

  agronomy-14-00993




agronomy-14-00993







Agronomy 2024, 14(5), 993; doi:10.3390/agronomy14050993




Article



Appropriate Application of Organic Fertilizer Can Effectively Improve Soil Environment and Increase Maize Yield in Loess Plateau



Yingying Xing, Yuan Li, Fan Zhang and Xiukang Wang *





Key Laboratory of Applied Ecology of Loess Plateau, College of Life Sciences, Yan’an University, Yan’an 716000, China









*



Correspondence: wangxiukang@yau.edu.cn; Tel.: +86-9112332030







Citation: Xing, Y.; Li, Y.; Zhang, F.; Wang, X. Appropriate Application of Organic Fertilizer Can Effectively Improve Soil Environment and Increase Maize Yield in Loess Plateau. Agronomy 2024, 14, 993. https://doi.org/10.3390/agronomy14050993



Received: 20 March 2024 / Revised: 25 April 2024 / Accepted: 7 May 2024 / Published: 8 May 2024



Abstract

:

Fertilization has a significant impact on soil nutrients and microbiological properties, which, in turn, affect crop yield. However, the specific effects of organic and inorganic fertilizers on soil fertility and microbial characteristics in maize fields, as well as the key soil factors influencing changes in crop yield, remain largely unknown. A study was conducted over two years (2021–2022) to investigate the impact of various nitrogen fertilization rates and types on maize yield and soil properties in the Loess Plateau. Field experiments with five nitrogen levels (60, 90, 120, 150, and 180 kg N ha−1) and two fertilizer types (chemical and organic) were conducted. The optimal yield was achieved with 150 kg N ha−1, significantly surpassing that of other treatments by 4.5−45.7%. Compared with the organic fertilizers, the chemical fertilizers increased soil salt and catalase levels, with soil nitrate and ammonium content being higher at the jointing stage but lower at maturity. Organic fertilization improved soil potassium, organic matter, urease and phosphatase activities, and microbial populations. Yield correlated with several soil indicators, including salt content, nitrate, available potassium, and enzyme activities. Notably, soil nitrate also correlated with actinomyces quantity. A principal component analysis showed that the organic fertilizer was more beneficial to soil health than the chemical fertilizer. Consequently, this study recommends 150 kg N ha−1 of organic fertilizer for sustainable maize farming and soil health in China’s northwest arid region, providing a theoretical framework for agricultural practices.
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1. Introduction


To ensure stable and sustainable crop production for a growing population, it is essential to have healthy farmland soils. However, agricultural productivity in the Loess Plateau is declining due to severe vegetation degradation, drought, and soil erosion [1]. Fertilization plays a crucial role in enhancing crop yield potential and soil fertility [2]. Excessive inorganic fertilizer use in field production systems often leads to low crop nutrient use efficiency [3]. To maintain crop yield and soil fertility, fertilizer input should exceed crop absorption levels [4]. The goal of fertilization is to adjust soil nutrients to increase yields and enhance nutrient absorption and utilization by crops, ultimately maintaining soil fertility balance [5,6,7].



With defined parameters, the accumulation of nitrogen in the superior zone of maize cultivation increases with alterations in nitrogen fertilization [8]. The over-application of nitrogen causes an increase in soil depletion and nitrogen residues [9]. A minimal fraction of soil-resident nitrogen is assimilated by crops, while the majority undergoes unproductive dissipation [10]. Excessive nitrogen inputs reduced nitrogen recuperation, recirculation, and the crop yield increases [11]. The prolonged employment of synthetic fertilizers causes a decline in soil microbial diversity and soil acidification, and it impairs the soil’s ecological resilience [12].



Organic fertilization alters soil carbon and nitrogen availability, enhances microbial activity, and markedly increases enzymatic activity [13]. It boosts soil microbial biomass, ameliorates rhizosphere microbial communities, and increases microbial diversity and soil enzyme function [14]. Numerous studies have assessed the impact of fertilization strategies on soil enzyme activity, particularly contrasting organic with inorganic fertilizers [15,16,17], often revealing that their combination enhances soil fertility and enzyme activity. Despite the prominence of organic fertilizers in agronomic research, studies exploring the effects of the combined use of organic and inorganic fertilizers on soil enzymatic functions and physicochemical properties through maize’s growth stages, specifically in the Loess Plateau, remain scarce.



Soil nitrogen cycling is integral to nutrient availability, with inorganic fertilizers influencing soil nitrification and denitrification processes [18]. Denitrification, predominantly facilitated by heterotrophic facultative anaerobes, involves nitrate reduction to nitrogen gas under anaerobic conditions [19]. Incomplete denitrification can emit nitrogen oxides, contributing to nitrogen nutrient loss [20]. Integrating organic modifications with fertilizers is acknowledged as an effective strategy for increasing short-term yields and long-term soil organic content [21]. Long-term organic fertilization studies suggest its potential to enhance yields and soil organic matter, aligning with sustainable development objectives. Organic fertilizers enrich the soil’s microbial nutrient structure and increase microbial biomass carbon and nitrogen, aiding the conversion of nutrients from organic fertilizers into stable organic matter. Previous studies found that the long-term application of organic fertilizer significantly increased soil organic matter and enhanced microbial diversity on the Loess Plateau [1]. This leads to improvements in soil structure and aeration, which are critical for maize root development and nutrient uptake [16,17]. In addition, a balanced supply of micronutrients and macronutrients from organic fertilizers has been shown to promote healthier plant growth and resilience to environmental stresses, ultimately leading to sustained increases in corn yields over many years compared to plots using inorganic fertilizers.



