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Abstract


Ammonia (NH3) volatilization from paddy fields is a major issue which leads to poor fertilizer use efficiency and is considered a severe threat to the atmosphere. The previous research studies gave importance to the use of nitrogen fertilizers to mitigate NH3 volatilization, while very little emphasis was given to the role of other fertilizers, such as phosphorus (P), for the alleviation of NH3 volatilization in rice fields. Considering P importance herein, we conducted two consecutive field experiments using an innovative, controlled-release, phosphorus-blended fertilizer (CRPBF, with levels CRP0, CRP1, and CRP2). We compared CP0 (in which no fertilizer was applied), CP1 (112.5 kg P ha−1 P of locally recommended fertilizers), and CP2: (P and K blended fertilizers) to determine the best possible way to reduce NH3 volatilization without affecting the yield and quality of rice. The results of the study suggested that the yield of rice increased significantly with the application of CRP1 (11.11 t ha−1) and CRP2 (11.99 t ha−1). The addition of CRP1 and CRP2 to the rice field also enhanced yield-related components, i.e., panicle weight, total spikelets per unit area, spikelets per panicle, and above-ground biomass. CRP0 showed a lower yield and related components when compared to CP2. The addition of CRP1 and CRP2 demonstrated lower protein contents when compared to other treatments. The CRPBF application improved starch content and taste scores, and reduced the chalkiness of the rice grain during both years. The results showed a decreasing trend in NH3 volatilization from CRPBF amendments by improving the nitrogen use efficiency traits when compared to other treatments: CRP2, CRP1, and CRP0 reduced NH3 volatilization by 45%, 35%, and 15%, respectively. The results of this study indicate that, due to the episodic nature of NH3 volatilization, CRPBFs with 50% P and 100% P can markedly reduce NH3 volatilization from paddy fields without compromising the yield and quality of the crop, and could be a promising alternative to the ordinary commercial fertilizers used in rice fields.
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1. Introduction


Rice (Oryza sativa L.) is a staple food crop and, due to its high nutritive value, represents 50% of the world population’s food [1]. The predicted exponential increase in population in the coming decades will exert a tremendous pressure on increasing rice productivity [2]. In an attempt to solve these problems, the rice scientific community has taken up the challenge of enhancing the productivity of rice through different agronomic practices and the use of fertilizers [3]. The use of fertilizers such as nitrogen (N) and P provides essential nutrients for rice growth and development. It is often the most limiting factor in the rice production system [4]. However, excessive use of N in rice fields leads to ammonia (NH3) volatilization due to the low use efficiency of N fertilizers in the fields [5]. The loss of N in the form of NH3 volatilization not only increases production costs but also poses a major threat to the surrounding environment [6]. The reduction of NH3 volatilization from the rice field through appropriate fertilizer management is crucial to addressing the situation [7,8].



The factors responsible for NH3 volatilization from rice fields are a high pH and NH4 concentration in the microsphere. This enhances urea hydrolysis, causing maximum NH3 escape from the soil surface [9]. The loss of N could be controlled by fertilizer application strategies that reduce the soil pH in the microsphere [10]. The application of P fertilizers to paddy fields decreases the soil pH in the microsphere, which helps to reduce NH3 loss [11]. In addition to this, the amendment of P fertilizers mobilizes calcium, which may slow down urea hydrolysis and, in turn, reduce NH3 volatilization [5]. Some of the previous studies reported that the addition of P produces an acidic environment in the paddy soil; this is effective in inhibiting or reducing NH3 volatilization [12]. P management is also important for improving rice yield and quality. P plays an important role in many physiological processes, viz., respiration, photosynthesis, cell division, and energy storage [13]. P is a structural constituent of several bio-chemicals, i.e., nucleic acids (RNA and DNA enzymes and its coenzymes). It encourages root growth and enhances the resistance of plants to diseases [13,14]. The addition of P to paddy soil improves the nutritional quality and eating quality of rice [15]. However, commercially available P fertilizers are easily fixed in soil. They also sometimes leach out with water through runoff and are therefore not available to the plants [16,17]. The global P demand increased from 41,151,000 tons in 2015 to 45,858,000 tons (P2O5) in 2020, mainly due to the low reported efficiency of P fertilizers, as plants take only 10% to 20% of P from the soil [18,19]. The currently available form of P needs improvement to enhance its bioavailability to crops [20].



Controlled-release fertilizers have been proven to improve the efficiency of N and P fertilizers due to their slow-release nature [21,22]. The gradual release of nutrients from controlled-release fertilizers saves fertilizer consumption, labor costs, and the time needed to grow rice because nutrients are available to the crop throughout its growing period, merely single-time application [23]. The use of controlled-release P fertilizers enhances crop yield by increasing fertilizer use efficiency [24]. The loss of N in the form of NH3 from rice fields can be controlled through the application of controlled-release P fertilizers, as they reduce the pH of the paddy soil and maximum NH3 loss occurs due to a high pH [9]. Some research studies observed that the use of blended urea and phosphate fertilizers reduced NH3 volatilization due to a higher N uptake [5]. However, there are several limitations as more research was performed on controlled-release N fertilizers compared to controlled-release P fertilizers [25]. The slow-release characteristic of controlled-release P fertilizers is affected by many factors, such as temperature, humidity, organic acids secreted by crop roots, soil pH, and the soil’s mineral composition [26]. Thus, the presently available controlled-release P fertilizers cannot fulfill the P demand of the crop during its critical growth period [27]. Hence, controlled-release P fertilizers needed to be further improved. In addition, their effect on NH3 volatilization in rice production is also unclear.



In the current study, therefore, we use controlled-release, phosphorus-blended fertilizers (CRPBF) in rice fields for the first time. In this study, a novel CRPBF with different levels was tested to evaluate its effect on NH3 volatilization, grain yield, and quality of rice. The objective of this study was to determine: I) whether CRPBF showed any significant effect on rice yield; II) if the CRPBF affected grain quality; and III) whether the CRPBF had any role in the reduction of NH3 volatilization by improving nitrogen use efficiency.




2. Materials and Methods


2.1. Site and Design Description


On-farm trials were conducted with a randomized, complete block design, with three replications at Yangling town in Danyang city, located (31°54′31″ N, 119°28′21″ E) in Jiangsu Province, P.R. China, for two consecutive years (between 2019 and 2020). Our preliminary survey indicated a subtropical climate with a yearly precipitation of 882 mm and a mean annual temperature of 16.4 °C (Figure 1). The soil of the experimental area was categorized as Orthic Acrisol (FAO soil taxonomy in 1974) (Table 1). The high-yielding rice cultivar Ninjing 8 was used as a test variety. Machine transplanting was performed with a transplanting density of 30 cm × 12 cm, using a rice transplanter (Jingguan ride-on, high-speed rice transplanter) in mid-June. Crop field management was consistent with local, conventional, high-yield management, mainly controlling diseases such as rice blast, sheath blight, and rice smut, as well as insect pests such as chilo suppressalis, borers, and rice plant hoppers. Field ridges were built in each experimental plot and protected with polythene sheets to separate the water and fertilizer for independent drainage and irrigation. In the present experiment, the CRPBF was a blend of coated P and coated potassium (K) fertilizers, in which P was used in different ratios. The source of nitrogen was urea, the phosphoruswas diammonium phosphate, and the potassium was potassium chloride. A one-time machine application was used for the controlled release of the P-blended fertilizers before transplantation. A comparison of all treatments was made with the CP1 treatment used as a reference treatment. The treatment structure is presented in Table 2.




2.2. Detail of Controlled-Release, Phosphorus-Blended Fertilizers


When compared to quick-acting fertilizers or controlled-release fertilizers, the one-time application of controlled-release fertilizers can reduce the number of fertilizations, save fertilizer consumption, and improve the yield and quality of rice. However, slow- and controlled-release fertilizers have problems, such as a nutrient release rate that is too fast in the early stage, which results in a nutrient release cycle that is too short or an insufficient early release. To address this problem, controlled-release fertilizers with different release rates are scientifically combined to form a controlled-release, blended fertilizer to achieve the synchronization of the nutrient release law with the crop demand law. The fertilizers used in our experiment were made by our lab by blending phosphorus and potassium fertilizers. Both fertilizers were coated with polyurethane material. The release pattern of the controlled-release, P-blended fertilizers is sigmoidal, and the release rate is 43%.




