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Ammonia (NH3) volatilization losses result in low nitrogen use efficiency (NUE) and various environmental impacts in agroecosystems. Machine-transplanted rice with side-deep fertilization (MRSF) has been recommended as an effective alternative to traditional transplantation with manual broadcasting of fertilizer. Controlled-release nitrogen fertilizer (CRF) can enhance rice yield and NUE in paddy fields. However, there is scarce information about combined effects of MRSF and CRF on NH3 volatilization loss and rice grain yield, NUE, net economic benefit (NEB) in a double rice cropping system. In this study, a field experiment was conducted to evaluate the impact of MRSF with CRF on grain yields, NUE and economic returns of early rice and late rice from 2019 to 2021, as well as NH3 emissions in two rice seasons (2019 and 2021). Six treatments were designed as no N fertilizer (N0), compound fertilizer broadcasting (CFB), compound fertilizer side-deep placement (CFD), CRF broadcasting (CRFB), CRF side-deep placement (CRFD1), and single side-deep placement of CRF (CRFD2). The results showed that the CFD and CRFB treatments decreased NH3 volatilization while enhancing or maintaining rice yield and NUE compared to the CFB treatment. MRSF with CRF (CRFD1 and CRFD2) significantly reduced NH3 emissions of early and late rice by 57.6–67.9% and 62.2–80.9% by decreasing the NH4+–N concentrations in the surface water compared to the CFB treatment, respectively. Rice grain yields in the MRSF with CRF treatments increased by 3.9–17.3% in early rice and 5.4–21.6% in late rice relative to the CFB treatment. In addition, MRSF with CRF treatments improved NUE for early and late rice from 32.1 to 36.2% and 21.3–28.4% in the CFB treatment to 48.4–61.2% and 39.7–62.3%, respectively. The yield-scale NH3 volatilization losses were reduced under the MRSF with CRF treatments by 61.2–71.5% in early rice and 67.4–84.3% in late rice. Furthermore, MRSF with single basal application of CRF reduced time-consuming and labor-intensive while increasing rice yields and net economic benefits. Overall, co-application of MRSF and CRF can reduce NH3 emissions, and improve rice yield, NUE and profitability in double rice cropping systems.
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1 INTRODUCTION
Rice (Oryza sativa L.) is one of the most important staple foods globally and provides food for nearly 50% of the world’s population (Seck et al., 2012). China, the world’s largest rice producer, produces approximately 212 million tons of rice, accounting for more than 34% of the total cereal production, and has recorded an average rice grain yield of 7044 kg ha−1 in 2020 (National Bureau of Statistics of China, 2021). N Fertilizer is a crucial role in enhancing crop growth and productivity in agroecosystems, and contributes to an almost 50% increase in food production (Peng et al., 2006; Yang et al., 2021). However, crop yield does not increase proportionally with increasing N fertilizer application (Zhang et al., 2012). Consequently, excessive N application has resulted in many environmental issues, such as greenhouse gas emissions, soil acidification, groundwater nitrate pollution and surface water eutrophication, ultimately negative affecting human health (Zhu and Chen, 2002; Ju et al., 2009; Zhang et al., 2013). Therefore, there is an urgent need to determine optimal N management strategies for cleaner rice production.
Ammonia volatilization is generally considered as the main pathway of N loss in paddy fields due to high temperature and intensive rainfall during the rice-growing season, accounting for 9–40% (average 17%) of the total N fertilizer applied (Cui et al., 2014; Liu et al., 2015; Yao et al., 2018b). Excess NH3 emissions contribute to various environmental impacts, such as atmospheric haze pollution, aquatic eutrophication, rain acidification and climate change (Liu et al., 2015; Jiang et al., 2017; Wang and Lu, 2020). Furthermore, the NH3 emitted from agricultural soil causes 30% of N deposition in the environment (Wolfe and Patz, 2002; Wang et al., 2021). Therefore, reducing NH3 volatilization losses from soils is urgently needed in the context of increasing food demand due to population growth in China. The Chinese government has developed policies targeting the reduction of NH3 emission from agroecosystem in 2018 (Adalibieke et al., 2021). Recently, many improved N management strategies have been proposed, such as increasing number of N fertilizer application, adjusting the rate and time of N fertilizer application, and application of enhanced efficiency fertilizers (Linquist et al., 2013; Yao et al., 2018b; Rose et al., 2018; Lyu et al., 2021). However, the development of these practices is restricted by a lack of related knowledge, higher cost, or extra labor input (Zhang et al., 2017; Yin et al., 2021). Hence, developing cleaner, simplified and efficient fertilization methods in rice production is paramount to improve rice yield and economic return, and minimize N risk to the environment.