In northern Shaanxi’s arid regions, the overuse of inorganic fertilizers can induce soil acidification, compaction, and degradation, consequently decreasing crop yields, jeopardizing agricultural product safety, and causing ecological concerns. Organic fertilizers can equilibrate soil microbial flora, optimize rhizosphere microecology, and reinstate the soil’s self-purifying capabilities. Although the impact of organic fertilizers on maize yield is notably positive, comparative studies between the effects of organic and inorganic fertilizers on maize in the Loess Plateau are limited. This study assesses how different nitrogen fertilizer type and application rates affect soil enzymes, soil nutrients, and maize yields in the Loess Plateau. The purpose of this study is to provide a scientific basis for the optimization of nitrogen fertilizer dosage and fertilizer type for maize production in the Loess Plateau area.




2. Materials and Methods


2.1. Site Description


Field experiments were conducted during the maize growing season in 2021 and 2022 in the common farmland of Gaoqiao Town, Ansai District, Yan’an City, Shaanxi Province (E 109°11′, N 36°39′). The region has a semi-arid monsoon climate and is in the middle and temperate continental zone, with an altitude of 1371.9 m. The average annual temperature is 8.8 °C, and the average annual precipitation is 505.3 mm. The precipitation is mainly concentrated from July to September, the annual sunshine duration reaches 2395.6 h, and the frost-free period lasts for 157 days throughout the year.



A rainfall recorder (Beijing East West Instrument Technology Co., Ltd. WI92859, Beijing, China) was used to measure the precipitation of each rainfall event station in each growth period and to calculate the annual precipitation. The total precipitation in 2021 and 2022 was 627 mm and 529 mm, respectively (Figure S1), but the distribution varied considerably between the two years. The total precipitation of the 2021 and 2022 maize growing seasons was 512 mm and 479 mm, respectively. According to the USDA Soil Classification System, the test site soil is sandy loam (limestone formation). Before the experiment, the bulk density of cultivated soil (0–60 cm) was 1.4 g cm−3, the field water capacity was 22.1%, the soil pH was 8.4 (soil–water ratio of 1:5), the soil ammonium nitrogen content was 5.34 mg kg−1, and the soil nitrate nitrogen content was 7.87 mg kg−1. The soil available phosphorus content was 12.12 mg kg−1, and the soil available potassium content was 33.45 mg kg−1.




2.2. Experimental Design


The maize variety tested was ‘Zhengdan 958’, and the fertilizers tested were urea (N, 46%), superphosphate (P2O5, 12%), potassium sulfate (K2O, 52%), and organic fertilizer (mainly sheep manure, total nutrient ≥ 5%). A randomized complete block design with two factors and three replications was arranged. Five nitrogen fertilizer application rates (60 kg N ha−1, 90 kg N ha−1, 120 kg N ha−1, 150 kg N ha−1, and 180 kg N ha−1) and two nitrogen fertilizer types (chemical fertilizer and organic fertilizer) were applied in 2021 and 2022. The chemical nitrogen application methods were base fertilizer (half of the total fertilizer application) and topdressing fertilizer (half of the total fertilizer fertilizer application). The base fertilizer (phosphate fertilizer: 120 kg ha−1; potassium: 200 kg ha−1) was applied before planting. Topdressing was performed at the end of June. The chemical nitrogen application consisted of five treatments: N1 (60 kg ha−1), N2 (90 kg ha−1), N3 (120 kg ha−1), N4 (150 kg ha−1), and N5 (180 kg ha−1). The organic fertilizer was applied as the base fertilizer, which was applied in each treatment at the same time. The organic nitrogen application consisted of five treatments: TN1 (60 kg ha−1), TN2 (90 kg ha−1), TN3 (120 kg ha−1), TN4 (150 kg ha−1), and TN5 (180 kg ha−1). In this experiment, the maize row spacing was 60 cm, and the plant spacing was 25 cm. Each plot was 10 m long and 6 m wide (10 m × 6 m = 60 m2). The control group (CK) was treated without fertilization. A total of 11 plots were set up, with a total area of 660 m2.



The experiments were conducted in two maize growing seasons, 2021 and 2022. The maize was sown on 5 May 2021 and 6 May 2022. The maize growth period lasted for 161 days in 2021 (the harvest date was 13 October) and 162 days in 2020 (the harvest date was 15 October). The traditional local row planting method was adopted, with a single row layout, a row spacing of 90 cm, and a planting distance of 20 cm. Nine rows of maize were planted in each plot at a density of 50,000 plants ha−1. The experimental design was the same for both years. There was no irrigation throughout the growing period.



Urea, ammonium dihydrogen phosphate, and potassium chloride were applied as fertilizers twice throughout the growing season. Half of the total nitrogen fertilizer was used as the base fertilizer and applied to the soil before the maize was sown. The other half was used as topdressing and applied to different treatment experimental plots 60 days after sowing.




2.3. Measurements and Calculations


2.3.1. Plant Height, Leaf Area Index, and Dry Matter Accumulation


A tape measure was used to measure the height of the maize. Maize plant height was measured 4 times for each treatment at different growth stages (seedling stage (JS, 7-leaf stage), jointing stage (TS, 14-leaf stage), silking stage (SS, silks visible outside the husks), and physiological maturity stage (MS, approximately 50 days after the filling stage)).



