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Manure application is a recommended method to improve soil quality and mitigate global warming via soil carbon (C) sequestration. However, such application can significantly increase ammonia (NH3) volatilization loss and cause secondary environmental problems, such as acidification, eutrophication, and particulate matter formation. To investigate the potential of reducing NH3 emissions in flooded rice paddies, three types of stabilized swine manure amendments (fresh, composted, and biochar) were applied at a rate of 12 Mg ha−1 (dry weight) under standard fertilization (N–P2O5–K2O = 90–45–57 kg ha−1), and NH3 emission was characterized using the static chamber method. Regardless of manure management practices, NH3 fluxes increased significantly immediately after application of an inorganic nitrogen (N) fertilizer (urea). The manure was applied completely as the basal fertilizer before rice transplanting, but the NH3 emission rates increased more dramatically following urea application in the manure treatments. Fresh and composted manure applications significantly increased seasonal NH3 volatilization losses compared to the control but the biochar did not. Compost manure significantly increased rice grain productivity owing to the higher N content, while fresh and biochar manures did not increase rice productivity because of fewer panicles per hill and fewer grains per panicle. Consequently, biochar application resulted in lower NH3 flux intensity and seasonal NH3 flux per grain yield, whereas fresh and compost manures substantially increased this intensity. Therefore, biochar manure may be a more reasonable organic amendment than fresh and composted manures for reducing NH3 emission impacts on rice paddies.
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1 INTRODUCTION
Livestock manure is considered to be a practical organic amendment for enhancing soil productivity as substitutes to chemical fertilizers in croplands (Du et al., 2020; Hua et al., 2020). However, improper application of livestock manure can create various environmental problems. Manure-derived nitrogen (N) can be lost through leaching, runoff, volatilization, denitrification, and other processes. Significant proportions of N are often lost via ammonia (NH3) emissions from manure-amended soils. For instance, an average of 12.8% and 17.9% of the applied N was reported to have volatilized as NH3 gas in Chinese upland and paddy fields, respectively (Zhang et al., 2013). The emitted NH3 can lead to increased N deposition and contribute to soil acidification, water eutrophication, and particulate matter (PM) formation (Wu et al., 2016; Ehrnsperger and Klemm, 2021).
Primary PM comprise mixed liquid droplets and solid particles in the air (e.g., soot, dust, smoke). However, secondary PM₂.₅ having diameters less than 2.5 μm may be formed through reactions of NH3 with other gaseous acidic precursors (e.g., NOx, SOx). NH3 is a reactive gas that readily combines with sulfate (SO₄2⁻) and nitrate (NO₃⁻) components in acidic cloud droplets to form particulates (Asman et al., 1998). When PM₂.₅ is inhaled, it penetrates deep into the lungs to impair respiration by irritating and corroding the alveolar walls (Xing et al., 2016). Globally, over 4.2 million premature deaths and 103 million disability-adjusted life years have been attributed to PM₂.₅ pollution (Cohen et al., 2017).
Global N losses via NH3 emissions are estimated to be 51–54 Tg N year⁻1 (Bouwman et al., 1997). Approximately 10%–20% of these emissions originate from natural sources, while the remaining 80%–90% are from anthropogenic sources (Zhang et al., 2018). Among the anthropogenic activities, agriculture contributes to about 80%–90% of NH3 emissions, with 63% from livestock feeding and 37% from crop cultivation (Bouwman et al., 1997; Piwowar, 2020). In soils, NH₃ emission intensities are influenced by several factors, such as N fertilization level and soil conditions (e.g., temperature, moisture content, pH) (Kang et al., 2016; Klimczyk et al., 2021). Compared to upland soils, flooded rice paddies may provide more favorable conditions for higher NH3 emissions. Applied N in soils can mineralize into ammonium (NH₄⁺) and then be aerobically nitrified into nitrate (NO₃⁻) (Sah and Mikkelsen, 1983). However, the nitrification rate is strongly regulated by oxygen availability (Jechalke et al., 2011; Yang et al., 2016), which generally results in the prolonged presence of inorganic NH₄⁺ in flooded rice paddies and increased volatilization into NH3 gas (Buresh et al., 2008).
