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Abstract

:

Conventional fertilizer management can destroy the structure of soil. Replacing chemical fertilizers with organic fertilizers can improve soil quality and nitrogen use efficiency. We aimed to study the effects of organic fertilizer substitutions for chemical nitrogen fertilizer on soil fertility and nitrogen use efficiency in order to clarify the effectiveness of the available nutrient management measures in improving soil quality and increasing foxtail millet yield. A field experiment was carried out over two consecutive years, and a total of six treatments were set up: no fertilizer (CK), chemical nitrogen fertilizer alone (N), the substitution of 25% of chemical nitrogen fertilizer with bio-organic fertilizer (N25A1), the substitution of 25% of chemical nitrogen fertilizer with fermented mealworm manure (N25B1), the substitution of 50% of chemical nitrogen fertilizer with bio-organic fertilizer (N50A2), and the substitution of 50% of chemical nitrogen fertilizer with fermented mealworm manure (N50B2). The results of this study show the following: (1) Compared with chemical nitrogen fertilizer, the substitution of organic fertilizer for nitrogen fertilizer reduced the bulk density and solid phase of the soil, and it increased the total porosity, water content, liquid phase, and gas phase of the soil. (2) Compared with nitrogen fertilizer, the use of an organic fertilizer increased the contents of nitrate nitrogen, ammonium nitrogen, and total nitrogen in the soil by 13.59~52.56%, 4.47~18.27%, and 4.40~12.09%, respectively. The content of alkaline nitrogen increased by 1.70~32.37%, and the contents of soil available potassium, available phosphorus, and organic matter also increased. (3) The activities of sucrase, urease, glutaminase, and asparaginase were improved by replacing chemical nitrogen fertilizer with organic fertilizer. The N25 treatments performed better than the N50 treatments, and fermented mealworm manure performed better than biological organic fertilizer. (4) A moderate application of organic fertilizer (N25) can increase the grain yield, ear weight, grain weight, and 1000-grain weight of foxtail millet, whereas excessive application of organic fertilizer (N50) can reduce foxtail millet yield. (5) Replacing chemical nitrogen fertilizer with organic fertilizer can improve the agronomic use efficiency, physiological efficiency, biased productivity, harvest index, and apparent use efficiency of nitrogen fertilizer. In this study, the substitution of 25% of chemical nitrogen fertilizer with fermented mealworm manure was the best combination for restoring crop productivity and soil quality.
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1. Introduction


As the earliest coarse grain planted in Shanxi Province in China, foxtail millet has the characteristics of drought resistance, barrenness tolerance, and wide adaptability. It plays an important role in the diet of the Chinese people [1] and is a strategic reserve grain used to cope with extreme weather conditions and ensure food security in the future. Foxtail millet after hulling is currently recognized as a whole-grain, raw food that is rich in nutrients [2].



An “overdose” of fertilizer inputs can lead to soil compaction, soil nutrient imbalances, reduced soil sustainability, and reduced quality of agricultural products [3], limiting the sustainable development of agriculture. Organic fertilizer is rich in organic matter and various nutrients required by crops; it can not only provide nutrients for crops but can also promote the transformation of soil minerals, increasing the bioavailability of soil nutrients [4]; improve soil fertility and structure; effectively alleviate a series of cultivated-land-degradation problems, such as soil acidification, decreased organic matter content, and reduced soil microbial diversity in China [5]; and contribute to the sustainable production of farmland ecosystems [6]. However, organic fertilizer has a low content of available nutrients and a slow decomposition rate, which can lead to a decrease in the crop yield if applied alone. Moreover, most organic fertilizers are fermented from livestock manure, which contains excessive heavy metals, pathogenic microorganisms, and parasite eggs. If the fermentation is not sufficient, excessive application to farmland can cause heavy metal pollution and increase the risk of crop diseases and insect pests [7,8]. In contrast, chemical fertilizer has a high and effective nutrient content. The two can be applied together to maintain the crop yield and improve soil fertility [9,10].



A large number of studies [11] have shown that the substitution of 20–30% of inorganic nitrogen with organic nitrogen can effectively promote crop dry matter and nutrient accumulation; improve the nitrogen use efficiency, chlorophyll content, and physiological stress resistance; and improve the quality and efficiency of the nitrogen fertilizer under the same nitrogen application rate [12]. Studies have shown that organic inputs, as a substitute for or a supplement to chemical fertilizers, can potentially mitigate nitrogen losses and are effective as measures to achieve efficient crop cultivation [11]. The results of these studies showed that, under certain conditions, organic inputs can increase the yield of roots, tubers, and spring-sown cereals, and there was a significant correlation between the crop yield and the soil organic matter content [13,14,15,16]. Redding et al. [17] and Sarkar and Mukherjee [18] showed that the application of organic fertilizer can delay organ senescence, prolong the grain-filling time, increase the grain weight per panicle, and provide balanced nutrients for crops during later reproductive growth, thereby increasing yields. In addition, some studies have shown that the application of organic fertilizer can enrich mineralized nitrogen sources and increase the soil soluble nitrogen content [19,20], and the free amino acids produced by soil microbial decomposition can be directly absorbed by crops [21]. Other studies [22] have shown that the partial substitution of chemical fertilizers with different organic materials (straw, manure, vermicompost, or rapeseed meal) can improve crop yields and soil quality indices in different cropping systems (winter rapeseed–summer sweet potato, winter wheat–summer maize, and continuous-cropping maize). It is clear that the effects of organic manure from different sources and at different application ratios on crop yields and soil fertility are different. As a type of fertilizer composed of inorganic nutrients, organic substances, and beneficial microorganisms, bio-organic fertilizer provides the same advantages as the addition of biological agents and traditional organic fertilizers [23], including a long action time, a wide action, a high fertilizer efficiency, and no pollution in the production process [24].



With the development of the yellow mealworm farming industry, yellow mealworm feces have also become a new biological resource. Mealworm manure is odorless, fine, and sandy, with tiny agglomerated structures and a high natural porosity. The surface of mealworm manure is coated with a microfilm formed by secretions from the digestive tract of the yellow mealworm. This material can be stored for a long period of time [25], and as a raw material for high-quality organic fertilizer, it is rich in nutrients and can be used for agricultural applications and home planting [26]. Yellow mealworm manure is generally directly applied in crop cultivation, and it is rarely applied in a fermented form. Manure fermentation can improve the nutrient content of organic fertilizer, produce a large number of active substances, enable better decomposition of the organic matter, and promote the growth of crops [27]. However, few reports exist on the effects of mealworm manure and bio-organic fertilizer on the productivity, nutrient availability, and nitrogen use efficiency of foxtail millet. Deciphering the ecological mechanisms by which mealworm manure and bio-organic fertilizer promote yield can help in the design of more efficient bio-fertilizers and promote the sustainability of foxtail millet production.



