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      Abstract


      Rice cultivation in a continuous flooding system is common practice. However, due to the scarcity of continuous irrigation alternate water management strategies are being explored for rice cultivation. The objective of this study was to evaluate the effects of alternative water management strategies and nitrogen fertilizer on rice yield grown on highly organic (Histosol) soils. The treatments included: Continuous flooding (CF); continuous flooding + nitrogen (CF + N); alternate wetting and drying (AWD); alternate wetting and drying + nitrogen (AWD + N); single mid-season drawdown (SMD); and single mid-season drawdown + nitrogen (SMD + N). Results revealed that treatment had no significant effect on yield, total phosphorus (TP), total potassium (TK), and total Kjeldahl nitrogen (TKN) concentration in leaf tissue, soil, and water. In addition, treatment did not affect soil and water pH. However, soil pH was decreased after cultivation whereas Mehlich-3 P (M3P) and Mehlich-3 K (M3K) concentration had increased after cultivation irrespective of treatment. These results indicate that AWD and SMD could be a good alternative water management strategy for rice cultivation on Histosols where continuous irrigation may be challenging.
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      Introduction


      Rice is traditionally grown under continuous flooding (CF) conditions. However, water scarcity in recent years has increased the restriction of agriculture production, and there is need to developed alternative systems that required less water [1]. It is expected that by 2025, about 20% of irrigated rice areas will experience physical water scarcity [2]. Several studies reported resource conservation technologies can be used to grow rice under less water [3-6]. Although CF has the benefit of better weed controls and optimum plant stand, it requires more water, reported to degrade soil due to formation of plow pan, and soil particle disintegration, higher emission of methane, elevate global warming potential, increase grain accumulation of mercury, and arsenic [4]. Therefore, an alternative resource-conservation system that has minimal effect on ecosystem health is required. Alternative wetting and drying (AWD) [4,7-9] and single mid-season drying (SMD) [10,11] are commonly practiced alternative water-saving practices adopted in the rice production system. Under AWD, fields are subjected to alternate wet and dry rather than continuous flooding. The field is allowed to dry for 1 or 2 days and then re-flooded. Mid-season drainage involves the removal of surface water from the rice field for about 7-10 days towards mid to late tillering. The success of AWD and SMD depends on climatic conditions, rainfall, and soil types [12].


      Environmental conditions and agronomic management practices affect the yield of rice. Nitrogen (N) is considered the nutrient that most often limits crop production [13]. In rice cultivation system, the concern about fertilizer management has increased due to water contamination and soil degradation from nutrients that are applied. The lower recovery rate of N may be related to gaseous loss of N, immobilization of N, and leaching loss of N [14,15]. However, the effect of irrigation on N dynamics in rice has not been studied extensively. Atwill, et al. [16] reported AWD irrigation did not reduce N use efficiency, plant height, or yield compared to the CF system in Louisiana and Mississippi. Some case studies have demonstrated that the N requirement of microorganisms that decompose organic matter in flooded soils is lower than for decomposers in aerated soils which results in lower net N immobilization in flooded soils than in aerobic, well-drained soils [17]. The objective of this study was to evaluate the effect of alternative water management strategies and N on rice grown on organic soil in the Everglades Agricultural Area (EAA) of South Florida. Conventional rice production in the region does not include any nitrogen (N), phosphorus (P) or potassium (K) fertilization [18]. In the EAA, different water management scenarios need to be studied to select the most appropriate flooding system for rice fields. Optimizing pumping costs and water conservation are also important concerns in increasing the production efficiency [19].


      Materials and Methods


      To understand the effect of alternative water management strategies on rice yields an experiment was conducted at the University of Florida, Everglade Research and Education Center (EREC). Diamond variety of rice was seeded at 101 kg ha-1 in 265-liter pots containing Histosol available in EAA areas and flooding was initiated 3 weeks after planting (2-3 emerging leaf stage). As shown in Table 1, the treatments included i) Continuous flooding (CF); ii) Continuous flooding + nitrogen (CF + N); iii) Alternate wetting and drying (AWD); iv) Alternate wetting and drying + nitrogen (AWD + N); v) Single mid-season drawdown (SMD); vi) Single mid-season drawdown + nitrogen (SMD + N). Under continuous flood (CF) condition 15 cm flood-depth was maintained throughout the growing season. Alternate wet and dry (AWD) pots were maintained at 15 cm flood-depth for 2 weeks, followed by a complete drawdown for 1 week. Three such cycles of 2-week flood followed by 1-week drawdown were managed throughout the growing season. Single mid-season drawdown (SMD) pots continuously received water at 15 cm flood-depth for 5 weeks, followed by a complete drawdown for 1 week in the mid-tillering stage after which water was raised back to 15 cm throughout the growing season. The treatments were arranged in a randomized completed block design with four replications of each treatment. Steady flooded conditions for rice growth were maintained using canal water available from the EAA. The parameters evaluated include rice yield, plant tissue analyses, and extractable nutrient in soil and water. Canal water was used to water the treatments.