The length (L, cm) and maximum width (W, cm) of each green leaf of the selected plant (3 plants) were determined, and the following formula was used to calculate the leaf area per plant.


LA = ∑(L × W) × 0.7



(1)




where LA is the leaf area of a single plant (cm2), L is the leaf length (cm), W is the maximum leaf width (cm), and 0.7 is the conversion factor of the leaf area of a single plant.



Three plants were randomly selected from each plot for DMA determination. After washing off the soil, the roots, leaves, stems, and tubers were placed in an oven at 105 °C for 30 min and dried at 75 °C to a constant weight. The average dry weight of the total dry matter accumulation per hectare was calculated by multiplying 3 plants by planting density (plant ha−1).




2.3.2. Grain Yield


The sampled plants were cut at ground level and divided into stems (including sheaths, stems, and bracts), leaves, cobs, and seeds. In each plot, all plants of the adjacent two rows of maize (excluding the rows sampled during the silk stage of the maize) were randomly selected and cut off at ground level, and all parts were counted before drying to a constant weight in a 75 °C oven. Ten ears were randomly selected from each plot, and the following yield components were measured: the number of spikes, the number of grains per spike, and the 1000-grain weight.




2.3.3. Soil Physical, Chemical, and Biological Indicators


The soil water content (SWC) was measured 4 times (at the seedling stage, jointing stage, silking stage, and physiological maturity stage) a year using the weighing method. The soil water content in the 0–100 cm layers was measured every 20 cm (161 DAS in 2021 and 162 DAS in 2022) 3 days before sowing and at the end of the harvest. Other soil water samples were measured in the 0–20 cm, 20–40 cm, and 40–60 cm soil layers. Soil electrical conductivity (SEC) was measured using a lightning magnetic portable conductivity meter (Fisher Scientific, Hampton, NH, USA). The soil salt content (SSC) was calculated as follows:


SSC = 3.47 × SEC + 0.015



(2)




where SSC is the soil salt content (‰), and SEC is the soil electrical conductivity (ms cm−1).



Soil samples were collected from each plot using a soil auger (inner diameter 4 cm, TC-300B, Changzhi, China). This was replaced 3 times per treatment. After collecting the soil samples from the field, they were dried to a constant weight at 105 °C.



Other soil indicators were measured at the maize silking and maturity stages across the two years. Soil samples were collected with a soil auger for each treatment. During the collection of plant samples, 3 replicates were set in the 0–60 cm soil layer. The soil sample was divided into two parts. The first part (fresh soil) was used to analyze the soil microbial community, screened immediately on a 1 mm screen, and kept at 4 °C for half a month until analysis. The second part of the soil sample was used for the analysis of soil enzyme activity and the physicochemical index.



The soil microbial population was analyzed using the standard culture method. First, 10 g soil samples from each plot were weighed and then diluted with sterile distilled water at 1:10 in 250 mL heat-resistant glass bottles. Second, the samples were mixed for 25 min using a half-speed magnetic stirrer. Third, the 0.5 mL suspension was diluted into a 10-fold series and placed in a 20 mL test tube containing 4.5 mL sterile distilled water. Fourth, each diluent was inoculated with 4 Petri dishes containing 20 mL of a solid medium. After preparation, the number of bacteria was determined using the peptone broth plate counting method (colony-forming unit (CFU) g−1). The Martin broth medium (CFU g−1) plate counting method was used to analyze the number of fungi. The number of actinomycetes was determined using the starch ammonium salt medium (CFU g−1) plate counting method.



Soil catalase activity (SCA) was determined via the reverse titration of a residual hydrogen peroxide solution and potassium permanganate solution. Soil urease activity (SUA) was determined using the indole blue method. Soil sucrase activity (SCA) was determined using the colorimetric method with a 3, 5-dinitrosalicylic acid reagent. Soil phosphatase activity (SCA) was determined via phenylate disodium phosphate colorimetry.



The soil nitrate nitrogen content (SNNC) and soil ammonium nitrogen content (soil ammonium nitrogen content) were extracted using 2 mol L−1 potassium chloride and indole blue colorimetry with a spectrophotometer (UV-2600, Shanghai Hengping Scientific Instrument Co., Ltd., Shanghai, China). The soil available potassium content (K) was extracted with ammonium acetate via flame spectrophotometry. Soil alkali-hydrolyzed nitrogen (SHNC) was determined via conductometric titration. Soil pH was measured with glass electrode pH meter (Horiba F-71S, Kyoto, Japan) (soil: water, 1:2.5). The soil organic matter (SOM) content was determined via the potassium dichromate volumetric method (external heating method).





2.4. Data Analysis


The study adopted a principal component analysis (PCA) to comprehensively evaluate soil physical, chemical, and biological indicators over a two-year period. The first step was data standardization. The original data were standardized to ensure that each variable had the same scale, avoiding the influence of variable differences on the principal components. The second step was to calculate the covariance matrix. The covariance matrix, which represents the correlations between variables, was calculated from the normalized data. The third step was eigenvalue decomposition. Eigenvalues and eigenvectors were obtained by performing eigenvalue decomposition on the covariance matrix. The fourth step was to select the number of principal components. The number of principal components to be retained was determined based on the magnitude of the eigenvalues, typically by selecting those with eigenvalues greater than a certain threshold or those accounting for a specific proportion of the total variance. The fifth step was linear transformation. The original data were transformed into principal components by multiplying them by with the eigenvectors. The sixth step was data reconstruction. The principal components were multiplied by the transpose of the eigenvectors and added to the mean vector to restore the data to the original space.



