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Abstract

:

Traditional practices for managing irrigation and fertilizer in Chinese rice fields have historically consumed large amounts of water resources and caused serious gaseous nitrogen losses (ammonia volatilization and N2O), resulting in low water and fertilizer use efficiency. While both water-saving irrigation and substituting organic fertilizer for chemical fertilizer can impact ammonia volatilization and N2O emissions, the impact of their combined application on gaseous nitrogen loss in rice fields remains unclear. To achieve this goal, we conducted a two-year experiment using two irrigation methods and three bio-organic fertilizer substitution modes. The experiment investigated the effect of different irrigation and fertilizer management techniques on gaseous nitrogen losses in rice fields. The result indicated that controlled irrigation could reduce the peak value of ammonia volatilization by 36.8~75.9% and ammonia volatilization accumulation by 45.8%. However, it also leads to a 71.4% increase in N2O accumulation emissions, resulting in a 43.0% reduction in gaseous nitrogen losses. Compared to full chemical fertilizers, bio-organic fertilizer substitution could effectively reduce the peak of N2O and ammonia volatilization. Cumulative ammonia volatilization and N2O emissions went down by 22.7~60.0% and 38.6~42.6%, respectively. This then led to a 23.4~52.9% drop in total gaseous nitrogen losses. In contrast, the utilization of controlled irrigation and bio-organic fertilizer substitution did not have a significant impact on rice yield. However, it did reduce the intensity of gaseous nitrogen loss from rice fields by 42.7% and 22.5% to 56.5%, respectively. When taken together, the substitution of bio-organic fertilizer in controlled irrigation can effectively reduce gaseous nitrogen losses while maintaining rice yields. This study has significant practical implications for reducing nitrogen loss from paddy fields, improving water and fertilizer utilization, and achieving sustainable agricultural development.
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1. Introduction


China has a long history of cultivating rice, with vast areas dedicated to its production and world-leading yields. However, agricultural productivity in China has improved since the 1980s by increasing the amount of chemical nitrogen fertilizer, which has long exceeded its economic use [1]. The over-application of chemical nitrogen fertilizers over a long period has resulted in a decrease in fertilizer utilization rates [2]. A significant amount of nitrogen enters the atmosphere and surrounding water bodies through volatilization, runoff, and leaching, causing significant environmental issues in rice fields [3,4,5,6]. Among them, N2O emissions and ammonia volatilization are the primary modes of gaseous nitrogen loss in rice fields, and have also become the main pathways of nitrogen losses [7]. In China, the annual emissions of N2O and ammonia volatilization exceed 0.1 Tg and 0.3 Tg [8,9], respectively, accounting for more than 50% of the nitrogen loss in rice fields [10]. This phenomenon not only causes significant fertilizer waste, but it also contributes to environmental issues such as air pollution (PM2.5), the greenhouse effect, and the acidification and eutrophication of water [11,12]. Therefore, reducing the emissions of N2O and ammonia volatilization from rice fields can promote environmental improvements, with ecological and economic benefits.



Research related to the replacement of chemical fertilizers with organic fertilizers was gradually carried out due to the serious soil and ecological problems that could result from the long-term use of chemical fertilizers. The chemical nitrogen fertilizers used in rice fields rapidly hydrolyze ammonium nitrogen (NH4+-N), increasing its content in field water and soil. Nitrogen losses occur due to the release of NH4+-N into the atmosphere, caused by ammonia volatilization and N2O emissions [13,14]. Organic fertilizer’s slow nutrient release reduces the available nitrogen content in soil and water after fertilization, thereby decreasing ammonia volatilization and N2O emissions during the fertilization stage [15]. However, some studies have found that organic fertilizer is alkaline, which increases soil and water pH, promotes the conversion of NH4+-N to NH3, and subsequently increases ammonia volatilization [15,16]. Overall, organic fertilizers generally reduce the emissions of N2O and ammonia volatilization from agricultural fields. For instance, Liu et al. [17] analyzed published studies on changes in nitrogen loss from farmland with organic and inorganic fertilizers from 2000 to 2019. They found that organic fertilizer substitution at a rate below 70% can reduce N2O emissions by 28.4% to 34.9%. Shan et al. [18] discovered in a 3-year field experiment that, compared to full chemical fertilizers, blending organic and inorganic fertilizers reduced ammonia volatilization by 8.8% to 12.7%, and the full organic fertilizers reduced ammonia volatilization by 11.8% to 18.5%. Bio-organic fertilizers, a derivative of organic fertilizers, were more effective in improving soil quality and enhancing crop yield and quality [19,20]. However, existing studies have rarely examined the impact of bio-organic fertilizers on gaseous nitrogen losses in rice fields. Is the effect of bio-organic fertilizer on N2O and ammonia volatilization from rice fields consistent with that of conventional organic fertilizer? The relevant research is worth discussing.