2.3. Sampling and Measurement


2.3.1. Crop Yield and Nitrogen Use Efficiency Traits


At physiological maturity, a 5 m2 area in the center of each plot was harvested to determine the grain yield based on the standard moisture content of 13.5%. For the calculation of N use efficiency traits, a dried sample obtained from the above-ground biomass of each plot was cured at 105 °C for 30 min in an oven. The samples were then dried in an oven up to 80 °C until they reached a constant weight. The dried samples were ground into powder form with a plant grinder and passed through a 0.5 mm sieve. Finally, the total N uptake, plant N content, and total N accumulation were determined by the Kjeldahl N determination method [28]. The N recovery efficiency was calculated by the following formula:


  R  E N  =    U N  −  U 0     F N    × 100 %    



(1)




where REN indicates recovery efficiency of N, UN represent the uptake of N (kg ha−1) in the above-ground rice at the maturity stage in the N fertilized area and U0 indicates the uptake of N (kg ha−1) from the plots where no N fertilizer was applied, respectively, and FN represents the N application amount (kg ha−1).




2.3.2. Grain Quality Measurement


The protein and starch content were found by milling a sample of whole rice into powder form using a pulverizer. The sample was then passed through a 100-mesh sieve and stored in a refrigerator at −20 °C. The protein and starch contents were determined later. The total starch content of the rice was measured by polarimetry. The RcTAIA model taste meter, which was developed by the Japanese Satake/Rlta10A Corporation, was used to determine the comprehensive taste value of rice. For the chalkiness %, randomly selected samples were placed under a spotlight and the area of chalky grain was determined. The chalkiness is expressed as the % of the total chalky area in the paddy sample to the total area of the sample, which is the product of the chalky grain rate and the chalky area.




2.3.3. NH3 Volatilization Sampling and Measurement


The NH3 volatilization was measured via the ventilation method in a closed chamber after transplantation [29]. Samples were first taken for three consecutive days, then taken every seven days. From the panicle initiation stage, the samples were taken at a gap of ten days until maturity [22]. NH3 was collected using a pump and fed into the absorbent, which contained 2% boric acid mixed with an indicator composed of methyl red and bromocresol green. Samples were collected between 7:00 and 9:00 a.m. and between 1:00 and 3:00 p.m. over the entire rice-growing period [1]. The chemical reaction that occurred during the collection process, the reaction of boric acid and ammonia gas, is described as:


4H3BO3 + 2NH3 = (NH4)2B4O7 + 5H2O.











The collected samples were titrated with a pre-determined acid solution to calculate the amount of trapped NH3. The chemical reaction that occurred during the titration is as follows:


(NH4)2B4O7 + H2SO4 + 5H2O = (NH4)2SO4 + 4H3BO3.











The NH3 volatilization flux (kg ha−1 d−1) is calculated by Equation (1):


  A V = 2 c    H 2  S  O 4    × V    H 2  S  O 4    ×   10   − 3   × M   N  H 3    ×   10   − 3   / 4 × 24 /  π R  2 × 10 , 000  



(2)




where c(H2SO4) is the sulfuric acid concentration, (mol L−1); V(H2SO4) represents the volume of sulfuric acid consumed by titration (mL); M(NH3) is the molar mass of ammonia (g mol−1); R is the radius of the plexiglass cylinder (m), and 4 and 24 represent hours.





2.4. Statistical Analysis of Data


The statistical analysis was performed using statistix software 8.1 (Analytical Software, Tallahassee, FL, USA). The mean difference between the treatments was separated by the least significant difference (LSD) test at the probability level of 0.05. Figures were drawn using graph pad prism, version 8.0, R 3.6.1, and Microsoft Excel 2013.





3. Results


3.1. Crop Yield and Yield-Related Components


The end product of a crop is the yield and its related components; these determine the significance and productivity of the crop. The results of the study revealed that the CRPBFs with 100% P and 50% P demonstrated a significant increase in the rice yield, improving the rice yield from 11.11 t ha−1 to 11.99 t ha−1 during both rice-growing seasons (Table 3). A higher panicle weight was noted in the CRP2 treatment, and a lower panicle weight was indicated by the CP0 treatment. Among CRPBF treatments, CRP2 demonstrated higher panicle weights of 135.95 g and 134.11 g, whereas CRP0 perceived the lowest panicle weights of 114.01 g and 111.13 g, respectively. The addition of CRP2 demonstrated a maximum number of spikelets per unit area, while CP0 recorded a lower number of spikelets per unit area. Among CRPBFs, the CRP2 plot noted peak spikelet numbers per unit area, 56.68 and 45.73, and the lowest number of spikelets per unit area, 33.94 and 28.14, was professed by the CRP0 treatment. Regarding spikelets per panicle, CRP2 recorded the maximum number of spikelets per panicle, whereas CP0 documented the minimum number of spikelets per panicle. Among CRPBFs, the greater number of spikelets per panicle, 128 and 125, was attained in the CRP2 plot, and the lower number of spikelets per panicle, 108 and 110, was observed in the CRP0 treatment. The maximum grain-filling percentage was recorded in the CRP2 treatments and the minimum grain-filling percentage was indicated in the CP0 plot. Among the CRPBF treatments, CRP2 revealed higher grain-filling percentages of 95.9% and 95.8%, while CRP0 determined lower grain-filling percentages of 94.8% and 94.6% during both years. CRP2 treatments recorded the maximum above-ground biomass when compared to other treatments. Among CRPBF treatments, CRP2 demonstrated greater above-ground biomasses of 20.54 t ha−1 and 19.93 t ha−1, while CRP0 indicated lower above-ground biomasses of 17.90 t ha−1 and 17.11 t ha−1 in both rice-growing seasons. In comparison to CP1 and CP2, the CRPBF with 0% P showed lower yield and yield-related components in both rice growing seasons.




3.2. Grain Quality Content


Significant variation was observed in grain quality contents, i.e., the total protein, total starch, chalkiness, and taste score (Table 4). Overall, the research study found a decrease in protein content in the CRP1 and CRP2 treatments when compared to the CRP0-, CP1-, and CP2-treated plots. Among the CRPBF treatments, the maximum protein contents, 8.49% and 8.38%, were noted in CRP0, whereas the lowest protein contents of 7.51% and 7.39% were recorded from the CRP2 treatment. The findings of the study reveal a higher starch content in the CRP1 and CRP2 treatments when compared to other treatments applied. Among CRPBFs, the highest starch contents of 76.81% and 76.41% was recorded from the CRP2-treated plot, while the lowest starch contents of 72.95% and 73.07% were revealed in the CRP0 treatment. Regarding chalkiness, the application of CRPBF demonstrated a positive effect on the chalkiness %. Maximum chalkiness values of 8.79% and 8.75% were witnessed by the CRP0 treatment, whereas minimum chalkiness values of 8.73% and 8.74% were noted by the CRP2 treatment. CRP1 and CRP2 treatment showed a significant effect on taste scores. With the application of CRPBF, higher taste scores of 64.67% and 64.47% were perceived for the CRP2-treated rice, whereas a lower taste score of 60.33% was noted for the CRP0-treated rice.




3.3. Nitrogen Concentration, Accumulation, and Use Efficiency Traits


N-related efficiencies consist of N uptake, translocation, utilization, and recovery, which is positively associated with the yield of paddy crops. The positive impact of CRPBF on the paddy soil enhanced the N-related attributes, such as total N absorption in the stem, leaves and grain, plant N content, N accumulation in spike, and N recovery efficiency, in both the years 2019 and 2020 (Table 5). When compared to CP1 and CP2, CRP0 treatments recorded less N-related attributes in both rice-growing seasons. Among CRPBFs, the CRP2 treatments enhanced the N-related contents and alleviated the total N uptake by 18% and 13%, plant N content by 39% and 27%, total P accumulation by 79% and 78%, and N recovery efficiency by 31% and 26%. This was followed by CRP1, which showed an increase in total N uptake by 15% and 10%, plant N content by 37% and 24%, total N accumulation by 67% and 55%, and N recovery efficiency was improved by 26% and 20% for each year, respectively.