An analysis of variance was conducted to evaluate the effects of the different fertilizer types and rates on the parameters under study. Significant differences between the examined parameters were compared using Tukey’s honest significant difference (HSD) test at the 95% confidence level (p < 0.05). In addition, the effects of fertilizer type and rate on the relationships among all the parameters were calculated using a bivariate correlation analysis (Pearson correlation coefficients and a two-tailed test of significance).





3. Results


3.1. Plant Growth Index and Grain Yield


The plant height, stem diameter, leaf area, and dry matter accumulation first increased and then decreased throughout the whole growth stage (Figure 1). There were no significant differences in the plant growth indices, with no significant differences among all treatments in the seedling stage (Tables S1–S4). When using the average nitrogen fertilizer application rate, the plant height obtained with the inorganic fertilizer was higher than that obtained with the organic fertilizer at the jointing and filling stages, and it was lower at the maturing stage (Table S1). The dry matter accumulation showed a similar trend, but the stem diameter and leaf area showed the opposite trend (Tables S2–S4). Grain yield increased with the increase in the N fertilizer application rate, and the effect of the N fertilizer application rate on yield was significant (Figure 2). There was a significant (R2, 0.74–0.93) open downward parabolic relationship between grain yield and the N fertilizer application rate in both years (Figure S2). The grain yield of the N4 and TN4 treatments was the highest, being 4.5–41.6% higher than that of the other treatments in 2021 and 10.8–45.7% higher than that of other treatments in 2022 (Figure 2).




3.2. Soil Physical and Chemical Indicators


The soil water content obtained with the organic fertilizer was more stable than that obtained with the inorganic fertilizer (Figure 3a). The average soil water content under the N5 treatment was slightly lower than that under the other treatments (Figure 3a). The soil water content in the jointing stage decreased with the increase in soil depth, and the soil water content in silking and maturing stages showed the opposite trend (Table S5). According to the average fertilizer type and application rate, the soil water content at 0–20 cm was 29.7% and 42.6% higher than that at 20–40 cm, and 49.1% and 40% higher than that at 40–60 cm in 2021 and 2022, respectively (Table S5). There was no significant difference in soil pH among all the treatments (Figure 3b; Table S6). Soil pH increased with the increase in the soil depth at the jointing stage, but there was no obvious distribution law in the other growth stages (Table S6). On average, the pH value of CK was 1.12–4.85% higher than that of the other treatments (Table S6).



The soil salt content gradually decreased and tended to be stable as the maize growth period progressed (Figure 3c; Table S7). According to the average fertilizer type and application rate, the soil salt content at 0–20 cm was 32.2% and 33.9% higher than that at 20–40 cm, and 44.2% and 34.5% higher than that at 40–60 cm at the jointing stage in 2021 and 2022, respectively (Table S7). When using the average fertilizer application rate, the soil salt content obtained with the chemical fertilizer was slightly higher than that obtained with the organic fertilizer throughout the whole growth period (Table S7). The soil alkali-hydrolyzable nitrogen content increased with the increase in the fertilizer application rate (Figure 3d). According to the average fertilizer type and application rate, the soil alkali-hydrolyzable nitrogen content decreased with the increase in soil depth (Table S8). The soil alkali-hydrolyzable nitrogen content at 0–20 cm was from 24.2% to 32.3% higher than that at 20–40 cm at jointing stage in both years, and from 22.3% to 47.4% higher than that at 40–60 cm, respectively (Table S8).



The soil nitrate nitrogen content decreased with the increase in soil depth and increased with the increase in the fertilizer application rate (Figure 4a; Table S9). According to the average fertilizer type and application rate, the soil nitrate nitrogen content at 0−20 cm was 26−60.2% and 28.6–66.5% higher than that at 20−40 cm, and 34.9−80% and 37.4−80.5% higher than that of 40−60 cm at whole growing seasons in 2021 and 2022, respectively (Table S9). When using the average fertilizer application rate, the soil nitrate nitrogen content obtained with the chemical fertilizer was 12.2% and 29.7% higher than that obtained with the organic fertilizer at jointing stage in 2021 and 2022, respectively (Table S9). However, the average soil nitrate nitrogen content obtained with the chemical fertilizer was 16.8% and 9.9% lower than that obtained with the organic fertilizer at maturing stage in 2021 and 2022, respectively (Table S9). The soil ammonium nitrogen content increased with the increase in the nitrogen fertilizer application rate on average for all factors (Figure 4b). According to the average fertilizer type and application rate, the soil ammonium nitrogen content at 0−20 cm was 21% and 12.6% higher than that at 20−40 cm, and 30.9% and 19.5% higher than that at 40−60 cm at jointing stage in 2021 and 2022, respectively (Table S10). When using the average fertilizer application rate, the soil ammonium nitrogen content obtained with the chemical fertilizer was 14.4−25.8% and 1.9−19.5% higher than that obtained with the organic fertilizer at the jointing stage in 2021 and 2022, respectively (Table S10). However, the average soil ammonium nitrogen content obtained with the chemical fertilizer was 50.8−80.1% and 63.7−96.9% lower than that obtained with the organic fertilizer at the maturing stage in 2021 and 2022, respectively (Table S10).