This study used the cultivated foxtail millet variety “Jin gu 21” to explore the effects of replacing chemical fertilizers with different organic materials (bio-organic fertilizer and mealworm manure) on the physical properties, chemical nutrients, and enzyme activities of soil and the nitrogen content in various parts of foxtail millet. This study also aimed to clarify the mechanism used by different organic fertilizers to improve soil fertility and nitrogen use efficiency, as well as provide information on the selection of suitable organic fertilizers and combined application ratios, so as to provide suggestions and references for the formulation of efficient and sustainable fertilization measures.




2. Materials and Methods


2.1. Overview of the Test Site


The two-year trial (2021–2022) was conducted at the Shenfeng Experimental Base of Shanxi Agricultural University, Taigu District, Jinzhong City, Shanxi Province, China (112°28′, 37°12″ E), which has a temperate continental climate with an average annual temperature of 10 °C, a frost-free period of 175 days, annual rainfall of 462.9 mm, an elevation of 900–1200 m, and an accumulated temperature ranging from 3250–3500 °C.



The soil at the study site is sandy loam. The crop planted at the test site prior to the 2021 season was corn, and the crop planted at the test site prior to the 2022 season was foxtail millet. At the beginning of the experiment, initial soil samples were collected in a surface soil profile of 0–20 cm, and the soil-testing method used was the same as that described in Section 2.4.2. The specific physical and chemical properties of the soil are shown in Table 1.




2.2. Test Materials


The foxtail millet variety used in this experiment was “Jin gu 21”. The bio-organic test fertilizer was purchased from Beijing Taiwan Sifang Biotechnology Co., Ltd. (Beijing, China); it was made through the fermentation of 70% chicken manure and 30% corn stalk. The number of effective viable bacteria (compound probiotics) in the fertilizer was ≥300 million/g, its organic matter content was ≥60%, nitrogen content was 1.46%, phosphorus pentoxide content was 1.69%, potassium oxide content was 1.11%, and water content was 45%. Homemade fermented mealworm manure was made using the following procedure. Mealworm manure was mixed with water in a 1:1 ratio, and double superphosphate in an amount of 3% of the mealworm manure mass was added. The mixture was stirred evenly and then packed into an airtight plastic bag, tied tightly at the mouth of the bag, and allowed to anaerobically ferment until brown. The bag was opened and the mixture was turned once during fermentation. The fermented mealworm manure contained 50% water content, 67% organic matter, 2.87% nitrogen, 1.98% phosphorus pentoxide, and 1.26% potassium oxide. Urea (N ≥ 46%) was produced by Shanxi Tianze Coal Chemical Group Co., Ltd. (Jincheng, China); double superphosphate (P2O5 ≥ 46%) was produced by Kunming Dongsheng Metallurgical Co., Ltd. (Kunming, China); and potassium chloride (K2O ≥ 60%) was produced by Golmud Zanghuada Granule Potash Fertilizer Co., Ltd. (Golmud, China).




2.3. Experimental Design


A random block design was adopted. The following six treatments were established: a no-fertilizer control (CK), a single-chemical-fertilizer treatment (N), the substitution of 25% of the chemical nitrogen fertilizer with bio-organic fertilizer (N25A1), the substitution of 25% of the chemical nitrogen fertilizer with fermented mealworm manure (N25B1), the substitution of 50% of the chemical nitrogen fertilizer with bio-organic fertilizer (N50A2), and the substitution of 50% of the chemical nitrogen fertilizer with fermented mealworm manure (N50B2). The N:P2O5:K2O ratio was 5:3:4, and when the phosphorus and potassium were insufficient after the application of organic fertilizer, the soil was supplemented with double superphosphate and potassium chloride. The specific fertilizer amount is shown in Table 2. Each treatment was repeated 3 times for a total of 18 cells, with a plot area of 15 m2 (3 m × 5 m) and a 1 m buffer row around it.



All fertilizers were applied as basic fertilizers only once during the sowing period, and then the millet was sown after plowing all of the treatment areas with a rotary tiller, with a row spacing of 50 cm and a plant spacing of 6 cm at the 4–6 leaf stage. The seedling density was 450,000 plants/ha, no watering was performed, no top dressing was used, and cultivation and weeding were performed 2 times during the whole growth period. Sowing occurred on 21 May 2021 and 18 May 2022; harvesting occurred on 30 September 2021 and 3 October 2022.




2.4. Test Methods and Calculation Formulas


2.4.1. Soil Physical Properties


The ring-knife method [28] was used to determine the bulk density, total porosity, water content, solid deviation, liquid deviation, and gas deviation of the soil samples from the 0~20 cm soil layer during the crop’s mature stage. The initial weight was m1, the weight after water absorption was m2, the weight after drying was m3, and the weight of the ring knife was m0. The formulas for calculating each indicator are shown below.



The soil bulk density was calculated as follows:


   ρ b  =    m  3 −    m 0   V   



(1)







In this formula, ρb is the bulk density of soil (g/cm3), and V is the volume of the ring knife (cm3).



The soil mass moisture content was calculated using Equation (2):


   θ g  =    m  1 −    m 3     m  3 −    m 0     



(2)




where θg is the water content of the soil (%).



The soil porosity was calculated using Equation (3):


   P t  =  (  1 −    ρ b     p d     )   



(3)




where Pt is the total porosity of the soil (%); Pd is the soil (grain) density, which is usually 2.65 g/cm3; and ρb is the same as in Equation (1).



The solid, liquid, and gas phases of the soil were calculated using Equations (4)–(6):


  X = 100 × 1 −  P t   



(4)






  Y = 100 ×  θ g   



(5)






  Z = 100 ×  p t  −  θ g  ×  ρ b   



(6)




where X in Equation (4) is the soil’s solid-phase value, Y in Equation (5) is the soil’s liquid-phase value, Z in Equation (6) is the soil’s gas-phase value, 0.4 is the weight of the soil’s solid-phase data, and 0.6 is the weight of the soil’s gas sample data. Pb, θg, and Pt are the same as in Equations (1)–(3), respectively.




2.4.2. Soil Chemical Properties


When the foxtail millet was harvested, soil samples were taken from the 0~20 cm soil layer using a multi-point mixed sampling method with a soil drill in each community. Stones, plant residues, and other impurities were removed and the samples were mixed, bagged, and brought back to the laboratory. The soil samples were then naturally air-dried, ground, screened, and divided into components for the determination of nutrient contents.