3.4. Magnitude and Variation of Ammonia Volatilization


The variation in NH3 volatilization and its loss from paddy fields under the application of controlled-release, phosphorus-blended fertilizers are presented in Figure 2. From the figure, it is clear that a rapid rise was seen in NH3 volatilization after the application of fertilizers at initial stages during both rice-growing seasons (2019 and 2020). The NH3 volatilization peak was observed in the first 10 to 20 days after transplantation. After that, the NH3 volatilization trended downward, and the trend remained continuous until the end of the growing season during both years. In the year 2020, however, a minor peak was observed at 70 to 80 days after transplantation. For the fertilizer treatments, the highest NH3 volatilization was observed for the local, high-yielding fertilizers (CP1), followed by the application of ordinary phosphate- and potassium-blended fertilizers (CP2), while the lowest NH3 volatilization among all treatments was perceived from the plot where no fertilizers were applied (CP0) for both years. CRPBFs with different percentages of P showed a significant effect on NH3 volatilization. The maximum NH3 volatilization was observed from the CRPBF with 0% P (CRP0), followed by the CRPBF with 50% P (CRP1), whereas the lowest emission was observed from the CRPBF with a 100% P rate (CRP2). The CRP2 treatment mitigated NH3 by 42% and 46%, followed by CRP1 at 34% and 37%, while the lowest volatilization mitigation percentages, observed by CRP0, were 14% and 16% for both years consecutively (2019 and 2020).




3.5. Cumulative Ammonia Volatilization (CAV)


The cumulative ammonia volatilization (CAV) varied significantly from the paddy field with the application of different fertilizer treatments (Figure 3). In both the rice-growing seasons, the maximum CAV was recorded in the CP1 plot, followed by CP2, when compared to other treatments. Among CRPBFs, the highest CAV was recorded in the CRP0 treatment, whereas the CRP1 and CRP2 treatments noted the lowest CAV during both years (2019 and 2020). In both growing seasons, the CRP2 addition reduced the CAV by 61% and 53%, the CRP1 treatment mitigated the CAV by 49% and 42%, and the CRP0 amendment showed a 20% and 18% cut in the CAV for 2019 and 2020, respectively. The CAV of the 2020 rice-growing season was higher than that of the 2019 rice-growing season. The trend of two years of CAV with a proportion of N application rate is CP1 > CP2 > CRP0 > CRP1 > CRP2.





4. Discussion


4.1. The Effect of Controlled-Release, Phosphorus-Blended Fertilizers on Yield and Yield-Related Components


The application of fertilizers in an optimum quantity, of a proper source, and in a proper proportion is the key to sustainable crop production [30]. As phosphorus is a component of adenosine triphosphate, and due to its sufficient availability in the CRP1 and CRP1 treatments, it directly contributes to a large photosynthetic activity, which leads to luxuriant reproductive growth [31]. The results of this study revealed that the CRP1 and CRP2 treatments recorded a significant improvement in panicle weight when compared to other treatments (Table 3). This was due to the high availability of P in the CRP1 and CRP2 treatments, which stimulates plants growth, accelerates flowering, and helps to producing fertile panicles by enhancing the maximum uptake of nutrients from source to sink, leading to a high panicle weight [32]. Previous studies also observed that a maximum availability of P in the paddy soil enhanced the panicle weight by increasing the transfer of nutrients from source to sink [33]. Among yield components, spikelets per unit area was the basis of a stable, high yield of rice [34,35]. The increase in total spikelets per unit area was linked with an effective number of ears. The addition of P to rice fields helps to produce a maximum number of effective ears [36]. A similar trend of P application enhancing spikelets per unit area due to a maximum number of effective ears was also reported in [37]. Regarding the alleviation of the above-ground biomass, CRPBFs with 50% P and 100% P recorded the maximum above-ground biomasses (Table 3). A possible reason for the increase in above-ground biomass could be correlated with a higher number of tillers [38]. The greater number of tillers produced eventually enhanced the above-ground biomass. Such an improvement in tillers number was due to an increased root biomass. The higher root biomass improved the nutrient uptake pattern by exploiting a greater volume of soil nutrients, which gave rise to an increase in the number of tillers [39]. The rice panicles and spikelet number is an of the important component of the harvest and is a considerable factor that affects the rice yield [40,41]. Our results showed that the number of spikelets per panicle was significantly increased with increasing grain yield levels (Table 3), which implies that the high yield of rice in our study could achieve a synchronous improvement in the spikelet number. The paddy yield showed a significant improvement with the addition of the CRP1 and CRP2 treatments (Table 3) as they made P less soluble, which was then readily available for a longer period to the crop during its growth period, helping to enhance the rice yield [42]. The increase in paddy yield due to the use of blended P fertilizers was also reported by [24]. Nalani et al. [42] that the addition of controlled-release P fertilizers enhanced the availability of P to the crop for a longer during its growth period, helping to enhance the paddy yield. The decrease in yield and its related attributes with the addition of the CRP0 treatment was due to the absence of P, which reduced the tillering capacity and retarded the root growth of crop [43].




4.2. Impact of Controlled-Release, Phosphorus-Blended Fertilizers on Grain Quality Characteristics


Most researchers found that protein and starch are the chemical components in rice grains which determine the quality of the rice [44]. Rice protein content is a complex quality index affected by the environment as well as by the fertilizer rate [45]. In general, it is believed that an increase in the fertilizer rate enhances the grain protein content. However, the amount, type, and time of application have a different effect on the protein content [46]. In the present research, a decrease in grain protein content was recorded in the CRP1 and CRP2 treatments when compared to the CP1 treatment. A possible reason for this might an inverse relation between the yield and protein content of grain; it was noted that the plots for which a maximum yield was recorded had lower grain protein contents. Eichi et al. [47] found a similar trend of a decreasing grain protein content with an increasing yield in wheat. In the present study, the starch content increased with the application of the CRP1 and CRP2 amendments. This mainly manifested due to an increase in the amylopectin content and a lower amylose content. An increase in amylopectin content with the application of CRP1 and CRP2 may be because the proper uptake of N improves branched starch enzymes, which enhances the amylopectin content while reducing the amylose content in grain [48,49,50]. The CRPBF treatments reduced the chalkiness %, which might be due to the loose accumulation of starch granules in rice grain [51]. It may also be due to the lower chalky-rice rate in CRPBF treatments, which was in line with [52]. The taste score of the rice is closely related to amylose and protein contents, which are negatively correlated with the taste value [53]. The results suggest a higher taste value in the CRPBF-treated rice because the treatments significantly reduced the chalkiness, protein, and amylose content of the rice. Our results are supported by [54].




4.3. Impact of Controlled-Release, Phosphorus-Blended Fertilizers on Nitrogen Use Efficiency Traits


The best N management is needed in rice fields to optimize crop growth while concurrently protecting the environment by reducing N losses through NH3 volatilization [55]. The results of our study suggest that N losses can be significantly reduced through CRP1 and CRP2 amendments in rice fields, which considerably improve N use efficiency when related to other treatments (Table 5). In the present study, the prolonged availability of P in the rhizosphere of rice plants due to application of the CRP1 and CRP2 treatments enhanced plant access to soil N, resulting in a better root system, improved N absorption, and improved N assimilation towards the stem and leaves, causing maximum absorption and an increase in plant N content. These results are consistent with previous studies, which concluded that N uptake is enhanced with the addition of P fertilizers [56,57]. The increase in the N accumulation rate in the current study was due to the remobilization of P with the application of CRP1 and CRP2 in the rhizosphere to improve the translocation of N from the rhizosphere to the vegetative part and then to the newly generated reproductive part, alleviating N accumulation. A similar result was also reported by [58], that P amendment to the soil enhances the translocation of N from the rhizosphere to the upper parts of the plants.



The recovery efficiency of N fertilizers depends not only on crop development but also on the management of the fertilizers [59]. The results of the experiment can be directly associated with different P rates in the soil. Fertilizer treatments such as CRPBF exerted a great impact on N recovery efficiency when compared to CP1 and CP2 treatment (Table 5). This indicates that a higher N recovery efficiency was assured by the longer availability of P in the soil due to the addition of CRP1 and CRP2. The maximum N recovery efficiency can also be achieved, as maximum P availability produces a better root system, leaves, and panicles that enhance the photosynthetic activity of the plant. In turn, this causes a good exploitation of N resources and achieves a good N recovery efficiency. The results are consistent with previous studies, which concluded that N recovery efficiency is enhanced with the addition of P fertilizers [57,60,61]. A considerable difference was recorded in the CRP0 treatment, as it perceived a lower N uptake, plant N content, plant N accumulation, and N recovery efficiency when compared to the treatments applied (Table 5). This was due to the weak growth of the rice population in the early growth stage, which affects N uptake and ultimately all other N-related indices [61,62]. Lower N-related indices due to the weak growth of rice at early stages were also documented by [63,64]. The result of our study showed that a moderate combination of N and P fertilizers enhances N uptake in the aboveground parts and enhances N recovery efficiency [4,65].