The effects of different treatments on the soil available potassium content were not significant (Figure 4c). The soil available potassium content decreased with the increase in soil depth. According to the average fertilizer type and application rate, the soil available potassium content at 0–20 cm was 11.8–16.7% and 10.3–17.4% higher than that at 20–40 cm, and 11.1–19.8% and 5.2–17.7% higher than that at 40–60 cm throughout the whole growing seasons in 2021 and 2022, respectively (Table S11). According to the average fertilizer application rate and growth stage, the soil available potassium content obtained with the chemical fertilizer was 11.7% and 9% lower than that obtained with the organic fertilizer in 2021 and 2022, respectively (Table S11). When using the same nitrogen fertilizer application rate, the soil organic matter content of organic fertilizer was higher than that obtained with the chemical fertilizer (Figure 4d). According to the average fertilizer type and application rate, the soil organic matter content at 0–20 cm was 21.3% and 36.9% higher than that at 20–40 cm, and 28.7% and 35.3% higher than that at 40–60 cm at the jointing stage in 2021 and 2022, respectively (Table S12). When using the average fertilizer application rate, the soil organic matter content obtained with the chemical fertilizer was 6.6–14.7% and 3.9–14.6% lower than that obtained with the organic fertilizer throughout the whole growing seasons in 2021 and 2022, respectively (Table S12).




3.3. Soil Biological Indicators


Averaging across all factors, soil urease activity decreased, and soil catalase activity increased with the increase in the nitrogen fertilizer application rate (Figure 5a,b). According to the average year, fertilizer type, and fertilizer application rate, the soil urease activity at 0–20 cm was 24.5% and 33.9% higher than that at 20–40 cm and 40–60 cm in the jointing stage, respectively (Table S13). When using the average fertilizer application rate, the soil urease activity obtained with the chemical fertilizer was 2.8–17.7% and 10.8–26.6% lower than that obtained with the organic fertilizer at the jointing stage in 2021 and 2022, respectively (Table S13). Similar results were found in the jointing and maturing stages (Table S13). Averaging across all factors, the soil catalase activity decreased with the increase in the nitrogen fertilizer application rate (Figure 5a). At the jointing stage, the average soil catalase activity at 0–20 cm was 8.3% and 5.6% higher than that at 20–40 cm and 40–60 cm, respectively (Table S14). However, the soil catalase activity increased with the increase in soil depth at the maturity stage (Table S14). Throughout the whole growth stage, when using the average fertilizer application rate, the soil catalase activity obtained with the chemical fertilizer was 2.7–26.4% higher than that obtained with the organic fertilizer (Table S14).



Averaging across all factors, soil sucrase activity and soil phosphatase activity increased with the increase in the nitrogen fertilizer application rate (Figure 5c,d). According to the average fertilizer type and application rate, the soil sucrase activity at 0–20 cm was 21.4–48% and 20.9–40.2% higher than that at 20–40 cm, and 20.3–63.4% and 18.7–62.4% higher than that at 40–60 cm throughout the whole growing season in 2021 and 2022, respectively (Table S15). When using the average fertilizer application rate, the soil sucrase activity obtained with the chemical fertilizer was 1–50.9% and 8.9–48.5% lower than that obtained with the organic fertilizer in 2021 and 2022, respectively (Table S15). According to the average year, fertilizer type and application rate, the soil phosphatase activity at 0–20 cm was 37.7% and 52.8% higher than that at 20–40 cm and 40–60 cm at the jointing stage, respectively (Table S16). Similar results were found at the jointing and maturing stages (Table S16). When using the average fertilizer application rate, the soil phosphatase activity obtained with the chemical fertilizer was 2.3–21.9% lower than that obtained with the organic fertilizer in both years (Table S16).



At 0–20 cm, the soil bacteria quantity obtained with the TN5 treatment was significantly higher than that obtained with the other treatments at the jointing stage (Table 1). The soil bacteria quantity obtained with the organic fertilizer treatment was higher than that obtained with the chemical fertilizer treatment under the same nitrogen application rate (Table 1). The soil bacteria quantity decreased with the increase in soil depth (Table 1). According to the average fertilizer type and application rate, the soil bacteria quantity at 0–20 cm was 74.1% and 71% higher than that at 20–40 cm, and 85.9% and 83.5% higher than that at 40–60 cm at the jointing stage in 2021 and 2022, respectively (Table 1). Similar results were found at the maturing stage (Table 2). When using the average fertilizer application rate, the soil bacteria quantity obtained with the chemical fertilizer was 64.5–242.9% lower than that obtained with the organic fertilizer at the maturing stage in both years (Table 2).



The soil fungi quantity decreased with the increase in soil depth (Table 1). In 2021, the soil fungi quantity at 0–20 cm was 48.6% and 77.5% higher than that at 20–40 cm and 40–60 cm when using the average fertilizer type and application rate, respectively (Table 1). When using the average fertilizer application rate, the soil fungi quantity obtained with the chemical fertilizer was 64–296.5% lower than that obtained with the organic fertilizer at jointing stage in both years (Table 1). The soil fungi quantity obtained with the chemical fertilizer was 11.5–67.9% lower than that obtained with the organic fertilizer at maturing stage when using the average fertilizer application rate in both years (Table 2). The difference in soil fungi quantity between the different treatments decreased gradually with the increase in soil depth (Table 1 and Table 2).



