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Abstract

:

The use of water-saving irrigation techniques has been encouraged in rice fields in response to irrigation water scarcity. Straw return is an important means of straw reuse. However, the environmental impact of this technology, e.g., nitrogen leaching loss, must be further explored. A two-year (2017–2018) experiment was conducted to investigate the vertical migration and leaching of nitrogen in paddy fields under water-saving and straw return conditions. Treatments included traditional flood irrigation (FI) and two water-saving irrigation regimes: rain-catching and controlled irrigation (RC-CI) and drought planting with straw mulching (DP-SM). RC-CI and DP-SM both significantly decreased the irrigation input compared with FI. RC-CI increased the rice yield by 8.23%~12.26%, while DP-SM decreased it by 8.98%~15.24% compared with FI. NH4+-N was the main form of the nitrogen leaching loss in percolation water, occupying 49.06%~50.97% of TN leaching losses. The NH4+-N and TN concentration showed a decreasing trend from top to bottom in soil water of 0~54 cm depth, while the concentration of NO3−-N presented the opposite behavior. The TN and NH4+-N concentrations in percolation water of RC-CI during most of the rice growth stage were the highest among treatments in both years, and DP-SM showed a trend of decreasing TN and NH4+-N concentrations. The NO3−-N concentrations in percolation water showed a regular pattern of DP-SM > RC-CI > FI during most of the rice growth stage. RC-CI and DP-SM remarkably reduced the amount of N leaching losses compared to FI as a result of the significant decrease of percolation water volumes. The tillering and jointing-booting stages were the two critical periods of N leaching (accounted for 74.85%~86.26% of N leaching losses). Great promotion potential of RC-CI and DP-SM exists in the lower reaches of the Yangtze River, China, and DP-SM needs to be further optimized.
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1. Introduction


Water plays a critical role in stable agricultural production, especially for paddy rice, which has greater water requirements [1,2]. Rice is one of the most important food crops in China. The rice production of China ranks first in the world, occupying 28% of the world’s total rice production [3]. With climate change and the increasing competition for water from non-agricultural sectors, such as urbanization, tourism industry and ecosystem services, it is essential to reduce the use of irrigation water in agricultural production [4,5]. Several water-saving irrigation technologies based on alternate wetting and drying (AWD), such as saturated soil culture, controlled irrigation, intermittent irrigation, aerobic rice, controlled irrigation and drainage, have been developed for rice production in China [6,7,8,9,10,11]. However, the environmental effects of these water-saving irrigation technologies are not well understood.



Agricultural non-point source pollution is one of the main sources of pollution for water eutrophication and ground water pollution. As a result of excess use of chemicals and fertilizers, massive quantities of nutrients are removed from soil, passing into surface and ground waters in farmlands. The variation of water in rice fields is more frequent than that in dry land, with more leakage and runoff events. Though water-saving irrigation can considerably reduce water input in paddy fields, a risk exists of increasing percolation of water and solute through cracks caused by soil desiccation when the field changes from dry to wet [12,13,14]. Nitrogen (N) plays an essential role in crop yield formation due to its fundamental role in biomass accumulation [15,16]. However, excess N fertilizer application can cause heavy N loss, leading to severe negative environmental impacts, for example, the pollution of groundwater and surface water, soil pollution and emissions of greenhouse gases [17,18,19,20]. The application rate of N fertilizer in rice paddy fields was up to 324 kg/ha in the Yangtze River region, where more than 60% of rice in China is produced [16,21]. Previous studies found that only 30~40% of the applied N fertilizer was absorbed and utilized by rice plants, while more than 45% was lost to the surrounding environment [16,22,23,24].



As one of the major measures for rice field management, irrigation greatly influences the migration of nutrients from the field. Different from flood irrigation, AWD changed the distribution and loss characteristics of nitrogen in soil and influenced the nitrogen uptake by rice plants [25]. The dry and wet circulation of paddy soil under AWD could dramatically change the soil physical environment. The cyclical change between aerobic and anaerobic is completely different from that of traditional flood irrigation, which in turn changes microbial processes such as mineralization, nitrification, and denitrification. Nitrogen leaching losses become more uncertain and obscure due to the interactions between water volume and nitrogen concentrations of percolation water [12]. Some studies reported that AWD can lead to greater nutrient leaching than FI [26,27]. In contrast, several studies reported that water-saving irrigation reduced N leaching losses from paddy fields [12,28,29]. Peng et al. [29] reported that significant reductions in nitrogen leaching losses of water-saving irrigation were achieved by both the decreasing total percolation water volume and N concentrations in percolation water. However, Tan et al. [12] reported that water-saving irrigation increased the N concentrations in percolation water, and that the reduction in nitrogen leaching losses of water-saving irrigation was mainly due to the decreasing total percolation water volume. Furthermore, the forms of nitrogen such as NO3−-N and NH4+-N losses through leaching are entirely inconsistent among limited studies [12,29]. Some studies found that NH4+-N was the major form of N losses in percolation water under controlled irrigation [29,30]. However, Ji et al. [31] reported that NH4+-N and NO3−-N took up 39.7% and 3.5% of the TN leaching losses in Dongting Lake area of China, which was consistent with the result of Zhao et al. [32] in the Taihu region of China, indicating that NO3−-N was the main form of N in the percolation water in paddy fields. The contrasting results may be due to the differences in frequency and the threshold of the drying cycles, soil types and textures, soil-hydrological conditions, rice growth situations and the environment.



