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      Abstract


      Greenhouse gas (GHG) emissions from agricultural settings have come under great scrutiny in the past 20 years and the impact of GHGs in the environment regarding global climate change is alarming. Understanding the conditions and mechanisms that produce GHGs, specifically methane (CH4), are needed to better attenuate the release of CH4 from various agronomic practices in agricultural settings, particularly from rice (Oryza sativa L.) production. The objective of the study was to evaluate the effects of tillage [conventional tillage (CT) and no-tillage (NT)] and urea fertilization, with and without N-(n-butyl) thiophosphoric triamide (NBPT), on CH4 fluxes and emissions from rice grown on a Dewitt silt-loam soil (fine, smectitic, thermic Typic Albaqualfs) in the direct-seeded, delayed-flood rice production system in Arkansas. Gas samples were a collected in 2017 from vented, non-flow through chambers at 20-minute intervals (0, 20, 40, and 60 minutes) every week from flood establishment to four days after end-of-season flood release. Methane fluxes differed (P < 0.01) between tillage treatments over time during the 2017 growing season. Methane fluxes ranged from 453 g CH4-C ha-1 day-1 by 41 days after flood (DAF) establishment to 611.2 g CH4-C ha-1 day-1 by 70 DAF under CT and ranged from 405.2 g CH4-C ha-1 day-1 by 13 DAF to 784.6 g CH4-C ha-1 day-1 by 41 DAF under NT. Averaged across tillage, mean season-long CH4 emissions were 33.4 and 37.2 kg CH4-C ha-1 season-1 from NBPT-coated and non-coated urea, respectively, but were unaffected (P > 0.05) by fertilizer treatment. Greater understanding of the effects of tillage on CH4 and other GHG emissions is essential for ascertaining GHG impacts from rice production and for determining GHG loads to the atmosphere.
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      Introduction


      Global climate change will be one of the foremost challenges for humankind over the next 50 years [1]. As air temperatures increase globally and the human population rises, developing new techniques to improve or sustain soil health and water resources will become necessary for continued survival [1]. Developing alternative agronomic techniques will be paramount for increasing agricultural production, as well as reducing climate-change drivers, such as greenhouse gas (GHG) emissions. Rising levels of the main naturally and anthropogenically produced GHGs [i.e., carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O)] are clear when contrasting a baseline of pre-Industrial Revolution concentrations with recently recorded concentrations, which set record levels unseen for the last 800,000 years [1]. Pre-Industrial Revolution GHG concentrations were 280 mg L-1 for CO2, 0.7 mg L-1 for CH4, and 0.18 to 0.26 mg L-1 for N2O, while 2005-reported GHG concentrations were 379 mg L-1 for CO2, 1.8 mg L-1 for CH4, and 0.32 mg L-1 for N2O [2]. More recently, total US GHG emissions increased by 8.4% from 1990 to 2010 [1].


      Agriculture alone is responsible for nearly 50% of global CH4 emissions and for 10 to 12% of total anthropogenic GHG emissions worldwide [3]. Of all widely grown row crops, particularly in the United States (US), rice production specifically has been under scrutiny for its atmospheric-CH4 contributions due to the unique water management system, which entails maintaining a continuous flood for most to all of the rice growing season, as rice is semi-aquatic plant [1]. The flood-irrigation system differs from all other cultivated row crops in the world, as most crops are irrigated or watered when needed. In the flooded-soil environment, anaerobic and reducing conditions develop gradually to facilitate CH4 production by methanogens, if a reducible form of carbon (C) is present [1]. Since C, and soil organic matter (SOM) in general, is concentrated near the soil surface, the main source of CH4 production in the soil column, regardless of landuse, is in the topsoil, where > 99% of the total soil-produced CH4 is typically emitted [4]. Methane diffusion through the water column is slow, consequently passive transport of CH4 through the aerenchyma tissue of the rice plants themselves provides the main mechanism of CH4 release to the atmosphere from rice cultivation [5-8].


      As of 2011, estimates of total CH4 emissions from rice production represented 1.1% of the total US CH4 emissions to the atmosphere [1]; however, crop residue burning, and rice cultivation combined make up 3.7% of the total agricultural CH4 releases [1]. In 2015, the total estimated CH4 emissions from rice production in the US were 11.2 MMT (million megatons) of CO2 equivalents [9]. In 2016, 47% of all US rice was grown in Arkansas [10]. Consequently, Arkansas produced an estimated 3.8 MMT CO2 equivalents in 2015 from rice cultivation alone [9]. This large magnitude of GHG production from the soil and its effects on global climate change justify why characterization of GHG emissions, in particular CH4, from common rice production practices, specifically in Arkansas, is crucial [11].


