfall of approximately 100 mm

(Fig. 3a and b). However, in the first year, the interval between rain and assessment at 19 DAKR was 6 days, while in the second

year, this interval was only 3 days. In addition, rainfall of 23 mm was recorded in the second year, resulting in a longer interval

with presence of water in the treatment with drainage at 12 DAKR, and consequently an increase of CH, fluxes.
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Figure 6. CH, daily flux (kg-ha*-day?), total accumulation of CH, (kg-ha?) and partial global warming potential - pGWP (kg-CO, eq.) as a
function of postharvest field management applied to the remaining rice straw, during the 2018 (a, c and e) and 2019 (b, d and f) off-seasons.
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The maximum daily CH, emissions in this study were observed in the treatment, in which the straw was incorporated and the
water depth remained for a longer period (12 days). For the first year, this peak was observed at 3 DAKR, with 15.79 kg-ha-day™’,
while for the second year, the highest rise was at zero days after the knife-roller pass, with 4.15 kg-ha'-day.
The peaks observed in both years coincide with the highest temperature and where the straw was incorporated with a
knife-roller. During the off-season, the most determinant factors for CH, emissions are temperature, water depth and
straw management (Martinez-Eixarch et al. 2018). According to Das and Adhya (2012), moisture and high temperature
provide a favorable environment for the methanogenesis that is maximized by the better adaptation of the population of
methanogenic bacteria to the environment.

The cumulative CH, emissions were greater when drainage was performed at 9 and 12 DAKR in both years, and the
initial fluxes were responsible for most of the emissions. In 2018, total emissions were 150 and 170 kg-ha'and, in 2019,
100 and 130 kg-ha for the 9 and 12 DAKR, respectively. The total emission in these two treatments, in both years, was
75% higher in flooded than in the nonflooded treatment (Fig. 6¢c and d). Under straw management, the water depth
contributes the most to the total methane emissions (Sander et al. 2018). The greater incorporation of straw into organic
matter stimulates hydrolytic microbial activity under anaerobic conditions, resulting in accumulation of products from
fermentation, increasing methanogenesis in the anoxic layer (Martinez-Eixarch et al. 2018) and consequently increasing
CH, emissions.

Regarding the dynamics of N,O emissions, the greatest peaks were observed 12 DAKR, coinciding with the precipitation
during the collection period. The maximum N,O emissions were observed at zero DAKR drainage treatment for 2018 with
3.68 g-ha'-day (Fig. 5a) and at 3 DAKR in 2019 with 10.7 g-ha'-day' (Fig. 5b). Sander et al. (2018) recorded greater fluxes in
areas with successive moistening and drying cycles in relation to the presence of standing water, reaching 154.8 g-ha'-day".

Nitrous oxide is emitted by nitrification and denitrification processes, in which the contribution of the latter is the most
important. Microbial denitrification is probably greater in well drained soils, which form NO," actively, becoming partially
anaerobic after rainfall or after addition of an organic C source (Passianoto et al. 2003). In this sense, the increased straw
in contact with the soil and the availability of labile N, associated with precipitation, may have been responsible for the
observed N,O peaks.

In relation to the total N O emissions, the treatments with the shortest remaining standing water along with the
nonflooded harvest were responsible for the largest accumulation. In the first year, the highest values were 0.32 and 0.23 kg-ha™!
for drainage at zero and 3 DAKR (Fig. 5¢), respectively, being 85% higher than the treatments with lower emission (6, 9 and
12 DAKR). For the second year, the maximum values were 0.14 and 0.19 kg-ha™* for drainage at zero and 3 DAKR (Fig. 5d),
respectively, 83% greater than those with lower emissions (6, 9 and 12 DAKR).

If the formed N,O diffuses into an aerated pore, it will be emitted into the atmosphere rather than converted to N..
However, when N,Ois produced below the surface of a saturated soil, it is more likely to be reduced to N, than to escape
into the atmosphere. N_O emissions occur in most cases where the porous space occupied by water is less than 90%. Under
these conditions, more aerated soil pores can be found so that more N,O is emitted before being reduced (Sander et al. 2018).

The highest pPGWP observed was 4000 kg CO, equiv-ha™, in the drainage carried out at 12 DAKR, with the largest
contribution of methane with variation from 82 to 99%. Balaine et al. (2019) observed a higher pPGWP in management with
flooding water compared to nonflooded areas, reaching 11300 kg CO, equiv-ha"'. Therefore, in an irrigated rice system,
efforts to reduce pGWP should be primarily focused on methane instead of nitrous oxide, both during the crop cycle and
during the off-season.

The postharvest field management, associated with edaphic characteristics such as soil temperature and humidity
(Nakajima et al. 2016), interferes directly with the decomposition of rice straw, and the increase of residue in contact with
the soil favors the release of labile C and N (Hoang et al. 2019), facilitating the decomposition by the microbial population.
Botta et al. (2015) observed that the use of a knife-roller reduced the remaining straw by 54.5% during a period of 210 days
in relation to the area without interventions.

In this sense, greater decomposition was observed where there was incorporation with the knife-roller, as the remaining
dry mass at the end of the evaluation period, decreased by 15% for the first year (Fig. 5e¢) and 6% for the second year (Fig. 5f),
in relation to the nonflooded harvest without incorporation. The release of C and N is described as a fast-initial phase,
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followed by a slow one, which are related to the biochemical composition of the material. The initial phase is characterized
by the degradation of compounds present in the labile compartments, which are more easily mineralizable. In the later
phase, decomposition occurs with compounds in recalcitrant compartments, which are more difficult to be mineralized
(Giacomini et al. 2003).

For treatments with drainage at 9 and 12 DAKR, the rapid initial C and N release phase was not observed, as the
accumulated precipitations were 345 and 201 mm (Fig. 7a and b) during the first and second years, respectively, which
helped the soil to remain in an anaerobic environment, reducing microbial activity. Although the greater contact of the straw
with the soil facilitates the release of C and N, depending on climatic variables, the straw incorporation with the knife-roller
can reduce degradation. Throughout the evaluations, it was observed that precipitation directly influenced the degradation
process, because the treatment with straw on the surface hindered the rates of water loss during periods with a high volume
of rain. However, it was observed that, when there was a reduction in precipitation volume, associated with temperature
fluctuations, the straw benefited the decomposition process by conserving the available humidity and by avoiding a large
thermal amplitude.

It is important to consider that, climate, soil and location may cause a variation in the parameters evaluated in this
experiment. In addition, for better recommendations in relation to postharvest, studies with cover crops and direct sowing
in lowland areas should still be carried out, in order to reduce soil mobilization during the off-season.
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Figure 7. Mean daily air temperature (°C) and daily rainfall (mm) during the collection of the “mesh bags” during the 2018 (a) and 2019 (b)
off-seasons. DAKR:days after a pass with knife-roller.
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CONCLUSION

Nonflooded harvest reduces the partial global warming potential and decreases the soil particles loss as well as nutrients
in the field. If nonflooded harvest is not possible, an incorporation of straw with the use of a knife-roller in standing water
accelerates the process of plant residues decomposition.

The drainage of water three days after a pass with the knife-roller in a planosol reduces the loss of potassium and soil
via drainage water. Maintaining standing water for more than nine days increases CH, emissions and the partial global
warming potential.
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