4.4. Controlled-Release, Phosphorus-Blended Fertilizers Tradeoff with NH3 Volatilization


The NH3 volatilization is regarded as the primary means of N loss in paddy fields, accounting for 9–40% of the total fertilizer applied [66,67]. The N loss from paddy fields closely relates to time and the types and ratios of applied fertilizers [68,69]. Factors that affect and control NH3 volatilization in paddy fields include the soil NH4+-N, water sources (irrigation, precipitation), air temperature, wind speed, and the pH of the soil [70]. The higher NH3 volatilization (Figure 2) immediately after transplantation was due to the urea applied, which rapidly hydrolyzed into NH4+-N and OH through the ammonification process as the hydrolysis rate is positively correlated with water availability, urease activity, pH, and air temperature [71,72]. As a result of fast hydrolysis, it enhances the NH4+-N concentration in the surface water and causes NH3 volatilization [21]. At the early growth stage, seedling roots are not well established to uptake the proper rate of N from the soil, resulting in maximum NH3 volatilization [73]. The second peak of NH3 was in the middle of crop season in the year 2018. This may have been due to higher temperatures [70]. The reduction of NH3 volatilization in the CRP1 and CRP2 treatment might be because the treatment reduced the rapid hydrolysis of urea and provided stability to NH4+-N over NH3, thus reducing NH3 volatilization [10]. Some previous studies observed that the blended application of P and N mobilizes Ca, which decreases the rate of urea hydrolysis [5]. The sparse canopy condition and lower N uptake in the CRP0 treatments promoted NH3 volatilization [22,29]. Xia et al. [74] recorded the highest NH3 volatilization rate due to a weak rice population.





5. Conclusions


This study provides a new perspective and suggests a strong potential for CRPBFs to reduce NH3 volatilization from the rice paddy system without compromising the yield and quality of the paddy crop. Our research findings reveal that CRPBFs with 100% and 50% P significantly enhanced the yield and nitrogen use efficiency traits. However, CRPBFs with 0% P recorded lower yields and nitrogen use efficiency traits when compared to CP1 and CP2. Regarding grain quality characteristics, the CRPBFs with 100% P and 50% P enhanced starch content and taste value and reduced the chalkiness %. However, considering protein content, the CRPBF with 0% P provided better performance when compared to other treatments during both years, 2019 and 2020. In terms of NH3 volatilization, the CRPBF addition seemed to efficiently alleviate NH3 volatilization relative to other treatments applied. The results obtained from the present study support the role of CRPBF in reducing NH3 volatilization from paddies and concurrently increasing the yield and quality of rice. Keeping these prominent features of CRPBF in mind, it is suggested that more research studies are required to explore the role of CRPBFs in a broader sense to effectively reduce NH3 volatilization and maintain higher yields and quality in the paddy field.







Author Contributions


Conceptualization, G.L.; methodology, S.A.; software, M.Y.N., Q.L. and S.G.; validation, S.A. and M.Y.N.; formal analysis, S.A.; investigation S.A. and G.L.; resources, Y.D.; data curation, M.Y.N., Q.L., W.T. and W.L.; writing—original draft preparation, S.A. and G.L.; writing—review and editing, S.A., G.L., W.T. and W.L.; visualization, G.L.; supervision, G.L. and Y.D.; project administration, G.L. and Y.D.; funding acquisition, G.L. and Y.D. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (31871573) and the Provincial key R & D plan, Modern Agriculture (BE2021361, BE2019377).




Data Availability Statement


Not applicable.




Conflicts of Interest


All the authors declare no conflict of interest.




References


	



Wang, S.; Zhao, X.; Xing, G.; Yang, Y.; Zhang, M.; Chen, H. Improving Grain Yield and Reducing N Loss Using Polymer-Coated Urea in Southeast China. Agron. Sustain. Dev. 2015, 35, 1103–1115. [Google Scholar] [CrossRef] [Scilit]

	



Qin, J.; Impa, S.M.; Tang, Q.; Yang, S.; Yang, J.; Tao, Y.; Jagadish, K.S.V. Integrated Nutrient, Water and Other Agronomic Options to Enhance Rice Grain Yield and N Use Efficiency in Double-Season Rice Crop. F. Crop. Res. 2013, 148, 15–23. [Google Scholar] [CrossRef] [Scilit]

	



Chivenge, P.; Sharma, S.; Bunquin, M.A.; Hellin, J. Improving Nitrogen Use Efficiency—A Key for Sustainable Rice Production Systems. Front. Sustain. Food Syst. 2021, 5, 2043–2049. [Google Scholar] [CrossRef] [Scilit]

	



Basavarajappa, P.N.; Shruthi; Lingappa, M.; Kadalli, G.; Mahadevappa, S.G. Nutrient requirement and use efficiency of rice (Oryza sativa L.) as influenced by graded levels of customized fertilizer. J. Plant Nutr. 2021, 44, 2897–2911. [Google Scholar] [CrossRef] [Scilit]

	



Akhtar, M.; Naeem, A. Reduction in Ammonia Loss by Applying Urea in Combination with Phosphate Sources. Commun. Soil Sci. Plant Anal. 2012, 43, 2043–2049. [Google Scholar] [CrossRef] [Scilit]

	



Sun, H.; Zhang, H.; Powlson, D.; Min, J.; Shi, W. Rice Production, Nitrous Oxide Emission and Ammonia Volatilization as Impacted by the Nitrification Inhibitor 2-Chloro-6-(Trichloromethyl)-Pyridine. F. Crop. Res. 2015, 173, 1–7. [Google Scholar] [CrossRef] [Scilit]

	



Lassaletta, L.; Billen, G.; Grizzetti, B.; Anglade, J.; Garnier, J. 50 Year Trends in Nitrogen Use Efficiency of World Cropping Systems: The Relationship between Yield and Nitrogen Input to Cropland. Environ. Res. Lett. 2014, 9, 105011. [Google Scholar] [CrossRef] [Scilit]

	



Hirel, B.; Le Gouis, J.; Ney, B.; Gallais, A. The Challenge of Improving Nitrogen Use Efficiency in Crop Plants: Towards a More Central Role for Genetic Variability and Quantitative Genetics within Integrated Approaches. J. Exp. Bot. 2007, 58, 2369–2387. [Google Scholar] [CrossRef] [Scilit]

	



Ahmed, O.H.; Husin, A.; Hanif, A.H.M. Ammonia Volatilization and Ammonium Accumulation from Urea Mixed with Zeolite and Triple Superphosphate. Acta Agric. Scand. Sect. B Soil Plant Sci. 2008, 58, 182–186. [Google Scholar] [CrossRef] [Scilit]

	



Fan, M.X.; Mackenzie, A.F. Urea and Phosphate Interactions in Fertilizer Microsites: Ammonia Volatilization and PH Changes. Soil Sci. Soc. Am. J. 1993, 57, 839–845. [Google Scholar] [CrossRef] [Scilit]

	



Ahmed, O.H.; Aminuddin, H.; Husni, M.H.A. Reducing Ammonia Loss from Urea and Improving Soil-Exchangeable Ammonium Retention through Mixing Triple Superphosphate, Humic Acid and Zeolite. Soil Use Manag. 2006, 22, 315–319. [Google Scholar] [CrossRef] [Scilit]

	



Ning, J.; Arai, Y.; Shen, J.; Wang, R.; Ai, S. Effects of Phosphorus on Nitrification Process in a Fertile Soil Amended with Urea. Agriculture 2021, 11, 523. [Google Scholar] [CrossRef] [Scilit]

	



Khan, R.; Gurmani, A.R.; Khan, M.S.; Gurmani, A.H. Effect of Zinc Application on Rice Yield under Wheat Rice System. Pak. J. Biol. Sci. 2007, 10, 235–239. [Google Scholar] [CrossRef] [Scilit]