The soil’s chemical properties were determined according to a soil agrochemical analysis [29]. The alkaline-hydrolyzable nitrogen was determined using the 1.0 mol/L NaOH alkaline hydrolysis and dispersion method, the available potassium was determined using NH4OAc leaching flame photometry, the available phosphorus was determined using the 0.5 mol/L NaHCO3 method, the organic carbon was determined through external heating (potassium dichromate oxidation method) and then organic matter was derived from organic carbon content × 1.724, and the total nitrogen content was determined by boiling at 380 °C using H2SO4 and a mixed catalyst (Kjeldahl method). The pH was determined to be 5. The ratio of water to soil was determined using a pH meter, soil nitrate nitrogen was determined using a spectrophotometric method with phenol disulfonic acid, and soil ammonium nitrogen was determined using the 2 mol/L KCl–indophenol blue spectrophotometric method.




2.4.3. Soil Enzyme Activity


Before harvesting, soil samples were collected from the 0–20 cm soil layer from each plot using a multi-point mixed sampling method and immediately stored in a −20 °C freezer after removing stones, plant residues, and other debris. These samples were then used for the determination of soil enzyme activity within one week.



The soil urease content was determined colorimetrically using sodium phenolate–sodium hypochlorite [30]. We measured 5 g of air-dried soil sample into a 50 mL triangular flask, added 1 mL of toluene, and let it stand for 15 min; we then added 10 mL of 10% urea solution and 20 mL of citrate buffer with pH 6.7 to the triangular flask, shook it well, and then incubated the solution for 24 h at 37 °C. After filtration, 3 mL of the filtrate was placed into a 50 mL volumetric flask and distilled water was added to make the solution reach 20 mL. After filtration, 3 mL of the filtrate was injected into a 50 mL volumetric flask, and distilled water was added to bring the solution to 20 mL. Then, 4 mL of sodium phenol solution and 3 mL of sodium hypochlorite solution were added, and the solution was well shaken. The color and volume developed after 20 min. At 1 h, the colorimetric analysis was conducted at a wavelength of 578 nm using an intrinsic spectrophotometer. The urease activity is expressed in milligrams of NH3-N in 1 g of soil after 24 h.



The sucrase content was determined colorimetrically using 3,5-dinitrosalicylic acid [31]. An amount of 2 g of air-dried soil was placed into a 50 mL triangular bottle, 5 drops of toluene were added and left for 15 min. Then 15 mL of 8% sucrose solution and 5 mL of phosphate buffer with pH 5.5 were added and shaken well. The soil was then incubated in an incubator at 37 °C for 24 h, followed by rapid filtration. Then 1 mL of filtrate was pipetted and filled into a small test tube; 3 mL of DNS reagent was added, and the mixture was heated in a boiling water bath for 5 min. The tube was then immediately transferred to tap water and cooled for 3 min. Finally, the liquid in the test tube was transferred to a 50 mL volumetric flask and diluted to 50 mL with distilled water solution and tested colorimetrically on a spectrophotometer at 508 nm. Sucrase activity was expressed as milligrams of glucose produced by 1 g of dry soil in 24 h.



The glutaminase and asparaginase contents were determined using Kneyer’s reagent colorimetric method [32]. An amount of 5 g of soil was placed into a 50 mL triangular flask and treated with 0.5 mL of toluene. After 15 min, 10 mL of 3% asparagine and 10 mL of a phosphate buffer solution with a pH of 6.7 were added. After shaking, the mixture was incubated at a constant temperature of 37 °C for 24 h. At the end of the incubation, 30 mL of a 1 N KCl solution was added, and the mixture was shaken for 30 min and then filtered. An amount of 5 mL of filtrate was transferred to a 50 mL volumetric flask and 5 mL of 5% NaOH, 2 mL of 50% potassium sodium tartrate, and 30 mL of distilled water were added. After shaking, 2 mL of Kneyer’s reagent was added, the volume was set, and a colorimetric determination was performed using a spectrophotometer at 420 nm after 10 min. The asparaginase activity was expressed as the number of milligrams of ammonia released after 24 h by 1 g of soil.



An amount of 5 g of soil was placed into a 50 mL triangular flask and treated with 0.5 mL of toluene, and 10 mL of a 3% glutamine solution was added after 15 min. After mixing, the solution was incubated in a 37% incubator for 24 h. The procedure after culturing was the same as for the determination of asparaginase. The glutaminase activity was expressed as the number of milligrams of ammonia released after 24 h by 1 g of soil.




2.4.4. Yield and Composition


At the ripening stage of the foxtail millet, plant samples with consistent growth were randomly selected from each treatment in a sampling area of 4 m2. All selected ears were cut off, placed into a net bag, naturally dried, threshed, weighed, and converted into density (per hectare) according to the area of each community. A total of 10 ears were selected for each cell for an indoor examination. The weight of a single ear, the grain weight of a single ear, and 1000 grains were measured and recorded.




2.4.5. Dry Matter Accumulation and Nitrogen Content in Each Part of the Plant


Three representative foxtail millet plants were selected for each treatment and divided into four parts: roots, stems, leaves, and spikes, dried in an oven at 105 °C for 30 min and then dried to constant weight at 75 °C. The dry weights of the four parts were used to calculate the proportion of foxtail millet in each part of the plant. The dried plant samples were weighed and pulverized, passed through a 0.5 mm sieve, and the nitrogen content of the plant parts was determined by Kjeldahl method: 0.5 g of the sieved sample was weighed into a digestion tube and 5 mL of H2SO4 was added, the mixture was boiled at 380 °C, and the nitrogen content determined using a Kjeldahl meter after the boiling liquid became transparent [33].




2.4.6. Calculation Method for Nitrogen Fertilizer Utilization Efficiency


The following equations were used to calculate the nitrogen fertilizer utilization efficiency:


Agronomic efficiency of nitrogen fertilizer (ANUE kg/kg) = (yield in nitrogen application area − yield in control area)/nitrogen application rate.










Physiological efficiency of nitrogen fertilizer (PNUE kg/kg) = (yield in nitrogen application area − yield in control area)/(nitrogen uptake in shoots in nitrogen application area − nitrogen uptake in the shoots of plants in the control area).










Apparent nitrogen use efficiency (NRE) = (nitrogen uptake in shoots in nitrogen application area − nitrogen uptake in the shoots of plants in the control area)/nitrogen application rate × 100%.










Nitrogen harvesting index (NHI %) = nitrogen uptake in grain/nitrogen uptake in the shoots of plants × 100.










Nitrogen partial productivity (PFP kg/kg) = grain yield/nitrogen application rate.













2.5. Data Analysis


The differences between different fertilization treatments were analyzed by one-way ANOVA, and then Tukey’s HSD test was performed using SPSS (20.0, IBM SPSS Inc., Chicago, IL, USA) software at a significance level of p = 0.05. Pearson correlation was used to analyze the correlation between soil properties. Excel (2010, Microsoft, Redmond, WA, USA) software was used to organize the data and charts, and Origin (2021, OriginLab, Hampden, MA, USA) was used for plotting.