Rice is a crop that requires a lot of water. Traditional rice cultivation in China relies on flood irrigation, which not only consumes a large amount of water resources but also leads to fertilizer loss [21], particularly the loss of gaseous nitrogen in rice fields. Flooded irrigation can promote the release of nitrogen from fertilizers, which affects the water NH4+-N and could lead to increased ammonia volatilization emissions [22,23]. Controlled irrigation is a water-saving mode used in rice fields in China. It helps to conserve irrigation amounts while maintaining rice yield [24,25]. In controlled irrigation, frequent alternations of wet and dry soil accelerate the accumulation of NH4+-N into the soil. This promotes the nitrification process in soil and the NH4+-N content continues to decrease, which, in turn, reduces ammonia volatilization [26,27]. However, the alternations in soil dryness and wetness affect soil’s microbial activity and nitrification–denitrification processes and can regulate soil aeration [28,29], ultimately leading to increased N2O emissions in rice fields [24,25]. Therefore, further confirmation was required regarding overall gaseous nitrogen losses from ammonia and N2O in water-saving irrigated rice fields.



Both irrigation method and fertilizer management are important factors that affect N2O emissions and ammonia volatilization from rice fields. However, studies on the effects of irrigation and organic fertilizer substitution on ammonia volatilization in rice fields have produced inconsistent results, and the impact of bio-organic fertilizer substitution on gaseous nitrogen losses in rice fields requires further investigation. This study monitored the emission patterns of N2O and ammonia volatilization in rice fields from different bio-organic fertilizer substitutions with two types of irrigation by field experiments. The study explored the effects of bio-organic fertilizers on gaseous nitrogen losses in rice fields under different irrigation modes. It provides a method for reducing nitrogen loss from farmland, provides data supporting the advancement of bio-organic fertilizer application in rice cultivation, and provides a scientific basis for achieving sustainable agriculture that is water-saving, efficient, and environmentally friendly.




2. Materials and Methods


2.1. Experimental Site Description


The field experimental site was located at Yangzhou University in Yangzhou, Jiangsu Province (119°23′24″ E,32°20′24″ N). Yangzhou has a subtropical monsoon climate. The mean annual temperature is 14.8 °C;, while the multi-year average rainfall and evaporation are 1025.6 mm and 937.7 mm, respectively. The soil in the experiment area consisted of sandy loam. At the start of the experiment, the main properties of the soil were pH 7.4, soil bulk density of 1.32 g cm−3, and soil total nitrogen, effective phosphorus, effective potassium, and organic matter contents of 1.07 g kg−1, 56.42 mg kg−1, 87.06 mg kg−1, and 17.6 g kg−1, respectively. The average temperatures for the rice seasons of 2022 and 2023 were 26.9 °C and 25.7 °C, respectively. In early August 2022, there was a consecutive week of high temperatures that exceeded 40 °C.




2.2. Field Experiment Design


The experiment considered the dual factors of irrigation and fertilization. Field plot experiments were conducted between June and October of the years 2022 and 2023. The experiment combined two irrigation methods and three nitrogen fertilizer management modes, with three replicates and eighteen plots in total. The two irrigation methods used in the study were flooded irrigation (FI) and controlled irrigation (CI). In flooded irrigation, the field was flooded with a 1~5 cm water layer throughout the rice growing stage (Table 1), except for drainage during the mid-growth period and a week before harvest. In controlled irrigation, a field water layer of 5~25 mm was retained only during the rice re-greening stage, fertilization, and dosing. Afterward, the root layer soil moisture was employed as the reference index to ascertain the irrigation amounts and irrigation time at subsequent stages [30]. The upper limit of the soil moisture control was the saturated water content, and the lower limit was 60~80% of the saturated soil water content. Table 1 presents the field water management at different rice growth stages under flooded and controlled irrigation.