Straw return is an important organic agriculture management practice, which may increase soil carbon sequestration and decrease chemical inputs without influencing crop yields [33,34]. Appropriate straw return to agricultural soil might be an effective way of controlling N leaching [35,36]. Jiangsu Province is a typical area of rice cultivation in the lower reaches of the Yangtze River. Rain-catching and controlled irrigation (RC-CI) [37], also called controlled irrigation and drainage [10,30], is a widely-used water-saving irrigation that increases water storage depth after rainfall based on controlled irrigation (CI) in Jiangsu Province. Drought planting with straw mulching (DP-SM), a water-saving irrigation regime of aerobic rice with straw return, hasn’t been well tested and popularized in Jiangsu. The field conditions change with changes in irrigation methods or soil conditions. Thus, it is necessary to investigate the effect of different water-saving irrigation regimes and straw return on nitrogen migration and leaching losses in the lower reaches of the Yangtze River.



The objective of this study was to investigate the water use, vertical migration and leaching of nitrogen in paddy fields under water-saving and straw return conditions during the whole rice growth season in the lower reaches of the Yangtze River of China. Treatments included traditional flooding irrigation (FI, as CK) and two water-saving irrigation regimes: RC-CI and DP-SM. Different thresholds of water-saving irrigation were set in different rice growth stages, instead of a fixed value during the whole rice growing season. The study is of great significance for assessing and analyzing the risk of nitrogen leaching in paddy fields in the region and rational use of water-saving irrigation methods to achieve good environmental benefits, promoting sustainable agricultural development.




2. Materials and Methods


2.1. Description of Study Area and Climatic Conditions


The study was conducted in specially designed experimental buckets at the Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China, Ministry of Education (latitude 31°57’ N, longitude 118°50’ E, and 144 m above sea level) during the rice growing seasons of 2017 and 2018. The study area has a subtropical humid monsoon climate with an average annual temperature of 15.7 °C, annual precipitation of 1021.3 mm, annual evaporation of 900 mm, annual average sunshine of 2212.8 h, and a frost free period of 220 days per year. The soil texture of the experimental site in the plowed layer is loamy clay, with organic matter of 2.40%, total nitrogen of 0.9 g/kg, available nitrogen of 47.4 mg/kg, total phosphorus of 33.0 mg/kg, available phosphorus of 10.4 mg/kg and pH of 8.0. The saturated water content of the soil is 38.2% by mass and the soil water wilting point is 6.9%. The soil bulk density is 1.31 g/cm3.




2.2. Experimental Design


The experiment was laid out in a Randomized Complete Block Design, consisting of three treatments with five replications. All treatments were applied to the same buckets for both years of the study. Designed buckets (Figure 1) were used for rice cultivation. The soil was scraped, starting from the plowed layer in the experimental site. After scraping with a layer of about every 10 cm from top to bottom, the soil was air-dried and then layered and compacted according to the bulk density. The soil (0~60 cm depth) in the experiment buckets was expected to be representative of the field soil in the experimental region.



Treatments included FI (as CK) and two water-saving irrigation regimes: RC-CI and DP-SM. Under water-saving irrigation regimes, the paddy field was kept in alternate wetting and drying conditions, with many periods without water depth, instead of maintaining flood conditions throughout the whole rice growth season. Different thresholds were set in different rice growth stages under the two water-saving irrigation regimes instead of a fixed value during the whole rice growing season. RC-CI technology was set as a water-saving irrigation regime that maintained different rainwater storage levels in different rice growth stages after rainfall, raising higher water depths after rainfall than that of controlled irrigation. The DP-SM treatment was covered with two cm thick semi-decomposed straw over the surface of the soil. The straw was cut into pieces of five cm in length and the covered straw converted into dry matter weight was 6000 kg/ha. Different controlled thresholds in different rice growth stages among treatments are presented in Table 1. All treatments were exposed to natural conditions.