Hypothetically, stabilized organic amendments (e.g., biochar, compost) may be more effective at reducing NH3 emissions than fresh manures. In compost, inorganic N is predominantly available in the form of NO₃⁻, which does not revert to NH₄⁺. Stabilized organic matter can slow mineralization and thereby decrease NH3 emissions (Lü et al., 2013; Agyarko-Mintah et al., 2017). Similarly, biochar contains less inorganic N owing to the expulsion of labile compounds during the pyrolysis process (Bruun et al., 2011; Buss et al., 2022). The organic C and inorganic N in biochar are hence more stable and resistant to decomposition (Haider et al., 2020). However, there are no readily available reports on the potentials of these stabilized organic amendments to reduce NH3 emissions in flooded rice paddy soils.
To investigate the feasibility of stabilized manure amendments in reducing NH3 emissions in rice paddies, three types of manures (fresh, composted, and biochar) were selected as the main treatments. The NH3 emission losses and rice yield properties were characterized during rice cultivation to identify the organic amendment with the lowest NH3 flux intensity.
2 MATERIALS AND METHODS
2.1 Preparation of manure amendments
To evaluate the impacts of manure amendments on NH₃ emissions during rice cultivation, three types of swine manures were prepared: fresh, compost, and biochar. Fresh swine manure was collected from a medium-scale pig farm in Jinju, South Korea; this manure was combined with sawdust in equal proportions (50% kg kg⁻1) and air-dried inside a greenhouse. The air-dried manure mixture had a neutral pH (6.7 with H₂O) and contained 44.8% total C and 1.8% total N (Table 1).
TABLE 1 | Chemical properties of the manure amendments used.
[image: Table 1]To prepare the compost, 1 Mg of the manure mixture was moistened to 60% (wt wt⁻1) and placed in a 1.2 m³ (1 m (width) × 1 m (length) × 1.2 m (height)) box covered with Styrofoam to retain heat. The manure pile was periodically mixed for aeration and adequately moistened during the 45-day composting period; the pile temperature increased sharply to 65–75°C immediately after piling and was maintained for approximately 3 weeks before gradually declining to the background temperature. The compost had an alkaline pH (7.4 with H₂O) and contained 43.4% total C and 2.2% total N.
To prepare the biochar, the dried manure mixture was pyrolyzed using a muffle furnace under closed conditions at 400°C for 4 h; the mixture was then placed inside the furnace and gradually heated at a rate of 10°C per minute before being stabilized at 400°C. The biochar had an alkaline pH (8.2 with H₂O) and contained 42.2% total C and 1.2% total N.
2.2 Experimental plot preparation for rice cultivation
A typical mono-rice paddy field was selected at the Gyeongsang National University experimental station (latitude 35° 8′56.73″ N, longitude 128° 5′46.27″ E) in the Republic of Korea. The paddy field has been exclusively used for rice farming for over 50 years, and the soil is classified as belonging to the Jisan series (fine silty, mixed, non-acid mesic Typic Endoaquepts). Before the experiments, the soil had a slightly acidic pH (6.0 in H₂O) and low fertility, with total C and N contents of 18.9 and 1.4 g kg⁻1, respectively.