Broadcasting and split application of normal urea are often used in traditional rice production, which usually leads to relatively low NUE and high N loss, further reducing farmers’ income and causing environmental issues (Liu et al., 2020). Additionally, it is difficult for farmers to master the correct N application rate and timing, requiring more time and labor (Ke et al., 2018). In recent decades, controlled-release N fertilizers (CRF) have been shown to reduce the number of N fertilizer application and support crop productivity (Chien et al., 2009; Grant et al., 2012; Chen et al., 2020; Zhang et al., 2022). Many studies have shown that broadcasting of CRF can enhance rice grain yield and NUE, and reduce NH3 volatilization and greenhouse gas emission compared to urea application (Yang et al., 2012; Geng et al., 2015; Guo et al., 2019). Moreover, deep placement of N fertilizer, including point-deep and side-deep placement, is also an efficient fertilization method for improving crop yield and NUE while minimizing environmental pollution in rice-based system (Bautista et al., 2001; Gaihre et al., 2015; Yao et al., 2018a; Zhu et al., 2019). However, manual deep placement of fertilizer is more time-consuming and labor-costing than mechanical deep placement (Liu et al., 2020; Min et al., 2021). In recent decades, the agricultural workforce has been decreasing because of the rapid urbanization in China (Wang et al., 2016). Furthermore, there is a short turn-around period between early rice harvesting and late rice planting in the double rice cropping system.
Mechanized transplantation has gradually become the main rice planting mode in China (Miao et al., 2016). However, traditional mechanized transplantation and fertilization are not synchronous, and which are time-consuming and labor-intensive for rice production (Min et al., 2021). Machine-transplanted rice with side-deep fertilization (MRSF) is an emerging technology wherein rice seedlings are transplanted and fertilizers are applied 3–5 cm in-depth and 5–7 cm away from the rice seedling root simultaneously (Zhu et al., 2019). This practice is an efficient way to achieve synergetic improvement of grain yield and NUE, saving time and labor (Zhao et al., 2021; Zhong et al., 2021a, Zhong et al., 2021b). Previous studies have indicated that MRSF can increase rice yield in a single-cropping rice system relative to the broadcasting of fertilizers (Zhu et al., 2019, Zhu et al., 2021; Min et al., 2021). Zhong et al. (2021a) reported that MRSF enhances the grain yield of early and late rice by 0.5–20.2% and 5.3–15.0%, compared to the surface application of compound fertilizer in South China. A 3-year field experiment conducted by Min et al. (2021) found that MRSF treatments significantly reduced the NH3 emission by 51.0–62.8% compared to surface broadcast of fertilizer in a single rice cropping system. However, little is known about the effect of MRSF with CRF on NH3 emission, yield-scale NH3 emissions, and economic returns in double rice cropping systems.
The double rice cropping system is one of the most important rice-based production, accounting for 35% of rice yield in China (Liang et al., 2019). The average N application rate for early and late rice is 197 and 191 kg ha−1 in China, respectively (Liang et al., 2019). However, Zhong et al. (2021b) recommended a much lower rate, 150 and 165 kg N ha−1, as optimum for early and late rice under MRSF with compound fertilizer, respectively. Whether MRSF with CRF further reduces the required N application rate with supporting rice yield is unclear. Therefore, the objectives of the current study were: 1) to assess how MRSF with CRF affects NH3 volatilization loss and yield-scale NH3 emissions, as well as NH4+–N concentration in floodwater; 2) to clarify the effects of MRSF with CRF on rice yield, NUE, and net economic benefit; and 3) to evaluate whether MRSF with one-time CRF application can replace conventional fertilization in the double rice cropping systems.
2 MATERIALS AND METHODS
2.1 Experimental site description and materials
A 3-years field experiment was conducted from 2019 to 2021 in Jinan Town, Zhuji City, Zhejiang Province, southeast China (29°46ʹ N, 120°22′ E). The experimental site has a typical subtropical monsoon climate with an average annual temperature and rainfall of 16.3°C and 1374 mm, respectively. The mean temperature and rainfall during the early and late rice growing seasons are shown in Figure 1. The double rice cropping system is dominant in this region. According to Chinese Soil Taxonomy, the soil at the experimental site is classified as anthrosol and waterloggogenic paddy soil (Cooperative Research Group on Chinese Soil Taxonomy, 2001). The basic properties of the soil (0–20 cm) were as follows: pH 5.3, soil organic matter (SOM) 38.8 g kg−1, total nitrogen (TN) 2.0 g kg−1, available phosphorus (AP) 10.4 mg kg−1, and available potassium (AK) 106.0 mg kg−1.