When the lower bound of irrigation was reached, the rice was irrigated until the water level reached the upper bound of irrigation. When the water level exceeded the rainfall storage upper limited, the excess surface water was drained. Percolation water volume in the field was achieved by controlling the hydrovalve at the bottom of the buckets, referring to the daily average leakage of the studies in nearby areas [29,30,38].



Two super rice varieties widely used in local production, Oryza sativa L. Nanjing 5055 and Oryza sativa L. Nanjing 9108, were grown in the buckets in 2017 and 2018, respectively. Seedlings were raised in a seedbed and sowing dates were 11 May in 2017 and 20 May in 2018. Seedlings were transplanted at six hills per bucket with two seedlings per hill on 17 June in 2017 and four hills per bucket with three seedlings per hill 22 June in 2018. Plants were harvested on 27 October in 2017 and 21 October in 2018. The yield was converted from yield per plant to yield per hectare by local field cultivation. The same fertilizers were applied to all treatments. Local high-yield fertilization method was adopted in this experiment on 2017 and 2018 (Table 2). The buckets were regularly hand-weeded and pesticides were used to prevent insect and pest damage.




2.3. Field Measurement and Sampling


Daily meteorological data were collected using an automatic weather station in the experimental site. The temperature and precipitation during the rice growth season in 2017 and 2018 are shown in Figure 2. Time domain reflectometer (Soil Moisture Equipment, Ltd., Corp., Goleta, CA, USA) and vertical rulers were used to monitor soil moisture and water depths, respectively. The ground water depth was measured by the water level pipe installed according to the connector principle (Figure 1). Irrigation water volumes were measured using digital water meters installed on the pipes. Measuring bottles were used to measure the percolation water volume.



The percolation water samples were collected through the hydrovalve at the bottom of the buckets. Soil water at 18 cm, 36 cm, and 54 cm depths was obtained from three vertically distributed sampling ports (Figure 1). The water samples were collected into polythene plastic bottles and were stored at 4 °C before analysis. All polythene plastic bottles were rinsed before an appropriate amount of water was obtained for sampling; the water samples were analyzed within 24 h thereafter. The percolation water samples were collected at intervals of 3~6 days and added to the number of sampling before and after each fertilization. The soil water samples of 18 cm, 36 cm, and 54 cm depth were collected after heavy rainfall or irrigation during the tillering, jointing-booting, heading-flowering and milky stages.




2.4. Chemical and Statistical Analysis


The concentrations of NH4+-N, NO3−-N and TN were analyzed in a chemical analysis laboratory. The NH4+-N, NO3−-N, TN concentrations were determined using the Nessler’s reagent colorimetric method, the Ultraviolet spectrophotometry method, the Alkaline potassium persiflage digestion-UV spectrophotometric method using a spectrophotometer (UV-2800, UNICO, Princeton, NJ., USA) for colorimetric, respectively.



Data were analyzed by one-way ANOVA with least significant difference (LSD) test at the 0.05 probability level. The data for each treatment was the average of five replicates. All statistical analyses were performed using standard procedures for a randomized plot design (SPSS 22.0, SPSS Inc., Chicago, IL, USA).





3. Results and Discussion


3.1. Water Condition and Rice Yield


The variation of water depths in the field of FI, RC-CI and DP-SM during the rice growth season was extremely different (Figure 3). For the FI treatment, the water depth was maintained throughout almost the whole rice growth stage in both years, except for the period of field sunning in the late tillering stage and the period of ripening stage. However, water depth was maintained only in re-green stage to early tillering stage and after several heavy rains for the RC-CI and DP-SM treatments. About two-thirds of the total rice growth season was in non-flooding conditions under RC-CI treatment in both years and about three-fourths of the total rice growth season was in non-flooding condition under DP-SM treatment.



Total rainfall during the rice growth season was 534.25 mm in 2017 and 470.70 mm in 2018 (Table 3). The RC-CI treatment and DP-SM treatment decreased the irrigation volume by 29.14% and 47.81% compared to FI in 2017, respectively. In 2018, the irrigation volume of RC-CI and DP-SM decreased by 17.00%, 38.84%, respectively. In 2017 and 2018, the percolation water volume of RC-CI was 30.33%~41.89% of that of FI and the percentage was 55.22%~69.87% for DP-SM. RC-CI increased the rice yield by 8.23% and 12.26% compared with FI in 2017 and 2018, respectively. And RC-CI increased the irrigation water productivity by 35.26%~52.76% in the two years. However, DP-SM decreased the rice yield by 15.24% in 2017 and 8.98% in 2018 compared with FI. DP-SM maintained the highest irrigation water productivity (1.87 kg/m3 in 2017 and 1.84 kg/m3 in 2018) in both years, despite the reduction in rice yield. Irrigation water productivity was calculated as grain yield divided by total amount of irrigated water supplied. The increase of rice grain yields and reduction of irrigation water are both likely to increase the irrigation water productivity. Compared with FI, the reduction ratio of irrigation water volume of DP-SM treatment was 38.84%~47.81%, much higher than the reduction ratio of rice grain yield (8.98%~15.24%). As a result, the DP-SM has the highest irrigation water productivity, inducting the best use of water resources in a context of water scarce conditions. Some researchers found that appropriate degree of AWD obtained similar or increased grain yields by 9~18% compared to FI [37,39,40,41]. However, the inappropriate control of dryness under AWD could cause reductions in rice yields [13,37,39]. The performance in rice yield in our experimental results showed good agreement with the results above.