      Along with conventional tillage (CT), no-tillage (NT) agriculture is a relatively widely adopted, alternative management practice being used with many upland crops, where the goal is to reduce soil erosion, decrease input costs, and sustain long-term crop productivity [12]. No-tillage also generally increases SOM, which not only enhances essential nutrients in the soil, but may potentially supply an increased amount of C substrate to methanogens, which could have a significant effect on CH4 emissions [13,14]. For rice production in Arkansas, NT methods account for approximately 4% of the total planted area, where CT makes up approximately 60%, while the remaining 36% uses a stale-seedbed approach [10]. One reason for the rather low NT adoption rate is that rice produced under NT has exhibited up to a 7.5% reduction in yield compared to under traditional CT [12], which is a barrier for many producers to overcome when contemplating switching tillage systems to reap the environmental benefits of conservation production practices, such as increased SOM, that can be realized from conversion to NT. It is anticipated that more producers will consider conversion to NT rice production in the future for a variety of reasons, including agronomic, environmental, and economic reasons. Consequently, evaluation of CH4 emissions from rice production under CT and NT practices, which has not been conducted in Arkansas, is not only timely, but is also critical to document potential impacts of tillage practice on CH4 emissions to help guide future agronomic decisions, such as whether to convert to NT or not.


      In addition to tillage practice as a major agronomic decision point for rice production, optimal rice production requires careful nitrogen (N) management to maximize yields. Conventional production practices often expose N-fertilized crops to potentially increased N-loss mechanisms, such as volatilization, denitrification, and/or leaching. For rice production, urea is the common fertilizer-N source due to urea's large N concentration (46% N; [15]). Urea has two amine groups, which help reduce N loss through nitrification after application, compared to other potential fertilizer-N sources like ammonium nitrate, which adds readily mobile nitrate directly to the soil that is also prone to denitrification [15]. To further reduce potentially substantial N losses via ammonia volatilization, the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) is commonly used as a coating on urea prills [15]. Although significant loss of N can occur through ammonia volatilization, establishing the flood quickly after N application as NBPT-coated urea slows down the activity of the urease enzyme that resides in the soil [16]. More specifically, NBPT-coated urea is the common urea treatment used in Arkansas to inhibit urease activity after application [15,17]. Examining the relationship between non-coated-urea fertilization and an unfertilized control, Rogers, et al. [18] demonstrated no difference with regards to season-long CH4 emissions from rice grown on a silt-loam soil in east-central Arkansas. Furthermore, Rector, et al. [11] reported no effect of urea coating (i.e., NBPT-coated or non-coated) on season-long N2O emissions from rice grown on a silt-loam soil in east-central Arkansas. Minimizing N volatilization losses and prolonging N release in the soil from NBPT-coated urea compared to non-coated urea have the potential to increase aboveground biomass production. However, it has not been clearly shown whether CH4 emissions increase with greater aboveground biomass [14,18]. Furthermore, the potential effects of NBPT-coated compared to non-coated urea on CH4 emissions have not been examined in Arkansas.


      The lack of field studies directly assessing the potential effects of tillage options and NBPT rate on CH4 emissions is a current limitation for evaluating the present and potential future sustainability of rice production in Arkansas and elsewhere in areas of concentrated rice cultivation. Therefore, the objective of this field study was to evaluate the effects of tillage practice (CT and NT) and NBPT rate (NBPT-coated urea and non-coated urea) on CH4 fluxes and season-long emissions from a pure-line cultivar grown under a full-season flood in the direct-seeded, delayed-flood production system on a silt-loam soil in Arkansas. It was hypothesized that CH4 fluxes and emissions would be greater from NT than from CT because of the increased labile organic matter on the soil surface under NT to provide more C substrate for CH4 production compared to CT. Though not previously studied for potential effects on CH4 emissions, it was also hypothesized that NBPT would have little to no effect on CH4 emissions when flooding of the rice field is accomplished within 24 hr of urea application [19].


      Materials and Methods


      Site description


      Research was performed in 2017 at the University of Arkansas Division of Agriculture's Rice Research and Extension Center (RREC) east of Stuttgart in Arkansas County, in east-central AR (34°27'54.5" N, 91°25'8.6" W), closely following procedures outlined in Rogers, et al. [20] on a Dewitt silt-loam (fine, smectitic, thermic Typic Albaqualfs) soil with < 1% slope throughout the research site. The study area had been managed in a rice-soybean (Glycine max L. [Merr.]) rotation, which is a commonly used rotation for rice production in Arkansas, for more than 25 years. Replicate research plots for this study have been managed under long-term NT for at least 10 years [21-24] and an adjacent area that had been under continuous CT for over 75 years. The NT treatment used in this study was border area of larger NT plots that were part of an on-going long-term NT potassium (K) fertilization study [21,22,24].


      The regional climate throughout the study area is temperate, with a mean annual air temperature of 16.5℃, which ranges from a mean minimum of 12.7 ℃ in January to a mean maximum of 23.5℃ in July [25]. The mean annual precipitation for the study area is 135 cm [25]. The 2017 growing season (i.e., May through September) had an average daily air temperature of 25.0 ℃, which was similar to the 30-year (i.e., 1981 to 2010) average of 25.1 ℃ for the same months [25]. The precipitation for the entire growing season was 55.0 cm, while the 30-year average is 43.0 cm of rainfall.