[image: Figure 1]FIGURE 1 | The monthly mean rainfall and temperature of early and late rice growing seasons from 2019 to 2021.
The early and late rice varieties used in this study were “Zhongzao 39” and “Yongyou 1540”, respectively. A Yanmar rice transplanter equipped with a side-deep fertilization apparatus (2FC-6, Yanmar Holdings Co., Ltd. Japan) was used for synchronized rice transplanting and side-deep placement of fertilizers. The two types of N fertilizer were compound fertilizer with an N:P2O5:K2O ratio of 21:8:18 (special fertilizer for double season rice production) and CRF with 40% N from common urea and 60% N from polymer-coated urea. Conventional fertilizers, such as urea (46% N), calcium superphosphate (12% P2O5) and potassium chloride (60% K2O) were adopted in this study.
2.2 Experimental design and management
The field experiment was executed from 2019 to 2021 and featured six treatments with three replicates in a complete randomized block design. The area of each plot was 64.8 m2 (3.6 m × 18 m), with a 0.3 m-wide ridge around the plots. The ridges of each plot were covered with plastic film to prevent water and nutrient exchange. The treatments consisted of 1) N0: a control with no N fertilizer; 2) CFB: broadcasting of compound fertilizer, 165 kg N ha−1, split into three fertilizations; 3) CFD: side-deep placement of compound fertilizer, 135 kg N ha−1, split into two fertilizations; 4) CRFB: broadcasting of CRF, 135 kg N ha−1, split into two fertilizations; 5) CRFD1: side-deep placement of CRF, 135 kg N ha−1, split into two fertilizations; 6) CRFD2: side-deep placement of CRF, 135 kg N ha−1, one-time fertilization. The application rates and timing of N fertilizer use for each treatment are shown in Table 1. For the MRSF treatments (CFD, CRFD1 and CRFD2), fertilizers were applied 3–5 cm below the soil and 3–5 cm from the rice seedlings. Under all treatments, P and K fertilizers were applied once as basal fertilizers at rates of 60 kg P2O5 ha−1 and 90 kg K2O ha−1 before the rice was transplanted. The insufficient amount of P and K fertilizers was supplemented with calcium superphosphate (12% P2O5) and potassium chloride (60% K2O).
TABLE 1 | The experimental design and nitrogen fertilizer management.
[image: Table 1]The seedlings for early and late rice were planted at a density of 555, 556 plants ha−1 and 347, 222 plants ha−1, respectively. Early rice seedling transplantation and basal fertilization were performed on 17 April 2019; 20 April 2020; and 19 April 2021. Late season rice seedling transplantation and basal fertilization occurred on 27 July 2019; 28 July 2020; and 28 July 2021. N fertilizers for early rice at the tillering stage were applied on 24 April 2019; 27 April 2020; and 26 April 2021. The panicle fertilizers were applied on 20 May 2019; 22 May 2020; and 20 May 2021. The urea-N for late rice at the tillering stage was applied on 4 August 2019; 6 August 2020; and 6 August 2021, and the panicle fertilizers were applied on 1 September 2019; 2 September 2020; and 31 August 2021. Plots were irrigated 7 days before rice transplantation and maintained at 3–5 cm until mid-season aeration and the water level was maintained. After aeration, the surface floodwater was continually maintained at 3–5 cm and drained before physiological maturity for the harvest. Pesticides and herbicides were applied according to the practices of local farmers if necessary.
2.3 Sampling and measurements
2.3.1 Ammonia volatilization
The NH3 volatilization flux was determined by the vented-chamber method (Wang et al., 2004) using a polyvinylchloride tube (PVC, 16 cm inner diameter, 30 cm height) in the 2019 and 2021 double-cropping rice seasons (Supplementary Figure S1). Two pieces of sponge (16 cm diameter, 2 cm thickness) soaked with 15 ml of phosphoglycerol were placed in a PVC tube as the absorbent. The NH3 absorbent was mixed with 50 ml phosphoric acid, 40 ml glycerol and 1000 ml deionized water. The samples were collected at 2-days intervals for 1 week after each N fertilization, and then collected at an interval of 7–10 days. The upper sponges were used to absorb NH3 from ambient air. The lower sponges absorbed NH3 from the paddy soil and were extracted with 300 ml of 1.0 mol L−1 KCl solution. The ammonium content in the extracted solutions was analyzed using a continuous flow analyzer (Skalar SAN++, Netherlands).
2.3.2 Surface water
During the measurement of NH3 volatilization, surface floodwater (50 ml) of the paddy field was collected by the multi-point sampling method using a 10 ml syringe. Field surface water was sampled on days 1, 3, 5, and 7 days after each N fertilization. All water samples were immediately delivered to the laboratory and stored at −20°C for further analysis. The NH4+–N concentration of the surface water was determined using a continuous flow analyzer (Skalar SAN++, The Netherland).