In both years, the soil actinomyces quantity at 0–20 cm was 39–77.7% higher than that at 20–40 cm and 40–60 cm when using the average fertilizer type and application rate, respectively (Table 1). The soil actinomyces quantity obtained with the chemical fertilizer was 52.2%, 42.3%, and 48% higher than that obtained with the organic fertilizer at the jointing stage when using the average fertilizer application rate at 0–20 cm, 20–40 cm, and 40–60 cm, respectively (Table 1). However, when using the average fertilizer application rate, the soil actinomyces quantity at 40–60 cm obtained with the chemical fertilizer was 58.2% and 36.8% lower than that obtained with the organic fertilizer at the maturing stage in 2021 and 2022, respectively (Table 2). The highest soil actinomyces quantity was obtained with the N5 treatment (Table 1).




3.4. Correlation and Principal Component Analysis


There were significant (p < 0.05) correlations between grain yield and the soil salt content, soil nitrate nitrogen content, soil alkali-hydrolyzed nitrogen, soil available potassium content, soil catalase activity, soil sucrase activity, and soil phosphatase activity in the bivariate correlation analyses, and the correlation coefficients ranged from 0.43 to 0.74 (Figure 6 and Figure S3). The soil salt content was positively correlated with soil nitrate nitrogen content, soil ammonium nitrogen content, soil alkali-hydrolyzed nitrogen, and soil organic matter content (Figure 6 and Figure S4). The soil nitrate nitrogen content was significantly correlated with the soil ammonium nitrogen content, soil alkali-hydrolyzed nitrogen, soil organic matter content, and soil actinomyces quantity, and the correlation coefficients ranged from 0.68 to 0.87 (Figure 6 and Figure S5). Soil alkali-hydrolyzed nitrogen was positively correlated with the soil available potassium content, soil organic matter content, soil catalase activity, and soil phosphatase activity (Figure 6 and Figure S6). There were significant (p < 0.05) correlations between the soil available potassium content and the soil organic matter content and soil phosphatase activity in the bivariate correlation analyses (Figure 6 and Figure S7). Soil catalase activity was highly correlated with soil sucrase activity, soil phosphatase activity, soil bacteria quantity, and soil fungi quantity (Figure 6 and Figure S8). Soil sucrase activity was significantly correlated with the soil phosphatase activity, soil bacteria quantity, and soil fungi quantity (Figure 6 and Figure S9). In the bivariate correlation analysis, soil phosphatase activity was significantly correlated with soil alkali-hydrolyzed nitrogen, soil available potassium content, soil catalase activity, and soil sucrase activity (Figure 6 and Figure S3, S6, S8 and S9). PC-1 and PC-2 described 38.7% and 27.6% of the data variance, respectively, accounting for 66.3% of data variance (Figure 7). The number of components advocated by principal component analysis is shown in Figure S10. The first digital component describes the highest eigenvalue and was approved as one of the best digital components to keep. The principal component analysis shows that the organic fertilizer was more beneficial to soil health than the chemical fertilizer.





4. Discussion


4.1. Factors Affecting Plant Growth and Grain Yield


In maize, the plant stature changes observed when treated with inorganic fertilizers exceeded those observed when treated with organic fertilizers at the jointing and filling stages, whereas at maturation, the reverse was noted. These findings suggest that organic fertilizers enhance the sustainability of maize growth, potentially attributable to their differential decomposition kinetics [22]. Organic fertilizers typically release inorganic nitrogen predominantly as ammonium ions after decomposition [23], with nitrates also being released, both readily assimilable by plants. Correspondingly, dry matter accumulation mirrored plant height trends, whereas stem diameter and leaf area demonstrated an inverse relationship. The latter may be due to the organic fertilizer facilitating soil microbial proliferation, altering microbial community compositions, and changing soil enzymatic activity [24].



Strategic nitrogen management is pivotal in agroecosystems for curtailing soil nitrate percolation, bolstering crop yields, and enhancing nitrogen use efficiency, which are critical for sustainable agricultural practices [25]. Excessive nitrogen application, coupled with substantial precipitation, can exacerbate nitrate nitrogen leaching into the subsoil during the summer maize season, increasing water contamination risks and reducing nitrogen utilization and maize productivity [26]. Empirical evidence indicates that grain outputs increase concomitantly with the increase in nitrogen application, with notable impacts on yield. The utilization of high-efficiency organic fertilizers can increase crop yields while preserving soil integrity, thus, supporting enduring food security and ecological safeguarding [27]. Additionally, supplementing inorganic with organic fertilizers can enhance soil conditions and yield [28]. The current investigation revealed negligible yield disparities between organic and inorganic fertilizer regimes. This may be attributed to organic modifications potentially reducing chemical fertilizer requirements, notwithstanding the brevity of the maize growth cycle and the protracted soil amelioration effects attributable to organic fertilizer application.




4.2. Factors Affecting Soil Physical and Chemical Properties


This investigation found that the mean soil moisture in the N5 treatment was marginally less than that the other treatments. The soil moisture profiles were notably influenced by variations in the fertilization levels, with higher fertilization levels leading to significant moisture depletion due to enhanced crop yields [29]. Research indicates that soil aggregate metrics such as the mean weight diameter, total porosity, and water retention are altered by organic fertilizer application [30]. However, the moisture levels in the soils treated with the organic fertilizers exhibited a greater stability than those treated with the inorganic fertilizers, with negligible differences between the two. This study also found that the soil moisture decreased with soil depth at the jointing stage, while at the silking and mature stages, the trend was reversed, possibly due to variable rainfall during these growth phases.