      Treatments and experimental design


      A randomized complete block (RCB) design with a factorial arrangement of each tillage (CT and NT)- NBPT-rate (coated and non-coated urea) treatment combination replicated four times was used to address the objective of this study. Two long-term NT plots (4.6 m wide by 7.6 m long) were used with an 18 cm row spacing. Each large plot had two NBPT rates: with (coated) and without (uncoated). Each plot had four base collars (described below) installed: two for the NBPT-coated and two for the non-coated urea treatment. Conventional tillage plots (1.6 m wide by 4.6 m long) with 18 cm row spacing were established adjacent to the long-term NT plots and had one base collar placed per plot, for a total of four base collars per plot receiving NBPT-coated urea and four base collars per plot receiving non-coated urea. The CT and NT areas, situated adjacent to one another, were separated by a levee, but were each treated with a full-season-flood water management scheme. There was a total of 16 gas-sampling base collars for the tillage-fertilizer-type treatment combinations (i.e., CT/NBPT-coated urea, CT/non-coated urea, NT/NBPT-coated urea, and NT/non-coated). Tillage and fertilizer-type treatments represented a split-plot design, where tillage was the whole-plot and fertilizer type was the split-plot factor, while time (i.e., gas flux measurement date) was a split-split-plot factor for CH4 flux analyses.


      Plot management


      On 22 March 2016, the year prior to this field study, pre-plant fertilizer, 83.8 kg K ha-1 as muriate of potash, 29.4 kg P ha-1 as triple superphosphate, and 11.2 kg Zn ha-1 as ZnSO4, were applied to all CT plots. On 22 March 2016, the NT plots were pre-plant fertilized with only 83.8 kg K ha-1 as muriate of potash and rice seeds were pre-treated with Zn. The CT plot area was left fallow, while the NT plots were cropped to soybean during the 2016 growing season. On 20 November 2016, the CT plots were disked with one pass, then on 25 April 2017 the CT plots were manipulated with two passes of a land plane to smooth the soil surface to prepare for planting.


      The pure-line cultivar 'CL172', which is a long-grain, semi-dwarf cultivar that was created by the University of Arkansas, was planted on 9 May and 11 May 2017 in the NT and CT plots, respectively. A single, pre-emergence mixture of Obey (FMC Corp., Philadelphia, PA), which is a mixture of clomazone (2-[(2-chlorophenyl)methyl]-4,4-dimethyl-3-isoxazolidinone and quinclorac (3,7-dichloro-8-quinolinecarboxylic acid), and Permit Plus [halosulfuron methyl, methyl 3-chloro-5-(4,6-dimethoxypyrimidin-2-ylcarbamoylsulfamoyl)-1 methylpyrazole-4-carboxylate; Gowan Co., Yuma, AZ] herbicide was applied on 9 May 2017 with no additional herbicide application throughout the growing season.


      A recommended, single, pre-flood N application (118 kg N ha-1 as either coated or non-coated urea) was broadcast manually to dry soil within each collar in both CT and NT plots on 12 June 2017. The N recommendation was determined according to the N-Soil Test for Rice (N-STaR; [15]) in the NT portion of the study area. The N-STaR fertilizer-N recommendation is based on soil samples to a depth of 46 cm and is further refined based on soil textural class and cultivar selection [15]. On 13 June 2017, the full-season flood was established at the 4- to 5-leaf stage of the rice, after which the flood was maintained at a 6 to 10 cm depth until two weeks prior to harvest when the flood was released.


      Gas sampling and analyses


      Similar to procedures used by Rogers, et al. [20] and Humphreys, et al. [26], after planting and before flooding, a boardwalk system was constructed throughout the study area to reduce stresses and disturbances to the rice plants and facilitate easier access to the plots during the growing season for gas sample collection. The boardwalk was constructed of 5.1 cm × 30.5 cm × 3.6 m pressure-treated wooden planks laid upon 20 × 40 cm concrete blocks before base-collar installation in the plots. The base collars were then set into place to contain portions of the second and third rice rows in each plot for gas sampling.


      For the determination of CH4 fluxes, vented, non-flow-through, non-steady-state chambers [20,26,27] were used for the collection of gas samples. In the construction of cylindrical base collars (30 cm in diameter by 30 cm tall), schedule 40 polyvinyl chloride (PVC) was used and beveled at the bottom to facilitate insertion to a depth of approximately 10 cm. Four, 12.5 mm diameter holes were drilled approximately 12 cm from the beveled end of each base collar to allow for flood water to enter and exit the base collars. The collars were driven into the ground such that the drilled holes were just above or level with the soil surface. The holes were plugged during sampling and after flood release with gray butyl-rubber septa (Voigt Global, part# 73828A-RB, Lawrence, KS) to prevent convection currents inside the chambers that would dilute the ambient headspace air.


      To facilitate rice growth during the season, 40 and/or 60 cm long chamber extensions were used to increase the height of the chamber. Extensions were covered in reflective aluminum tape (CS Hyde, Mylar metallized tape, Lake Villa, IL) to reduce temperature variations due to reflecting solar energy inside the chamber during use. Tire inner tube cross sections, approximately 10 cm wide, were taped to the bottom of all the extensions to function as a seal to the base collars and to the other extensions during chamber use.