2.3.3 Plant sampling and analysis
Mature early and late rice from each plot were harvested and divided into grain and straw. The grain and straw samples were oven-dried at 105°C for 30 min and then at 75°C until a constant weight was reached to determine the rice grain and straw biomass. The dry plant samples were ground into powder using a grinder and passed through a 0.15-mm sieve for N content measurement. The N concentrations of the rice grains and straw were determined using the Kjeldahl method (Lu, 1999).
2.3.4 Net economic benefit
The net economic benefit (NEB) was calculated as the difference between the economic benefit of rice yield (EByield) and the cost of rice production (EBcost). The cost of rice production includes seed, fertilizer, pesticide, labor, and machinery costs.
2.4 Data analysis
The NH3 volatilization rates were calculated using the method described by Xu et al. (2012):
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where F is the NH3 volatilization flux (kg N ha−1 d−1), M is the NH3–N collected by the PVC collector (mg), A is the cross-sectional area of the PVC collector (m2), and D is the interval for ammonia volatilization sample collection (d).
The cumulative NH3 volatilization losses were the sum of the NH3 volatilization fluxes on the sampling days.
The yield-scale NH3 emissions were calculated according to Pittelkow et al. (2014):
[image: image]
where CNH3 is the accumulated NH3 volatilization loss (kg N ha−1) and Y is the rice grain yield (kg ha−1).
The NH3–N volatilization factor was calculated using the method described by He et al. (2018):
[image: image]
where CNH3N and CNH3N0 were the cumulative NH3 losses (kg N ha−1) from the treatments with N fertilizer application and the treatment without N application (N0), respectively, and FN is the application rate of N fertilizer (kg ha−1).
The N use efficiency (NUE) was calculated as:
[image: image]
where UN is the N uptake by rice plant (kg ha−1) in the treatments with N fertilizer application, UN0 is the N uptake by plant (kg ha−1)in the N0 treatment, and FN is the application rate of N fertilizer (kg ha−1).
2.5 Statistical analysis
The one-way or two-way analysis of variance (ANOVA) was performed using SPSS 20.0 (SPSS Inc., Chicago, IL, United States). The treatments were compared using the least significant difference (LSD) at p < 0.05. Pearson’s correlation analysis was performed to determine the relationship between NH3 volatilization fluxes and NH4+–N concentrations in the surface water using SPSS 20.0 (SPSS Inc., Chicago, IL, United States).
3 RESULTS
3.1 Ammonia volatilization loss
N fertilization application significantly increased the NH3 volatilization loss in the two rice seasons over 2 years (2019 and 2021) (Figure 2). The NH3 volatilization flux peaked within 3 days after each fertilization and decreased to relatively low levels. After each fertilization, the peak value of NH3 volatilization flux appeared in the CF treatments over the 2 years. One week later after N fertilization, the NH3 volatilization rate in the N application treatments reached that of the N0 treatment.
[image: Figure 2]FIGURE 2 | The NH3 volatilization fluxes for early (A,C) and late rice (B,D) under different treatments in 2019 (A,B) and 2021 (C,D). Values are presented as the mean ± standard deviation (n = 3). The arrow represents the timing of N fertilizer application, following basal, tillering and panicle fertilizations, respectively. N0: no N fertilizer; CFB: compound fertilizer broadcasting; CFD: compound fertilizer side-deep placement; CRFB: controlled-release N fertilizer broadcasting; CRFD1: controlled-release N fertilizer side-deep placement; CRFD2: controlled-release N fertilizer side-deep placement, one-time fertilization.
The cumulative NH3 volatilization loss in the different treatments showed that the N fertilizer application significantly increased the cumulative loss of NH3 volatilization compared to the N0 treatment (Table 2). The cumulative NH3 volatilization losses were 2.9–7.7 kg N ha−1 under N0 treatments over 2 years. For the early rice season, cumulative NH3 volatilization loads in N fertilization treatments were 4.6–19.6 kg N ha−1 and 7.7–40.0 kg N ha−1, which accounted for 4.8–11.9% and 4.2–17.9% of current application rate of N fertilizer in 2019 and 2021, respectively. Additionally, 3.4–29.6 kg N ha−1 and 2.9–32.1 kg N ha−1 of the total NH3 emissions were observed for late rice under the N fertilization treatments, which accounted for 9.5–24.2% and 4.8–19.5% of the current season N rate in 2019 and 2021, respectively. MRSF treatments (CFD, CRFD1 and CRFD2) decreased the total NH3 volatilization losses for early and late rice by 42.5–67.9% and 58.6–80.9% compared to CFB treatment, respectively. The NH3 volatilization factor decreased significantly under CFB treatment from 4.4 to 10.1% and 8.8–10.1% to 0.2–7.4% and 0.6–5.6% under MRDF treatments for early and late rice over 2 years, respectively.
