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Abstract

:

Ammonia volatilization is an important nitrogen loss pathway in the paddy field ecosystem which leads to low nitrogen-utilization efficiency and severe atmospheric pollution. To reveal the influence and the mechanism of biochar application on ammonia volatilization from paddy fields under controlled irrigation, field experiments were conducted in the Taihu Lake Basin in China. The experiment consisted of three levels of biochar application (0, 20, and 40 t·ha−1) and two types of irrigation management (controlled irrigation and flood irrigation). Increasing ammonia volatilization occurred after fertilization. Biochar application reduced the cumulative ammonia volatilization from controlled-irrigation paddy fields, compared with non-biochar treatment. The cumulative ammonia volatilization in controlled-irrigation paddy fields with 40 t·ha−1 biochar application was reduced by 12.27%. The decrease in ammonia volatilization was related to the change in soil physical and soil physical–chemical properties and soil microbial activities. The high biochar application (40 t·ha−1) increased the NH4+-N content in soil (p < 0.01) and soil solution (p <0.05), increased by 64.98% and 19.72%, respectively. The application also increased the soil urease activity (p < 0.01), and high biochar application (40 t·ha−1) increased soil urease activity by 33.70%. Ammonia volatilization from paddy fields was significantly correlated with the nitrogen concentration (p < 0.01) in the soil solution and soil urease activity (p < 0.05). Meanwhile, the abundance of ammonia monooxygenase subunit A (AOA) and ammonia-oxidizing bacteria (AOB) with biochar application under controlled irrigation showed an increasing trend with rice growth. The long-term application of biochar may have a relatively strong potential to inhibit ammonia volatilization. In general, the combined application of controlled irrigation and biochar provides an eco-friendly strategy for reducing farmland N loss and improving paddy field productivity.
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1. Introduction


A large amount of nitrogen fertilizer is often used in crop production to ensure the quantity and quality of food production to satisfy the growing population’s demand. Over the past 49 years, the production of agricultural food in China has increased by 3.4 times, which is partly attributed to a 37-fold increase in nitrogen fertilization [1]. However, the excessive application of nitrogen fertilizer is contrary to their low utilizing efficiency in China. A considerable amount of nitrogen fertilizer is lost to the environment annually, accounting for 50–70% of the total applied fertilizers, which causes seriously adverse impacts on the global nitrogen cycle [2]. The nitrogen is lost gradually through ammonia volatilization, nitrification-denitrification, nitrate leaching, and runoff [3]. Ammonia volatilization is the main pathway of nitrogen loss in the paddy field ecosystem. The nitrogen loss from ammonia volatilization within 10 days after fertilization is 0.5–19.7% of the nitrogen application [4]. The accumulative ammonia volatilization during the rice growth period accounts for 17.95–28.64% of the nitrogen application [5]. Ammonia volatilized into the atmosphere is a substantial source of soil acidification and water eutrophication [6]. Furthermore, ammonia trapped in the atmosphere destroys the ozone layer [7]. Ammonia volatilization not only causes a large waste of resources but also produces serious environmental pollution.



Through the background of climate change, environmental pollution, energy shortage, and agricultural sustainable development in recent years, biochar has attracted wide attention for its carbon sequestration and emission reduction, soil improvement [8], and environmental remediation [9,10,11,12,13]. Biochar is a solid product derived from the pyrolysis of bio-organic materials (also known as biomass) in an anaerobic or hypoxic environment [14]. It has been noted that biochar has a large number of pores on its surface and has a strong adsorption capacity for water and gas, which is also conducive to the maintenance of nutrients such as N, P, and K [15,16]. Additionally, biochar addition can promote crop growth due to efficient utilization of nutrients in soil, the optimization of soil physical and chemical properties, and the reduction in heavy metal toxicity [17,18]. Moreover, research has shown that the ammonium concentration on the surface of the field is positively correlated with ammonia volatilization [19,20]. Nitrogen adsorption by biochar may affect the process of soil nitrogen transformation and ammonia-volatilization loss [21]. Reports indicated that, under fertilized treatments, applying cotton stalk-derived biochar could result in a 9.90% reduction in soil NH4+-N concentrations and a 40.59% reduction in ammonia volatilization in drip-irrigated cotton fields [22]. With the large-scale application of water-saving irrigation technology, the ecological environment of rice fields has changed [23], which would affect the variation of ammonia volatilization. Controlled irrigation is one of the water-saving irrigation technologies. Recent research has shown that the ammonia volatilization in paddy fields under water-saving irrigation has reduced by 20.37 kg·ha−1, 13.99% lower than that under flood irrigation [24]. Different from the traditional flood-irrigation fields, the soil of controlled-irrigation fields is in the unsaturated state during most of the growth period. Water and heat conditions of the two irrigation methods are different. The redox potential, microbial populations, and enzyme activities have been changed under controlled irrigation, thereby affecting the transformation of nitrogen. On this basis, the capacity of biochar in adsorbing ammonia and the subsequent ammonia volatilization is still unknown.