      Chamber caps (30 cm diameter PVC by 10 cm tall) with a 5 mm thick sheet of PVC glued to the top were also covered with reflective aluminum tape (Figure 1). Approximately 10 cm wide tire inner tube cross sections were also taped to the bottom of the caps to serve as a seal and attachment mechanism to the base collar or extensions. A 4.5 mm inside diameter (id), 15 cm long piece of copper refrigerator tubing was installed on the side of each cap to maintain atmospheric pressure during sampling. On the top of each chamber cap, a single, 12.5 mm diameter hole was drilled and plugged with gray butyl-rubber septa (Voigt Global, part# 73828A-RB, Lawrence, KS) for syringe and thermometer insertion (Figure 1). To ensure proper air mixing in the enclosed chamber, a 2.5 cm2, battery-operated (9 V), magnetic levitation fan (Sunon Inc., MagLev, Brea, CA) ran throughout the duration of gas sampling for headspace air mixing (Figure 1).


      
        Figure 1: Image depicting the chamber cap installed on top of an extension with the septa through which the chamber headspace gas was collected with the syringe. Also depicted is the rectangular 9-V battery and terminals used to operate the fan on the underside of the cap to mix the chamber headspace throughout the entire 1-hr sampling interval. View Figure 1

      


      The acquisition of gas samples from the chambers was completed by using a 20 mL, B-D syringe with a detachable 0.5 mm diameter × 25 mm long needle (Beckton Dickson and Co., Franklin Lakes, NJ) that was inserted through the gray butyl-rubber septa installed in the chamber cap (Figure 1). After drawing a gas sample from the chamber into the syringe, the collected sample was immediately injected into a pre-evacuated, 10 mL, crimp-top glass vial (Agilent Technologies, part# 5182-0838, Santa Clara, CA). Gas samples were acquired at 20-minute intervals, beginning at 0 minutes when the chamber was capped and sealed, for 1 hr (i.e., the 0-, 20-, 40-, and 60 min marks). Gas sampling started 1 day after flood establishment in 2017 and continued weekly until flood release when sampling frequency changed to 1, 2, 3, 4 and 5 days after flood release. Similar to prior studies [18,19,26], all gas sampling occurred in the morning between 0800 to 1000 hr CST to minimize temperature fluctuations in the chambers.


      Relative humidity, ambient air temperature, 10 cm soil temperature, barometric pressure, and the air temperature inside the chamber were recorded during each chamber sampling event and at every sampling interval (i.e., the 0-, 20-, 40-, and 60 min marks). During gas sampling, the distance from the top of the chamber to the water level, if any water was present, was measured to properly calculate the interior chamber volume. Methane gas standards (i.e., 2, 5, 10, 20, and 50 mg L-1) were collected in the field using a 20 mL syringe with a detachable needle that was immediately injected into pre-evacuated, 10 mL, crimp-top glass vials. Methane gas standards from the same five concentration standards were also collected in the laboratory immediately prior to gas sample analysis to evaluate potential leakage from sample transport from the field.


      Utilizing a flame ionization detector (250 ℃), a Shimadzu GC-2014 gas chromatograph (Shimadzu North America/Shimadzu Scientific Instruments Inc., Columbia, MD) was used to analyze gas samples for their CH4 concentration within 48 hr of collection in the field. According to procedures described by Rogers, et al. [18], CH4 fluxes were calculated using changes in concentrations in the chamber headspace over the 60 min sampling interval. To assess the change in concentration over time, measured concentrations (mL L-1; y axis) were regressed against time (in minutes; X-axis) of sample extraction (i.e., 0, 20, 40, and 60 minutes). The slope of the resulting best-fit line was then multiplied by the calculated chamber volume (L) and divided by the inner surface area of the chamber (m2) resulting in flux units of μL CH4 m-2 min-1 [28]. The units of the μL CH4 were then converted using the Ideal Gas Law (PV = nRT) to μmol CH4, where P was the measured pressure over the 60 min sampling interval in atmospheres (atm), V was the calculated volume of the interior of the chamber (L), n was the number of moles of the gas, R was the gas constant (0.8206 L atm mol-1 K-1), and T was the average measured temperature inside the chamber in Kelvin over the 60 min interval. To convert μmol CH4 to the mass of CH4, the molar mass of CH4 was then used for a final flux unit of mg CH4 m-2 d-1 [28].


      On a chamber-by-chamber basis, season-long emissions were calculated by linear interpolation between sample dates. Emissions data were also divided into pre- and post-flood-release periods for data analyses due to differences in emissions mechanisms.


      Statistical analyses


      A three-factor analysis of variance (ANOVA) was performed using SAS 9.4 (SAS Institute, Inc., Cary, NC) to evaluate the effects of tillage, NBPT rate, time, and their interactions on CH4 fluxes. A two-factor ANOVA was performed to evaluate the effects of tillage practice, NBPT rate, and their interaction on pre- and post-flood-release CH4 emissions and area- and yield-scaled, season-long CH4 emissions. When appropriate, means were separated by least significant difference (LSD) at the α = 0.05 level.