Nitrogen fertilizer was applied at a rate of 300 kg N ha−1 in all treatments. Three types of nitrogen fertilizer management were used: the full application of chemical fertilizer (N300); bio-organic fertilizers provided 15% of the nitrogen and the rest was chemical nitrogen fertilizer (BO15); bio-organic fertilizers provided 30% of the nitrogen and the rest was chemical nitrogen fertilizer (BO30). Urea (N = 46%) was used as the chemical nitrogen fertilizer. The bio-organic fertilizer was produced using chicken manure as the primary organic material in our experiment. The manure was crushed, fermented, and then mixed with active microbial bacteria culture (Bacillus subtilis, Bacillus amyloliquefaciens, and Bacillus licheniformis). The bio-organic fertilizer had an organic matter content of 40%, with total nitrogen, phosphorus, and potassium contents of 3.5%, 2.7%, and 2.5%, respectively. The bio-organic fertilizer contained over 20 million effective live bacteria per gram. The application of nitrogen fertilizer occurred three times, with a distribution of 30% for the base fertilizer, 40% at the tillering stage, and 30% at the spike stage. Additionally, bio-organic fertilizers were added to the base and spike fertilizers at a ratio of 60% and 40%, respectively. Phosphorus and potassium fertilizers were adjusted to the same level (75 kg P2O5 ha−1; 75 kg K2O ha−1) in each treatment by using agricultural calcium superphosphate (P2O5 = 12%) and agricultural potassium chloride (K2O = 60%). All the calcium superphosphate was applied in the basal fertilizer, and the potassium chloride was divided equally between the basal fertilizer and the spike fertilizer.



The water and fertilizer management treatments were arranged completely randomly in experimental plots, each of which was 2 m × 2.5 m in size. The rice variety that was tested was ‘Nanjing 9108’. Rice was planted at a density of 20 cm × 20 cm. Other agronomic measures were consistent with local field management. A rain shield was installed over the experimental plots, which was transparent, and the rainfall did not affect the test.




2.3. Ammonia Sampling and Analysis


Ammonia volatilization fluxes from rice fields were monitored using the aeration method. A PVC pipe (diameter 16 cm, height 25 cm) was inserted 5 cm into the soil in each plot. Two sponges, impregnated with glycerol phosphate, were placed inside the pipe. The upper sponge was utilized to prevent external ammonia from affecting the experiment, while the lower sponge was utilized to collect ammonia from the area covered by the pipe. The distance between the upper and lower sponges was 2 cm. Ammonia volatilization was measured every 1~2 days for the first 15 days after fertilization, and then at 5~7-day intervals. The device was fixed in a rice field for 24 h for each sampling. Afterward, the lower sponge was transferred to a plastic bottle containing 300 mL of potassium chloride solution (1 mol L−1) and shaken for one hour. The NH4+-N of the solution was then measured using the ultraviolet spectrophotometer (UVmini-1280, Shimadzu, Tokyo, Japan), and the method of Chen et al. [30] was used to calculate the ammonia volatilization flux.




2.4. N2O Collection and Analysis


Gas samples were collected in situ using static boxes. The box dimensions were 40 cm × 40 cm × 45 cm (length × width × height), with an additional 45 cm high section with extensions for when the rice plant grows taller. The box and extension were covered with aluminum foil on the outer surfaces to minimize the impact of light on the temperature inside. The static box’s base was buried in the experiment plot after rice were transplanted. For sampling, the chamber box was placed on the groove of the base, which was filled with water and sealed to prevent gas exchanges between the inside and outside. Gas samples were collected frequently for one week following fertilizer application and then at intervals of 5 to 7 days until the subsequent fertilizer application. Between 10:00 am and 11:00 am, the gas samples were collected using a 50 mL syringe every 10 min, for a total of four times a day, starting with the sealing of the static box. The N2O concentration in the gas samples was measured by gas chromatography (GC-2014C, Shimadzu, Tokyo, Japan). The temperature inside the static box and the height of the water layer in the field were recorded during each gas sample collection. The N2O flux was then calculated using the method of Hou et al. [24].



The cumulative ammonia volatilization and N2O emissions in rice fields were obtained by integrating the ammonia volatilization flux and N2O flux, which were then summed to determine the gaseous nitrogen loss. The gaseous nitrogen loss intensity (GNLI) was calculated by combining the gaseous nitrogen loss and rice yield, using the following formula:


    T   GNL   =   T     NH   3     +   T     N   2   O    



(1)






  GNLI =     T   GNL     Y    



(2)




where     T   GNL    ,     T     NH   3      , and     T     N   2   O     are gaseous nitrogen loss, ammonia volatilization accumulation, and N2O cumulative emissions, kg N ha−1, respectively; GNLI is the gaseous nitrogen loss intensity, kg N ha−1; and Y is the rice yield, t ha−1.