Published studies on the effect of biochar application in the rice field and its impact on the farmland environment have mainly focused on the paddy field under flooding irrigation [25], with few studies on controlled-irrigation conditions. The effects of biochar application in paddy fields under controlled irrigation, including their impacts on the ammonia volatilization and the physical and chemical conditions of the soil, are still unclear with the large-scale popularization of water-saving technology. The mechanism of biochar application on ammonia volatilization in paddy fields under controlled irrigation requires further study. Therefore, our study explored the application of biochar in paddy fields with controlled-irrigation technology, simultaneously monitoring the inorganic nitrogen concentration in the surface soil solution, soil inorganic nitrogen content, urease activity, bacteria quantity, and ammonia-volatilization flux during the rice planting season. The objectives of this experiment were to: (1) determine the variation of ammonia volatilization with biochar under controlled irrigation;(2) analyze the relationship between other influencing factors (environmental properties and ammonia-oxidizing microorganism) and ammonia volatilization in paddy fields; and (3) reveal the mechanism of the effect of biochar application on ammonia-volatilization loss in paddy fields under controlled irrigation.




2. Materials and Methods


2.1. Experimental Site


Experiments were conducted in lysimeters at the Kunshan Experiment Station in Suzhou, Jiangsu Province (34° 15′21″ N, 121° 05′22″ E). This station is located in the Taihu Lake Region of China, with dense rivers and flat terrain. This region has a subtropical monsoon climate with an average annual temperature of 15.5 °C, annual precipitation of 1097.1 mm, annual evaporation of 1365.9 mm, sunshine duration of 2085.9 h, and an average frost-free period of 234 d. The rice and wheat rotation cropping system is prevalent in the local area. The study was carried out during the rice growth period. The average wind speed was 1.467 mph and the relative humidity was 81.29% during the experiment in 2018. The soil type of the experiment site was dark-yellow hydromorphic paddy soil. The soil texture in the plowed layer in the top 20 cm was heavy loam with a bulk density of 1.30 g·cm−3, organic matter of 21.71 g·kg−1, total nitrogen of 1.79 g·kg−1, total phosphorus of 1.4 g·kg−1, total potassium of 20.86 g·kg−1, and pH of 7.4.




2.2. Experimental Design


The experiment consisted of three biochar application amounts (0, 20, and 40 t·ha−1) under controlled irrigation (namely, CA, CB, CC) and 40 t·ha−1 biochar application under flood irrigation (namely, FC). Each treatment was conducted in triplicate in twelve lysimeters (2.5 m × 2 m). Rice-straw biochar, which was well mixed in topsoil (0–20 cm) before the rice transplanting in 2016, contained 42.6% carbon and 0.75% nitrogen, with a pH of 10.1. The controlled-irrigation treatment only preserved a shallow water layer in the field in the regreening stage, but no water layer in other growth stages. The irrigation times and volumes were based on the combination of 60–80% of saturated soil moisture content in the root-growing soil layer [26]. Flood irrigation was managed according to local rice planting habits. The water layers of 3–5 cm were maintained on the surface of the field except the drainage process in the late tillering stage and natural drying in the ripening stage [24].



The experimental rice was Nanjing 46. It was transplanted at 250 mm × 130 mm spacing on June 26 and harvested on October 25 in 2018. The fertilization process was conducted under local rice cultivation practices with 312.69 kg N ha−1, 63.00 kg P2O5 ha−1, and 89.25 kg K2O ha−1 during the entire growing period. Other management measures, such as weeding and pest control, were consistent with the local habits.




2.3. Sampling and Measurement


Ammonia volatilization was collected by the venting method [27] at 1, 2, 3, 5, 7, 12, and 17 d after each fertilization until the next fertilization or until NH3 became undetectable. A rigid polyvinyl chloride plastic pipe and two pieces of sponge impregnated with glycerol phosphate made up the capture device to collect ammonia in the field. KCl solution was used to extract ammonia absorbed in the lower sponge. Thus, the ammonia-volatilization flux in paddy fields could be calculated by measuring the NH4+-N concentration in KCl extracting solution as follows:


  N  H 3  − N ( k g ⋅ h  a  − 1   ⋅  d  − 1   ) =  M  A × D   ×   10   − 2    








where M is the average ammonium nitrogen content (mg) of a single device through the venting method, A is the cross-sectional area (m2) of the capture device, and D is the time (D) of each continuous capture.



Before rice transplanting, soil solution samplers were embedded in each plot and approximately 150 mL of soil solution was extracted from controlled-irrigation treatment. Equivalent surface water was extracted from flood-irrigation treatment by syringe. The water sampling frequency was synchronized with ammonia-volatilization sampling. After the soil solution was filtered, the concentrations of ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3−-N), and total nitrogen (TN) were determined according to the indophenol blue method, ultraviolet-spectrophotometer assay, and alkaline potassium persulfate digestion-UV spectrophotometric methods, respectively [28]. Soil samples were obtained by applying the multi-point mixing method six times (before rice transplanting, tillering stage, jointing–booting stage, milk-ripe stage, ripening stage, and postharvest). Part of the soil samples was extracted by 1 mol·L−1 KCl solution to determine the NH4+-N and NO3−-N contents. Another part of the samples was air-dried and used to determine soil urease content by phenol-sodium hypochlorite colorimetry. In addition, 0~20 cm topsoil samples were obtained by applying the multi-point mixing method in each field plot in July, August, and September, obtaining a total of 36 soil samples (three repetitions for each treatment). After sieving (<2 mm), the soil samples were stored at −80 °C for real-time fluorescence PCR and high-throughput sequencing. Microbial DNA was extracted from soil samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s protocols. The ammonia monooxygenase subunit A (AOA) and ammonia-oxidizing bacteria (AOB) were amplified by PCR using Arch-amoAF/Arch-amoAR and amoA-1F/amoA-2R [29] primers. The amplicon library was paired-end sequenced on an Illumina HiSeq 2500 System sequencing platform (Illumina Inc., San Diego, CA, USA) according to the standard protocols [30].