      Results and Discussion


      Initial soil physical and chemical properties


      Early season soil properties were evaluated and reported by Rector, et al. [11] in a similar study conducted in the same field plots as the study current was conducted to determine potential differences among plots associated with the tillage (NT and CT) and pre-assigned fertilizer treatments. Sand, silt, and clay contents, 0.14, 0.71, and 0.15 g g-1, respectively, in the top 10 cm did not differ by tillage or fertilizer treatment [11], thus confirming a silt-loam soil surface texture throughout the study area. In addition, soil EC, extractable soil Ca, S, and Cu and TN, TC, and SOM content, and C:N ratio in the top 10 cm also did not differ by tillage or fertilizer treatment and averaged 0.20 dS m-1, 1.32 Mg ha-1, 14.8 and 1.51 kg ha-1, 879 kg ha-1, 8.86 and 23.3 Mg ha-1, and 10.1, respectively, throughout the study area [11]. However, several minor differences existed among tillage and pre-assigned fertilizer treatments.


      Soil bulk density did not differ between pre-assigned fertilizer treatments under CT, which averaged 1.38 g cm-3, but was 19 and 11% greater than that in the NT/non-coated-urea (1.15 g cm-3) and NT/NBPT-coated-urea (1.23 g cm-3) treatment combinations, which also differed between one another [11]. Similar to soil bulk density, pre-flood extractable soil K content did not differ between pre-assigned fertilizer treatments under CT, but was greater in the NT/NBPT-coated urea (156 kg ha-1) than in the NT/non-coated urea (135 kg ha-1) treatment combination [11]. However, all treatment combinations had extractable soil K concentrations within the "Medium" (i.e., 91 to 130 mg K kg-1) soil-test category for fertilizer recommendations for rice grown in Arkansas, with any additional K fertilizer having little to no expected effect on rice growth or productivity [15].


      Soil pH under both CT and NT fell within the optimal ~ 5.0 to 6.75 pH range for rice production [17,29], but, averaged across pre-assigned fertilizer treatments, pre-flood soil pH was 13% greater in the top 10 cm under CT (pH = 6.1) than under NT (pH = 5.4; [11]). Averaged across pre-assigned fertilizer treatments, pre-flood extractable soil P, Mg, Na, and Mn contents were also 12, 60, 45, and 24%, respectively, greater under CT than under NT, while extractable soil Fe and Zn contents were 1.2 and 2.1 times, respectively, greater under NT than under CT [11]. However, soil P concentrations in both tillage treatments were in the "Low" (i.e., 16-25 mg kg-1) soil-test category [11], which would have suggested additional P fertilizer be applied, but additional P was not applied due to maintaining research continuity with the long-term NT study, which could have potentially impacted plant health and productivity [15]. Mean extractable soil Zn concentrations were 5.1 and 2.1 mg kg-1 for NT and CT, respectively, where the soil-test Zn category was "Low" for CT and "Optimum" for NT [11]. However, according to Norman, et al. [15], neither Zn level required additional Zn fertilizer for rice grown on a silt-loam soil in Arkansas.


      Considering only a few pre-flood differences in soil properties existed among treatments early in the rice growing season, with the exception of extractable soil P, the differences were relatively minor and were generally expected to have little agronomic impact on rice growth and productivity. Consequently, it was reasonably assumed that any subsequently measured differences in CH4 fluxes and/or emissions among treatments were actually due to imposition of those treatments rather than to large and numerous inherent differences among plots representing the imposed treatments.


      Methane fluxes


      Over the 2017 rice growing season, as expected, CH4 fluxes followed a similar pattern as reported in previous studies [18,30,31], with fluxes starting low, increasing to a mid-season peak, then decreasing towards the end-of-season drain, with a small flux increase after flood release before declining within one week after flood release. Methane fluxes differed between tillage treatments over time (P < 0.01), but were unaffected (P > 0.05) by NBPT rate (Table 1 and Figure 2). At 1, 2, and 6 DAF, CH4 fluxes from both tillage treatments did not differ from a flux of zero. By 13 DAF, CH4 fluxes from CT still did not differ from a flux of zero, while CH4 fluxes from NT were both greater than zero and greater than that from CT (405 mg CH4-C m-2 d-1). Between 13 and 41 DAF, analytical equipment error prevented analysis of collected gas samples, therefore no data could be presented. By 41 DAF, CH4 fluxes from CT (452 mg CH4-C m-2 d-1) were lower than the seasonal peak from NT (784 mg CH4-C m-2 d-1), but did not differ from CT fluxes measured 48 DAF. Between 41 and 55 DAF, CH4 fluxes at least numerically decreased over time, where CH4 fluxes remained greater from NT than from CT at both 48 and 55 DAF. Between 55 and 89 DAF, which represented the end of gas sampling in the field, CH4 fluxes did not differ between tillage treatments on any measurement date (Figure 2). However, CH4 fluxes from CT numerically peaked at 70 DAF (611.2 mg CH4-C m-2 d-1) then decreased until a post-flood-release spike occurred at 87 DAF (501.6 mg CH4-C m-2 d-1). After peaking at 41 DAF, CH4 fluxes from NT generally decreased until a post-flood-release spike also occurred at 87 DAF (686.1 mg CH4-C m-2 d-1). The general pattern of a post-flood-release spike in CH4 flux has been observed previously from silt-loam soils [18,26,30]. The post-flood-release spike in CH4 flux is thought to be caused by the degassing of entrapped CH4 in the soil profile [32] after the water column has been released from the field to prepare for harvest. Despite measured CH4 fluxes still being greater than a flux of zero, gas sampling in the field ceased at 89 DAF because of the need to harvest the rice crop.