3.2. Vertical Migration of NH4+-N, NO3−-N and TN


3.2.1. Vertical Migration of NH4+-N


Figure 4 shows the changes of average NH4+-N concentrations of different growth stages and the whole growth season in soil water at the depth of 18, 36 and 54 cm in 2017 and 2018. The average NH4+-N concentration during each growth stage (except for the milky stage of 2018), as well as the average concentration during the whole growth season, showed a decreasing trend from top to bottom in 2017 and 2018. Ammonium ions are easily adsorbed by soil and the soil has a retarding effect on the migration of NH4+-N [29], which may contribute to the high NH4+-N concentration in soil water of the upper soil layer. And the NH4+-N concentration in all depths of soil also showed a decreasing trend with the rice growth process and maintained much higher values in tillering stage and jointing-booting stage than the other following rice growth stages in both 2017 and 2018. The absorption and various N losses with the rice growth may be the main cause for the decrease [39,42].



In 2017, the average NH4+-N concentrations during the whole rice growth season of the 0~18 cm depth soil water were 3.00 mg/L for FI, 3.26 mg/L for RC-CI, 2.98 mg/L for DP-SM, respectively. The NH4+-N concentration in soil water of 18~36 cm depth decreased by 32.52% for FI, 30.60% for RC-CI, 32.95% for DP-SM compared to that of 0~18 cm depth, respectively. Then, the NH4+-N concentration in soil water of 36~54 cm depth decreased by 9.17% for FI, 10.40% for RC-CI, 9.95% for DP-SM compared to that of 18~36 cm depth, respectively. The NH4+-N concentration decreasing extent of 0~18 cm depth to 18~36 cm depth was significantly higher than that of 18~36 cm depth to 36~54 cm depth. From 0~18 cm depth to 18~36 cm depth and then to 36~54 cm depth in 2018, the NH4+-N concentration decreased from 1.57 mg/L to 1.33 mg/L for FI, 1.63 mg/L to 1.52 mg/L for RC-CI, 1.49 mg/L to 1.29 mg/L for DP-SM and then sharply decreased to 0.89 mg/L, 1.13 mg/L, 0.68 mg/L, respectively. The decreasing extent of different depths showed a different trend in 2018 compared to that in 2017. This difference between 2017 and 2018 may due to the tighter compaction of soil and changes in soil environment.



RC-CI treatment significantly increased the average NH4+-N concentration of the whole rice growth season in the depth of 0~18, 28~36 and 36~54 cm in both years compared with FI treatment. However, the DP-SM treatment decreased the the average NH4+-N concentration of the whole rice growth season in different depths, but the difference did not reach a significant level. Alternate wetting and drying of RC-CI and DP-SM dramatically changed the soil physical environment, causing frequent conversion between aerobic and anaerobic [5,43]. The alternate wetting and drying cycle of RC-CI was more frequent, and for DP-SM, was less frequent, as it kept more days of dry conditions. The microbial processes of mineralization, nitrification, and denitrification varied greatly when the water condition changed [12], which in turn impacted the distribution of nitrogen in soil water.




3.2.2. Vertical Migration of NO3−-N


Figure 5 shows the changes of average NO3−-N concentration of different rice growth stages and the whole growth season in soil water at the depth of 18, 36 and 54 cm in 2017 and 2018. The average NO3−-N concentration value of different depths was obviously smaller than NH4+-N concentration. The average NO3−-N concentration during each growth stage (except for the heading-flowering stage of 2018), as well as the average concentration during the whole growth stage, all showed a law of increasing from top to bottom in 2017 and 2018. NO3−-N is negatively charged and not easily adsorbed by soil colloids [5,44]. As a result, NO3−-N is easy to move down with the water to the lower soil layer and cause groundwater pollution.