3. Results


3.1. Effect of Replacing Chemical Nitrogen Fertilizer with Different Organic Fertilizers on Soil Physical Properties


The analysis of the physical quality of the 0~20 cm soil layer after applying different fertilization treatments over two consecutive years showed (Table 3) that fertilization can reduce the soil’s bulk density (ρb) and increase its total porosity (Pt) and water content (θg). For the N25 treatments, the application of fermented mealworm manure reduced the total porosity and increased the water content of the soil. For the N50 treatments, the application of fermented mealworm manure significantly reduced the bulk density and increased the water content of the soil. For the same N level, fermented mealworm manure was beneficial for increasing the water content of the soil. The highest total porosity in 2021 was observed for the N50B2 treatment, and the highest in 2022 was observed for the N50A2 treatment, with these treatments showing an increase of 7.99% and 3.81%, respectively, compared with N25B1. The highest soil water content in both years was observed for the N25B1 treatment, which increased by 9.73% and 10.06% compared with N50A2. Overall, the N50B2 fertilization effect was the best, and organic substitution was shown to reduce the bulk density of the soil while also reducing the amount of chemical fertilizer, which is conducive to improving the soil structure and increasing the circulation of air and water in soil.



In 2021 and 2022, compared with the CK treatment, the substitutions of chemical nitrogen fertilizer with organic fertilizers reduced the solid fraction and increased the liquid fraction. As can be seen in Table 4, the solid fraction of the N25B1 treatment was significantly lower than that of other treatments, and it decreased by 4.63% compared with N. The liquid fraction resulting from the substitutions of chemical nitrogen fertilizer with organic fertilizer was significantly increased; compared with N, the N50A2 treatment resulted in an increase of 10.97% and 7.83% over two years, respectively. In 2021, the gas fraction of the N25B1 treatment was significantly higher than that of other treatments and was 33.51% higher than that of CK. For the N50 treatments, the solid fraction and gas fraction after the two-year application of bio-organic fertilizer were lower than those after the application of fermented mealworm manure.




3.2. Effect of Replacing Chemical Fertilizer with Different Organic Fertilizers on Soil Nutrients


The effects of different fertilization treatments on the nitrogen content in the 0~20 cm soil layer are shown in Table 5. Compared with N, the nitrate nitrogen content decreased by 25.19~52.56% and 13.59~30.41%, respectively. The ammonium nitrogen content decreased significantly by 14.13~18.27% and 4.46~14.81%, respectively. The content of alkaline-hydrolyzable nitrogen increased by 5.07~27.79% and 1.69~32.37%, and the N25B1 fertilization treatment resulted in a higher content than that of the other treatments. In 2021, the total nitrogen content was significantly reduced by 4.35~7.6%, and that of the N25B1 treatment increased by 12.09% in 2022. For the N25 treatments, the application of fermented mealworm manure increased the content of alkaline-hydrolyzable nitrogen in the soil. For the N50 treatments, the contents of soil nitrate nitrogen and ammonium nitrogen were increased by the application of fermented mealworm manure, indicating that fermented mealworm manure was more conducive to an increase in the various soil nitrogen forms. Overall, the content of various nitrogen forms was increased by the fertilization treatments, and the nitrogen content of each treatment was higher in 2022 than in 2021.



The effects of different fertilization treatments on soil available potassium, available phosphorus, and organic content are shown in Figure 1A–C. In 2021, the soil available potassium content of N50B2 was appreciably higher than that of the other treatments. In 2022, the N25A1 treatment had the highest soil available potassium content, which was appreciably higher than the N treatment by 49.58%. In N50 treatments, soil available potassium content was higher after application of fermented yellow mealworm manure than after application of bio-organic manures. Compared to N, N25B1, N50A2, and N50B2 treatments significantly increased soil available phosphorus content. Soil available phosphorus content after application of fermented yellow mealworm manure was higher than that of bio-organic fertilizer treatments at the same rate of substitution. The organic fertilizer replacements improved soil organic matter content significantly as shown in Figure 1C. After 2 years, the organic matter content of N25A1 and N25B1 treatments was significantly higher than that of other treatments, indicating that the application of various materials from N25 organic fertilizer treatments was more beneficial in improving soil organic matter content.




3.3. Effects of Replacing Chemical Fertilizer with Different Organic Fertilizers on Soil Enzyme Activities


As can be seen in Figure 2A, the soil sucrase activity following the organic fertilizer treatments was significantly higher than that resulting from the chemical nitrogen fertilizer treatment alone. At the N25 level, the two-year treatment with fermented mealworm manure resulted in a significantly higher sucrase activity than that resulting from the bio-organic fertilizer, showing an increase of 10.8% and 14.87%, respectively. At the N50 level, N50B2 demonstrated a significantly higher sucrase activity than the N50A2 fertilization treatment in 2021. From Figure 2B, it can be seen that soil urease activity was higher in 2022 than in 2021, and soil urease activity was significantly higher in 2021 for the N25B1 fertilizer treatment, with an increase of 38.16% compared to the N treatment. The N25B1 application in 2022 resulted in a significantly higher urease activity than the other matching treatments, and the N25A1 application treatment increased the urease activity by 13.34%. The urease activity of N25 treatments was greater than that of N50 treatments. Figure 2C shows that the soil glutaminase activity of organic fertilizer treatments was significantly higher than that of N treatments, with the N25A1 treatment having the highest glutaminase activity. The soil glutaminase activity of the N50 treatment was higher than that of the N25 treatment. At the same substitution level, the glutaminase activity of fermented mealworm manure was higher than that of the bio-organic fertilizer. Figure 2D illustrates that asparaginase activities of CK, N, N25A1, and N50B2 were lower in 2022 than in 2021, while the opposite was true for the other treatments. At the same nitrogen level, asparaginase activity after application of fermented yellow mealworm manure was greater than that of the bio-organic fertilizer treatments, and asparaginase activity was significantly higher in the N25B1 treatment than in the N treatment.




3.4. Correlation between Soil Quality Evaluation Indicators


The correlation analysis of the above indicators related to soil physico-chemical and enzyme activities showed (Figure 3) that the six indicators of soil physical properties (total porosity, bulk density, mass water content, solid phase, liquid phase, and gas phase) were not correlated with the various forms of nitrogen (nitrate nitrogen, ammonium nitrogen, alkaline-hydrolyzable nitrogen, and total nitrogen), available potassium, or available phosphorus. The various forms of nitrogen were positively correlated with soil enzymes (sucrase, urease, glutaminase, and asparaginase) and soil nutrients (available potassium, available phosphorus, and organic matter). The total porosity and soil gas phase showed a significant positive correlation, and the soil solid phase and soil bulk density showed a significant negative correlation. Ammonium nitrogen, alkaline-hydrolyzable nitrogen, and organic matter were also positively correlated with soil nutrients and soil enzymes.