A total of four treatments (control, fresh, compost, and biochar) were assigned with three replications each. The experimental plots (10 m × 10 m in size) were arranged in a randomized complete block design (RCBD). Irrigation inlets and outlets were prepared in each plot to control the flooded water levels; a metal barrier was deeply installed around each plot to avoid lateral water flow and fertilizer treatment mixing. In South Korea, the general recommendation for organic amendment application is 12 Mg ha⁻1 (RDA, 2017). One day before transplanting in the manure treatment plots, 12 Mg ha⁻1 of each of the manure amendments (on a dry weight basis) were manually mixed into the surface layers of the corresponding plots. The recommended levels of chemical fertilizers for rice cultivation (N–P₂O₅–K₂O = 90–45–57 kg ha⁻1) were applied to all the treatment plots (RDA, 2017). Based on the recommended rates, 50% of N, 100% of P₂O₅, and 70% of K₂O were applied as the basal fertilizers. The remaining fertilizers were side dressed on the 15th day (20% of N) and 45th day (30% of N and K₂O) after transplanting.
Twenty-five-day-old Dongjinbyeo cultivar (Japonica) rice seedlings were used in this study. Three to five seedling plants were manually transplanted per hill, with distances of 15 cm each between the hills and 30 cm each between the rows. The irrigated water in each plot was maintained at 5–7 cm above the surface soil layer. The floodwater was drained 4 weeks before rice harvesting. At the harvesting stage, 10 representative rice plants were collected from each plot. The plant samples were air-dried for a week in the greenhouse, and the seeds were detached from the panicles before counting. Finally, the harvest index was determined as the ratio of grain yield to total aboveground biomass.
2.3 Evaluation of ammonia volatilization loss
To assess the influences of manure amendment applications on NH₃ emissions during rice cultivation, the static chamber method was used. The chamber (inner diameter: 12 cm; height: 25 cm) was inserted into the soil to a depth of 15 cm without the rice plants. Two acid-impregnated sponges (diameter: 12 cm; height: 2 cm) were placed inside the chamber to trap the NH₃ gas from the soil and outside air separately. Phosphoric acid was used to trap the NH₃ gas, and 4% glycerin was used to maintain the moisture in the sponge. NH₃ samples were collected daily for 1 week after N fertilization, followed by collection at 2- to 3-day intervals for 2 weeks, and finally once per week during the rest of the rice cultivation period.
During sampling, the lower sponges were collected and placed in an icebox for preservation. They were then completely immersed in a 2 M KCl solution and shaken using a rotating shaker for 1 h. Subsequently, the sponges were squeezed by hand, and the NH₄⁺–N concentration was quantified using the indophenol blue method (Novamsky et al., 1974). The NH₃ emission rate was estimated from the amount of NH₃ trapped per unit area over a specific sampling interval:
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where M (mg) is the NH₄⁺–N collected in the chamber, A (m2) is the chamber area, and D (day) is the duration for NH₃ sampling.
The seasonal NH₃ flux was calculated using the daily NH₃ emission rate and sampling interval:
[image: image]
where Ri is the daily NH3 emission rate (kg N ha−1 day−1) in the ith sampling interval, Di is the number of days between the ith and (i−1)th sampling, and n is the number of samplings.
2.4 Analysis of manure amendment, soil, and water characteristics
The manure amendments were sampled and their chemical properties analyzed for pH and electrical conductivity (EC) (1:10 wt v−1, sample: H2O); total C and N contents using an automated true macro element analyzer; and inorganic NH₄⁺ and NO₃⁻ contents using 2 M KCl extraction and measurement with the indophenol blue and brucine methods, respectively. During rice cultivation, the soil temperature and redox potential (Eh) changes were continually recorded using an automatic sensor at a soil depth of 15–20 cm. The floodwater and surface soil were sampled periodically to monitor changes in pH and NH₄⁺ concentration following the same analysis procedures as noted above.
2.5 Statistical analysis
The Statistical Tool for Agricultural Research 2.0.1 (STAR) software was used for the statistical analyses. The data were analyzed using one-way analysis of variance (ANOVA) for the RCBD; the statistically significant results were subjected to comparison of means using the honestly significant difference (HSD) test at the 5% significance level.