Regarding soil acidification through nitrogen fertilization, the primary mechanism involves hydrogen ion release during ammonium nitrogen nitrification and nitrate nitrogen leaching [31]. The organic fertilizer treatments yielded slightly higher pH values than the unfertilized controls. Continuous organic fertilizer application alters soil pH and organic matter, potentially increasing Cu concentrations in soil solution due to increased soil organic matter and aromatic compounds [32]. A study of the effects of organic fertilizer types and quantities on nitrogen mineralization in saline soils aimed to optimize soil nitrogen mineralization quality for sustainable use [33]. The results indicate a progressive decrease in soil salinity over the maize growth period, stabilizing later, likely due to maize’s soil salt uptake reaching saturation [34]. Throughout maize growth, soil salinity was marginally higher with the chemical fertilizers than with the organic ones, possibly because organic fertilizers also significantly reduce saline soil’s bulk density and salinity [35].



Inorganic nitrogen application was found to promote the mineralization of recalcitrant organic nitrogen, whereas organic fertilizers favored the mineralization of labile organic nitrogen [36]. Soil nitrate concentrations result from the interplay between plant uptake, soil microbiology, atmospheric nitrogen fixation, nitrogen mineralization, atmospheric deposition, denitrification, and volatilization [37]. Soil nitrate nitrogen, alkali-hydrolyzable nitrogen, and ammonium nitrogen levels increased with fertilizer use, but no significant difference was observed at the maize’s mature stage, likely related to maize’s nitrogen absorption and leaching dynamics. Seasonal variations were noted, with higher soil nitrate nitrogen in spring than in autumn [38]. In this study, it was observed that, at maize’s jointing stage, the nitrate nitrogen in fertilized soil was 12.2% and 29.7% higher than in organically fertilized soil in the two years of 2021 and 2022, yet at maturity, fertilized soil nitrate nitrogen was 16.8% and 9.9% lower, respectively. This could be attributed to organic matter’s soil structure improvement, water retention enhancement, and the promotion of biological transformations such as nitrogen mineralization [39]. Basal fertilizer resulted in a soil nitrate nitrogen content 1.65 times higher than that of the unfertilized control at a 0–10 cm depth 36 days post-sowing [40]. Organic fertilizers reduced nitrate nitrogen accumulation in the soil profile by 70% compared to mineral fertilizers alone [41].



Long-term NPK chemical and organic fertilizer use lowered soil exchangeable acid and aluminum levels, markedly increased available phosphorus and potassium contents, boosted soil carbon and nitrogen storage, and enhanced crop yields [41]. This study showed 11.7% and 9% reductions in soil available potassium with the use of fertilizers compared with the use of organic alternatives over two years. Organic fertilizer use increased soil available potassium at all maize growth stages, with effective potassium concentrations correlating positively with irrigation amounts during growth and flowering [42]. This aligns with findings demonstrating that organic fertilizers significantly improve the benefit average available phosphorus content in topsoil plants [43].



Soil organic matter quantity and quality serve as vital soil fertility indicators [44]. The soil organic matter content was higher with organic fertilizers than with chemical ones at equivalent nitrogen application rates. Although maize has the highest potential to decrease the soil organic matter content [45], long-term mineral nitrogen application (120 kg N ha−1 year−1), while matching maize grain yield, results in a decrease in soil organic matter [46]. This study found a gradual reduction in soil organic matter content with increasing soil depth, possibly due to microorganisms at greater depths relying more on decadal soil organic matter for carbon than on recent plant-derived carbon [47].




4.3. Factors Affecting Soil Biological Indicators


Soil microorganisms are pivotal in plant growth and the sustainability of agricultural production [48]. Organic fertilizers increase soil bacterial and fungal numbers and diversity, whereas urea application markedly reduces them [49]. The increase in nitrogen fertilizer led to reduced soil urease and enhanced catalase activities. Hence, urease activity was notably lower in chemically fertilized soils than in organically fertilized ones. Throughout the growth cycle, urease activity in the soils treated with organic fertilizers surpassed that in the chemically treated soils. Research indicates that the soil surface application of organic fertilizers enriches the microbial substrate, thereby significantly altering microbial community composition and diversity [50]. Sole fertilizer reduction did not significantly impact soil catalase activity but did significantly decrease urease and acid phosphatase activities [51]. Further studies have confirmed that reducing chemical fertilizers and adding organic matter significantly enhances soil catalase and urease activities, though available soil phosphorus, potassium, and acid phosphatase activities experience a decline [52].



The increase in nitrogen fertilizer application correlates with reduced soil catalase activity. Organic fertilizers increase soil urease and catalase activities, yet chemical fertilizer application alone has no significant effect [51]. Soil urease, alkaline phosphatase, and catalase activities exhibit a significant positive relationship with soil nitrogen and grain yield. Catalase activity, crucial for plant growth, mitigates hydrogen peroxide’s toxic effects via metabolic decomposition [53]. Soil carbon, nitrogen, and phosphorus cycling are integral to soil biochemical processes and reactions [54]. Soil catalase activity serves as an aerobiosis indicator, reflecting soil’s redox potential [55]. This study linked high catalase activity to abundant aerobic bacteria and soil fertility. Fertilizer-induced activity inhibition may stem from the inability of single fertilizers to boost aerobic microorganism counts, possibly due to increased electrolyte concentrations under extreme salinization. The chemical fertilizer resulted in lower soil urease activity than the organic fertilizer at the jointing stage, and catalase activity waned as nitrogen application rate increased.