3.5. Effects of Different Organic Fertilizers on Foxtail Millet Yield and Nitrogen Accumulation


It can be seen from Table 6 that the pattern of change in the foxtail millet yield over 2 years was essentially the same for the different fertilization treatments, and the yield of the CK and N treatments in 2022 increased by 3.89% and 0.89%, respectively, compared with the yields in 2021. Compared with N, the N50 organic fertilizer treatment significantly reduced foxtail millet yield in both years; in contrast, the yield of the N25B1 treatment was significantly higher than that of the other treatments; and the yield increased by 6.21% and 7.83%, respectively, over the two years compared with the N treatment. Compared with N, the average yield of foxtail millet increased by 18.87% and 14.88% over the two years after the application of organic fertilizer. After application of organic fertilizer, the above-ground nitrogen accumulation of foxtail millet and grain nitrogen accumulation were significantly higher than those under N and CK treatment, and the highest value was reached under N25 organic fertilizer treatment. In 2021, the grain weight per spike of the N25B1 treatment was significantly higher than that of the other treatments. On the whole, the yield, nitrogen accumulation, single-ear weight, and single-ear grain weight achieved by the 2 year N25B1 treatment were better than those of the other treatments, and the fermented mealworm manure treatments resulted in better weights than the treatments with bio-organic fertilizer. This indicates that the fertilizer effect of fermented mealworm manure lasted longer and the effect was better.




3.6. Effects of Replacing Chemical Fertilizer with Different Organic Fertilizers on Nitrogen Content in Different Parts of Foxtail Millet


The nitrogen content in different parts of foxtail millet resulting from different fertilization treatments at the plant’s mature stage was analyzed, and it can be seen in Figure 4 that the nitrogen content in the different parts of foxtail millet was in the order of panicles > leaves > stems > roots. In 2022, the nitrogen content of each part of foxtail millet was significantly higher for the N25B1 treatment than for the other treatments. Compared with N, the nitrogen content of each part of the foxtail millet that received an N25 treatment increased by 9.36%, 15.13%, 44.97%, and 31.73%, respectively. Under the same nitrogen level, the nitrogen content of all parts of the foxtail millet treated with fermented mealworm manure was higher than that of the plants treated with bio-organic fertilizer. Overall, N25B1 performed the best in both years, and the fermented mealworm manure treatment was better than that of the bio-organic fertilizer at the same level of organic fertilizer substitution.




3.7. Effects of Replacing Chemical Fertilizer with Different Organic Fertilizers on Nitrogen Use Efficiency of Foxtail Millet


It can be seen from Table 7 that, compared with N, the treatments with organic fertilizer instead of chemical fertilizer increased the ANUE by 11.67%, 43.27%, 41.97%, 38.48%, 87.93%, 82.02%, 21.78%, and 25.56%, respectively. In 2022, the NRE of the N25 treatments was higher than that of the N50 treatments. In 2021, the N25A1, N25B1, and N50B2 treatments decreased by 12.23%, 16.11%, and 17.41%, respectively, compared with the N treatment. In 2022, the ANUE of the N25 treatment was higher than that of the N treatment, while the opposite was true for the N50 treatment. At the same level of organic fertilizer substitution, the treatments with bio-organic fertilizer resulted in a higher nitrogen use efficiency than that resulting from the fermented mealworm manure treatments, indicating that bio-organic fertilizer was conducive to an improvement in the nitrogen use efficiency. Under the same level of organic fertilizer substitution, the PFP of the 2-year biological organic fertilizer treatments was greater than that of the fermented mealworm manure treatments. Two years of fermented mealworm manure application resulted in a superior NHI compared to that achieved by the bio-organic fertilizer treatment. Compared with N, N25B1 resulted in a significant increase in the NHI of 18.78% and 25.16% in 2021 and 2022, respectively. During the 2 years, the bio-organic fertilizer treatments resulted in a significantly higher NPE than the nitrogen treatment for various materials. In 2021, the NPE was better at the N25 fertilization level compared to that at the N50 level, and vice versa in 2022.





4. Discussion


4.1. Effect of Replacing Chemical Fertilizer with Organic Fertilizer on Soil Physical Quality


Soil physical parameters can be used to evaluate the changes in the soil physical quality under farm land management measures. The soil bulk density is not only an important indicator of soil physical quality but is also a limiting factor that affects crop productivity and soil fertility production, thus directly or indirectly affecting soil quality and affecting crop water uptake as well as yield [34]. The distribution of large and small pores in the soil and the soil’s continuity and stability are directly related to water storage and transport, root growth and development, gas diffusion, and the distribution of soil microbial communities and nutrient transport [35]. The results of this study showed that, compared with the nitrogen treatment, the soil bulk density of the organic alternative treatments was significantly reduced by 1.30~8.43%, and the total porosity and soil mass moisture content were increased by 7.61~11.72% and 1.33~17.08%, respectively. This was because the addition of organic fertilizer increased the content of soil organic matter, and the humus and root exudates formed during the decomposition of organic matter promoted the combination of Al3+ and Ca2+ as well as the formation of aggregates and micro-aggregates through the combination of small soil particles. These micro-aggregates formed macro-aggregates through cementation, which increased the dilution of dense mineral components in the soil [36,37]. The organic fertilizers reduced the infiltration capacity of soil moisture, so that water collected in the 10~20 cm soil layer, which is conducive to maintaining soil moisture [38]. The ideal soil ratio for agriculture is 50% solid phase, 25% liquid phase, and 25% gas phase, and these three ratios, with reasonable regulation, can provide excellent water, fertilizer, gas, and heat conditions for crop growth [39]. This study showed that, compared with N, the organic fertilizer treatments significantly reduced the soil’s solid phase and increased the proportion of the soil’s liquid and gas phases, indicating that organic fertilizer can effectively improve the water-holding capacity of soil, alleviate the compaction state of the soil itself, and promote the effective rooting of foxtail millet.