3 RESULTS
3.1 Changes in soil temperature and Eh values
During rice cultivation, the soil temperature and Eh values were continuously monitored at the surface layer (Figure 1). The soil temperature fluctuated similarly to the air temperature but showed no significant differences among the treatments or years; the temperature increased gradually after rice transplantation, reached a peak value during the reproductive stage, and declined gradually thereafter. The soil Eh values exhibited a typical pattern throughout the entire rice cultivation period, with no marked differences among the various manure treatments. Within 2 weeks of submerging for rice transplanting, the Eh value declined sharply to –200 mV, indicating a highly reduced soil environment that persisted throughout the flooded cropping period. Following water drainage 1 month before rice harvesting, the soil Eh value increased rapidly, but no significant differences were observed among the different fertilizer treatments.
[image: Figure 1]FIGURE 1 | Changes in soil and air temperatures, as well as soil Eh values, during rice cultivation.
3.2 Changes in NH3 emissions
Irrespective of the manure types and investigation years, NH₃ gas was emitted in a similar pattern (Figure 2). The recommended levels of chemical fertilizers were applied in all the treatments; the NH₃ emission rates increased sharply immediately after the addition of N fertilizer (urea). The total urea was split into three applications as the basal (50%) fertilizer 1 day before rice transplantation, at tillering (20%) 15 days after transplantation, and at panicle initiation (30%) 45 days after transplantation. However, manure addition significantly increased the NH₃ emission rates.
[image: Figure 2]FIGURE 2 | Changes in NH3 emission rates of rice paddy supplied with different types of manure amendments. The arrows indicate split N fertilization days, while the vertical bars indicate standard deviations (n = 3).
In the no-manure treatment (control), a total of 70–97 kg N ha⁻1 of NH₃ gas was emitted over the entire rice cultivation period, but the addition of 12 Mg ha⁻1 (dry weight) of fresh manure largely increased this seasonal flux by 42%–80% over the control (Figure 3). Stable manure types, such as the biochar and compost, were effective at reducing the increased NH₃ fluxes. Compost manure reduced the seasonal NH₃ flux by approximately 16%–21% compared to fresh manure. However, biochar exhibited even greater efficacy, reducing the seasonal NH₃ flux by 36%–46% compared to fresh manure. Furthermore, biochar showed a 4%–9% lower seasonal NH₃ flux than the control, although no statistically significant difference was observed between the two treatments.
[image: Figure 3]FIGURE 3 | Seasonal NH3 fluxes, grain yields, and NH3 flux intensities during rice cultivation when supplied with different types of manure amendments. The vertical bars indicate standard deviations (n = 3).
3.3 Changes in floodwater and soil chemical properties
The floodwater pH and NH₄⁺ concentrations fluctuated similarly during the 2 years of rice cultivation (Figure 4). Regardless of manure application, these two properties increased sharply after urea addition and then decreased gradually. Manure treatments had more pronounced influences on these properties. Fresh manure application significantly increased the water pH and NH₄⁺ concentration during the early rice cropping season, but these changes were less evident in the late cropping season.
[image: Figure 4]FIGURE 4 | Changes in the pH and NH4+ concentrations in rice paddy floodwaters supplied with different types of manure amendments. The arrows indicate split N fertilization days, and the vertical bars indicate standard deviations (n = 3).
In contrast to the floodwater changes, the soil properties (pH and inorganic NH₄⁺ concentration) remained relatively stable during rice cultivation (Figure 5). The soil pH was initially low when the soil Eh value was higher; as the soil condition became highly reduced, the soil pH increased. Manure application enhanced soil pH during the early rice-growing season, with biochar proving more effective than fresh and compost manures in this regard. Regardless of the fertilization background, the soil NH₄⁺ concentration increased slightly over time. Manure application comparably increased the inorganic NH₄⁺ contents in the soils. Among the manure treatments, biochar application significantly increased the soil NH₄⁺ level throughout the cropping period, although the differences were comparable among the various manure treatments.