	



Rose, T.J.; Raymond, C.A. Seed Phosphorus Effects on Rice Seedling Vigour in Soils Differing in Phosphorus Status. Agronomy 2020, 10, 1919. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, Y.-J.; Hua, J.-J.; Li, Y.-C.; Chen, Y.-Y.; Yang, J.-C. Effects of Phosphorus on Grain Quality of Upland and Paddy Rice under Different Cultivation. Rice Sci. 2012, 19, 135–142. [Google Scholar] [CrossRef] [Scilit]

	



Hinsinger, P. Bioavailability of Soil Inorganic P in the Rhizosphere as Affected by Root-Induced Chemical Changes: A Review. Plant Soil 2011, 5, 127–138. [Google Scholar]

	



Bertrand, I.; Hinsinger, P.; Jaillard, B.; Arvieu, J.C. Dynamics of Phosphorus in the Rhizosphere of Maize and Rape Grown on Synthetic, Phosphated Calcite and Goethite. Plant Soil 1999, 211, 111–119. [Google Scholar] [CrossRef] [Scilit]

	



FAO. World Fertilizer Trends and Outlook to 2020: Summary Report; Food and Agriculture Organization of the United Nations: Rome, Italy, 2017; p. 38. [Google Scholar]

	



Rop, K.; Karuku, G.N.; Mbui, D.; Michira, I.; Njomo, N. Formulation of Slow Release NPK Fertilizer (Cellulose-Graft-Poly(Acrylamide)/Nano-Hydroxyapatite/Soluble Fertilizer) Composite and Evaluating Its N Mineralization Potential. Ann. Agric. Sci. 2018, 63, 163–172. [Google Scholar] [CrossRef] [Scilit]

	



Hasan, M.M.; Hasan, M.M.; Teixeira da Silva, J.A.; Li, X. Regulation of Phosphorus Uptake and Utilization: Transitioning from Current Knowledge to Practical Strategies. Cell. Mol. Biol. Lett. 2016, 21, 7. [Google Scholar] [CrossRef] [Scilit]

	



Sun, X.; Zhong, T.; Zhang, L.; Zhang, K.; Wu, W. Reducing Ammonia Volatilization from Paddy Field with Rice Straw Derived Biochar. Sci. Total Environ. 2019, 660, 512–518. [Google Scholar] [CrossRef] [Scilit]

	



Ke, J.; Xing, X.; Li, G.; Ding, Y.; Dou, F.; Wang, S.; Liu, Z.; Tang, S.; Ding, C.; Chen, L. Effects of Different Controlled-Release Nitrogen Fertilisers on Ammonia Volatilisation, Nitrogen Use Efficiency and Yield of Blanket-Seedling Machine-Transplanted Rice. F. Crop. Res. 2017, 205, 147–156. [Google Scholar] [CrossRef] [Scilit]

	



Wang, S.; Li, X.; Lu, J.; Hong, J.; Chen, G.; Xue, X.; Li, J.; Wei, Y.; Zou, J.; Liu, G. Effects of Controlled-Release Urea Application on the Growth, Yield and Nitrogen Recovery Efficiency of Cotton. Agric. Sci. 2013, 4, 33–38. [Google Scholar] [CrossRef]

	



Qian, P.; Schoenau, J. Effects of Conventional and Controlled Release Phosphorus Fertilizer on Crop Emergence and Growth Response under Controlled Environment Conditions. J. Plant Nutr. 2010, 33, 1253–1263. [Google Scholar] [CrossRef] [Scilit]

	



Fertahi, S.; Bertrand, I.; Ilsouk, M.; Oukarroum, A.; Amjoud, M.B.; Zeroual, Y.; Barakat, A. New Generation of Controlled Release Phosphorus Fertilizers Based on Biological Macromolecules: Effect of Formulation Properties on Phosphorus Release. Int. J. Biol. Macromol. 2020, 143, 153–162. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Heuer, S.; Gaxiola, R.; Schilling, R.; Herrera-Estrella, L.; López-Arredondo, D.; Wissuwa, M.; Delhaize, E.; Rouached, H. Improving Phosphorus Use Efficiency: A Complex Trait with Emerging Opportunities. Plant J. 2017, 90, 868–885. [Google Scholar] [CrossRef] [Scilit]

	



Lu, H.; Tian, H.; Zhang, M.; Liu, Z.; Chen, Q.; Guan, R.; Wang, H. Water Polishing Improved Controlled-Release Characteristics and Fertilizer Efficiency of Castor Oil-Based Polyurethane Coated Diammonium Phosphate. Sci. Rep. 2020, 10, 5763. [Google Scholar] [CrossRef] [Scilit]

	



Xie, W.M.; Li, S.J.; Shi, W.M.; Zhang, H.L.; Fang, F.; Wang, G.X.; Zhang, L.M. Quantitatively Ranking the Influencing Factors of Ammonia Volatilization from Paddy Soils by Grey Relational Entropy. Environ. Sci. Pollut. Res. 2020, 27, 2319–2327. [Google Scholar] [CrossRef] [Scilit]

	



Liu, T.; Huang, J.; Chai, K.; Cao, C.; Li, C. Effects of N Fertilizer Sources and Tillage Practices on NH3 Volatilization, Grain Yield, and n Use Efficiency of Rice Fields in Central China. Front. Plant Sci. 2018, 9, 385. [Google Scholar] [CrossRef] [Scilit]

	



Arunakumari, H.; Luther, M.M.; Chandrasekhar, K. Phosphorus Management Influence on Partial Factor Productivity and Agronomic Efficiency in Rice. Int. J. Chem. Stud. 2018, 6, 319–322. [Google Scholar]

	



Sharma, A.; Rawat, U.S.; Yadav, B.K. Influence of Phosphorus Levels and Phosphorus Solubilizing Fungi on Yield and Nutrient Uptake by Wheat under Sub-Humid Region of Rajasthan, India. ISRN Agron. 2012, 2012, 234656. [Google Scholar] [CrossRef] [Scilit]

	



Majeed, M.A.; Ahmad, R.; Tahir, M.; Tanveer, A.; Ahmad, M. Effect of Phosphorus Fertilizer Sources and Rates on Growth and Yield of Wheat (Triticum Aestivum L.). Asian J. Agric. Biol. 2014, 2, 14–19. [Google Scholar]

	



Nasution, F.J.; Hanum, H.; Ginting, J. Effect of Dose and Time Application of Phosphorus Fertilizer on Phosphorus Availability, Growth and Production of Rice (Oryza Sativa L.). AIP Conf. Proc. 2021, 2342, 100002. [Google Scholar] [CrossRef] [Scilit]

	



Li, X.; Cao, J.; Huang, J.; Xing, D.; Peng, S. Effects of Topsoil Removal on Nitrogen Uptake, Biomass Accumulation, and Yield Formation in Puddled-Transplanted Rice. F. Crop. Res. 2021, 265, 108130. [Google Scholar] [CrossRef] [Scilit]

	



Guo, X.; Jiang, H.; Lan, Y.; Wang, H.; Xu, L.; Yin, D.; Zheng, G.; Lv, Y. Optimization of Nitrogen Fertilizer Management for Improving Rice Grain Yield and Nutrient Accumulation and Mobilization in Saline-Alkaline Soils. Crop. Sci. 2020, 60, 2621–2632. [Google Scholar] [CrossRef] [Scilit]

	



Ye, T.; Li, Y.; Zhang, J.; Hou, W.; Zhou, W.; Lu, J.; Xing, Y.; Li, X. Nitrogen, Phosphorus, and Potassium Fertilization Affects the Flowering Time of Rice (Oryza Sativa L.). Glob. Ecol. Conserv. 2019, 20, e00753. [Google Scholar] [CrossRef] [Scilit]

	



Amanullah; Inamullah; Alkahtani, J.; Elshikh, M.S.; Alwahibi, M.S.; Muhammad, A.; Imran; Khalid, S. Phosphorus and Zinc Fertilization Improve Productivity and Profitability of Rice Cultivars under Rice-Wheat System. Agronomy 2020, 10, 1085. [Google Scholar] [CrossRef] [Scilit]

	