      
        Figure 2: Tillage differences in methane (CH4) fluxes over time [days after flooding (DAF)] during the 2017 rice growing season at the Rice Research and Extension Center near Stuttgart, AR. The arrow (↓) indicates the date of the end-of-season (ESD) of the flood from the field (85 DAF). A single asterisk (*) on a given measurement date indicates a significant (P < 0.05) difference exists from a flux of zero. A double asterisk (*) on a given measurement date indicates a significant (P < 0.05) difference exists from a flux of zero and between tillage treatments. View Figure 2

      


      Above ground dry matter and yield


      Rector, et al. [11] measured and reported aboveground dry matter and yield from the same field plots as the current study used. Aboveground dry matter did not differ between NBPT rates, but differed between tillage practices [11]. Aboveground dry matter was 17.8 and 18.1 Mg ha-1 from NBPT-coated and non-coated urea, respectively, and averaged 18.0 Mg ha-1, while aboveground dry matter was 15% lower from NT (16.5 Mg ha-1) than from CT (19.4 Mg ha-1; [11]).


      Similar to aboveground dry matter, rice yields produced by CL172 were unaffected by NBPT rate, but differed between tillage treatments [11]. Rice yields were 8.3 and 8.5 Mg ha-1 from NBPT-coated and non-coated urea, respectively, and averaged 8.4 Mg ha-1 [11]. These results indicate that greater N-volatilization loss from the non-coated compared to the NBPT-coated urea likely did not occur, which supports the original hypothesis that NBPT would have little effect on CH4 emissions. From the same Dewitt silt-loam soil and N-fertilization treatments as used in the current study, Rector, et al. [11] also reported that season-long N2O emissions did not differ between NBPT-coated and non-coated urea. Consequently, the lack of a NBPT-rate effect on dry matter production, yield, and season-long CH4 and N2O suggest that substantial rice-plant morphological differences, specifically with aerenchyma tissue, do not arise from using either NBPT-coated or non-coated urea to potentially differentially facilitate GHG emissions.


      Rice yields were 12% lower from NT (7.8 Mg ha-1) than from CT (8.9 Mg ha-1; [11]). Though both tillage treatments had mean soil-test P levels in the low category before planting, the slightly, though significantly, greater P content under CT compared to under NT [11] may have contributed to the yield difference between the two tillage treatments. Rice yields measured in this study from CT practices were also slightly lower than expected yields for CL172 (9.2 Mg grain ha-1) grown in Arkansas based on a summary of recent yield trials [33]. Site-specific yields measured in this study could have been impacted by the fungal disease false smut (Ustilaginoidea virens), which was visually observed to a small degree in 2017 associated with rice grown in both tillage treatments. In contrast to the results of this study, through a global meta-analysis, Pittelkow, et al. [12] reported that NT had no significant effect on rice yield compared to CT. Both NT and CT plots received the same quantity of fertilizer N, but NT was not fertilized with P, whereas CT plots were fertilized with P due to the nature of the P-fertilization treatments the NT plots were a part of that were used in this study.


      Soil redox and temperature


      In addition to aboveground dry matter and yield, Rector, et al. [11] also measured and reported soil redox and temperature trends over the growing season from the same field plots as the current study used. Methane production is optimal in the soil redox potentials (Eh) range of approximately -200 to -250 mV [34]. Based on measured values from the hour during CH4 flux measurements, soil Eh at the 7 cm depth started near 200 mV, but decreased to near 0 mV by 6 DAF under NT and by 24 DAF under CT [11]. Once reached, soil Eh remained near or below -200 mV for the remainder of the season [11].


      Soil Eh was greater under CT than NT at 2 and 6 DAF, but was similar between tillage treatments during all other measurement's weeks [11]. Averaged across measurement dates, mean soil Eh was greater in the NT/non-coated-urea (-55.6 mV) than in the other three treatment combinations, which did not differ and averaged -241 mV [11]. An explanation for the apparent inconsistent differences in soil Eh is not immediately obvious, but may relate to the degree of rhizosphere oxygenation, which would tend to maintain greater soil Eh when well-oxygenated and a lower soil Eh when poorly oxygenated.


      Soil temperatures at the 7 cm depth started around 26 ℃, increased to around 28 ℃ mid-season by 41 DAF, then decreased to below 20 ℃ and continued to decrease after the end-season-drain (86 to 88 DAF; [11]). The numerically largest soil temperature was achieved in CT at 41 DAF, with the numerically lowest soil temperature occurring in NT at 87 DAF [11].


      Averaged over NBPT rates, the soil temperature was significantly cooler under NT than CT during the middle of the flooded portion of the rice growing season (i.e., 34, 41, 48, 55, 62, and 70 DAF), but did not differ by more than 2 ℃ on any given date [11]. The cooling effect under NT management likely occurred because of unincorporated residue left by the NT treatment on the soil surface, which attenuated soil profile heating during the middle of the sampling season more than under CT. Averaged over measurement dates, mean soil temperatures were lower and did not differ between NBPT rates, averaging 23.5 ℃, under NT compared to under CT, where soil mean temperatures were slightly warmer and differed between NBPT rates (24.5 and 23.8 ℃ for NBPT-coated and non-coated urea, respectively) under CT [11]. The slight soil warming was likely due to the lack of crop residue and greater subsequent heating of the soil profile by radiative solar energy under CT than under NT. Brye, et al. [35] reported that diurnal fluctuations of air temperature significantly influenced CH4 emissions from silt-loam soils in Arkansas. However, the presence of the flood water likely attenuates and minimizes the diurnal fluctuations of air temperature.