4.2. Effect of Replacing Chemical Fertilizer with Organic Fertilizer on Soil Nutrients


Soil available nutrients are important indicators used to evaluate soil fertility, which is the basic attribute of soil and the most basic guarantee of a continual supply of nutrients for plants. The results of Gao et al. [40] showed that the use of organic fertilizers can significantly increase the content of available phosphorus and available potassium in the soil. Alkaline-hydrolyzable nitrogen contains nitrate nitrogen, ammonium nitrogen, and organic nitrogen, which can be absorbed and utilized by crops. In this experiment, compared with the CK treatment, the contents of total nitrogen and alkaline-hydrolyzable nitrogen in the soil were increased to varying degrees, and the comprehensive application effect of fermented mealworm manure was better. This may be related to the content of organic matter, as well as the increase in the soil organic nitrogen content and the soil nitrogen supply capacity with an increase in the fermented mealworm manure input. With an increase in the amount of bio-organic fertilizer, the mass fraction of nitrate nitrogen and ammonium nitrogen in the soil tillage layer decreased to a certain extent, which may have been due to the addition of a large number of microbial strains to the bio-organic fertilizer, as the organic matter would have provided a sufficient carbon source for microbial activities. Therefore, the organic substitution of chemical fertilizers had an effect on the contents of nitrate nitrogen, ammonium nitrogen, alkaline-hydrolyzable nitrogen, and total nitrogen in the tillage layer, and improved the nitrogen supply level of the soil tillage layer to a certain extent.




4.3. Effect of Replacing Chemical Fertilizer with Organic Fertilizer on Soil Enzyme Activity


Soil enzymes are effective sensors that can be used to study soil ecological effects [41], and they are an active reservoir of plant nutrients. Organic fertilizer substitutions significantly improved the soil enzyme activity and promoted the conversion of soil organic matter [42]. Urease, sucrase, glutaminase, and asparaginase play important roles in soil carbon–nitrogen conversions, and they can be used as ideal biochemical indicators to measure soil fertility. Tripathy [43] and other authors have found that the content of organic matter in soil, the number of microorganisms, and the respiration intensity all affect the activity of sucrase and urease, and urease is deeply involved in the transformation and decomposition of organic matter. The results of this study showed that the substitutions of chemical fertilizer with organic fertilizer promoted soil urease, sucrase, glutaminase, and asparaginase activities. The soil enzyme activities were also higher in the N25 treatments than in the N50 treatments, which may be attributed to the increase in the adsorption of soil colloids in organic fertilizer by the reactive substrate in the soil of the plant root system. Soil colloids adsorb enzyme molecules in the soil, thus inhibiting soil enzyme activities [44]. In addition, this study found significant correlations between soil enzyme activities, soil organic matter, and total nitrogen, indicating that soil enzyme activities are coordinated by multiple factors. The application of carbon-rich porous organic fertilizer to the soil changed the soil physicochemical properties; altered the soil microbial environment, nutrient coordination, and bacterial survival; promoted soil enzyme activities; increased the activity of the multi-enzyme system; and synergistically supported the enzyme-promoted reaction [45].




4.4. Effect of Replacing Chemical Fertilizer with Organic Fertilizer on Foxtail Millet Yield and Nitrogen Use Efficiency


The final yield of a crop is closely related to the accumulation, distribution, transportation, and transformation of dry matter in a single plant population [46]. The present study showed that, compared with nitrogen fertilizer alone, replacing chemical fertilizer with organic fertilizer increased the seed yield by 13.97% to 65.88% and increased the spike length, spike thickness, and spike weight by 0.80% to 14.28%, 1.57% to 17.65%, and 12.24% to 37.05%, respectively. Compared with N, N25 organic fertilizer treatment significantly increased grain yield. This may have been due to a more appropriate and moderate ratio of organic and inorganic nitrogen fertilizers in the N25 treatments, which may have slowed down the rate of nutrient release from the soil; i.e., organic nutrients were gradually released in the later stages of foxtail millet growth, which ensured an effective number of grains per spike and prevented the premature aging of the foxtail millet [47]. When the substitution ratio of organic fertilizer was N50, the yield of millet was lower than that of the N treatment, which may be because when the substitution ratio is too high, the nitrogen release rate of organic fertilizer is very slow, which cannot keep up with the high nitrogen demand of crops in the early growth period, resulting in crop yield reduction [24,48]. The N content of cereal leaves, stems, roots, and spikes increased by 1.03% to 6.25%, 0.59% to 16.07%, 0.72% to 26.08%, and 0.44% to 25.22%, respectively, compared with N. The N content of foxtail millet increased by 0.72% to 26.08% and 0.44% to 25.22% with the organic fertilizer. It is possible that the application of organic fertilizer promoted microbial cycling and the transport of nitrogen; facilitated crop root colonization and growth; increased crop root activity [49]; and increased the nitrogen uptake by the crop root system and the transfer of nitrogen to the seeds, thus increasing the crop nitrogen uptake and seed yield [50].



Low nitrogen fertilizer utilization efficiency is a prominent problem of crop production in China; thus, optimizing and improving nitrogen fertilizer management is one of the effective measures used to improve nitrogen fertilizer utilization efficiency. The combination of organic and inorganic nitrogen fertilizers can promote the effective regulation of nitrogen fertilizer by soil microorganisms, ensure a balanced supply of the nutrients required by the crop, and improve the fertilizer efficiency from the perspective of fertilizer supply intensity and supply capacity, thus improving the nitrogen utilization efficiency of crops [51]. The results of this study showed that the organic fertilizer partial productivity and the apparent nitrogen use efficiency increased by 31.77~82.86% and 3.45%~9.56%, respectively. This may have been because the addition of organic fertilizers not only improved the physicochemical properties of the soil [52], but more importantly, it also increased the carbon-to-nitrogen ratio in the soil. When the fertilizer demand increases, the fixed portion of nitrogen in microorganisms is released for crop uptake and utilization [53]. Therefore, an organic–inorganic fertilizer application is one of the effective ways to achieve the efficient utilization of nutrient resources in cereals.





5. Conclusions


This study investigated the effects of different kinds of organic fertilizers and substitution ratios on soil physicochemical properties, soil enzyme activities, and nitrogen fertilizer utilization rate in grain fields. The appropriate proportion of organic fertilizer substitutions for chemical fertilizers improved the soil physicochemical properties in the 0–20 cm soil layer of the grain field. The application of organic fertilizer improves the physical structure of soil; increases soil enzyme activity; promotes the transformation and decomposition of organic matter; reduces the content of nitrate nitrogen, ammonium nitrogen, and total nitrogen in the soil; increases quick-acting nutrients in the soil; ensures that the demand for nutrients in the late stage of the grain is met; and improves the utilization rate of nitrogen fertilizer for the grain, increasing the yield. However, too high a proportion of organic fertilizer substitutions can result in lower grain yields. Fermented yellow mealworm manure was superior to bio-organic fertilizers. These findings will help to establish sustainable fertilization practices and reduce soil degradation in semi-arid regions of China.
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Figure 1. Effects of replacing chemical fertilizer with different organic fertilizers on soil (A) available potassium, (B) available phosphorus, and (C) organic matter. Note: Different letters in the figure indicate that the mean values of different treatments in the same year are significantly different (Tukey’s HSD test, p ≤ 0.05). 
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Figure 2. Effects of replacing chemical fertilizer with different organic fertilizers on soil enzyme activities. Note: Different letters in the figure indicate that the mean values of different treatments in the same year are significantly different after Tukey’s HSD test (p ≤ 0.05). (A) Sucrase, (B) urease, (C) glutaminase, (D) asparaginase. 
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Figure 3. Correlation between soil quality evaluation indicators. 
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Figure 4. Effects of replacing chemical fertilizer with different organic fertilizers on nitrogen content in different parts of foxtail millet. Note: Different letters in the figure indicate that the mean values of different treatments in the same year are significantly different (Tukey’s HSD test, p ≤ 0.05). 
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Table 1. Soil physical and chemical properties.
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	Year
	pH
	Organic Matter (g/kg)
	Total N (g/kg)
	Available N (mg/kg)
	Available P (mg/kg)
	Available K (mg/kg)