Jinger, D.; Dhar, S.; Dass, A.; Sharma, V.K.; Joshi, E.; Vijayakumar, S.; Gupta, G. Effect of Silicon and Phosphorus Fertilization on Growth, Productivity and Profitability of Aerobic Rice (Oryza Sativa). Indian J. Agric. Sci. 2018, 88, 1600–1605. [Google Scholar]

	



Moe, K.; Htwe, A.Z.; Thu, T.T.P.; Kajihara, Y.; Yamakawa, T. Effects on NPK Status, Growth, Dry Matter and Yield of Rice (Oryza Sativa) by Organic Fertilizers Applied in Field Condition. Agriculture 2019, 9, 109. [Google Scholar] [CrossRef] [Scilit]

	



Du, S.; Zhang, Z.; Li, T.; Wang, Z.; Zhou, X.; Gai, Z.; Qi, Z. Response of Rice Harvest Index to Different Water and Nitrogen Management Modes in the Black Soil Region of Northeast China. Agriculture 2022, 12, 115. [Google Scholar] [CrossRef] [Scilit]

	



Wei, Z.; Zhang, Y.; Liu, Z.; Peng, M.; Wang, T.; Cao, N. Change in Phosphorus Requirement with Increasing Grain Yield for Rice under Saline-Sodic Stress in Northeast China. Front. Environ. Sci. 2022, 10, 953579. [Google Scholar] [CrossRef] [Scilit]

	



Sharma, N.; Singh, A. A Review on Changes in Fertilizers, From Coated Controlled Release Fertilizers (CRFs) to Nanocomposites of CRFs. Int. J. Agric. Sci. Res. 2019, 9, 53–74. [Google Scholar] [CrossRef] [Scilit]

	



Niu, Y.F.; Chai, R.S.; Jin, G.L.; Wang, H.; Tang, C.X.; Zhang, Y.S. Responses of Root Architecture Development to Low Phosphorus Availability: A Review. Ann. Bot. 2013, 112, 391–408. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jin, S.H.; Huang, J.Q.; Li, X.Q.; Zheng, B.S.; Wu, J.S.; Wang, Z.J.; Liu, G.H.; Chen, M. Effects of potassium supply on limitations of photosynthesis by mesophyll diffusion conductance in Carya cathayensis. Tree Physiol. 2011, 31, 1142–1151. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ghimire, D.; Das, S.; Mueller, N.D.; Creech, C.F.; Santra, D.; Baenziger, P.S.; Easterly, A.C.; Maust, B.; Maharjan, B. Effects of Cultivars and Nitrogen Management on Wheat Grain Yield and Protein. Agron. J. 2021, 113, 4348–4368. [Google Scholar] [CrossRef] [Scilit]

	



Archana, K.; Reddy, T.P.; Anjaiah, T.; Padmaja, B. Effect of Levels of Phosphorus and Its Time of Application on Soil Nutrient Status and Yield of Rice Grown on P Accumulated Soil. Int. J. Curr. Microbiol. Appl. Sci. S 2017, 4, 92–99. [Google Scholar]

	



Eichi, V.R.; Okamoto, M.; Garnett, T.; Eckermann, P.; Darrier, B.; Riboni, M.; Langridge, P. Strengths and Weaknesses of National Variety Trial Data for Multi-Environment Analysis: A Case Study on Grain Yield and Protein Content. Agronomy 2020, 10, 753. [Google Scholar] [CrossRef] [Scilit]

	



Zeng, Y.; Tan, X.; Zeng, Y.; Xie, X.; Pan, X.; Shi, Q.; Zhang, J. Changes in the Rice Grain Quality of Different High-Quality Rice Varieties Released in Southern China from 2007 to 2017. J. Cereal Sci. 2019, 87, 111–116. [Google Scholar] [CrossRef] [Scilit]

	



Li, H.; Gilbert, R.G. Starch Molecular Structure: The Basis for an Improved Understanding of Cooked Rice Texture. Carbohydr. Polym. 2018, 195, 9–17. [Google Scholar] [CrossRef] [Scilit]

	



Pan, T.; Lin, L.; Wang, J.; Liu, Q.; Wei, C. Long Branch-Chains of Amylopectin with B-Type Crystallinity in Rice Seed with Inhibition of Starch Branching Enzyme I and IIb Resist in Situ Degradation and Inhibit Plant Growth during Seedling Development. BMC Plant Biol. 2018, 18, 9. [Google Scholar] [CrossRef] [Scilit]

	



Xi, M.; Lin, Z.; Zhang, X.; Liu, Z.; Li, G.; Wang, Q.; Wang, S.; Ding, Y. Endosperm Structure of White-Belly and White-Core Rice Grains Shown by Scanning Electron Microscopy. Plant Prod. Sci. 2014, 17, 285–290. [Google Scholar] [CrossRef] [Scilit]

	



Wada, H.; Masumoto-Kubo, C.; Gholipour, Y.; Nonami, H.; Tanaka, F.; Erra-Balsells, R.; Tsutsumi, K.; Hiraoka, K.; Morita, S. Rice Chalky Ring Formation Caused by Temporal Reduction in Starch Biosynthesis during Osmotic Adjustment under Foehn-Induced Dry Wind. PLoS ONE 2014, 9, e110374. [Google Scholar] [CrossRef] [Scilit]

	



Shi, S.; Wang, E.; Li, C.; Cai, M.; Cheng, B.; Cao, C.; Jiang, Y. Use of Protein Content, Amylose Content, and RVA Parameters to Evaluate the Taste Quality of Rice. Front. Nutr. 2022, 8, 758547. [Google Scholar] [CrossRef] [Scilit]

	



Liang, H.; Gao, S.; Ma, J.; Zhang, T.; Wang, T.; Zhang, S.; Wu, Z. Effect of Nitrogen Application Rates on the Nitrogen Utilization, Yield and Quality of Rice. Food Nutr. Sci. 2021, 12, 13–27. [Google Scholar] [CrossRef]

	



Duan, Y.-H.; Shi, X.-J.; Li, S.-L.; Sun, X.-F.; He, X.-H. Nitrogen Use Efficiency as Affected by Phosphorus and Potassium in Long-Term Rice and Wheat Experiments. J. Integr. Agric. 2014, 13, 588–596. [Google Scholar] [CrossRef] [Scilit]

	



Vanlauwe, B.; Diels, J.; Sanginga, N.; Merckx, R. Long-Term Integrated Soil Fertility Management in South-Western Nigeria: Crop Performance and Impact on the Soil Fertility Status. Plant Soil 2005, 273, 337–354. [Google Scholar] [CrossRef] [Scilit]

	



Oikeh, S.O.; Carsky, R.J.; Kling, J.G.; Chude, V.O.; Horst, W.J. Differential N Uptake by Maize Cultivars and Soil Nitrate Dynamics under N Fertilization in West Africa. Agric. Ecosyst. Environ. 2003, 100, 181–191. [Google Scholar] [CrossRef] [Scilit]

	



Li, Y.; Liu, H.; Huang, G.; Zhang, R.; Yang, H. Nitrate Nitrogen Accumulation and Leaching Pattern at a Winter Wheat: Summer Maize Cropping Field in the North China Plain. Environ. Earth Sci. 2016, 75, 118. [Google Scholar] [CrossRef] [Scilit]

	



Nadeem, M.Y.; Zhang, J.; Zhou, Y.; Ahmad, S.; Ding, Y.; Li, G. Quantifying the Impact of Reduced Nitrogen Rates on Grain Yield and Nitrogen Use Efficiency in the Wheat and Rice Rotation System of the Yangtze River Region. Agronomy 2022, 12, 920. [Google Scholar] [CrossRef] [Scilit]

	



Masvaya, E.N.; Nyamangara, J.; Nyawasha, R.W.; Zingore, S.; Delve, R.J.; Giller, K.E. Nitrogen and Phosphorus Capture and Recovery Efficiencies, and Crop Responses to a Range of Soil Fertility Management Strategies in Sub-Saharan Africa. Nutr. Cycl. Agroecosystems 2010, 88, 111–120. [Google Scholar] [CrossRef] [Scilit]

	



Islam, M.; Islam, M.; Sarker, A. Effect of Phosphorus on Nutrient Uptake of Japonica and Indica Rice. J. Agric. Rural Dev. 1970, 6, 7–12. [Google Scholar] [CrossRef] [Scilit]

	