2.5. Soil and Water Sample Collection and Analysis


Each sample of field water or topsoil water (in controlled irrigation) was collected simultaneously with ammonia volatilization for each treatment. The NH4+-N was measured by ultraviolet spectrophotometer (UVmini-1280, Shimadzu, Tokyo, Japan) after filtering the water samples. Soil samples were collected from each experimental plot on the same day that gas samples were collected. The soil samples were leached with a 1 mol L−1 potassium chloride solution for 1 h at a soil–liquid volume ratio of 1:5, followed by filtration. The NH4+-N in the filtrate was measured by the ultraviolet spectrophotometer (UVmini-1280, Shimadzu).




2.6. Statistical Analyses


The data in the paper were calculated using Microsoft Excel 2021 and represent the average of three replicates for each treatment. Graphs were created and ammonia volatilization and N2O cumulative emissions were calculated using OriginPro 9.1. The experimental data were analyzed statistically using IBM SPSS Statistics 25.0.





3. Results


3.1. Ammonia Volatilization Fluxes


The ammonia volatilization fluxes in different treatments all showed the same pattern of change (Figure 1). The ammonia volatilization fluxes in all treatments reached a peak rapidly after each fertilizer application, then gradually reduced to a lower level over the next week and remained there until the next application. In rice fields with varying water and fertilizer management, the maximum peak values of ammonia volatilization ranged from 1.53 to 8.21 kg N ha−1 d−1. These peaks were observed mostly after basal fertilizer application. In contrast, under controlled irrigation conditions in 2023, the highest peak of ammonia volatilization from the BO15 and BO30 treatments occurred after tiller fertilization (Figure 1d). The ammonia volatilization peak after spike fertilization was the smallest among all treatments. After basal fertilization, the peak of ammonia volatilization in the BO15 and BO30 treatments decreased significantly by 13.2~78.0% compared to the full chemical fertilizer treatment (p < 0.05). Furthermore, the bio-organic fertilizer replacement treatments resulted in a significant reduction of 14.6% to 56.0% and 10.2% to 74.2% in peak ammonia volatilization after tillering and spike fertilization (p > 0.05), respectively, compared to the N300 treatment, except for the controlled irrigation rice field in 2022. However, the impact of irrigation on ammonia volatilization peaks in rice fields was significant. In particular, in 2023, the peak values of ammonia volatilization fluxes following fertilizer application from rice fields in controlled irrigation were significantly reduced by 36.8~75.9% compared to flooded irrigation (p < 0.05; Figure 1c,d).




3.2. N2O Fluxes


The patterns of N2O flux changes in rice fields with different water and fertilizer management differed considerably and were primarily affected by the irrigation method and fertilizer management (Figure 2). Under flooded irrigation, the N2O fluxes were low in 2022 and peaked significantly only after basal fertilizer application, ranging from 144.19 to 205.09 μg m−2 h−1 (Figure 2a). In contrast, the N2O fluxes in flooded irrigation increased slightly in 2023 and peaked after both basal fertilizer and tiller fertilizer, with the peak values ranging from 193.86 to 494.79 μg m−2 h−1 (Figure 2c). The N2O fluxes increased rapidly after tillering fertilization under controlled irrigation in 2022 and 2023, peaked, and then decreased (Figure 2b,d). Additionally, the N2O flux of the N300 treatment rapidly increased to 1115.81 μg m−2 h−1 during the first dewatering of the rice field at the end of the rice re-greening period in 2022 under controlled irrigation (Figure 2b). However, this change was not observed in 2023. In contrast, base and spike fertilizers had a limited effect on N2O fluxes in controlled irrigation rice fields. However, overall, controlled irrigation increased the peaks of N2O fluxes compared to flooded irrigation. This was observed in both the 2022 and 2023 experiments, with peak values of N2O fluxes in controlled irrigation being 3.9 to 4.3 times higher than those in flooded irrigation in 2023. Additionally, bio-organic fertilizer substitution could significantly reduce the peaks of N2O flux. In flooded irrigation, bio-organic fertilizer substitution can reduce the peaks of N2O fluxes treatments by 42.2% to 60.8% after basal and tillering fertilization in 2023 (p < 0.05). Compared to the N300, bio-organic fertilizer substitution significantly reduced the peaks of N2O fluxes after tillering fertilization by 36.8% to 59.7% in controlled irrigation (p < 0.05).