In 2017, the NO3−-N concentration during the whole growth season of the 0~18 cm depth soil water were 0.55 mg/L for FI, 0.63 mg/L for RC-CI, 0.79 mg/L for DP-SM, respectively. The NO3−-N concentration in soil water of 18~36 cm depth increased to 0.66 mg/L for FI, 0.70 mg/L for RC-CI, 0.80 mg/L for DP-SM, respectively. Then, the NO3−-N concentration in soil water of 36~54 cm depth sharply increased by 55.22% for FI, 58.73% for RC-CI, 52.77% for DP-SM compared to that of 18~36 cm depth, respectively. In 2018, the NO3−-N concentration of all treatments slightly increased from 0~18 cm depth to 18~36 cm depth and then sharply increased to 0.65 mg/L for FI, 0.70 mg/L for RC-CI, 0.74 mg/L for DP-SM, respectively. The increasing extent of 18~36 cm depth to 36~54 cm depth was significantly higher than that of 0~18 cm depth to 18~36 cm depth in both years. The average NO3−-N concentration of the whole rice growth season in all depths followed a law of DP-SM > RC-CI > FI in both years. With the increase of soil depth, the NH4+-N concentration decreased and the NO3−-N produced by nitrification gradually accumulated, increasing the NO3−-N concentration in the lower soil water. The DP-SM and RC-CI treatments promoted the formation of aerobic conditions in soil and increased dissolved oxygen in soil water throughout the growth period compared with FI treatment. These changes accelerated the nitrification process, producing more NO3−-N [35,45]. And the DP-SM treatment kept more days of dry condition than RC-CI, thus the NO3−-N concentration of different depths under DP-SM was much higher than that of RC-CI.




3.2.3. Vertical Migration of TN


The changes average TN concentrations of different growth stages and the whole growth season in soil water at the depth of 18, 36 and 54 cm in 2017 and 2018 are shown on Figure 6. TN concentrations in soil water of different depths varied mostly in the same pattern as that of NH4+-N concentration, because NH4+-N occupied most of the nitrogen in soil water quantitatively. A decreasing trend of the average TN concentration from top to bottom was also shown during each growth stage, as well as throughout the whole growth season in both years. The TN concentration in all depths of soil showed a decreasing trend with the rice growth process and maintained high values in tillering stage and jointing-booting stage in both years.



RC-CI increased the average TN concentration of the whole growth season in soil water at 0~18 cm depth, 18~36 cm depth and 36~54 cm depth compared with FI in both years. The increase percentage was 5.85%, 3.61% and 7.83% at 0~18 cm depth, 18~36 cm depth and 36~54 cm depth in 2017, respectively, and in 2018 the percentage was 7.34%, 6.58% and 10.52%. However, the average TN concentration of the whole growth season in soil water of DP-SM showed different results in two years. In 2017, DP-SM decreased the average TN concentration of the whole growth season in soil water at 0~18 cm depth by 2.17% but increased by 2.93% and 5.96% at 18~36 cm depth and 36~54 cm depth compared with FI. In 2018, DP-SM showed an increase of 4.68%, an increase of 3.88% and a decrease of 8.19% at the depth of 0~18 cm, 18~36 cm and 36~54 cm compared with FI, respectively. The fluctuation of the concentrations of all forms of nitrogen in soil water varied with the greatly variation of water regime in the cultivated horizon, result from the changes of nitrification-denitrification-mineralization process caused by the alternative drying and wetting cycles of RC-CI and DP-SM [12,27]. The risk of leaching caused by the high TN concentration in different soil depth should be fully considered.





3.3. The Variation of NH4+-N, NO3−-N and TN Concentration in Percolation Water


3.3.1. The Variation of NH4+-N Concentration in Percolation Water


The NH4+-N concentration in percolation water during the whole rice growth stage under different irrigation regimes is shown in Figure 7. NH4+-N concentration in percolation water increased after each fertilizer application both in 2017 and 2018, indicating that nitrogen fertilizer application was the predominant factor of NH4+-N concentration. The peak values of NH4+-N concentration in percolation water after fertilization followed an order of RC-CI > FI > DP-SM in both years. The NH4+-N concentration in percolation water of RC-CI was higher than FI and DP-SM during most of the rice growth stage in both years. The NH4+-N concentration of DP-SM in 2017 was lower than FI during most days but it showed a trend of higher in early growth stage and lower in late growth stage in 2018. Yang et al. reported that straw return significantly increased the N uptake of rice plant [35], which may be a cause of the low concentration value of DP-SM.