Vinod, K.K.; Heuer, S. Approaches towards Nitrogen- and Phosphorus-Efficient Rice. AoB Plants 2012, 2012, pls028. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chen, X.P.; Cui, Z.L.; Vitousek, P.M.; Cassman, K.G.; Matson, P.A.; Bai, J.S.; Meng, Q.F.; Hou, P.; Yue, S.C.; Römheld, V.; et al. Integrated Soil-Crop System Management for Food Security. Proc. Natl. Acad. Sci. USA 2011, 108, 6399–6404. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Peng, S.; Garcia, F.V.; Laza, R.C.; Sanico, A.L.; Visperas, R.M.; Cassman, K.G. Increased N-Use Efficiency Using a Chlorophyll Meter on High-Yielding Irrigated Rice. F. Crop. Res. 1996, 47, 243–252. [Google Scholar] [CrossRef] [Scilit]

	



Schleuss, P.M.; Widdig, M.; Heintz-Buschart, A.; Kirkman, K.; Spohn, M. Interactions of Nitrogen and Phosphorus Cycling Promote P Acquisition and Explain Synergistic Plant-Growth Responses. Ecology 2020, 101, e03003. [Google Scholar] [CrossRef] [Scilit]

	



Yao, Y.; Zhang, M.; Tian, Y.; Zhao, M.; Zhang, B.; Zhao, M.; Zeng, K.; Yin, B. Urea Deep Placement for Minimizing NH3 Loss in an Intensive Rice Cropping System. F. Crop. Res. 2018, 218, 254–266. [Google Scholar] [CrossRef] [Scilit]

	



Liu, T.Q.; Fan, D.J.; Zhang, X.X.; Chen, J.; Li, C.F.; Cao, C.G. Deep Placement of Nitrogen Fertilizers Reduces Ammonia Volatilization and Increases Nitrogen Utilization Efficiency in No-Tillage Paddy Fields in Central China. F. Crop. Res. 2015, 184, 80–90. [Google Scholar] [CrossRef] [Scilit]

	



Rahaman, M.A.; Zhan, X.; Zhang, Q.; Li, S.; Lv, S.; Long, Y.; Zeng, H. Ammonia Volatilization Reduced by Combined Application of Biogas Slurry and Chemical Fertilizer in Maize-Wheat Rotation System in North China Plain. Sustainability 2020, 12, 4400. [Google Scholar] [CrossRef] [Scilit]

	



Yang, Q.; Liu, P.; Dong, S.; Zhang, J.; Zhao, B. Effects of Fertilizer Type and Rate on Summer Maize Grain Yield and Ammonia Volatilization Loss in Northern China. J. Soils Sediments 2019, 19, 2200–2211. [Google Scholar] [CrossRef] [Scilit]

	



Lim, S.-S.; Kwak, J.-H.; Lee, D.-S.; Lee, S.-I.; Park, H.-J.; Kim, H.-Y.; Nam, H.-S.; Cho, K.-M.; Choi, W.-J. Ammonia Volatilization from Rice Paddy Soils Fertilized with 15 N-Urea Under Elevated CO 2 and Temperature. Korean J. Environ. Agric. 2009, 28, 233–237. [Google Scholar] [CrossRef] [Scilit]

	



Wang, H.; Hu, Z.; Lu, J.; Liu, X.; Wen, G.; Blaylock, A. Estimation of Ammonia Volatilization from a Paddy Field after Application of Controlled-Release Urea Based on the Modified Jayaweera–Mikkelsen Model Combined with the Sherlock–Goh Model. Commun. Soil Sci. Plant Anal. 2016, 47, 1630–1643. [Google Scholar] [CrossRef] [Scilit]

	



Shan, L.; He, Y.; Chen, J.; Huang, Q.; Wang, H. Ammonia Volatilization from a Chinese Cabbage Field under Different Nitrogen Treatments in the Taihu Lake Basin, China. J. Environ. Sci. China 2015, 38, 14–23. [Google Scholar] [CrossRef] [Scilit]

	



Liao, L.; Shao, X.; Ji, R.; Wen, T.; Xu, J. Ammonia Volatilization from Direct Seeded Later-Rice Fields as Affected by Irrigation and Nitrogen Managements. Int. J. Agric. Biol. 2015, 17, 582–588. [Google Scholar] [CrossRef] [Scilit]

	



Xia, L.; Xia, Y.; Ma, S.; Wang, J.; Wang, S.; Zhou, W.; Yan, X. Greenhouse Gas Emissions and Reactive Nitrogen Releases from Rice Production with Simultaneous Incorporation of Wheat Straw and Nitrogen Fertilizer. Biogeosciences 2016, 13, 4567–4579. [Google Scholar] [CrossRef] [Scilit]








[image: Agronomy 13 00448 g001] 





Figure 1. Daily temperature and precipitation during the rice-growing seasons in 2019 and 2020. Solid arrows show the time of rice transplanted. 
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Figure 2. NH3 volatilization under CRPBF treatments with different ratios of P during rice-growing seasons in 2019 and 2020. CP0 indicates no fertilizer application, CP1 signifies local, regular fertilizers, CP2 represents ordinary P- and K-blended fertilizers, and CRP0, CRP1, and CRP2 indicate CRPBFs. The vertical bars represent the standard deviation of the means. 
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Figure 3. CAV: Cumulative ammonia volatilization under CRPBF treatment with different ratios of P during rice-growing seasons in 2019 and 2020. CP1 signifies local regular fertilizers, CP2 represents ordinary P- and K-blended fertilizers, and CRP0, CRP1, and CRP2 indicate CRPBFs. The vertical bars represent the standard deviation of the means. Different letters indicates a significant difference between treatments at the 0.05 probability level. 
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Table 1. Main physical and chemical properties of the soil before transplanting.






Table 1. Main physical and chemical properties of the soil before transplanting.





	Soil Layer
	pH
	Organic Matter

(gkg−1)
	Total N

(gkg−1)
	NH4+—N

(mgkg−1)
	NO3—N

(mgkg−1)
	Fast-Acting Olsen P

(mgkg−1)
	Fast Acting NH4 OAc-K

(mgkg−1)





	0–20 cm
	6.4
	19.8
	1.26
	6.8
	0.9
	28.2
	169










 





Table 2. Fertilizer application rates during both the rice-growing seasons 2019 and 2020.
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Treatments

	
Fertilizer Rate kg·ha−1




	
Nitrogen

	
Phosphorus

	
Potassium






	
CP0

	
0

	
0

	
0




	
CP1

	
225

	
112.5

	
180




	
CP2

	
225

	
112.5

	
180




	
CRP0

	
225

	
0

	
180




	
CRP1

	
225

	
57

	
180




	
CRP2

	
225

	
112.5

	
180








CP0: plot where no fertilizer was applied; CP1: 112.5 kg P ha−1 P of locally recommended fertilizer; CP2: blend of P and K, 112.5 kg P ha−1 and 180 kg K ha−1; CRP0: no phosphorus fertilizer, 180 kg K ha−1 potassium fertilizer with resin potassium chloride; CRP1: 57 kg P ha−1, 50% reduced-resin phosphorus fertilizer, 180 kg ha−1 potassium fertilizer with resin potassium chloride; and CRP2: 112.5 kg P ha−1 resin phosphorus fertilizer, 180 kg K ha−1 potassium fertilizer with resin potassium chloride. CRP0, CRP1, and CRP2 indicate the CRPBF levels.