3.3. Cumulative Ammonia Volatilization and N2O Emissions, Rice Yield, and GNLI


The high temperatures (>40 °C) experienced during the rice heading and flowering stage in 2022 decreased the rice yield, ammonia volatilization, and N2O emissions. This resulted in a significant difference between the experiment results obtained in 2022 and those obtained in 2023. Additionally, both irrigation methods and fertilizer management significantly affect the cumulative ammonia volatilization and N2O emissions in rice fields (Table 2). Compared to flooded irrigation, ammonia volatilization accumulation was reduced by 45.8%, while N2O cumulative emissions increased by 71.4% with controlled irrigation (p < 0.05). However, the N2O accumulation from rice fields was much lower than the accumulation of ammonia volatilization. This led to a significant 43.0% decrease in total gaseous nitrogen losses under controlled irrigation (p < 0.05). Bio-organic fertilizer substitution can effectively reduce the cumulative emissions of ammonia volatilization and N2O. The reduction increased with the ratio of bio-organic fertilizer substitution. Compared to N300, BO15 and BO30 showed a significant reduction in cumulative ammonia volatilization and N2O emissions by 22.7% to 60.0% and 38.6% to 42.6%, respectively (p < 0.05). This led to a noteworthy decrease in gaseous nitrogen losses by 23.4% to 59.2% (p < 0.05).



The yield of rice was minimally affected by the methods of irrigation and fertilizer management (Table 2). Additionally, the controlled irrigation of rice fields significantly reduced the GNLI by 42.7% compared to flooded irrigation, while still maintaining the rice yield (p < 0.05). Similarly, the GNLI was significantly reduced by 23.7% and 59.0% for BO15 and BO30 treatments, respectively, compared to N300 (p < 0.05). In conclusion, when using controlled irrigation, substituting a portion of chemical nitrogen fertilizers with bio-organic fertilizers can maintain rice yield and significantly decrease gaseous nitrogen losses from rice fields.



The combination of flooded irrigation and N300 resulted in the highest accumulation of ammonia volatilization in rice fields among the different water–fertilizer interaction treatments, ranging from 42.87 to 68.75 kg N ha−1 (Figure 3a,b). When used with flooded or controlled irrigation, BO15 and BO30 effectively reduced ammonia volatilization accumulation. The cumulative ammonia volatilization was significantly reduced by 13.8% to 70.7% in BO15 treatments under flooded and controlled irrigation compared to the combination of flooded and N300 (p < 0.05). Similarly, the reduction was 67.7% to 84.7% with BO30 treatment. However, cumulative N2O emissions were highest using the controlled irrigation and N300 combinations (Figure 3c,d). Bio-organic fertilizer substitution reduced cumulative N2O emissions in both flooded and controlled irrigation. BO15 and BO30 showed reductions ranging from 10.7% to 57.2% and 22.3% to 50.6% (p < 0.05), respectively. Furthermore, with flooded irrigation, the N300 treatment resulted in the highest GNLI in rice fields (7.52 kg N t−1). However, both controlled irrigation and bio-organic fertilizer substitution were effective in reducing the GNLI (Figure 3e,f). Controlled irrigation resulted in a significant reduction in GNLI from paddy fields, ranging from 20.2% to 57.0%, compared to flooded irrigation (p < 0.05). Similarly, bio-organic fertilizer substitution in BO15 and BO30 treatments led to a significant reduction in GNLI, ranging from 15.1% to 37.0% and 31.9% to 73.2%, respectively, compared to the N300 (p < 0.05).




3.4. Field Water (Top Soil Water) and Soil NH4+-N Content


The NH4+-N content in rice field water and soil was affected by irrigation practices and the substitution of bio-organic fertilizer. The effects varied at different fertilization stages. Compared to flooded irrigation, controlled irrigation resulted in a slightly lower NH4+-N content in field water after basal and tillering fertilization (Figure 4). Additionally, the soil NH4+-N content was slightly higher after each fertilizer application (Figure 5). Compared to N300, the bio-organic fertilizer substitution resulted in significantly lower field water NH4+-N content after basal and tillering fertilizers. Soil NH4+-N content was also significantly lower after basal fertilizers, but the difference was less or even slightly higher after tillering and spike fertilizers.




3.5. Relationship between Ammonia Volatilization, N2O Flux, and NH4+-N in Soil and Water


Significant positive correlations were found between ammonia volatilization and the NH4+-N in field water and soil with varying water and fertilizer management (p < 0.01). Notably, the effect of water NH4+-N on ammonia volatilization was more significant than that in soil (Table 3). Bio-organic fertilizer substitution reduces the effect of water NH4+-N on ammonia volatilization in flooded irrigation, but this effect was enhanced with controlled irrigation (Table 3). The N2O fluxes were not significantly affected by NH4+-N in field water and soil with varying water and fertilizer management (Table 3, p > 0.05). Among them, mostly negative correlations were found between the NH4+-N in terms of field water and N2O emissions. However, positive correlations were observed between soil NH4+-N and N2O emissions. This correlation reached a significant level in the BO15 treatment of flooded irrigation.