In 2017, the NH4+-N concentration in percolation water varied from 1.17 mg/L to 5.18 mg/L for FI, 1.41 mg/L to 5.74 mg/L for RC-CI, 0.78 mg/L to 4.23 mg/L for DP-SM, respectively. Three days after the tillering fertilizer was applied, the NH4+-N concentration in percolation water of all the treatments reached the peak value (5.18 mg/L for FI, 5.74 mg/L for RC-CI and 4.23 mg/L for DP-SM). The other peak values of 3.57 mg/L for FI, 4.46 mg/L for RC-CI, 3.37 mg/L for DP-SM were observed five days after the panicle fertilizer was applied. The NH4+-N concentration in percolation water in re-green stage was not observed in 2017, but was in 2018, so the maximum concentration was monitored in re-green stage in 2018. In 2018, the NH4+-N concentration in percolation water varied from 0.22 mg/L to 2.88 mg/L for FI, 0.23 mg/L to 4.20 mg/L for RC-CI, 0.14 mg/L to 2.62 mg/L for DP-SM, respectively. The NH4+-N concentration in percolation water of FI and RC-CI reached the peak value of 2.72 mg/L and 3.73 mg/L the day after the tillering fertilizer was applied. But for RC-CI, the peak value of 2.62 mg/L was observed three days after the tillering fertilizer application. The panicle fertilizer was applied on 49 days after transplanting and a peak value of 1.67 mg/L under RC-CI was monitored the next day. Peak values of 1.51 mg/L for FI, 1.15 mg/L for DP-SM were observed three days after the panicle fertilizer application.



In general, NH4+-N is less likely to leach than NO3−-N as a result of the high soil adsorption the short migration distance of NH4+-N [44,46]. However, the large amount of residual NH4+-N would be rapidly lost when the soil absorption of NH4+-N becomes saturated. Tan et al. [12] and Peng et al. [47] also reported similar laws of change as RC-CI under alternate wetting and drying irrigation and controlled irrigation, respectively. Their irrigation control threshold was less different from RC-CI but significantly higher than DP-SM, indicating that the less irrigation and straw return condition greatly affected the N concentration in percolation water.




3.3.2. The Variation of NO3−-N Concentration in Percolation Water


NO3−-N concentrations in percolation water during the whole rice growth stage under different irrigation regimes are shown in Figure 8. They varied differently from the NH4+-N concentrations in percolation water. The NO3−-N concentrations in the percolation water didn’t respond strongly to the application of fertilizer. In both years, the NO3−-N concentrations in percolation water showed a regular pattern of DP-SM > RC-CI > FI during most of the rice growth stage.



In 2017, the NO3−-N concentration in percolation water ranged between 0.75 and 2.69 mg L−1 for FI, 0.74 and 2.90 mg L−1 for RC-CI, 0.80 and 3.20 mg L−1 for FI, respectively. They maintained high values from late tillering stage to early heading-flowering stage and maintained low values in other rice growth stage. The beginning of the high values of NO3−-N concentrations was synchronized with the beginning of alternating wet and dry, which may promote the nitrification and produce more NO3−-N [5].



In 2018, the NO3−-N concentrations in percolation water maintained high values in the re-greening stage and then sharply decreased in early tillering stage. Except a transient peak value the day after panicle fertilizer application, the NO3−-N concentrations in percolation water maintained low values (under 1 mg/L) in the rest of the rice growth stage. After the rice harvest in 2017, nothing was planted in the soil and the soil was in a state of long-term explosion to air, resulting in the high values in the re-greening stage in 2018. The soil was compacted along one year of compaction before rice was transplanted in 2018, and the gas permeability of the soil deteriorated. As a result, the NO3−-N concentrations in percolation water maintained low values after early tillering stage in 2018.



Long-term flooding in the paddy field of FI limited the nitrogen process of nitrification while strengthened the denitrification. However, the wetting and drying cycles of RC-CI and DP-SM changed paddy soil environment, increasing the oxygen flux from atmosphere to the soil. The NO3−-N concentrations in percolation water of RC-CI and DP-SM was much higher in this condition as a result of the accelerated nitrification process [12].



The highest NO3−-N concentrations among treatments were observed under DP-SM. Except for the reason of wet-dry alternation in the soil, the straw-return condition under DP-SM may contribute to the high NO3−-N concentration. The straw return increased the organic matter in the field and greatly influenced the soil processes and the soil environment. Eagle et al. [48] and Yang et al. [35] reported that straw incorporation had great potential for significant residual effects on soil nutrient supply by increasing microbial biomass and nitrogen mineralization, higher soil organic carbon and nitrogen levels. Wang et al. [49] found that the straw can enhance microbial N immobilization due to its high C/N ratio. These changes provided favorable conditions for the nitrification process, which may contribute to the high NO3−-N concentration under DP-SM treatment. Furthermore, different straw returning modes may show different effects on soil carbon-nitrogen relationship to some extent [34]. In the present study, the straw maintaining as mulch over the surface, incorporation procedure of straw, such as plowing the straw to different soil depths, will be considered in future study.




3.3.3. The Variation of TN Concentration in Percolation Water


With regard to TN, the concentrations varied mostly in the same pattern as that of NH4+-N which was the major form of the nitrogen in percolation water (Figure 9). The peak values of TN concentration of RC-CI in percolation water after fertilization were also the highest among treatments in both years, as well as the TN concentration in percolation water of RC-CI during most of the rice growth stage.