	2021
	7.78
	19.47
	1.126
	58.25
	19.67
	135.8



	2022
	7.80
	20.85
	0.974
	50.74
	38.72
	122.65










 





Table 2. Fertilization schemes for different treatments.
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	Treatments
	Bio-Organic Fertilizer (kg/ha)
	Fermented Mealworm Feces (kg/ha)
	Urea (kg/ha)
	Double Superphosphate (kg/ha)
	Potassium Chloride (kg/ha)





	CK
	0
	0
	0
	0
	0



	N
	0
	0
	521.74
	313.04
	320.00



	N25A1
	4109.59
	0
	391.30
	162.07
	243.97



	N25B1
	0
	2090.59
	391.30
	223.06
	276.10



	N50A2
	8219.17
	0
	260.87
	11.10
	167.94



	N50B2
	0
	4181.18
	260.87
	133.08
	232.20







Note: All organic fertilizers applied in the experiment were fresh weight.













 





Table 3. Effects of replacing chemical fertilizer with different organic fertilizers on soil physical quality in 0–20 cm soil layer.






Table 3. Effects of replacing chemical fertilizer with different organic fertilizers on soil physical quality in 0–20 cm soil layer.





	
Treatments

	
Pt (%)

	
ρb (g/cm3)

	
θg (%)




	
2021

	
2022

	
2021

	
2022

	
2021

	
2022






	
CK

	
39.91 ± 0.31 cd

	
38.93 ± 1.04 d

	
1.57 ± 0.02 a

	
1.60 ± 0.01 a

	
15.70 ± 0.17 c

	
15.23 ± 0.32 c




	
N

	
43.17 ± 0.12 a

	
42.16 ± 0.12 c

	
1.54 ± 0.02 b

	
1.56 ± 0.03 ab

	
15.83 ± 0.04 bc

	
15.05 ± 0.33 c




	
N25A1

	
40.84 ± 0.69 bc

	
45.42 ± 0.77 b

	
1.55 ± 0.01 b

	
1.52 ± 0.10 b

	
16.44 ± 0.05 ab

	
16.52 ± 0.01 b




	
N25B1

	
39.53 ± 0.43 d

	
45.37 ± 0.53 b

	
1.56 ± 0.07 b

	
1.43 ± 0.06 c

	
17.60 ± 0.03 a

	
17.62 ± 0.93 a




	
N50A2

	
41.31 ± 0.12 b

	
47.10 ± 0.32 a

	
1.55 ± 0.01 b

	
1.51 ± 0.02 b

	
16.04 ± 0.09 b

	
16.01 ± 0.06 bc




	
N50B2

	
42.69 ± 0.15 ab

	
45.80 ± 1.03 b

	
1.52 ± 0.20 c

	
1.44 ± 0.03 c

	
16.12 ± 0.02 ab

	
16.07 ± 0.02 bc








Note: Pt is the total porosity, ρb is the bulk density, and θg is the water content of the soil. Values are means (n = 3) ± standard deviation. Different letters in the same column indicate significant differences in mean values (Tukey’s HSD test, p ≤ 0.05).













 





Table 4. Effects of replacing chemical fertilizer with different organic fertilizers on the values of the solid, liquid, and gas fraction.






Table 4. Effects of replacing chemical fertilizer with different organic fertilizers on the values of the solid, liquid, and gas fraction.





	
Treatments

	
Solid

	
Liquid

	
Gas




	
2021

	
2022

	
2021

	
2022

	
2021

	
2022






	
CK

	
61.07 ± 1.04 a

	
57.84 ± 0.12 a

	
25.74 ± 0.22 b

	
23.78 ± 0.96 bc

	
13.19 ± 1.27 d

	
18.39 ± 1.08 c




	
N

	
60.09 ± 0.31 ab

	
56.83 ± 0.12 a

	
24.62 ± 0.03 c

	
23.11 ± 0.74 cd

	
15.29 ± 0.28 b

	
20.06 ± 0.62 b




	
N25A1

	
58.69 ± 0.12 c

	
52.90 ± 0.32 c

	
27.30 ± 1.18 a

	
24.15 ± 0.08 ab

	
14.01 ± 1.06 bcd

	
22.95 ± 0.40 a




	
N25B1

	
57.31 ± 0.15 d

	
54.20 ± 1.03 b

	
25.08 ± 0.05 bc

	
23.16 ± 0.42 cd

	
17.61 ± 0.20 a

	
22.64 ± 1.45 a




	
N50A2

	
59.16 ± 0.69 bc

	
54.58 ± 0.77 b

	
27.32 ± 0.16 a

	
24.92 ± 0.06 a

	
13.51 ± 0.53 cd

	
20.49 ± 0.82 b




	
N50B2

	
60.47 ± 0.43 a

	
54.63 ± 0.53 b

	
24.89 ± 0.15 bc

	
22.65 ± 0.1 d

	
14.64 ± 0.28 bc

	
22.72 ± 0.44 a








Note: Values are means (n = 3) ± standard deviation. Different letters in the same column indicate significant differences in mean values (Tukey’s HSD test, p ≤ 0.05).













 





Table 5. Effects of replacing chemical fertilizer with different organic fertilizers on contents of different forms of soil nitrogen.






Table 5. Effects of replacing chemical fertilizer with different organic fertilizers on contents of different forms of soil nitrogen.