TABLE 2 | The cumulative NH3 emissions and NH3 volatilization factor for early rice and late rice under different treatments in 2019 and 2021.
[image: Table 2]3.2 NH4+–N concentration in surface floodwater
The NH4+–N concentrations in the floodwater for early and late rice across the 2 years are presented in Figure 3. The surface water NH4+–N concentrations in N0 treatment remained low levels with average values ranging from 0.95 to 2.49 mg N L−1 during the rice-growing seasons across 2 years. The concentrations of NH4+–N in surface water increased following N fertilizer application and then decreased near the N0 level, which presented the same pattern as NH3 volatilization fluxes. The average concentrations of NH4+–N in surface floodwater under CFB treatment were 9.6–15.7 mg N L−1 for four rice seasons, which was significantly decreased by 44.1–60.5%, 47.6–74.6% and 53.3–76.4% under CFD, CRFD1 and CRFD2 treatments, respectively. The CRFB treatment significantly reduced the average NH4+–N concentrations for early and late rice seasons by 44.9–56.2% and 48.9–52.9% respectively, compared to CFB treatment. The NH3 fluxes were significantly correlated with the NH4+–N concentrations in floodwater in both seasons in 2019 and 2021 (Figure 4).
[image: Figure 3]FIGURE 3 | The NH4+–N concentrations in surface water for early (A,C) and late rice (B,D) under different treatments in 2019 (A,B) and 2021 (C,D). Values are presented as the mean ± standard deviation (n = 3). The arrow represents the timing of N fertilizer application, following basal, tillering and panicle fertilizations, respectively. N0: no N fertilizer; CFB: compound fertilizer broadcasting; CFD: compound fertilizer side-deep placement; CRFB: controlled-release N fertilizer broadcasting; CRFD1: controlled-release N fertilizer side-deep placement; CRFD2: controlled-release N fertilizer side-deep placement, one-time fertilization.
[image: Figure 4]FIGURE 4 | The relationship between NH3 volatilization rates and NH4+–N concentrations in surface water for early (A,C) and late rice (B,D) in 2019 (A,B) and 2021 (C,D).
3.3 Grain yield, N use efficiency and yield-scale NH3 volatilization
The grain yields of early and late rice were significantly affected by year (Y), treatment (T) and their interaction (Supplementary Table S1). The application of N fertilizer significantly increased the grain yield of early and late rice compared to the N0 treatment over three rice growing seasons (Figures 5A–C). When N fertilizer rate decreased from 165 kg N ha−1 under CFB treatment to 135 kg N ha−1 under CFD treatment, whereas early and late rice grain yields increased by 5.7–9.1% and 4.2–16.2%, respectively, in 2019. There were no significant differences in rice grain yields between CFB and CRFB treatments, except for early rice in 2021. However, side-deep placement of controlled-release N fertilizer (CRFD1 and CRFD2) significantly increased the grain yield of early rice by 15.7–17.3% in 2021, and late rice yield by 5.4–21.6% over 3 years.
[image: Figure 5]FIGURE 5 | The grain yield for early and late rice under different treatments in 2019 (A), 2020 (B) and 2021 (C). Values are presented as the mean ± standard deviation (n = 3). Different lowercase letters above the column indicate significant difference at p < 0.05. N0: no N fertilizer; CFB: compound fertilizer broadcasting; CFD: compound fertilizer side-deep placement; CRFB: controlled-release N fertilizer broadcasting; CRFD1: controlled-release N fertilizer side-deep placement; CRFD2: controlled-release N fertilizer side-deep placement, one-time fertilization.
The N use efficiencies of early and late rice under CFB treatment were 32.1–36.2% and 21.3–28.4% across 3 years, respectively (Figure 6). MRDF treatments (CFD, CRFD1, and CRFD2) increased the NUE by 32.1–82.1% for early rice, and 19.7–192.6% for late rice compared to the CFB treatment over 3 years. The NUE was similar to that of the CRFD1 and CRFD2 treatments based on field observations over 3 years. The CRFB treatment had a significantly higher NUE index than CFB treatment, except for late rice in 2021.