2.4. Statistical Analysis


Experiment data of the inorganic nitrogen concentration in the surface soil solution, soil inorganic nitrogen content, urease activity, bacteria quantity, and ammonia-volatilization flux were analyzed by Excel 2007 and SPSS 22.0 software. Significance for the difference of results among treatments was calculated based on the least significant difference (LSD) test at the 1% and 5% levels. Correlation between ammonia-volatilization flux and other influencing factors was analyzed with the Pearson test (two-tailed) at p = 0.01 or 0.05.





3. Results


3.1. Ammonia Volatilization


The patterns of ammonia-volatilization flux of different treatments were quite similar (Figure 1). Three peaks of ammonia volatilization appeared in the growth period after three fertilizations. The volatilization increased significantly after fertilization, peaked within three days, and then gradually decreased to a stable level until the next fertilization. The applied nitrogen in the three times of fertilization decreased gradually, along with the peak of ammonia-volatilization flux.



Under controlled irrigation, ammonia-volatilization flux from paddy fields showed significant difference among various biochar amounts, which was generally following the order of CA > CB > CC. In terms of ammonia-volatilization peak, decreased to 1.557 and 1.700 kg·ha−1·d−1 in the CB and CC treatments, respectively, compared with the CA treatment of 1.887 kg·ha−1·d−1. The cumulative ammonia volatilization in the entire growth period is shown in Figure 2. The greatest ammonia-volatilization loss was found in the CA treatment (9.722 kg·ha−1), followed by the CB (9.323 kg·ha−1) and the CC treatment (8.529 kg·ha−1). Compared with the CA treatment, the cumulative ammonia-volatilization loss under the CC treatment was reduced by 12.27%.



Ammonia volatilization from paddy fields with biochar addition under different water management showed no much difference. Especially in the regreening period, the controlled-irrigation paddy field also maintained a shallow water layer, which was the same as the flooding paddy fields. Therefore, Figure 1b shows that the ammonia-volatilization flux of flood irrigation and controlled irrigation was almost coincident within 10 days after transplanting. Controlled-irrigation treatment preserved no water layer on the field surface after tillering stage. As a result, the ammonia volatilization of CC and FC treatments showed little difference after the application of tillering fertilizer and panicle fertilizer. However, the cumulative ammonia volatilization of the CC treatment (8.529 kg·ha−1) was 3.85% lower than that of the FC treatment (9.033 kg·ha−1) in the entire growth period. Overall, the ammonia volatilization from paddy fields was more concentrated under controlled irrigation and more dispersed under flood irrigation.




3.2. Surface Soil Solution (Surface Water) Chemical Characteristics


The water layers were almost maintained on the surface of the flood-irrigation field and ammonia volatilization is related to NH4+-N in the surface water. The field under controlled irrigation preserved no water layer on the field surface during most of the growth period. The water condition in the paddy field was more similar to that of dry land, but the soil moisture was higher than that of dry land. In this case, ammonia volatilization was closely related to inorganic nitrogen in soil and soil solution. The inorganic nitrogen concentration in the surface soil solution (surface water) exhibited a close relationship with ammonia-volatilization flux (Figure 3). The concentration experienced various degrees of increase and decrease processes after each fertilization. The peak value of inorganic nitrogen concentration is proportional to the nitrogen application rate each time.



The NH4+-N concentrations in the surface soil solution of each treatment under controlled irrigation are shown in Figure 3a. It remained over 3 mg·L−1 after the application of basal fertilizer. After the application of tillering fertilizer, the concentration immediately displayed processes of increase and decrease and gradually stabilized after five days of fertilization. From the perspective of the entire growth period, the biochar application increased the NH4+-N concentration in the surface soil solution. The average NH4+-N concentrations of CA, CB, and CC treatments were 3.436, 3.503, and 4.114 mg·L−1, respectively. The NH4+-N concentration of the CC treatment was 19.72% higher than that of the CA treatment (p < 0.05). Compared between different water managements (Figure 3b), the NH4+-N concentrations in the surface soil solution of the CC treatment and that of the FC treatment reached their maximum amount of 10.698 and 10.259 mg·L−1, respectively, at the regreening stage. During the application of the basal fertilizer stage, the NH4+-N concentration of the CC treatment maintained a high level. However, that of the FC treatment only showed a significant increase within seven days after fertilization and then decreased rapidly. After the application of tillering fertilizer, a peak concentration of NH4+-N in the CC treatment up to 9.203 mg·L−1 was obtained, but only a small peak of less than 1 mg·L−1 in the FC treatment was collected, and then immediately stabilized. Therefore, the NH4+-N concentration of the CC treatment was 90.14% higher than that of the FC treatment in the entire growth period (p < 0.01).