[image: Figure 5]FIGURE 5 | Changes in the pH and NH4+ concentrations in rice paddy soils supplied with different types of manure amendments. The vertical bars indicate standard deviations (n = 3).
3.4 Rice productivity and ammonia flux intensity
The rice yield properties differed between the cropping years, but the organic amendment application increased rice productivity consistently (Figure 3). The average grain yield was 7.2 Mg ha⁻1 for the control treatment. Compost application significantly increased grain productivity owing to the higher panicle numbers per hill and number of seeds per panicle, whereas the fresh and biochar manure applications increased rice productivity slightly without any statistically significant differences (Table 2). The NH₃ flux intensity, indicating the seasonal NH₃ flux per grain yield, was approximately 9.5 kg NH₃–N Mg⁻1 grain for the control treatment (Figure 3). The fresh and compost manure applications significantly increased the average NH₃ flux intensities by 69% and 38% over the control, respectively; however, biochar manure application did not increase the flus intensity over that of the control.
TABLE 2 | Rice yield properties in different types of manure-amended soils.
[image: Table 2]4 DISCUSSION
The N losses via NH₃ emissions from the field-applied amendments have garnered significant attention, owing to their impacts on reduced fertilizer effectiveness and more environmental problems (Misselbrook and Powell, 2005; Monaco et al., 2012). Flooded rice paddies possess soil conditions that are particularly conducive to NH₃ volatilization compared to upland conditions owing to the reduced oxygen levels and higher pH during the flooded cropping season (Ventura and Yoshida, 1977; Zhao et al., 2009; Zhang et al., 2013). Urea-N applied to the soil is rapidly converted to NH₄⁺ ions, which can either volatilize into NH₃ gas or undergo biological nitrification to form NO₃⁻ ions (Saggar et al., 2013; Barth et al., 2019). However, the rate of nitrification is influenced by oxygen availability (Jechalke et al., 2011; Hsiao et al., 2014). In flooded rice paddies, NH₄⁺ ions can persist due to the low-oxygen environment, leading to higher NH₃ volatilization losses.
In the present study, soil Eh values indicating the oxidation and reduction states decreased rapidly from 150 mV to –260 mV immediately after flooding (Figure 1). This decrease signifies a significant reduction in the soil oxygen concentration after flooding, creating favorable conditions for NH₃ volatilization loss. The low-oxygen environment inhibits the activity of the nitrifying bacteria, which normally convert NH₄⁺ to NO₃⁻. Consequently, the NH₄⁺ ions accumulate in the soil and are more prone to volatilization as NH₃ gas (Cui et al., 2021). Furthermore, this soil reduction increases the soil pH to 7.5–9.0, which is another favorable condition for NH₃ emission that persists throughout the flooded period (Figure 4).
In the field study, similar levels of chemical fertilizers were applied to all treatments, and the N fertilizer (urea) was split into three application times (basal, tillering, and panicle initiation stages) during rice cultivation. Regardless of the manure management conditions, the NH₃ gas emissions fluctuated in similar patterns (Figure 2), sharply increasing within 2–3 days after urea application and then rapidly decreasing to the background levels. The results indicate that the NH₃ emission rates were highly correlated with NH₄⁺ concentrations in the floodwaters rather than in the soils (Figure 6). Unlike the general notion that NH₃ volatilization loss is influenced by inorganic NH₄⁺ content in the soil (Du Plessis and Kroontje, 1964), inorganic NH₄⁺–N concentration in the floodwater was found to be the most influential factor determining NH₃ flux in the rice paddy (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between NH3 emission rates and NH4+ concentrations in floodwaters and soils supplied with different types of manure amendments. The vertical bars indicate standard deviations (n = 3).
Interestingly, while the entire manure amendment was incorporated into the surface soil as the basal fertilizer before transplanting, the addition of urea through side-dressing significantly increased NH₃ volatilization loss in the manure treatments. This suggests that the added urea may have stimulated microbial activity (Xiang et al., 2023). Under favorable conditions, the soil microorganisms can metabolize urea and organic matter more rapidly, leading to increased NH₃ production as a metabolic byproduct (Lee et al., 2021; Li et al., 2022).