 





Table 3. Yield and yield-related attributes under CRPBF treatment with different ratios of P during rice-growing seasons 2019 and 2020.
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Years

	
Treatments

	
Panicle Weight

(g)

	
Total Spikelet’s

(×103 m2)

	
Spikelets Per Panicle

	
Grain Filling (%)

	
Above Ground Biomass (t/ha)

	
Yield

(t/ha)






	
2019

	
CP0

	
94.31 ± 2.97 d

	
22.70 ± 0.23 d

	
91 ± 0.33 d

	
94.2 ± 0.12

	
13.9 ± 0.39 c

	
7.30 ± 0.18 c




	
CP1

	
114.91 ± 3.03 c

	
34.17 ± 2.06 c

	
112 ± 1.15 c

	
95.2 ± 1.18

	
18.40 ± 0.25 ab

	
10.02 ± 0.18 b




	
CP2

	
119.91 ± 2.05 bc

	
36.81 ± 1.07 c

	
118 ± 1.76 b

	
95.5 ± 0.42

	
18.57 ± 0.47 ab

	
10.17 ± 0.13 b




	
CRP0

	
114.01 ± 3.33 c

	
33.94 ± 1.66 c

	
108 ± 2.03 c

	
94.8 ± 0.61

	
17.90 ± 0.32 b

	
9.90 ± 0.10 b




	
CRP1

	
127.99 ± 2.56 ab

	
50.05 ± 0.73 b

	
120 ± 1.15 b

	
95.8 ± 0.64

	
19.90 ± 0.31 a

	
11.71 ± 0.17 a




	
CRP2

	
135.95 ± 2.04 a

	
56.68 ± 2.42 a

	
128 ± 1.73 a

	
95.9 ± 0.57

	
20.54 ± 0.87 a

	
11.99 ± 0.30 a




	
p-value

	
0.0001

	
0.0000

	
0.0000

	
0.1053

	
0.0001

	
0.0000




	
2020

	
CP0

	
94.11 ± 1.79 c

	
21.51 ± 1.39 d

	
89 ± 0.58 d

	
94.4 ± 0.25

	
13.17 ± 0.57 e

	
7.27 ± 0.17 c




	
CP1

	
113.98 ± 3.29 abc

	
29.84 ± 1.89 c

	
111 ± 1.14 c

	
95.5 ± 0.21

	
17.99 ± 0.10 c

	
9.99 ± 0.29 b




	
CP2

	
117.90 ± 2.25 ab

	
30.81 ± 2.13 c

	
115 ± 1.57 b

	
95.7 ± 0.57

	
18.43 ± 0.13 c

	
10.12 ± 0.17 b




	
CRP0

	
111.13 ± 2.48 bc

	
28.14 ± 1.64 c

	
110 ± 1.33 c

	
94.6 ± 0.78

	
17.11 ± 0.32 d

	
9.78 ± 0.11 b




	
CRP1

	
125.19 ± 1.58 ab

	
42.33 ± 1.30 b

	
123± 0.58 a

	
95.6 ± 0.60

	
19.20 ± 0.51 b

	
11.11 ± 0.30 a




	
CRP2

	
134.11 ± 1.25 a

	
45.73 ± 1.21 a

	
125 ±1.89 a

	
95.8 ± 0.41

	
19.93 ± 0.36 a

	
11.67 ± 0.35 a




	
p-value

	
0.0277

	
0.0000

	
0.0000

	
0.750

	
0.0000

	
0.0000








CP0 indicates no fertilizer application, CP1 signifies local, regular fertilizer application, CP2 represent ordinary P- and K-blended fertilizers, CRP0, CRP1, and CRP2 indicate CRPBF. ± Standard error means (n = 3). Different letters in a single column indicate a significant difference between treatments at the 0.05 probability level.













 





Table 4. Grain quality contents under CRPBF treatment with different ratios of P during rice-growing seasons in 2019 and 2020.






Table 4. Grain quality contents under CRPBF treatment with different ratios of P during rice-growing seasons in 2019 and 2020.





	
Years

	
Treatments

	
Total Protein (%)

	
Total Starch (%)

	
Chalkiness (%)

	
Taste Score (%)






	
2019

	
CP0

	
7.01 ± 0.25 d

	
70.63 ± 1.14 d

	
7.99 ± 0.35 b

	
59.00 ± 1.15 c




	
CP1

	
8.33 ± 0.57 a

	
75.81 ± 1.44 ab

	
9.32 ± 0.31 a

	
60.75 ± 1.44 bc




	
CP2

	
8.15 ± 0.63 ab

	
74.30 ± 3.37 bc

	
9.12 ± 0.25 a

	
61.31 ± 2.99 b




	
CRP0

	
8.49 ± 0.11 a

	
72.95 ± 1.06 c

	
8.79 ± 0.16 a

	
60.33 ± 2.02 bc




	
CRP1

	
7.93 ± 0.57 b

	
75.97 ± 2.61 a

	
8.74 ± 0.11 a

	
63.70 ± 1.73 a




	
CRP2

	
7.51 ± 0.62 c

	
76.81 ± 2.86 a

	
8.73 ± 0.10 a

	
64.67 ± 1.45 a




	
p-value

	
0000

	
0000

	
0.0149

	
0.0005




	
2020

	
CP0

	
6.96 ± 0.27 c

	
70.64 ± 1.57 c

	
8.02 ± 0.25 b

	
59.03 ± 1.12 c




	
CP1

	
8.30 ± 0.16 a

	
76.20 ± 1.86 a

	
9.08 ± 0.09 a

	
60.23 ± 1.24 c




	
CP2

	
7.98 ± 0.52 ab

	
74.97 ± 2.38 a

	
9.03 ± 0.11 a

	
61.73 ± 1.03 b




	
CRP0

	
8.38 ± 0.31 a

	
73.07 ± 1.37 b

	
8.75 ± 0.18 a

	
60.10 ± 1.15 c




	
CRP1

	
7.60 ± 0.62 bc

	
75.65 ± 1.99 a

	
8.61 ± 0.15 a

	
63.90 ± 1.55 a




	
CRP2

	
7.39 ± 0.14 bc

	
76.41 ± 1.98 a

	
8.74 ± 0.11 a

	
64.47 ± 1.09 a




	
p-value

	
0.0052

	
0.0002

	
0.0115

	
0.0000








CP0 indicates no fertilizer application, CP1 signifies local, regular fertilizer application, CP2 represent ordinary P- and K-blended fertilizers, and CRP0, CRP1, and CRP2 indicate CRPBF. ± Standard error means (n = 3). Different letters in a single column indicate a significant difference between treatments at the 0.05 probability level.













 





Table 5. Nitrogen use efficiency traits under CRPBF treatment with different ratios of P during rice-growing seasons 2019 and 2020.
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	Year
	Treatments
	Total N Uptake (kg/ha)
	Plant N Content (%)
	Total N Accumulation (kg/ha)
	N Recovery Efficiency (%)





	2019
	CP0
	171.32 ± 3.11 c
	0.92 ± 0.03 b
	16.11 ± 0.87 c
	23.34 ± 1.11 c



	
	CP1
	203.88 ± 2.92 b
	1.19 ± 0.14 b
	22.07 ± 0.63 b
	38.82 ± 0.97 b



	
	CP2
	208.66 ± 6.32 b
	1.60 ± 0.25 a
	25.12 ± 0.69 b
	40.08 ± 2.11 b



	
	CRP0
	193.99 ± 3.50 b
	1.16 ± 0.03 b
	21.37 ± 0.17 b
	35.19 ± 1.17 b



	
	CRP1
	233.71 ± 8.40 a
	1.63 ± 0.17 a
	36.83 ± 0.59 a
	48.43 ± 2.80 a



	
	CRP2
	240.29 ± 2.29 a
	1.65 ± 0.01 a
	39.41 ± 0.54 a
	50.62 ± 0.76 a



	
	p-value
	0000
	0.0041
	0000
	0001



	2020
	CP0
	150.12 ± 2.21 c
	0.81 ± 0.01 c
	15.13 ± 0.91 e
	21.34 ± 1.12 c



	
	CP1
	177.92 ± 4.87 b
	1.17 ± 0.13 b
	21.47 ± 0.47 cd
	30.16 ± 1.62 b



	
	CP2
	181.61 ± 1.35 b
	1.43 ± 0.17 ab
	24.71 ± 0.09 c
	31.06 ± 0.45 b



	
	CRP0
	178.11 ± 0.29 b
	1.15 ± 0.12 b
	20.78 ± 0.47 d
	29.89 ± 0.10 b



	
	CRP1
	194.68 ± 0.84 a
	1.46 ± 0.17 ab
	33.31 ± 0.13 b
	35.42 ± 0.28 a



	
	CRP2
	200.39 ± 0.87 a
	1.49 ± 0.11 a
	38.26 ± 0.66 a
	37.32 ± 0.29 a



	
	p-value
	0000
	0.0045
	0000
	00012







CP0 indicates no fertilizer application, CP1 signifies local, regular fertilizers application, CP2 represents ordinary P- and K-blended fertilizers, and CRP0, CRP1 and CRP2 indicate CRPBF. ± Standard error means (n = 3). Different letters in a single column indicate a significant difference between treatments at the 0.05 probability level.
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