4. Discussion


4.1. Effect of Irrigation and Fertilizer on Ammonia Volatilization


The ammonia volatile fluxes in rice fields followed a consistent pattern of change under all treatments. The peaks of ammonia volatile fluxes were observed after the fertilizer application (Figure 1), indicating the significant impact of fertilizer application on ammonia volatile emissions [31]. The ammonia volatile fluxes at peak levels in rice fields with bio-organic fertilizer substitution treatment after each fertilizer application, as well as the ammonia volatile accumulation during the reproductive period of rice, were lower compared to those of the full chemical fertilizer application treatment (Figure 1, Table 2). This finding was consistent with related studies [18]. Compared to chemical nitrogen fertilizers, bio-organic fertilizers release nitrogen at a slower rate, resulting in lower levels of quick-acting nitrogen in soil and water, and subsequently lower emissions of ammonia volatilization at the same level of nitrogen application [32,33]. Additionally, the organic matter and effective live bacteria in bio-organic fertilizers stimulate soil microbial activity and promote soil nitrogen fixation. The fixed nitrogen is either consumed by microbial activity or taken up by the crop, reducing all forms of nitrogen loss [32,34]. The lower peak of ammonia volatilization fluxes during the fertilizer stages of tillering and spike, compared to the basal fertilizer stage (Figure 1), can be explained even when the N application rates were consistent with or higher than those of the basal fertilizer. The NH4+-N content in field water and soil was lower in the bio-organic fertilizer substitution treatment compared to the N300 (Figure 4 and Figure 5). Additionally, there was a significant positive correlation between the water and soil NH4+-N and ammonia volatilization (Table 3), which was consistent with existing studies [35]. The correlation between water NH4+-N and ammonia volatilization was stronger than that of soil NH4+-N (Table 3) [31]. However, it has been suggested that the gradual release of nitrogen by organic fertilizers could lead to increased ammonia volatilization during non-fertilization phases [36] and the alkaline properties of organic fertilizers could raise the pH levels of soil and water, further promoting the ammonia volatilization process [36]. Ultimately, compared to full chemical fertilizer application, the accumulation of ammonia volatilization during the rice season was similar to or even higher than the organic fertilizer substitution treatment [36]. However, the slow release of nitrogen was beneficial for rice uptake, which in turn reduces its losses [37]. Furthermore, the relatively small amount of bio-organic fertilizer had a negligible impact on the pH enhancement of soil and water, and was unable to effectively influence ammonia volatilization [33].



Irrigation methods can impact ammonia volatilization in rice fields. However, the effects of different irrigation methods on ammonia volatilization are still controversial. Some studies suggested that the higher water layer of continuously flooded irrigation rice fields can dilute the water NH4+-N content after fertilizer application, which may reduce ammonia volatilization losses [22,23]. Water-saving irrigation not only reduces the height of the field water layer and increases the water NH4+-N content after fertilizer application, but also frequently changes the soil moisture to stimulate soil urease activity. This increases ammonia volatilization emissions [38]. However, there are also studies showing that water-saving irrigation in rice fields can cause frequent wet and dry soil alternations, which enhances the adsorption of NH4+-N in rooted soil and reduces ammonia volatilization losses [30,39]. The frequent wet–dry alternations enhance the nitrification process in the soil, promoting the conversion of NH4+-N to nitrate nitrogen. This increases the loss of nitrogen by other pathways and reduces ammonia volatilization losses [26]. These findings are consistent with our research. In our study, controlled irrigation was effective in retaining the water layer only during the rice re-greening period and fertilizer application. Afterward, the field was irrigated until the soil was saturated. After fertilizer application, under controlled irrigation rice fields, the water NH4+-N content was slightly lower than that of flooded irrigation. Meanwhile, the soil NH4+-N content was slightly higher, and N2O emissions significantly increased with controlled irrigation. At all stages of fertilizer application, the peak and cumulative ammonia volatilization were lower than that of flooded treatments.