For example, the same amounts of urea N were applied in all treatments at the tillering stage (15 days after transplanting), but this addition increased NH₃ emission rates from tillering to panicle initiation fertilization by an average of 60% and 12% in the fresh and compost treatments, respectively. However, under biochar manure treatment, the NH₃ emissions were comparable to those without manure (Figure 2). The applied urea-N might boost microbial activity in the soil, accelerate the decomposition of organic amendments and soil organic matter, and subsequently increase NH₃ volatilization under anaerobic and high-pH conditions (He and Suzuki, 2004; Wang et al., 2021).
Among the selected manure amendments, the fresh and compost applications significantly increased the average seasonal NH₃ fluxes by 58% and 29% over no manure application, respectively (Figure 3). Biochar had an alkaline pH (8.4 ± 0.2 in water suspension) (Table 1), but its application did not increase NH₃ volatilization loss during the cropping season; instead, it decreased the seasonal NH₃ flux by approximately 7% compared to no manure application. Biochar is a C-rich solid product produced by the low-temperature pyrolysis of biomass (Lehmann and Joseph, 2015; Tomczyk et al., 2020); it contains oxygen functional groups, such as carboxyl and keto groups, which are responsible for NH₄⁺ adsorption through hydrogen bonding and electrostatic interactions (Cai et al., 2016). The reduction in NH₃ emission loss may be related to biochar’s high negativity (Gundale and DeLuca, 2007) and low inorganic N content (Table 1). Labile N in the biomass could volatilize during pyrolysis, resulting in biochar having very low inorganic N content (Ohtsuka et al., 1994; Clark et al., 2017). Some studies have shown the effectiveness of biochar in reducing N leaching losses (Major et al., 2012), with a high C/N ratio enhancing N immobilization (DeLuca et al., 2015).
However, compost contains higher concentrations of inorganic N (NH₄⁺ and NO₃⁻) compared to fresh manure (see Table 1), which makes it a less-effective application for reducing NH₃ volatilization losses. Rice grain productivity significantly increased with compost manure application (Figure 3), likely due to the higher N content (Table 1). However, fresh and biochar applications increased the average rice productivities by 5% and 11% over the control, respectively, although this was not a statistically significant difference compared to the control. The NH₃ intensity, indicating seasonal NH₃ flux per grain yield, was 12 kg NH₃–N Mg⁻1 grain for the control treatment. Fresh and compost manure applications significantly increase this intensity by approximately 50% and 12% over the control, respectively (Figure 3), primarily due to the higher NH₃ emissions. However, biochar application decreased NH₃ intensity during rice cultivation by around 16% compared to that of the control.
5 CONCLUSION
Regardless of the organic amendment management condition, NH₃ gas was mainly volatilized immediately after application of the chemical N fertilizer (urea). However, manure-based amendments, when incorporated as basal fertilizers before rice transplantation, can significantly increase NH₃ emission rates following urea application. Both fresh and compost manures, which are characterized by high contents of inorganic N, notably increase NH₃ volatilization during rice cultivation. In contrast, biochar having high material pH but low inorganic N content, does not elevate NH₃ emission loss over that of the control. Notably, NH₃ emission rates are primarily governed by the NH₄⁺ contents in the flooded waters, rather than those in the soils. Although compost manure application significantly boosts rice grain yield, fresh and biochar manure applications result in slight productivity increments without statistical significance. Consequently, the application of fresh and compost manures can markedly increase NH₃ emission intensities, indicating the seasonal NH₃ flux per grain yield, whereas biochar manure does not exhibit such intensity. In summary, biochar as an organic amendment is a more viable option compared to fresh and compost manures for mitigating NH₃ emissions and enhancing soil productivity in rice paddies.
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