	
Treatments

	
NO3-N (mg/g)

	
NH4+-N (mg/g)

	
Available N (mg/g)

	
Total Nitrogen (g/kg)




	
2021

	
2022

	
2021

	
2022

	
2021

	
2022

	
2021

	
2022






	
CK

	
5.82 ± 0.66 bc

	
3.49 ± 0.28 d

	
16.09 ± 1.08 c

	
16.42 ± 0.40 b

	
38.38 ± 1.06 d

	
30.39 ± 1.83 d

	
0.84 ± 0.03 b

	
0.75 ± 0.02 c




	
N

	
9.17 ± 0.76 a

	
7.43 ± 0.91 a

	
20.52 ± 1.92 a

	
19.24 ± 0.05 a

	
37.86 ± 1.70 d

	
41.27 ± 0.40 c

	
0.92 ± 0.02 a

	
0.91 ± 0.02 b




	
N25A1

	
5.24 ± 1.31 c

	
6.42 ± 1.16 b

	
17.16 ± 0.58 bc

	
18.21 ± 1.17 b

	
45.54 ± 0.80 b

	
49.45 ± 0.88 b

	
0.87 ± 0.02 b

	
0.91 ± 0.02 b




	
N25B1

	
6.86 ± 0.56 ab

	
5.63 ± 0.30 bc

	
17.21 ± 0.78 bc

	
16.39 ± 0.27 b

	
48.38 ± 1.52 a

	
54.63 ± 2.62 a

	
0.85 ± 0.01 b

	
1.02 ± 0.06 a




	
N50A2

	
4.35 ± 0.50 c

	
5.17 ± 0.13 c

	
16.77 ± 0.56 bc

	
17.37 ± 0.38 b

	
39.78 ± 0.41 d

	
41.97 ± 0.35 c

	
0.88 ± 0.01 b

	
0.90 ± 0.02 b




	
N50B2

	
5.17 ± 0.13 c

	
5.63 ± 0.62 bc

	
17.62 ± 0.28 b

	
18.38 ± 0.93 b

	
42.96 ± 0.81 c

	
47.90 ± 1.64 b

	
0.85 ± 0.03 b

	
0.95 ± 0.02 b








Note: Values are means (n = 3) ± standard deviation. Different letters in the same column indicate significant differences in mean values (Tukey’s HSD test, p ≤ 0.05).













 





Table 6. Effects of different organic fertilizers on foxtail millet yield and nitrogen accumulation.






Table 6. Effects of different organic fertilizers on foxtail millet yield and nitrogen accumulation.





	
Year

	
Treatments

	
Yield

(t/ha)

	
Single-Spike

Weight (g)

	
Grain Weight per

Spike (g)

	
1000-Grain

Weight (g)

	
Grain Yield

(%)

	
N-Grain

(kg/ha)

	
N-Plant

(kg/ha)






	
2021

	
CK

	
2.43 ± 0.12 c

	
33.22 ± 3.18 a

	
17.62 ± 1.17 b

	
2.86 ± 0.01 b

	
53.13 ± 1.56 e

	
31.60 ± 1.74 d

	
88.68 ± 1.40 d




	
N

	
2.62 ± 0.02 b

	
26.29 ± 1.62 b

	
14.88 ± 0.99 c

	
2.87 ± 0.01 b

	
56.59 ± 0.31 d

	
56.11 ± 1.34 c

	
161.09 ± 1.03 c




	
N25A1

	
2.63 ± 0.10 b

	
26.96 ± 0.74 b

	
16.56 ± 0.49 b

	
2.86 ± 0.01 b

	
67.77 ± 0.40 a

	
71.70 ± 3.32 b

	
190.61 ± 5.52 b




	
N25B1

	
2.78 ± 0.06 a

	
30.71 ± 1.56 a

	
20.81 ± 0.97 a

	
2.81 ± 0.01 d

	
61.45 ± 0.17 c

	
89.04 ± 2.23 a

	
216.61 ± 4.09 a




	
N50A2

	
2.28 ± 0.08 c

	
15.95 ± 0.71 d

	
10.65 ± 0.54 d

	
2.90 ± 0.00 a

	
66.77 ± 0.43 a

	
75.16 ± 2.47 b

	
187.41 ± 2.59 b




	
N50B2

	
2.30 ± 0.05 c

	
23.2 ± 0.86 c

	
14.58 ± 0.61 c

	
2.83 ± 0.01 c

	
62.83 ± 0.44 b

	
72.41 ± 4.75 b

	
193.11 ± 1.77 b




	
2022

	
CK

	
2.34 ± 0.03 c

	
28.99 ± 0.54 b

	
16.15 ± 0.45 c

	
2.87 ± 0.00 b

	
55.72 ± 0.65 f

	
31.47 ± 0.84 f

	
88.60 ± 0.69 f




	
N

	
2.60 ± 0.01 b

	
17.74 ± 2.76 d

	
11.67 ± 0.82 d

	
2.87 ± 0.00 b

	
58.35 ± 0.78 e

	
47.83 ± 0.06 e

	
140.75 ± 5.64 e




	
N25A1

	
2.58 ± 0.06 b

	
34.04 ± 1.96 a

	
23.34 ± 1.24 a

	
2.87 ± 0.00 b

	
68.58 ± 0.42 a

	
112.54 ± 4.51 b

	
244.94 ± 5.48 b




	
N25B1

	
2.80 ± 0.09 a

	
32.57 ± 1.63 a

	
20.24 ± 1.04 b

	
2.78 ± 0.01 d

	
62.16 ± 0.18 d

	
149.61 ± 6.03 a

	
306.23 ± 5.55 a




	
N50A2

	
2.23 ± 0.03 c

	
16.59 ± 1.19 d

	
10.86 ± 0.75 d

	
2.88 ± 0.01 a

	
65.48 ± 0.21 b

	
77.40 ± 4.87 d

	
188.50 ± 5.91 d




	
N50B2

	
2.33 ± 0.16 c

	
23.18 ± 1.35 c

	
14.85 ± 0.88 c

	
2.83 ± 0.00 c

	
64.06 ± 0.19 c

	
98.42 ± 7.44 c

	
219.75 ± 7.06 c








Note: N-Plant is nitrogen accumulation in the plant surface, N-Grain is grain nitrogen accumulation, Values are means (n = 3) ± standard deviation. Different letters in the same column indicate significant differences in mean values (Tukey’s HSD test, p ≤ 0.05).













 





Table 7. Nitrogen use efficiency under different fertilization modes.






Table 7. Nitrogen use efficiency under different fertilization modes.





	
Year

	
Treatments

	
ANUE

	
NRE

	
NPE

	
PFP

	
NHI






	
2021

	
N

	
10.03 ± 0.93 b

	
47.17 ± 5.11 a

	
22.51 ± 0.69 d

	
40.48 ± 0.53 d

	
46.07 ± 1.79 d




	
N25A1

	
11.20 ± 0.71 b

	
41.40 ± 2.24 b

	
47.74 ± 2.79 a

	
69.19 ± 0.29 a

	
51.55 ± 0.67 c




	
N25B1

	
14.37 ± 0.71 a

	
39.57 ± 1.27 b

	
45.24 ± 0.