4.2. Effect of Irrigation and Fertilizer on N2O Emissions


Water and fertilizer management were important factors that drove N2O production and emissions [40]. Irrigation methods impact the processes of nitrification and denitrification in soil by regulating soil aeration, which ultimately affects the production and emissions of N2O. However, an excessive or insufficient soil moisture content can inhibit N2O emissions [41,42]. Nitrogen fertilizer provided the substrate for soil N2O emissions, and the peaks of N2O fluxes mostly occurred after its application [43]. In our study, we found that under flooded and controlled irrigation conditions, the peak of N2O fluxes mostly appeared within 7 days after basal and tillering fertilization (Figure 2). However, we observed that the N2O peaks from rice fields were mostly lower with flooded irrigation than controlled irrigation. After tillering fertilization, the differences in N2O peaks among treatments were particularly significant. The reason for this was that the water management during the rice re-greening stage for controlled irrigation was consistent with that of flooded irrigation. At this time, there was a water layer in the rice field, and the soil had poor permeability, which limited the emissions of N2O, allowing sufficient time for it to be further reduced [28]. After the rice re-greening period in controlled irrigation, the soil reaches a saturation level of over 70%, without the presence of a water layer. As a result, soil nitrification and denitrification occurred simultaneously, which was suitable for the production and emission of N2O [26]. Additionally, when applying the tillering fertilizer, it was often accompanied by irrigation. This process was followed by a gradual decrease in soil water content during controlled irrigation, during which a large amount of N2O is produced and is highly susceptible to emission peaks [25,44]. However, no significant peak of N2O flux was detected in the rice field during the spike fertilization stage of each treatment, consistent with previous studies [45]. This can be attributed to the high nutrient demand for the reproductive growth of rice during this stage, resulting in a lower water and soil NH4+-N content compared to that after basal and tillering fertilization [40]. In addition, bio-organic fertilizer substitution can reduce N2O emissions in rice fields. Bio-organic fertilizers have a longer fertilizing effect and release nutrients more slowly compared to chemical fertilizers. This is beneficial for crop uptake and inhibits the production of N2O [46,47]. However, this phenomenon was not significant in rice fields under flooded irrigation conditions. The release of nutrients from bio-organic fertilizers was accelerated by adequate moisture and high temperatures [45]. Consequently, the difference in N2O emissions between the different fertilization treatments under flooded irrigation in 2022 was not significant (Figure 3c). An interaction between irrigation and fertilizer management regarding N2O emissions was suggested (Table 2) [48]. Wang et al. [49] found that the mineralization and decomposition processes of organic fertilizers vary under different conditions, resulting in different rates of nitrogen and carbon. This variation led to differences in N2O emissions, with higher carbon-to-nitrogen ratios resulting in lower N2O emissions.



The impact of irrigation methods and fertilization management on ammonia volatilization and N2O emissions from rice fields is complex. However, to achieve efficient and clean agricultural production, it is recommended to optimize irrigation management and bio-organic fertilizer substitution. This can safeguard rice yield, reduce gaseous nitrogen losses, and improve water and fertilizer use efficiency.





5. Conclusions


Controlled irrigation can reduce ammonia volatilization accumulation while increasing N2O emissions in rice fields. However, the N2O emissions are much lower than ammonia volatilization in rice fields. This leads to a significant reduction in gaseous nitrogen losses in rice fields under controlled irrigation compared to flooded irrigation. Substituting a portion of chemical nitrogen fertilizers with bio-organic fertilizers significantly reduced total gaseous nitrogen losses from rice fields by decreasing ammonia volatilization and N2O emissions. Both the bio-organic fertilizer substitution and controlled irrigation had no significant effect on rice yield, but they could significantly reduce the intensity of gaseous nitrogen losses. Under controlled irrigation, substituting a portion of chemical nitrogen fertilizers with bio-organic fertilizers can further reduce gaseous nitrogen losses in rice fields and maintain rice yields. However, the use of bio-organic fertilizers may lead to an increase in methane emissions from rice paddies. Therefore, further field experiments are necessary to determine the optimal ratio of bio-organic fertilizers when used in combination with chemical fertilizers.
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Figure 1. Ammonia volatilization fluxes from rice fields with different water and fertilizer management in 2022 (a,b) and 2023 (c,d). Note: The arrows in the graph represent the time of fertilizer application. 
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Figure 2. The N2O emissions fluxes from rice fields with different water and fertilizer management in 2022 (a,b) and 2023 (c,d). Note: The arrows in the graph represent the time of fertilizer application. 






Figure 2. The N2O emissions fluxes from rice fields with different water and fertilizer management in 2022 (a,b) and 2023 (c,d). Note: The arrows in the graph represent the time of fertilizer application.