The NO3−-N concentrations in the surface soil solution of controlled-irrigation fields with biochar showed not much difference (Figure 3c). After the application of basal fertilizer, the NO3−-N concentration of each treatment significantly increased but decreased sharply in the following two days. On the contrary, it remained at a high level for approximately ten days after the application of tillering fertilizer. This pattern was exactly opposite to the NH4+-N concentration, which might be related to their transformation. In summary, the average NO3−-N concentrations treated by the CA, CB, and CC were 1.319, 0.938, and 0.951 mg·L−1, respectively. Significant differences existed between the CB and CA and the CC and CA (p < 0.01). The biochar application reduced the NO3−-N concentration in the surface soil solution, which was contrary to the NH4+-N concentration. The comparison of the NO3−-N concentration in the surface soil solution (surface water) under different water management (Figure 3d) indicated that the NO3−-N concentration of the FC treatment only showed a peak value of 2 mg·L−1 after the application of basal fertilizer. Thus, no visible changes were observed subsequently. However, the NO3−-N concentration of the CC treatment changed with fertilization and showed greater changes and higher peaks than those of the FC treatment. Therefore, a significant difference (p < 0.01) existed between the average NO3−-N concentrations of the CC treatment (0.938 mg·L−1) and the FC treatment (0.590 mg·L−1).



The TN concentration in the surface soil solution (surface water) with biochar under controlled irrigation changed significantly after the first two fertilizations (Figure 3e), but no significant difference was found among the treatments. The TN concentrations of the CA, CB, and CC treatments were 6.190, 5.893, and 6.106 mg·L−1, respectively. The patterns of the TN concentration in the surface soil solution (surface water) under different types of water management were also relatively consistent (Figure 3f). The TN concentration of the CC treatment was generally higher than that in the FC treatment. Therefore, the average TN concentration of the CC treatment was 46.04% higher than that of the FC treatment during the entire growth period (p < 0.01).




3.3. Soil Chemical Characteristics


The soil NH4+-N content underwent a process of increase and decrease (Figure 4a). The amount was high in the main stage of rice growth but almost none in the ripening stage and harvest period. Before rice transplanting, the soil NH4+-N contents of CB and CC treatments were significantly higher than those of the other two treatments (p< 0.01). They even reached 29 mg·kg−1 at tillering stage. However, after the jointing stage, the soil NH4+-N contents of CB and CC treatments gradually reached those of the other two treatments and were significantly lower at the milk-ripe stage (p < 0.01). In general, the average soil NH4+-N contents of CB and CC treatments were 64.98% and 42.72% higher than CA treatment (p < 0.05), respectively, which was greatly affected by the initial soil NH4+-N content. Compared with the FC treatment, the soil NH4+-N content of the CC treatment was higher, without significant difference.



The changes in soil NO3−-N content in each stage are shown in Figure 4b. Before rice transplanting, the soil NO3−-N contents of the CA and FC treatments were high, but those of the CB and CC were low, which was opposite to the initial soil NH4+-N content. During the regreening and tillering stages, the soil NO3−-N content of each treatment was above 10 mg·kg−1. The milk-ripe stage is the key period for rice yield, in which the soil NO3−-N content of each treatment was the lowest. The average soil NO3−-N content during the entire growth period was ordered as FC > CA > CB > CC. The biochar application and controlled-irrigation management reduced the soil NO3−-N content, contrary to the pattern of the soil NH4+-N content.



Urease is an obligate enzyme, functioning in the hydrolyzation of urea. Urease activity is in connection with soil NH4+-N content. The highest urease activity was observed at the tillering and jointing stages (Figure 5). The urease activity of each treatment decreased to the lowest at the ripening stage, which was probably related to the natural drying and the decrease in soil moisture. The urease activity before transplanting and after harvest showed an increase in each treatment. The urease activity of the CB and CC treatments increased by 72.0% and 73.3%, and that of the FC treatment increased by only 19.23%. The increase in paddy fields under controlled irrigation with biochar application was more evident than those under flood irrigation. The average urease activity during the entire growth period was shown as CC > CA > FC > CB. The average urease activity of the CC treatment was 33.70% higher than that of the CA treatment (p < 0.05).




3.4. Diversity Analysis of Ammonia-Oxidizing Microorganisms


The copy numbers of AOA and AOB amoA genes could reflect their abundance (Figure 6). When rice was rapidly growing in July and August, the AOA and AOB amoA gene copies of the CC-and CB treated soils were lower than those of the CA treatments, contrary to the results obtained in September. The AOA and AOB amoA gene copy numbers of the CC treatment increased significantly compared with that of FC treatment (p < 0.05). This finding coincided with the changes in NH4+-N and NO3−-N in soil and soil solution. Therefore, controlled irrigation and biochar application could change the AOA and AOB abundance, thereby affecting the nitrification process and changing the composition of soil inorganic nitrogen. During the entire growth period, the biochar application of 20 and 40 t·ha−1 reduced the AOA and AOB abundance of the paddy field under controlled irrigation.