      Soil samples were collected before planting rice (pre) and after harvesting rice (post). All samples were oven-dried and sieved through a 2-mm screen. Soil samples were analyzed for pH, total phosphorus (TP), total potassium (TK), Mehlich-3 P (M3P), Mehlich-3 K (M3K), and total Kjeldahl nitrogen (TKN). pH was measured using 1.5g of dried soil mixed with 7.5 mL of deionized water (1:2 soil: Solution) and analyzed using an Accumet AB250 pH meter. This meter was calibrated before testing with 4, 7, and 10 pH standards. Total P was determined by ashing samples for at least 5 hours (not to exceed 16 hours) at 550 ℃ in a muffle furnace followed by extraction with 6M HCl and analyzed using an inductively coupled plasma-optical emission spectrometer (5110 ICP-OES, Agilent Technologies Inc., CA) (EPA method 200.7). Available P, and K, were measured using Mehlich-3 extraction. For soil nutrient analyses, 2g of soil was weighed and transferred into a 50-mL extraction bottle. 20 mL of Mehlich-3 extracting solution was dispensed into each extracting bottle with a pipette. Samples were shaken for 5 minutes on a reciprocating shaker and then filtered through a Whatman No. 42 filter paper and acidified using 2% HNO3. The filtrates were analyzed for nutrients using 5110 ICP-OES, Agilent Technologies Inc., CA. Total Kjeldahl nitrogen (TKN) was analyzed by digestion followed by colorimetric determination (EPA method 351.2). Before testing, the system was calibrated using mixed calibration standard solutions and the calibration blank. This reduced error by establishing and calibrating the analytical curve. Once the samples were analyzed, the resulting values were used to calculate concentrations of the different elements present.


      Water samples were collected weekly once flooding was initiated 3 weeks after planting for a total of 10 weeks. A 50 mL syringe was used to syphon surface water from the pots into 50 mL polypropylene vials. Samples were analyzed for pH, total P, total K, and TKN. For pH, approximately 20 mL of sample was poured into a disposable scintillation bottle for testing. The samples were then tested with an Accumet AB250 pH meter. The meter was calibrated beforehand with 4, 7, and 10 pH standards. Total P and K were analyzed using 5110 ICP-OES, Agilent Technologies Inc., CA. The ICP-OES was first calibrated using mixed calibration standard solutions and the calibration blank. This reduced error by establishing and calibrating the analytical curve. If the samples were above the upper limit of quantification, they were diluted to a measurable concentration. Total Kjeldahl nitrogen (TKN) was analyzed by digestion followed by colorimetric determination (EPA method 351.2). In addition to water and soil analyses, treatment effects were also assessed on rice leaf tissues and ultimately rice yields. Yields were estimated on a per-pot basis and converted to kg ha-1. Leaf tissue samples were collected at 47 days after planting and analyzed for TP, TK, and TKN. Total P and TK were analyzed by ashing 0.4g dry tissue sample for 5 hours at 550 ℃ in a muffle furnace followed by extraction with 6M HCl and analyzed using 5110 ICP-OES, Agilent Technologies Inc., CA. The spectrometer was first calibrated with standard solutions and a blank. In total, 48 soil samples, 200 water samples, and 24 plant tissue samples were analyzed as part of this study.


      Statistical Analysis


      Data were analyzed through randomized complete block design with four replications using PROC MIXED procedure in Statistical Analysis of Variance (SAS version 9.4, SAS Institute Inc., Cary, NC, USA). Means were separated using Fisher's protected LSD when the F test was significant at p < 0.05.