      Methane emissions


      In contrast to that hypothesized, pre- and post-flood-release and season-long, area- and yield-scaled CH4 emissions were unaffected (P > 0.05) by tillage treatment and NBPT rate (Table 1). Though not significant, pre-flood-release CH4 emissions ranged from 19.1 to 37.2 kg CH4-C ha-1 period-1 and averaged 27.8 kg CH4-C ha-1 period-1 from CT and ranged from 27.2 to 51.4 kg CH4-C ha-1 period-1 and averaged 40.6 kg CH4-C ha-1 period-1 from NT (Table 2). Similarly, though not significant, pre-flood-release CH4 emissions ranged from 27.2 to 51.3 kg CH4-C ha-1 period-1 and averaged 36.4 kg CH4-C ha-1 period-1 from non-coated urea and ranged from 19.1 to 51.4 kg CH4-C ha-1 period-1 and averaged 32.0 kg CH4-C ha-1 period-1 from NBPT-coated urea (Table 2). Post-flood-release CH4 emissions were numerically smaller than those before the flood was released (Table 2) and represented only 4.3 and 3.7% of the measured season-long CH4 emissions from CT and NT, respectively. The relatively small proportion of post-flood-release CH4 emissions was similar to what has been reported in recent studies (3.4 to 13.2%), but from different pure-line cultivars (i.e., 'Taggart' and 'Wells') grown on silt-loam soils under CT and a full-season flood in east-central Arkansas [18,30].


      
        Table 1: Analysis of variance summary of the effects of tillage practice (conventional tillage and no-tillage), N-(n-butyl) thiophosphoric triamide (NBPT) rate (coated and non-coated urea), time as days after flooding (DAF), and their interactions on methane fluxes and the effects of tillage practice, NBPT rate, and their interaction on pre- and post-flood-release and season-long, area- and yield-scaled (i.e., emissions intensity) methane emissions from rice grown on a silt-loam soil in the direct-seeded, delayed-flood production system at the Rice Research and Extension Center near Stuttgart, AR in 2017. Bolded values represent significant effects (P < 0.05).Analysis of variance summary of the effects of tillage practice (conventional tillage and no-tillage), N-(n-butyl) thiophosphoric triamide (NBPT) rate (coated and non-coated urea), time as days after flooding (DAF), and their interactions on methane fluxes and the effects of tillage practice, NBPT rate, and their interaction on pre- and post-flood-release and season-long, area- and yield-scaled (i.e., emissions intensity) methane emissions from rice grown on a silt-loam soil in the direct-seeded, delayed-flood production system at the Rice Research and Extension Center near Stuttgart, AR in 2017. Bolded values represent significant effects (P < 0.05). View Table 1

      


      
        Table 2: Mean (± standard error) pre- (i.e., establishment of the flood to end-of-season flood release) and post-flood-release (i.e., after end-of-season flood release) methane (CH4) emissions and emissions intensity among tillage practices (conventional tillage and no-tillage) and N-(n-butyl) thiophosphoric triamide (NBPT) rate (coated and non-coated urea) from rice grown on a silt-loam soil in the direct-seeded, delayed-flood production system at the Rice Research and Extension Center near Stuttgart, AR in 2017. View Table 2

      


      Though not significant, season-long, area-scaled CH4 emissions ranged from 20.3 to 39.2 kg CH4-C ha-1 season-1 and averaged 29.0 kg CH4-C ha-1 season-1 from CT, whereas season-long, area-scaled CH4 emissions ranged from 28.3 to 53.8 kg CH4-C ha-1 season-1 and averaged 42.2 kg CH4-C ha-1 season-1 from NT (Table 2). Though SOM and TC contents in the top 10 cm did not differ between tillage treatments early in the growing season [11], it was likely that both SOM and C were concentrated more towards the soil surface (i.e., upper most few millimeters), due to the lack of incorporation, which limited the availability of reducible substrate to methanogens, hence limited the production and release of CH4 from under NT management. Mitra, et al. [4] suggested that the main source of CH4 in the soil column is in the topsoil, where > 99% of the total soil-produced CH4 is emitted regardless of the landuse being agriculturally disturbed or natural and relatively undisturbed. Furthermore, since the aerenchyma tissue of the rice plants themselves provides the main mechanism of CH4 release to the atmosphere via passive transport from below a column of water [5-8] and the SOM/C substrate was likely stratified and concentrated right at the soil surface, there was likely little to no opportunity for produced CH4 molecules to enter the aerenchyma tissue of the rice plant and therefore no mechanism for release to the atmosphere, except for ebullition which is slower than the passive aerenchyma transport [32,36]. Though not measured directly in this study, it was also possible that the soil redox status right at the soil surface was not reduced enough for substantial CH4 production, despite the presence of ample SOM/C substrate. Rector, et al. [11] also reported no difference in N2O emissions between CT and NT practices.