By analyzing the alpha diversity of AOA and AOB communities, the goods_coverage of 36 samples ranged from 0.995 to 1.000, indicating that more than 99.5% species diversity existed in all libraries. Table 1 shows the difference in alpha-diversity index among different treatments. The chao1 and observed_species of AOA and AOB under the CB and CC treatments were lower than those of CA treatment in September. Compared with FC treatment, chao1 and observed_species of AOA and AOB under CC treatment were lower. Therefore, controlled irrigation and biochar application could decrease the abundance of the ammonia-oxidizing bacteria community. This was consistent with AOA and AOB amoA gene copy numbers. The shannon and simpson of AOA and AOB under CB treatment were higher than those of CA treatment in August and September, which indicates that the biochar application of 20 t·ha−1 could increase the individual distribution uniformity of the ammonia-oxidizing bacteria community in irrigated paddy soil.




3.5. Correlation Coefficients between Ammonia Volatilization, Environmental Properties, and Gene Abundance


Pearson correlation coefficients were calculated to analyze the relationship between ammonia-volatilization flux and biochemical data (Table 2, Table 3 and Table 4). The correlation coefficients indicated that the NH4+-N concentration (r = 0.719, p < 0.01), the NO3−-N concentration (r = 0.525, p < 0.01), the TN concentration (r = 0.658, p < 0.01), and soil NO3−-N content (r = 0.809, p < 0.01) were the most significant contributors. Urease activity (r = 0.562, p < 0.05) was also the main factor affecting ammonia volatilization. In addition, extremely significant positive correlations were found among various forms of inorganic nitrogen concentration in the soil solution. Urease activity was highly correlated with the soil NO3−-N and NH4+-N contents. A strong positive correlation was also found between AOA and AOB.





4. Discussion


Ammonia volatilization in paddy fields is mainly caused by ammonium ions on the soil surface. The application of nitrogen fertilizer is the main reason for ammonia volatilization in fields [31,32]. When nitrogen fertilizer, such as urea, is applied to the paddy field, NH4+ and OH− are rapidly generated through hydrolysis, leading to an increase in the NH4+ concentration in the surface water within a short period [33,34]. Numerous studies have shown that a significant positive correlation exists between ammonia volatilization from fields and soil NH4+ concentration [35,36]. Furthermore, the alkaline environment formed by urea hydrolysis accelerates the loss of ammonia [34]. Therefore, ammonia volatilization from fields generally occurs between one and three days after nitrogen application and then decreases gradually [4,36]. In the experiment, three fertilizations were applied during rice growth period. Thus, ammonia volatilization peaked three times, which decreased successively with the decrease in nitrogen application.



Biochar has a unique structural nature and physicochemical properties, which can improve soil aeration. The increase in soil porosity caused by biochar addition has a positive effect on heat, water, and gas exchanges in the soil [18]. The channel formed in the soil is conducive to transferring the NH3 from the soil mass to the soil surface, thereby providing a prerequisite for ammonia volatilization [37,38]. However, the current research results on the response of ammonia volatilization to biochar are different. Sun, et al. [37] have shown that biochar amendment increases ammonia volatilization evidently by 21.0% in agricultural soil, because porous biochar addition can promote soil aeration. Another point of view is that most biochar (especially straw biochar) itself is rich in Ca2+, K+, and Mg2+ ions. With the entrance of biochar into the soil, exchange of these ions with H+ and Al3+ in the soil improved soil PH value [39] and thus promoted ammonia volatilization [17,40,41]. On the contrary, Mandal et al. [42] have shown that biochar application at 0.5% and 2% decreases the ammonia volatilization by 36% and 48%, respectively. The reduction in ammonia volatilization is due to the synergetic effect of changed soil pH and adsorbed NH3 by biochar. Esfandbod et al. [43] also confirmed that biochar can reduce the emission of ammonia via adsorption of NH3 into the particles of biochar. Other studies have shown that biochar has good water-retention ability, and can reduce water loss and increase the solubility of soil solution to NH3 after being applied to soil, thus effectively reducing ammonia volatilization [38]. In addition, one experiment shows that biochar has no significant impact on NH3 loss [44]. The reason for these contradictory results is the dual character of biochar. On the one hand, the equilibrium between ammonia and ammonium is skewed toward the former at high pH levels, with the consequent release of NH3 in the atmosphere, which is driven by alkaline biochar [41,45]. Specifically, biochar with high ash and alkaline properties has a more evident effect on soil pH [46]. On the other hand, biochar has a porous structure and a large surface area [37,41]. In addition, biochar has a strong ion-exchange capacity due to negatively charged surfaces and acidic functional groups [22,33], thereby reducing ammonia volatilization. The different responses of field ammonia volatilization to biochar mainly depend on whether the adsorption capacity of biochar and the effect of increasing soil pH are a two-phase offset or are more prominent in one aspect. In our experiment, the reduction of ammonia volatilization by biochar was not significant, and a large amount of biochar could reduce ammonia volatilization by 12.27%. The greatest ammonia-volatilization loss was found in the CA treatment (9.722 kg·ha−1), followed by the CB (9.323 kg·ha−1) and the CC treatment (8.529 kg·ha−1). Compared with the CA treatment, the cumulative ammonia-volatilization loss under the CC and CB treatment was reduced by 12.27% and 4.10%, respectively. Bi et al. [47] have presented that the initial soil pH could affect the response of ammonia volatilization to biochar. Results from their study demonstrate increased pH of soil by biochar rather than the adsorption capacity of biochar with low pH, resulting in greater NH3 volatilization. Furthermore, in soil with medium pH, biochar increases its adsorption capacity and lowers NH3 volatilization. The soil pH of our experiment site was 7.4, which belonged to medium pH according to their study. Ammonia volatilization in our experiment decreased with the addition of biochar, and the adsorption capacity of biochar played the more dominant role, thus accurately confirming previous results [47] that initial soil pH could affect the response of ammonia volatilization to biochar. Moreover, biochar application can alter urease activity and soil microbial community, and influence urea hydrolysis and nitrification and denitrification, which directly affect the soil ammonium nitrogen and ammonia volatilization. In our experiment, urease activity was positively correlated with ammonia volatilization and soil NH4+-N content. In our study, the average urease activities of CC treatment and CA treatment were 0.61 mg/g and 0.46 mg/g, respectively. The average urease activity of the high amount of biochar treatment was 10.67% higher than that of the control, consistent with previous research results [16,40]. Our outcomes are in line with other studies which found that biochar application increases urease activity. Biochar presents negatively charged functional groups on its surface, leading to adsorption of positively charged NH4+ [48,49].