      Results and Discussions


      Relative yields


      Irrigation management and the addition of N had no significant effect on rice yield (Figure 1). No difference in yield due to application of N may be due to soil rich in N content. Typically, histosols within the EAA comprise up to 2% N [20]. Carrijo, et al. [9] observed a decrease in yield by 5.45% and water use by 25.7% under AWD compared to CF. Although AWD decreased yield, it has increased water productivity by 24.2%. Yield losses were more pronounced in soil with pH ≥ 7 and SOC ≤ 1% [9]. In contrast to our result, Norton, et al. [8] observed a 9.8% and 9.0% increase in grain mass in 2013 and 2014 respectively in the AWD plots compared to the CF plots. The increase in grain mass could be associated with an increase in productive tiller. The effect of AWD on tiller production is not clear. Howell, et al. [21] observed an increase in the number of productive tillers under AWD compared to CF but observed a decrease in grain per panicle. However, Yang and Zhang, et al. [22] reported no significant difference in the number of tillers under AWD compared to CF. The increase in productive tiller could have increased the grain mass [22]. Liu, et al. [10] reported mid-season drainage did not affect rice yield. However, the rice yield was significantly affected by soil organic carbon (SOC), total nitrogen (TN), C:N ratio, and N fertilizer application. Under mid-season drainage, rice yield decreased in soil with low SOC levels, high levels of TN, C:N ratio in a range of 9.0 -12.0, and soil that received N at < 50 kg ha-1. Mid-season drainage had increased rice yield in soil with moderate SOC, and low level of TN. The authors reported yield was not affected by field drainage times and organic matter amendment rate. Soil drying due to AWD and SMD could also impact the grain yield production compared to CF. In previous studies reduction in grain yield is reported under severe soil drying conditions imposed during AWD [23,24]. The reduction in yield also depends on the growth stages when drying occurs, how much soil was dried, groundwater table, and soil hydrological conditions [4,9].


      Leaf tissue


      No significant effect of irrigation and N application was observed in leaf tissue concentration in terms of leaf, TP and TK (Figure 2). The addition of N to different irrigation management had no significant effect on leaf tissue concentration. In agreement to our result, no significant water by N interaction on N uptake was reported by Cabango et al. [45]. Potassium and K uptake was not affected by water treatment Cabango et al. (2004). In contrast, (Hamoud et al., 2019), reported higher K concentrations in rice plant grown under CF than AWD [46]. The high K concentration may be due to presence of high amount of plant available K under CF than under AWD. Additionally, CF increase the availability of NPK, whereas water stress reduced their availability. Irrigation management under AWD may increase the concentration of some micronutrients while the concentration of other micronutrients may decrease in plants [25]. Norton, et al. [8] reported that AWD significantly decreased sodium (Na), magnesium (Mg), calcium (Ca), iron (Fe), arsenic (As), and molybdenum (Mo) concentration within rice shoot, and significantly increased manganese (Mn), copper (Cu), and zinc (Zn) concentration in rice shoot. Alternate wet and dry treatment also had a significant effect on grain elements compared to CF. The concentration of sulfur (S), Ca, Fe, and As were significantly lower whereas the concentration of Mn, Cu, and cadmium (Cd) was significantly higher in AWD plots compared to CF in both years [8]. However, the concentration of Na, Mg, and K, were significantly different between treatments in single years. Phosphorus and Zn were the only elements that were not affected by AWD compared to CF [8]. In contrast, some studies reported an increase in Zn concentration in rice grain under AWD compared to CF [26,27]. It was observed that under AWD the straw N concentration was reduced significantly [28]. The low accumulation of N in plants under AWD is associated with more loss of N due to denitrification and volatilization [29].


      Although the determination of As was out of the scope of this study, previous research has shown rice grown under AWD had significantly decreased shoot and grain As compared to CF. Ten-fold increase in As concentration in rice grain was reported to rice grown under CF compared to non-flooded conditions [30,31].


      Soil quality


      Soil pH reduced significantly after rice cultivation irrespective of irrigation management and N treatment (Figure 3). Treatments had no significant effect on organic matter and TKN. However, M3P and M3K concentrations had increased significantly in the soils after rice cultivation irrespective of treatment, probably due to the inputs of P and K from canal water that was used in the study. Our results are in agreement with Norton, et al. [8]. No significant difference in soil element concentration was observed between AWD and CF. Research studies indicated more N loss in the form of nitrification and denitrification under AWD compared to CF [32]. In contrast, Wang, et al. [33] reported that AWD practice did not boost the loss of N. Previous research has indicated synergistic interaction between N fertilizer and soil moisture [34]. Synergistic interaction can improve N use efficiency and crop yield if both N and water are managed timely [7,35]. The effect of AWD on N use efficiency (NUE) is not clear. Huda, et al. [36] reported AWD did not affect NUE. Lower NUE under AWD associated with more N losses which ultimately reduce the plant N uptake [37]. However, the N loss under AWD depends on the extent of soil drying [33,38]. Nitrogen application before re-wetting in AWD increased NUE due to synergetic interaction between N and water. In alkaline soil more N is lost via ammonia volatilization [39].