      Similar to the lack of a tillage effect, though not significant, season-long, area-scaled CH4 emissions ranged from 24.8 to 53.3 kg CH4-C ha-1 season-1 and averaged 37.8 kg CH4-C ha-1 season-1 from non-coated urea, whereas season-long, area-scaled CH4 emissions ranged from 20.3 to 53.8 kg CH4-C ha-1 season-1 and averaged 33.4 kg CH4-C ha-1 season-1 from NBPT-coated urea (Table 2). These results support the hypothesis that NBPT would have little to no effect of CH4 emissions. Thus, it appears that the same amount of aerenchyma tissue was produced between the two NBPT-rate treatments that facilitated the same magnitude of season-long CH4 emissions. Regardless of NBPT rate, the magnitude of season-long CH4 emissions from optimally N-fertilized rice measured in this study were lower than that reported from recent studies conducted on silt-loam soils in east-central Arkansas [18,26].


      Similar to area-scaled emissions, season-long, yield-scaled CH4 emissions, which represented an emissions intensity metric, ranged from 4.1 to 4.4 kg CH4-C (Mg grain)-1 and averaged 4.25 kg CH4-C (Mg grain)-1 across NBPT rates, whereas season-long, yield-scaled CH4 emissions ranged from 3.2 to 5.4 kg CH4-C (Mg grain)-1 and averaged 4.3 kg CH4-C ha-1 season-1 across tillage treatments (Table 2). The emissions intensities measured in this study were similar to and within the range [2.52 to 7.39 kg CH4-C (Mg grain)-1] reported by Humphreys, et al. [26] for rice grown in 2015 in a Dewitt a silt loam in Arkansas.


      Agronomic and environmental implications


      Reducing the GHG load to the atmosphere will be necessary to mitigate global climate change and its potentially disastrous long-term effects on the environment [1]. However, before the GHG load can be reduced, it will be necessary to increase understanding of the agronomic practices that affect GHG emissions, which necessitates careful characterization of rice production practices that affect CH4 emissions. Though measurements were made over the course of only one growing season, results of this field study, the first of which conducted in Arkansas, the leading rice-producing state in the United States, to evaluate the effects of tillage practice and NBPT rate, showed that season-long CH4 emissions did not differ between CT and NT or between NBPT-coated and non-coated urea.


      Rice producers considering the adoption of alternative practices for increased sustainability may not achieve substantial benefits from NT, in terms of reduced CH4 emissions, as might be expected for other soil properties and processes. However, implementing NT compared to continuing with CT, coupled with similar, rather than greater, CH4 emissions from NT compared to CT, may provide an impetus for changing tillage practices.


      Though designed to inhibit urea breakdown, fertilizing rice with NBPT-coated urea is also more costly than using non-coated urea. However, results of this study showed that non-coated urea could potentially be used in place of NBPT-coated urea without increasing CH4 emissions, which was also shown recently to be the case for N2O emissions [11]. In addition, season-long N2O emissions were also low from a full-season flood treatment, which minimized the fluctuations in soil Eh that would have promoted N2O production and release [11].


      Since numerous other factors have been shown to significantly influence CH4 emissions from rice production, such as cultivar selection [20,26], soil texture [30,31], and water management scheme [26], results of this study suggest that climate-change modelers may not need to account for tillage practice when attempting to estimate large-scale, regional CH4 emissions from rice produced from a silt-loam soil in a direct-seeded, delayed flood production system. However, though not directly measured in this study, if flooding times greater than 24 hr are required following urea-N application, then NBPT rate may be important. Consequently, the results of this study have provided evidence to narrow the pool of significant soil and agronomic factors needed to consider for model estimation purposes. Studies like the present study will continue to be necessary to conduct under field conditions to further refine current knowledge regarding factors affecting CH4 emissions in regions of concentrated rice production, such as is eastern Arkansas.


      Conclusions


      This field study was the first to examine the effects of tillage (CT and NT), NBPT rate, and their interaction on CH4 fluxes and emissions from a pure-line rice cultivar grown in a silt-loam soil in the direct-seeded, delayed-flood production system in east-central Arkansas. Similar to that hypothesized, CH4 fluxes were greater from NT than CT at times over the 2017 rice growing season and were unaffected by NBPT rate. Methane emissions were unaffected both tillage treatment and NBPT rate since flooding occurred within the recommended 24 hr using fertilizing with urea. Results of this study will be valuable information when contemplating new policies and recommendations for future rice production practices and sustainability in the mid-southern United States, particularly eastern Arkansas.


      Though the results of this study were based on one growing-season of measurements, these results indicate consistent CH4 flux trend and emissions responses from year to year at least partially due to the presence of the flood water for most of the growing season attenuating inter-annual differences in growing-season weather conditions. The importance of rice production to the state of Arkansas, and the other few areas of concentrated rice production in the United States, makes continued quantification of GHG emissions, specifically CH4, from traditionally common and alternative rice production practices vital to mitigating global climate change. With rice being a staple food for a substantial portion of the current human population, continued research into the effects of rice production practices on CH4 emission is warranted as the global population continues to rise, which will require increased, yet sustainable, production, while simultaneously protecting the environment.
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