Under controlled irrigation, rice fields remain in the shallow water layer or no-water layer during most of the growth period. Most studies have shown that controlled irrigation can reduce ammonia-volatilization losses. Xu et al. [32] have reported that ammonia-volatilization loss in non-flood-irrigation paddies decreases by 18.5–20.5% compared with flood-irrigation paddies. Xiao et al. [5] have reported that the total ammonia volatilization and the ammonia-volatilization loss rate under controlled irrigation are lower than those under flood irrigation. In our study, the ammonia-volatilization peak of CC treatment (0.859 kg·ha−1·d−1) was higher than that of FC treatment (0.586 kg·ha−1·d−1). However, the cumulative ammonia volatilization of the CC treatment (8.529 kg·ha−1) was 3.85% lower than that of the FC treatment (9.033 kg·ha−1) in the entire growth period. Controlled irrigation increased the peak ammonia volatilization after fertilization but reduced the total ammonia volatilization at the same time during the growth period. One possible reason is that the unsaturated soil condition results in an increase in nitrogen concentration compared with flood irrigation, which is conducive to ammonia volatilization [50]. Under high temperatures during the rice-growing period, the field surface without the water layer heats up faster, thereby intensifying ammonia-volatilization loss [24]. However, a few days later after fertilization, the paddy fields under controlled irrigation are gradually changed from a thin water layer to a no-water layer. NH4+-N migrates downward following the flow of water. The NH4+ concentration in the surface layer decreases, thereby reducing the partial pressure of ammonia and ammonia-volatilization loss [24]. A reasonable irrigation schedule is an effective measure to reduce ammonia-volatilization loss and improve the nitrogen utilization efficiency in paddy fields. The appropriate depth and duration of deep water could be maintained after fertilization so that the NH4+ concentration in the surface water could be diluted. NH4+ could be brought into the deep soil through irrigation to reduce ammonia volatilization.



The water-saving irrigation and biochar application can improve soil aeration and change the soil microbial community, thereby affecting the nitrification process and indirectly affecting ammonia volatilization [45,51]. AOA and AOB are the primary drivers of ammonia oxidation. Previous researchers have suggested that biochar can provide a protected habitat and abundant nutrients for microorganism growth, which increases AOA and AOB abundance [47,52]. Conversely, biochar application reduces the abundance of AOA and AOB and the abundance of ammonia-oxidizing microbial communities in our experiment. The average copy number of AOA gene in CC treatment (9.38 log copies·μL−1) and CB treatment (8.90 log copies·μL−1) decreased by 5.69% and 10.58%, respectively, compared with CA treatment (9.95 log copies·μL−1); the average gene copy number of AOB in CC treatment (4.49 log copies·μL−1) and CB treatment (6.16 log copies·μL−1) decreased by 35.73% and 11.84%, respectively, compared with CA treatment (6.99 log copies·μL−1). The AOA and AOB chao1 and observed_species of the CB and CC treatments were also lower than those of CA treatment in September. Clough et al. [53] propose an explanation that the microbially toxic compounds (e.g., polyaromatic hydrocarbons) following the pyrolysis of biomass and the formation of biochar may reside on or in the char and such compounds can have bactericidal properties. Another possible explanation is that AOA is suitable for growing in low NH4+ concentrations. The high adsorption of NH4+ by biochar and the high ammonia concentration in a controlled-irrigation paddy field may inhibit the growth of AOA. Recent research reached the same conclusion. Yao et al. [54] found that continuous application of urea and ammonium fertilizer increases the local concentration of NH4+-N, which is toxic to soil microorganisms and kills fungi and bacteria. With the growth of rice in our experiment, the soil NH4+-N content with biochar application was gradually lower than that with non-biochar. However, the change in the soil NO3−-N content was the opposite. At the same time, the abundance of AOA and AOB increased gradually. Therefore, the nitrification of paddy fields with biochar gradually increased in the subsequent growth stages, and the NH4+-N in the topsoil was constantly consumed.