      The availability of P increased under CF as the supplementary release of P occurs under anaerobic conditions [40]. Under AWD the availability of P decreased in the drying events which results in a reduction of P in rice plants compared to CF [8]. To increase the N and P uptake under AWD or SMD drying events are recommended at 60% canopy coverage so that the applied N and P fertilizers are taken up by plants and N losses are minimized through coupled nitrification [41].


      Water quality


      Treatment did not affect water pH, TP, and TK. Water TKN has decreased over time irrespective of treatment (Figure 4). Decrease in TKN concentration over time might be associated with plant uptake or N losses due to leaching, volatilization losses of N, or denitrification. Split application of N is common to increase NUE without potential leaching and run-off losses [42]. A single application of N at planting uses large amounts of fertilizer in early growth stages and too little at later stages. Canal water concentration was variable throughout the study, which may be due to variability in water quality discharge from different farms. This might have affected the water quality of our experiment. Drying events at AWD and SMD expose soil surface and increase the aeration that promotes weed emergence [43] whereas the CF rice system suppresses most of the weeds. Early drying event in AWD irrigation increase the weed infestation whereas drying events of AWD at 50-60% canopy coverage does not promote weed infestation [4].


      Conclusion


      Neither of the treatments affected rice yield cultivated on Histosols. Since there is no difference in yield, AWD and SMD could be an option for rice production in water scarcity conditions. This alternative irrigation management may also help in weed control. Soil texture should be in consideration while deciding AWD and SMD. For example, percolation loss of water from clay soil is slow and required more to achieve the required moisture potential whereas the percolation rate of sandy loam soil is fast and requires less time to achieve the required moisture potential. Similarly frequent and light irrigation is recommended for coarse-texture soils while fine-textured soils require heavy irrigation at the extended interval. Future research should focus on alternative water management strategy with the split application of N as the split application of N is common way to increase NUE without potential leaching and run-off losses. In addition, weed infestation under different water management system should be considered as weed infestation might be higher in AWD and SMD compared to CF resulting in lower yield [6,44].
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        Figure 1: Effects of continuous flooding (CF), continuous flooding + nitrogen (CF +N), alternate wetting and drying (AWD), alternate wetting and drying + nitrogen (AWD +N), single midseason drying (SMD) and single mid-season drying + nitrogen (SMD +N) on rice yield. View Figure 1

      


      
        Figure 2: Effects of continuous flooding (CF), continuous flooding + nitrogen (CF +N), alternate wetting and drying (AWD), alternate wetting and drying + nitrogen (AWD +N), single mid-season drying (SMD) and single mid-season drying + nitrogen (SMD +N) on total Kjeldahl nitrogen (TKN), total phosphorus (TP) and total potassium (TK) concentration of leaf tissue. View Figure 2

      


      
        Figure 3: Effects of continuous flooding (CF), continuous flooding + nitrogen (CF +N), alternate wetting and drying (AWD), alternate wetting and drying + nitrogen (AWD +N), single midseason drying (SMD) and single mid-season drying + nitrogen (SMD +N) on a) soil pH, b) total phosphorus, c) total potassium, d) total Kjeldahl nitrogen (TKN), e) Mehlich-3 P, f) Mehlich-3 K. View Figure 3

      


      
        Figure 4: Effects of continuous flooding (CF), continuous flooding + nitrogen (CF +N), alternate wetting and drying (AWD), alternate wetting and drying + nitrogen (AWD +N), single mid-season drying (SMD) and single mid-season drying + nitrogen (SMD +N) on water quality a) water pH, b) total phosphorus (TP), c) total potassium (TK), and d) total Kjeldahl nitrogen (TKN). Line graph shows canal water quality.

        Note: No canal water data available for TKN on 9 and 23 August. View Figure 4

      


      
        Figure 5: Effects of continuous flooding (CF), continuous flooding + nitrogen (CF +N), alternate wetting and drying (AWD), alternate wetting and drying + nitrogen (AWD +N), single mod-season drying (SMD) and single mod-season drying + nitrogen (SMD +N) on water quality a) water pH, b) total phosphorus (TP), c) total potassium (TK), and d) total Kjeldahl nitrogen (TKN). View Figure 5

      


      
        Table 1: Water management program under continuous flooding (CF), alternate wetting and drying (AWD), and single mid-season drying (SMD). View Table 1
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