In 2017, the TN concentrations in percolation water ranged from 2.29 to 8.64 mg/L for FI, 2.45 to 9.60 mg/L for RC-CI and 1.60 to 7.32 mg/L for DP-SM, respectively. There were peak values of 8.65 mg/L for FI, 9.60 mg/L for RC-CI, 7.32 mg/L for DP-SM four days after panicle fertilizer was applied and peak values of 6.87 mg/L for FI, 7.65 mg/L for RC-CI, 6.06 mg/L for DP-SM five days after panicle fertilizer was applied. In 2018, the TN concentration in percolation water maintained high in re-green stage. The TN concentration in the percolation water ranged between 0.30 and 6.62 mg/L for FI, 0.38 and 10.60 mg/L for RC-CI, 0.33 and 6.54 mg/L for DP-SM, respectively. The peak values of 5.47 mg/L for FI, 8.36 mg/L for RC-CI in tillering stage were observed the day after the tillering fertilizer application whereas the peak value of 6.36 mg/L for DP-SM came two days later. However, the peak values after panicle fertilization (2.80 mg/L for FI, 3.61 mg/L for RC-CI, 2.42 mg/L for DP-SM) were all monitored the next day. RC-CI increased the TN concentration in the percolation water during most rice growth stage in both years. Similar results were reported by Katsura et al. [50] and Tan et al. [5,12].





3.4. The Amount of Nitrogen Leaching Losses


The amount of N leaching losses was determined based on the volume of percolation water and N concentrations of the sampling water collected through the hydrovalve. The N concentrations were assumed to be average concentrations during each sampling interval. Table 4 shows the total losses of NH4+-N, NO3−-N and TN through leaching during each rice growth stage over two years (addition of 2017 and 2018).



RC-CI and DP-SM treatments remarkably reduced the amount of NH4+-N, NO3−-N and TN leaching losses compared to FI. The NH4+-N, NO3−-N and TN leaching losses for RC-CI during the whole rice growth stage were reduced by 33.50%, 29.77% and 35.80%, respectively, compared to FI. However, the reduction percentage of NH4+-N, NO3−-N and TN leaching losses for DP-SM were 69.20%, 55.14% and 69.11%, respectively, compared to FI. These were also the minimum values among the different water treatments. Tan et al. [12] and Katsura et al. [50] found that the TN concentration in percolation water of alternate wetting and drying irrigation (similar to RC-CI ) was significantly higher than that of FI and the significant decrease of percolation water volumes under water-saving irrigation led to the decreasing leaching losses, which was similar to the results in our experiments.



The amount of NH4+-N leaching losses was 11.82 kg/ha for FI, 7.86 kg/ha for RC-CI and 3.64 kg/ha for DP-SM, respectively, accounting for 49.21%, 50.97% and 49.06% of that of TN. Yang et al. [51,52] also reported that was the main form of nitrogen leaching in paddy fields in Taihu Lake Region of China. For NO3−-N, the amount was 7.29 kg/ha for FI, 5.12 kg/ha for RC-CI, 3.27 kg/ha for DP-SM, respectively. The NO3−-N leaching losses of FI and RC-CI accounted for 30.35% and 33.20% of TN leaching losses, respectively. However, the NO3−-N leaching losses of DP-SM was 44.07% of that of the TN leaching losses. The drier condition of DP-SM than RC-CI treatment and the straw-covering condition created more aerobic conditions. The nitrification process was accelerated, and more NO3−-N was produced under these conditions [35,45], contributing to the high ratio of nitrate nitrogen. The NH4+-N, NO3−-N and TN leaching losses in tillering stage and jointing-booting stage accounted for 74.85%~86.26% of the total amount during the whole rice growth season, which was main caused by the high value of N concentrations during this period. And the absorbing ability of plants was limited at the early growth period [37,53]. It is necessary to take effective measures to reduce N leaching losses during the tillering and jointing-booting stages, i.e., the two critical periods.





4. Conclusions


Water use, rice yield, vertical migration and leaching of nitrogen in paddy fields under water-saving and straw return conditions were very different from those under FI (CK). Two water-saving irrigation regimes, RC-CI and DP-SM, were investigated during the two-year experiment. Under the present experimental conditions, the main conclusions were as follows:

	
RC-CI and DP-SM both showed significant water-saving effect, as they significantly decreased the irrigation input and percolation water volume compared with FI. RC-CI increased the rice yield by 8.23%~12.26% while DP-SM decreased the rice yield by 8.98%~15.24% compared with FI, indicating the better production-increasing benefits of RC-CI.