Compared with other treatments, the high amount of biochar application in our experiment decreased ammonia-volatilization loss from paddy fields under controlled irrigation. Cumulative ammonia volatilization with a high amount of biochar was reduced by 12.27% compared with the non-biochar treatment. Moreover, the abundance of AOA and AOB with biochar application under controlled irrigation showed an upward trend with rice growth. Thus, the results of the experiment suggest that long-term biochar application may have a relatively strong potential to inhibit ammonia volatilization.




5. Conclusions


Since the effect of biochar in controlled-irrigation paddy fields is not fully explored, this experiment innovatively combined biochar addition with controlled-irrigation technology. The results provided evidence that biochar application reduced ammonia volatilization under controlled irrigation. High biochar application reduced the cumulative ammonia volatilization by 12.27% compared with the non-biochar treatment. Controlled irrigation increased the ammonia-volatilization peak but reduced the cumulative ammonia volatilization, making the ammonia-volatilization process more concentrated in the paddy field. The decrease in ammonia volatilization was related to the change in soil physical and chemical properties and soil microbial activity. Under controlled irrigation, the ammonia volatilization from paddy fields with biochar application displayed high correlations (p < 0.01) with NH4+-N, NO3−-N, and TN concentration in the soil solution and soil NO3−-N content. Furthermore, this volatilization had a significant correlation (p < 0.05) with urease activity. Biochar application not only increased the soil NH4+-N content and NH4+-N concentration in the soil solution, but also the urease activity by more than 70% compared with the activity prior to rice transplanting. Meanwhile, biochar application reduced the soil NO3−-N content and NO3−-N concentration in the soil solution. Controlled irrigation significantly increased NH4+-N, NO3−-N, and TN concentration in the soil solution and the urease activity by 13.93% compared with flood irrigation. Meanwhile, biochar application decreased the abundance of AOA and AOB amoA genes under controlled irrigation, and decreased the abundance of the ammoxidation microbial community. Nevertheless, biochar application of 20 t·ha−1 could increase the individual distribution uniformity of the ammonia-oxidizing bacteria community. The activity of AOA and AOB also showed an upward trend with rice growth. In general, through the combined application of controlled irrigation and biochar, this study provides an eco-friendly strategy for reducing farmland N loss and improving paddy field productivity.



This method can be used to improve the sustainable utilization of farmland water and soil resources. The follow-up research can set up different water and carbon application scenarios, or use the method of model simulation to refine the impact of biochar application on ammonia volatilization in water-saving irrigated rice fields, so as to obtain the optimal biochar application amount by integrating environmental and economic benefits, which can be used to guide production practice.
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Figure 1. Temporal changes in ammonia-volatilization flux under (a) different biochar amounts and (b) different types of water management. Error bars represent the standard error (SE; n = 3). Arrows indicate the date of the nitrogen application. BF, TF, and PF are basal fertilizer, tillering fertilizer, and panicle fertilizer. CA: controlled irrigation without biochar addition as the control, CB: controlled irrigation with biochar addition at a rate of 20 t·ha−1, CC: controlled irrigation with biochar addition at a rate of 40 t·ha−1, FC: flooding irrigation with biochar addition at a rate of 40 t·ha−1. 
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Figure 2. Cumulative ammonia volatilization from paddy fields during the entire growth period. Error bars represent the standard error (SE; n = 3). The different letters among different treatments indicate significant difference, which was analyzed by the least significant difference (LSD) test (p = 0.05). CA: controlled irrigation without biochar addition as the control, CB: controlled irrigation with biochar addition at a rate of 20 t·ha−1, CC: controlled irrigation with biochar addition at a rate of 40 t·ha−1, FC: flooding irrigation with biochar addition at a rate of 40 t·ha−1. 
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Figure 3. Temporal changes in the inorganic nitrogen concentration in the surface soil solution (surface water) under (a,c,e) different biochar amounts and (b,d,f) different types of water management. Error bars represent the standard error (SE; n = 3). Arrows indicate the date of the nitrogen application. BF, TF, and PF are the basal fertilizer, tillering fertilizer, and panicle fertilizer, respectively. CA: controlled irrigation without biochar addition as the control, CB: controlled irrigation with biochar addition at a rate of 20 t·ha−1, CC: controlled irrigation with biochar addition at a rate of 40 t·ha−1, FC: flooding irrigation with biochar addition at a rate of 40 t·ha−1. 
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Figure 4. Soil NH4+-N (a), Soil NO3−-N (b) content in the main stage of rice growth. Error bars represent the standard error (SE; n = 3). The different letters among different treatments indicate significant difference, which was analyzed by the least significant difference (LSD) test (p = 0.05). BT, TS, JS, MS, RS, and AH indicate before transplanting, tillering stage, jointing stage, milk-ripe stage, ripening stage, and after harvest, respectively. CA: controlled irrigation without biochar addition as the control, CB: controlled irrigation with biochar addition at a rate of 20 t·ha−1, CC: controlled irrigation with biochar addition at a rate of 40 t·ha−1, FC: flooding irrigation with biochar addition at a rate of 40 t·ha−1. 
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Figure 5. Urease activity in the main stage of rice growth. Error bars represent the standard error (SE; n = 3). The different letters among different treatments indicate significant difference, which was analyzed by the least significant difference (LSD) test (p = 0.05). BT, TS, JS, MS, RS, and AH indicate before transplanting, tillering stage, jointing stage, milk-ripe stage, ripening stage, and after harvest, respectively. CA: controlled irrigation without biochar addition as the control, CB: controlled irrigation with biochar addition at a rate of 20 t·ha−1, CC: controlled irrigation with biochar addition at a rate of 40 t·ha−1, FC: flooding irrigation with biochar addition at a rate of 40 t·ha−1. 
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Figure 6. AOA (a) and AOB (b) amoA gene copy numbers in the main period of rice growth. Error bars represent the standard error (SE; n = 3). The different letters among different treatments indicate significant difference. CA: controlled irrigation without biochar addition as the control, CB: controlled irrigation with biochar addition at a rate of 20 t·ha−1, CC: controlled irrigation with biochar addition at a rate of 40 t·ha−1, FC: flooding irrigation with biochar addition at a rate of 40 t·ha−1. 
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Table 1. Alpha-diversity analysis of AOA and AOB communities in the main period of rice growth.
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Month