[image: Figure 6]FIGURE 6 | The N use efficiency for early and late rice under different treatments in 2019 (A), 2020 (B) and 2021 (C). Values are presented as the mean ± standard deviation (n = 3). Different lowercase letters above the column indicate significant difference at p < 0.05. N0: no N fertilizer; CFB: compound fertilizer broadcasting; CFD: compound fertilizer side-deep placement; CRFB: controlled-release N fertilizer broadcasting; CRFD1: controlled-release N fertilizer side-deep placement; CRFD2: controlled-release N fertilizer side-deep placement, one-time fertilization.
The yield-scale NH3 volatilization in both of early and late rice were significantly affected by year (Y), treatment (T) and their interaction (Supplementary Table S1). The CFB treatment had the highest yield-scale NH3 volatilization during the early and late rice seasons over the 2 years (Figure 7). In contrast, the lowest yield-scale NH3 volatilization was found in the CRFD2 treatment, at approximately 0.86–1.66 g kg−1 and 0.62–0.82 g kg−1 for early and late rice over the years, respectively. Compared to the CFB treatment, the reduction of yield-scale NH3 volatilization for early and late rice in the MRSF treatments ranged from 44.3 to 66.8% and 64.4–84.4% in 2019, and from 57.7 to 71.5% and 65.4–83.1% in 2021, respectively.
[image: Figure 7]FIGURE 7 | The yield-scale NH3 volatilization losses for early (A,C) and late rice (B,D) under different treatments in 2019 (A,B) and 2021 (C,D). Values are presented as the mean ± standard deviation (n = 3). Different lowercase letters above the column indicate significant difference at p < 0.05. N0: no N fertilizer; CFB: compound fertilizer broadcasting; CFD: compound fertilizer side-deep placement; CRFB: controlled-release N fertilizer broadcasting; CRFD1: controlled-release N fertilizer side-deep placement; CRFD2: controlled-release N fertilizer side-deep placement, one-time fertilization.
3.4 Economic return
The cost of rice production ranged from 4.2 × 103–6.7 × 103 yuan ha−1 and 6.7 × 103–9.3 × 103 yuan ha−1 for early and late rice, respectively (Table 3). Compared to the N0 treatment, the application of N fertilizer significantly increased the economic and net economic benefits for early and late rice over 3 years. The economic benefit of rice production (EByield) of the MRSF treatment for early rice and late rice significantly increased over 3 years, respectively, compared to the CFB treatment. However, no significant differences were observed in EByield between the MRSF and CFB treatments in 2020. The CRFB treatment had similar EByield as the CFB treatment in both seasons over 3 years, except for early rice in 2021. The MRSF treatments significantly increased the net economic benefit (NEB) for early and late rice by 15.3–27.5% and 41.7–59.4% in 2019, 11.9–18.5% and 17.2–27.3% in 2020, and 24.6–42.9% and 31.6–65.0% in 2021 compared to the CFB treatment. The profitability of the CRFB treatment for early rice and late rice increased by 5.0–17.1% and 14.9–22.3% across 3 years relative to the CF treatment.
TABLE 3 | The economic benefit and net economic benefit for early rice and late rice under different treatments in 2019, 2020 and 2021 (×103 yuan ha−1).
[image: Table 3]4 DISCUSSION
The NH3 volatilization is regarded as the primary way of N loss in paddy fields, accounting for 9–40% of the total N fertilizer applied (Cui et al., 2014; Liu et al., 2015; Yao et al., 2018b). The broadcasting of N fertilizers is susceptible to N loss via NH3 volatilization in rice paddy fields (Zhang et al., 2017). In the present study, the cumulative NH3 loss from the CFB treatment ranged from 19.6 to 29.6 kg N ha−1 and from 32.1 to 40.0 kg N ha−1 for early and late rice, accounting for 11.9–17.9% and 19.5–24.2% of the total N applied seasonally. This is consistent with the result of Shang et al. (2014), who observed that the cumulative NH3 loss was from 12.8 to 27.3 kg N ha−1 for early rice and from 17.3 to 32.7 kg N ha−1 for late rice in a long-term fertilization experiment, which accounted for 9.2–33.6% and 17.8–32.2%. In contrast, our result is lower than the result from Zhong et al. (2021b), who found that 80.6–89.3 kg N ha−1 and 94.9–96.9 kg N ha−1 were emitted by early and late rice in a double rice cropping system. The NH3 volatilization from paddy fields is influenced by environmental factors, such as rainfall, temperature, soil properties, NH4+–N concentration and pH of surface water (Xu et al., 2012; Wang et al., 2018). Most of the NH3 emissions in the CFB treatment occurred during the basal and tillering fertilization stage (Supplementary Table S2). This is because the N application rate was relatively higher and the N uptake by rice seedlings was much lower at these stages than at the panicle fertilization stage.