[image: Water 16 01229 g002]







[image: Water 16 01229 g003] 





Figure 3. Differences in ammonia volatilization accumulation (a,b), N2O cumulative emissions (c,d), and gaseous nitrogen loss intensity (e,f) for different water and fertilizer combinations. Note: Different letters in the figure represent significant differences between treatments (p < 0.05). 
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Figure 4. Variations in NH4+-N content in field water (top soil water) with different irrigation and fertilizer treatments in 2022 (a,b) and 2023 (c,d). Note: The arrows in the graph represent the time of fertilizer application. 
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Figure 5. Variations in soil NH4+-N content in rice fields with different water fertilization treatments in 2022 (a,b) and 2023 (c,d). Note: The arrows in the graph represent the time of fertilizer application. 
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Table 1. Field water management in different rice growth stages under flooded and controlled irrigation.
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Irrigation Methods

	
Control Indexes

	
G

	
T

	
J&B

	
H&F

	
M

	
R






	
Flooded irrigation

	
Upper limit

	
50 mm

	
30 mm

	
50 mm

	
50 mm

	
30 mm

	
Naturally drying




	
Lower limit

	
20 mm

	
10 mm

	
10 mm

	
20 mm

	
10 mm




	
Controlled irrigation

	
Upper limit

	
25 mm

	
θs

	
θs

	
θs

	
θs

	
Naturally drying




	
Lower limit

	
5 mm

	
60~70% θs

	
70~75% θs

	
80% θs

	
70% θs








Notes: G, T, J&B, H&F, M, and R represent re-greening stage, tillering stage, jointing and booting stages, heading and flowering stages, milk stage, and ripening stage, respectively. θs represents the saturated soil water content.













 





Table 2. Ammonia volatilization accumulation, N2O cumulative emissions, rice yield, and GNLI in rice fields in different years and using different irrigation and fertilization management practices.
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Ammonia Volatilization Accumulation

(kg N ha−1)

	
N2O Cumulative Emission

(kg N ha−1)

	
Gaseous Nitrogen Losses

(kg N ha−1)

	
Yield

(kg ha−1)

	
GNLI

(kg N t−1)






	
Year (Y)




	
2022

	
25.58 b

	
1.01 b

	
26.59 b

	
9217.46 a

	
2.88 b




	
2023

	
35.57 a

	
1.69 a

	
37.26 a

	
9414.19 a

	
3.96 a




	
Irrigation (I)




	
FI

	
39.66 a

	
1.00 b

	
40.66 a

	
9338.60 a

	
4.35 a




	
CI

	
21.49 b

	
1.71 a

	
23.19 b

	
9293.05 a

	
2.49 b




	
Fertilizer (M)




	
N300

	
42.20 a

	
1.85 a

	
44.05 a

	
9317.61 a

	
4.72 a




	
BO15

	
32.63 b

	
1.14 b

	
33.76 b

	
9342.64 a

	
3.60 b




	
BO30

	
16.90 c

	
1.06 b

	
17.96 c

	
9287.22 a

	
1.94 c




	
F-value (F)




	
Y

	
184.7 **

	
471.9 **

	
206.0 **

	
ns

	
54.0 **




	
I

	
708.0 **

	
508.7 **

	
646.4 **

	
ns

	
177.3 **




	
M

	
391.3 **

	
255.1 **

	
406.6 **

	
ns

	
119.4 **




	
Y × I

	
171.4 **

	
ns

	
169.9 **

	
ns

	
76.3 **




	
Y × M

	
87.1 **

	
9.1 **

	
87.6 **

	
ns

	
34.3 **




	
I × M

	
67.5 **

	
64.1 **

	
63.9 **

	
ns

	
23.7 **




	
Y × I × M

	
24.1 **

	
11.2 **

	
23.7 **

	
ns

	
7.2 **








Notes: Different lowercase letters after the values represent significant differences between treatments (p < 0.05). ns represents non-significant effect (p > 0.05); ** indicates significant difference at p < 0.01.













 





Table 3. Correlations between ammonia volatilization, N2O fluxes, and NH4+-N in water and soil in rice fields with different irrigation and fertilizer management.
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Irrigation

	
Fertilizer

	
Field Water NH4+-N

	
Soil NH4+-N






	
Ammonia volatilization

	
FI

	
N300

	
0.777 **

	
0.630 **




	
BO15

	
0.720 **

	
0.579 **




	
BO30

	
0.721 **

	
0.638 **




	
CI

	
N300

	
0.705 **

	
0.666 **




	
BO15

	
0.933 **

	
0.679 **




	
BO30

	
0.869 **

	
0.856 **




	
N2O

	
FI

	
N300

	
−0.009

	
0.168




	
BO15

	
0.230

	
0.334 *




	
BO30

	
0.060

	
0.288




	
CI

	
N300

	
−0.004

	
0.174




	
BO15

	
−0.110

	
0.064




	
BO30

	
−0.171

	
−0.084








Notes: * and ** indicates significant different at p < 0.05 and p < 0.01, respectively.
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