	
Treatment

	
AOA

	
AOB




	
Chao1

	
Observed_

Species

	
Shannon

	
Simpson

	
Goods_ Coverage

	
Chao1

	
Observed_

Species

	
Shannon

	
Simpson

	
Goods_ Coverage






	
July

	
CA

	
454

	
373

	
3.819

	
0.816

	
0.995

	
450

	
391

	
4.580

	
0.915

	
1.000




	
CB

	
436

	
362

	
3.767

	
0.816

	
0.996

	
429

	
370

	
4.748

	
0.923

	
1.000




	
CC

	
380

	
309

	
3.392

	
0.727

	
0.996

	
393

	
353

	
4.452

	
0.905

	
1.000




	
FC

	
469

	
389

	
3.935

	
0.824

	
0.995

	
562

	
516

	
4.287

	
0.884

	
0.999




	
August

	
CA

	
440

	
368

	
3.712

	
0.808

	
0.996

	
355

	
327

	
3.438

	
0.803

	
1.000




	
CB

	
448

	
369

	
3.759

	
0.816

	
0.995

	
376

	
337

	
3.515

	
0.812

	
1.000




	
CC

	
421

	
352

	
3.733

	
0.813

	
0.996

	
361

	
325

	
3.483

	
0.808

	
1.000




	
FC

	
443

	
318

	
4.015

	
0.851

	
0.995

	
318

	
293

	
3.821

	
0.847

	
1.000




	
September

	
CA

	
230

	
177

	
4.588

	
0.918

	
0.998

	
417

	
370

	
4.463

	
0.909

	
1.000




	
CB

	
244

	
194

	
4.801

	
0.922

	
0.997

	
432

	
371

	
4.809

	
0.928

	
1.000




	
CC

	
204

	
159

	
4.006

	
0.867

	
0.998

	
414

	
350

	
4.503

	
0.906

	
1.000




	
FC

	
212

	
164

	
3.723

	
0.822

	
0.998

	
402

	
353

	
4.214

	
0.891

	
1.000
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Table 2. Correlation between nitrogen concentration in surface soil solution (surface water) and ammonia-volatilization flux of four treatments throughout the study periods. n = 84.






Table 2. Correlation between nitrogen concentration in surface soil solution (surface water) and ammonia-volatilization flux of four treatments throughout the study periods. n = 84.












	
	AV Flux
	NH4+-N Concentration
	NO3−-N Concentration
	TN Concentration





	AV flux
	1
	
	
	



	NH4+-N concentration
	0.719 **
	1
	
	



	NO3−-N concentration
	0.525 **
	0.378 **
	1
	



	TN concentration
	0.658 **
	0.783 **
	0.563 **
	1







** means highly significant (p < 0.01).
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Table 3. Correlation between soil nitrogen content and ammonia-volatilization flux of four treatments at tillering stage, jointing stage, milk-ripe stage, and ripening stage. n = 16.






Table 3. Correlation between soil nitrogen content and ammonia-volatilization flux of four treatments at tillering stage, jointing stage, milk-ripe stage, and ripening stage. n = 16.












	
	AV Flux
	Soil NH4+-N Content
	Soil NO3−-N Content
	Urease Activity





	AV flux
	1
	
	
	



	Soil NH4+-N content
	0.160
	1
	
	



	Soil NO3−-N content
	0.809 **
	0.381
	1
	



	Urease activity
	0.562 *
	0.541 *
	0.726 **
	1







* means significant (p < 0.05), ** means highly significant (p < 0.01).
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Table 4. Correlation between log amoA gene copy numbers and ammonia-volatilization flux of four treatments in July, August, and September. n = 12.






Table 4. Correlation between log amoA gene copy numbers and ammonia-volatilization flux of four treatments in July, August, and September. n = 12.











	
	AV Flux
	Log AOA amoA Gene Copy Numbers
	Log AOB amoA Gene Copy Numbers





	AV flux
	1
	
	



	log AOA amoA gene copy numbers
	0.085
	1
	



	log AOB amoA gene copy numbers
	−0.39
	0.654 *
	1







* means significant (p < 0.05).
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