	
The average NH4+-N and TN concentration showed a law of decreasing from top to bottom in soil water of 0~54 cm depth while the concentration of NO3−-N presented the opposite rule. RC-CI significantly presented the highest average NH4+-N and TN concentration of the whole rice growth season in the depth of 0~18, 28~36 and 36~54 cm compared with FI treatment while DP-SM presented the highest average NO3−-N concentration of different depth.



	
Peak values of NH4+-N and TN concentration in percolation water were observed 1~5 days after each fertilizer application, indicating that nitrogen fertilizer application was the predominant factor of NH4+-N and TN concentration. However, the NO3−-N concentrations in the percolation water didn’t respond strongly to the application of fertilizer.



	
The TN and NH4+-N concentrations in percolation water of RC-CI during most of the rice growth stage were the highest among treatments in both years and DP-SM showed a trend of decreasing TN and NH4+-N concentrations. The NO3−-N concentrations in percolation water showed a regular pattern of DP-SM > RC-CI > FI during most of the rice growth stage.



	
RC-CI and DP-SM remarkably reduced the amount of N leaching losses compared to FI as a result of the significant decrease of percolation water volumes. NH4+-N was the main form of the nitrogen leaching losses in percolation water, occupying 49.06%~50.97% of TN leaching losses. The NO3−-N leaching losses and accounted for 30.35% for FI, 33.20% for RC-CI and 44.07% for DP-SM of TN leaching losses, respectively, and the driest condition of DP-SM and the straw-covering condition accelerated the nitrification process most. The N leaching losses in tillering stage and jointing-booting stage accounted for 74.85%~86.26% of the total amount during the whole rice growth season, implying that effective measures are necessary to be taken to reduce N leaching losses the two critical periods.








Great potential for RC-CI and DP-SM exists in the lower reaches of the Yangtze River, China. Future research will focus on optimizing irrigation indicators and straw return combined with proper fertilization management to achieve a comprehensive goal of water-saving, increasing production and less nutrient loss.
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Figure 1. Sketch of the designed experimental bucket. 
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Figure 2. Daily average temperature and precipitation during the rice growth season in (a) 2017 and (b) 2018. 
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Figure 3. Water depths of FI (a), RC-CI (b) and DP-SM (c) during the rice growth season in 2017 and 2018. 
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Figure 4. Vertical change of NH4+-N concentration in soil water at the depth of 18, 36 and 54 cm in (a) 2017 and (b) 2018. 
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Figure 5. Vertical change of NO3−-N concentration in soil water at the depth of 18, 36 and 54 cm in (a) 2017 and (b) 2018. 
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Figure 6. Vertical change of TN concentration in soil water at the depth of 18, 36 and 54 cm in (a) 2017 and (b) 2018. 
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Figure 7. NH4+--N concentrations in percolation water under different irrigation regimes (The arrows indicate fertilization). 
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Figure 8. NO3−-N concentrations in percolation water under different irrigation regimes (The arrows indicate fertilization). 
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Figure 9. TN concentrations in percolation water under different irrigation regimes (arrows indicate fertilization). 
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Table 1. Controlled thresholds in different stages for different irrigation regimes.
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Items

	
Re-Greening Stage

	
Tillering Stage

	
Jointing-Booting Stage

	
Heading-Flowering Stage

	
Milky Stage

	
Ripening Stage






	
Growth Stage Division

	
2017

	
1~9

	
10~39

	
40~64

	
65~83

	
84~103

	
104~122




	
2018

	
1~7

	
8~41

	
42~63

	
64~87

	
88~107

	
108~127




	
FI

	
Irrigation lower limited

	
10

	
10

	
10

	
10

	
10

	
Naturally dried




	
Irrigation upper limited

	
30

	
30

	
40

	
40

	
40




	
Rainfall storage upper limited

	
40

	
100

	
150

	
200

	
200




	
RC-CI

	
Irrigation lower limited

	
10

	
70% θs

	
70% θs

	
80%θs

	
70% θs

	
Naturally dried




	
Irrigation upper limited

	
30

	
100% θs

	
100% θs

	
100% θs

	
100% θs




	
Rainfall storage upper limited

	
80

	
150

	
200

	
200

	
200




	
DP-SM

	
Irrigation lower limited

	
80% θs

	
60% θs

	
60% θs

	
60% θs

	
50% θs

	
Naturally dried




	
Irrigation upper limited

	
100% θs

	
100% θs

	
100% θs

	
100% θs

	
100% θs




	
Rainfall storage upper limited

	
40

	
60

	
80

	
80

	
80








Note: The data of growth stage division means the days after transplanting. The data of controlled thresholds with % means the percentage of the saturated water content (θs) for the 0~30 cm soil layers. The data of controlled thresholds without % means the water depths (mm). There was a field sunning about five days in late tillering stage to restrain nonproductive tillering.
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