Controlled-release N fertilizer application significantly reduces NH3 emissions by 23–62% in early rice and 14–59% in late rice, compared to the broadcasting of urea (Li et al., 2017, Li et al., 2018; Tian et al., 2021). A meta-analysis conducted by Jiang et al. (2022) reported that controlled-release urea increased rice yield while reducing environmental risk. Our results showed that the CRFB treatment had a significantly lower NH3 volatilization loss than the CFB treatment, mainly because of lower NH3 volatilization fluxes under CRFB treatment. Similarly, Tian et al. (2021) found that broadcasting of CRF significantly reduced NH3 volatilization loss from early and late rice by 20–43% and 20–32%, respectively, compared to the broadcasting of urea. The reason is that the N release rate from CRF is slower than that from conventional urea.
In the present study, the MRSF treatments decreased the cumulative NH3 ammonia losses from paddy fields by 42.5–67.9% in early rice and 58.5–80.9% in late rice over a 2-year (2019 and 2021) field observation compared to the CFB treatment (Table 2). Similar to our results, Zhong et al. (2021b) found that NH3 emissions from the double rice cropping system could be dramatically reduced by MRSF treatments relative to conventional N fertilizer. The lower NH4+–N concentration in the surface water explains the lower NH3 volatilization losses under the MRSF treatments (Figure 3). It is well known that the NH4+–N concentration in the surface water is one of the main factors affecting NH3 volatilization in paddy fields (Sun et al., 2019). In our study, the NH4+–N concentration in the surface water significantly correlated with the NH3 volatilization flux (Figure 4). Furthermore, the MRSF treatments decreased NH3 emissions, primarily during basal and tillering fertilization (Supplementary Table S2). Compared to the CFD treatment, the combined side-deep placement and CRF further reduced the cumulative NH3 volatilization loss in 2019 (Table 2). This is because the N released from compound fertilizers is faster than that from CRF, which may result in higher NH4+–N in surface water (Hou et al., 2021). The CRFD2 treatment had a higher NH3 volatilization loss than the N0 treatment, indicating that a small quantity of NH4+–N may diffuse upward to the soil surface and flooded water (Huda et al., 2016; Yao et al., 2018b); which, in turn, increases the NH3 emissions in the CRFD2 treatment.
Conventional broadcasting of N fertilizers is considered an inefficient method for rice production (Nkebiwe et al., 2016). Rice grain yield may be decreased by simply reducing the application rate of N fertilizer without changing the fertilization method (Yin et al., 2022). However, deep placement of N fertilizer is a more effective alternative to broadcast fertilization to increase crop yield and NUE in paddy fields (Nkebiwe et al., 2016; Zhu et al., 2022). In the current field experiment, side-deep placement of fertilizer increased rice grain yield and NUE in both seasons over the 3 years (Figures 5, 6). It is generally recognized that deep placement of N fertilizer can increase rice grain yield by 15–20% and NUE by 50–70% compared to the surface broadcasting of N fertilize (Pan et al., 2017; Yao et al., 2018a, 2018b; Li et al., 2021). Deep placement of N fertilizer results in higher NH4+–N concentrations in and around fertilizer band, and thereby enhances N uptake by rice root and improves grain yield compared to the broadcast fertilization (Yao et al., 2018a; Zhu et al., 2022). For example, Zhong et al. (2021a) demonstrated that grain yields in the MRSF treatments with compound fertilizer increased by 5.3–20.2% in early rice and 1.3–15.0% in late rice compared to the broadcasting of compound fertilizer. Similar results have been also found in upland fields ( ). Deep placement of fertilizer could increase yield and NUE of maize in northwest China (Guo et al., 2016; Wu et al., 2021). In 2021, the rice grain yields in MRSF with CRF were higher than in the MRSF with compound fertilizer in both seasons (Figure 5C). Deep placement of CRF can increase rice yield and N utilization compared to urea deep placement due to continuous supply high level of NH4+–N to rice plant under MRSF with CRF during rice growing season (Hou et al., 2021; Ke et al., 2018).
Previous studies have shown that deep placement of N fertilizer increases the net economic benefit compared to surface broadcasting of N fertilizer in paddy fields (Li et al., 2021; Zhu et al., 2022). The labor cost was lower in MRSF treatment than in CFB treatment due to reduction of topdressing timing. Similarly, Min et al. (2021) demonstrated that MRSF treatments save 1500–2250 yuan ha−1 of labor costs compared to manual broadcasting of fertilizer in a single rice cropping system in southeast China. Use of MRSF reduces labor and machining cost by 700 yuan ha−1 compared to broadcasting of fertilizer in double rice cropping system. In this study, although the fertilizer costs for the CRFD1 and CRFD2 were higher than those for the CFB treatment, MRSF with CRF could increase the rice grain yield and economic benefit and reduce labor costs ultimately MRSF increased the profitability for farmers. This is consistent with the results of Zhong et al. (2021a), who found that MRSF increased the economic benefit for early and late rice by 15.0–31.8% and 9.9–25.7% compared to the CFB treatment. Li et al. (2021) reported that mechanized deep placement of N fertilizer had higher gross economic return and lower input cost in pot-seedling transplanting rice, compared to conventional fertilization.
Compared to maize and wheat, rice production is more labor-intensive, time-consuming and economic input due to manual fertilizer application and pesticide spraying (Yang et al., 2022a; Yang et al., 2022b). In rice production in China, the N fertilization is usually split into multiple applications and broadcasted by hand (Zhang et al., 2013). With rapid urbanization in China, light-simplified fertilization has become an urgent need for rice production, especially for double rice cropping systems with short turn-around periods between early rice harvest and late rice planting (Wang et al., 2016). The light-simplified fertilization is reflected in time and labor savings (Paman et al., 2014). In addition, efficient use of N fertilizer is needed to meet the increasing food demand, minimize negative environmental impacts and maximize farmers’ profits (Mazid Miah et al., 2016). Previous studies have shown that single application of CRF could enhance crop yield and NUE while reducing labor and time required for rice production (Yang et al., 2012; Zhang et al., 2018; Xu et al., 2022; Zhang et al., 2022). However, in this rice production, CRF is also applied by hand before rice transplanting, which is not adapted to the mechanization of rice production.
In the current study, MRSF treatments were shown to positively improve rice yield and NUE and reduce NH3 volatilization loss in double rice cropping systemd. More importantly, the MRSF with one-time CRF application (CRFD2) had the lowest NH3 emissions and highest NEB among the three MRSF treatments. Additionally, CRFD2 treatment is less time- and labor-intensive than CFD and CRFD1 treatment because of the single application as basal fertilizer. These results showed that integrating machine transplantation and single basal fertilization of CRU would result in light-simplified rice production, saving both labor cost and time and improving rice grain yield and profitability. Li et al. (2021) reported that mechanical deep placement with single basal fertilization of compound fertilizer could increase the grain yield and the nutrients uptake of early rice compared to broadcasting of fertilizer. Hou et al. (2021) found that deep placement of CRF was a more efficient strategy for higher grain yield and NUE of rice than deep placement of urea. Considering farmers’ interest, rice yield, environmental impact and economic benefit, MRSF with a one-time application of CRF is a promising fertilizer management method for double-cropping rice production in southeast China.
5 CONCLUSION
The results of the present study demonstrated that the cumulative NH3 losses from early and late rice paddy fields accounted for 11.9–17.9% and 19.5–24.2% of the total applied N in the CFB treatment. However, the MRSF treatments significantly decreased the N loss via NH3 volatilization by 42.5–67.9% and 58.5–80.9% for early and late rice across 2 years, compared to the CFB treatment. This was primarily due to decreased NH4+–N concentration in flooded water during basal and tillering fertilizations under MRSF treatments. Changing the N fertilizer application method from surface broadcast to side-deep placement increased rice grain yield, NUE and net economic benefit, while reducing yield-scale NH3 volatilization in double rice cropping systems. More importantly, MRSF with a one-time CRF application (CRFD2) significantly increased crop yields and mitigated NH3 emissions in a double rice cropping system. Thus it was identified as a light-simplified fertilization method that could enhance economic profitability and save labor input and topdressing time. Future research should evaluate the responses of greenhouse gases emissions to MRSF treatments in double rice cropping systems.
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kg™; compound fertilizer is 3.4 yuan kg™; controlled.-release fertilizer is 4.1 yuan kg Rice seed price for early rice and late rice s 6.0 and 110 yuan kg™, respectively. Labour cost under N0,
CFB, CED, CRFB, CRFD1 and CRFD2 is 1000, 3000, 2000, 2000, 2000 and 2000 yuan ha’, respectively. Mechanical integration cost under under N0, CFB, CFD, CRFB, CRFDI and
CRED2 is 1000, 1000, 1200, 1200, 1200 and 1200 yuan ha'", respectively. Values are presented as the mean + standard deviation (n = 3). Different lowercase letters within the same column
indicate significant difference at p < 0.05. EB,: economic benefit of rice yield; EB.: economic benefit of cost of rice production: NEB: net economic benefit; N0: no N fertilizer; CFB:
compound fertilizer broadcasting; CFD: compound fertilizer side-decp placement; CRFB: controlled-release N fertilizer broadcasting CRFDI: controlled-release N fertlizer side-decp
placement; CRED: er side-deep placement, one-1

me fertilization.
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