Organic fertilizer treatments surpassed chemical ones in soil bacterial and fungal counts at equivalent nitrogen levels. However, actinomycetes were 52.2%, 42.3%, and 48% more abundant in the chemically treated soils at the jointing stage across various soil depths. The organic fertilizers affected bacterial community distribution more significantly, while fungi were more responsive to the inorganic fertilizers [56]. Organic fertilization had a neutral effect on fungal biomass but tended to enhance bacterial biomass ratios via increased soil organic carbon [57]. This may be related to organic fertilizers promoting soil bacterial communities and root exudation, thus fostering plant growth. This study found that fertilizer type mainly influenced soil bacterial and fungal growth, with fungal numbers primarily affected by fertilizer quantity. Different fertilization strategies impact bacteria most significantly, and from a management perspective, fungal community structure precipitates a transitory surge in culturable bacterial populations [58]. Fertilizer varieties alter bacterial and fungal community distributions by affecting soil properties [59]. The soils treated with the organic fertilizers had bacterial counts 64.5–242.9% higher than those treated with chemical fertilizers, while actinomycetes counts were notably increased in the chemically fertilized soils compared to in the organically fertilized ones.




4.4. Correlation Analysis


This study found a correlation between maize grain yield and various soil parameters such as soil salinity; nitrate nitrogen levels; alkali-hydrolyzable nitrogen; available potassium; and enzymatic activities, including catalase, sucrase, and phosphatase. It was observed that maize yield and soil salinity were significantly correlated, likely due to increased rainfall during the crop’s growth period, which may have leached salts away from the root zone. The close relationship between maize yield and soil nitrate nitrogen content could be attributed to a parabolic interdependency between soil nitrate levels and root length per plant, as well as between root length density and yield [60]. Notably, the nitrate nitrogen concentration in the root zone was inferior to other areas [40]. The use of organic fertilizers increased the available soil potassium content above that observed with the use of chemical fertilizers, enhancing both the growth and yield of maize. Positive correlations were found between crop growth, yield, and soil potassium levels, possibly because the organic fertilizer application increased photosynthetic efficacy and potassium translocation to grain [61].



Rhizosphere soil functions as an important buffer for microbial activities, primarily affecting soil bacteria and actinomycetes [62]. This study linked maize yield to soil enzyme activities, including catalase, sucrase, and phosphatase. In a previous study, under nitrogen scarcity, intercropped wheat–maize systems exhibited negative correlations with phosphorus uptake, catalase, acid phosphatase, and invertase activities. Soil enzymatic activities are crucial for soil quality and plant health [63]. Significant correlations were found between soil nitrate nitrogen and actinomycetes, and positive correlations were found between soil alkali-hydrolyzable nitrogen, available potassium, and phosphatase activity [64]. A principal component analysis favored organic fertilizers for soil health, likely due to enzyme activities facilitating nutrient availability and influencing the nitrogen fertilizer’s chemical properties [65].





5. Conclusions


Throughout the entire growth stage, observations indicated that plant height, stem diameter, leaf surface area, and dry matter accumulation initially increased and subsequently decreased. Notably, the highest grain yield achieved with treatments N4 and TN4 surpassed that achieved with alternative modalities by a margin ranging from 4.5% to 45.7%. Regarding the volumetric water content of the soil, treatments that incorporated organic fertilizers demonstrated enhanced stability relative to treatments that incorporated inorganic fertilizers. A notable increase in soil pH was observed concomitantly with an increase in soil depth during the tillering stage, notwithstanding a lack of discernible distribution patterns across other growth stages. The salinity index of the soil exhibited a gradual decrease over the course of the maize vegetative season, eventually stabilizing. A comparative analysis during the tillering stage revealed that the mean concentration of nitrate nitrogen in the soil treated with the chemical fertilizers exceeded that in the soils treated with the organic fertilizers by 12.2% and 29.7%. Additionally, the content of soil organic matter obtained with the chemical fertilizer treatments was found to be inferior when compared with that obtained with the organic fertilizer treatments. An enzymatic analysis revealed a decrease in soil urease activity concomitantly with an increase in the nitrogenous fertilizer application rate. Microbiological enumeration indicated that the bacterial population density in the superficial 0–20 cm soil layer during the tillering stage increased by 74.1% and 71% in comparison to that in the 20–40 cm soil layer. Lastly, the fungal count in the soils subjected to the chemical fertilizers during the tillering stage decreased by a range of 64%–296.5% relative to that in the soils treated with the organic fertilizers.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agronomy14050993/s1, Figure S1. Main meteorological data of maize during the two-year growing period. Figure S2. The relationship between maize grain yield and N fertilizer application rate in 2021 (a, chemical fertilizer and b, organic fertilizer) and 2022 (c, chemical fertilizer and d, organic fertilizer). Figure S3. The relationship between maize grain yield (GY) and soil salt content (SSC, a), soil nitrate nitrogen content (SNNC, b), soil alkali-hydrolyzed nitrogen (SANC, c), soil available potassium content (SAKC, d), soil catalase activity (SCA, e), soil sucrase activity (SSA, f), and soil phosphatase activity (SPA, g). Figure S4. The relationship between soil salt content (SSC) and soil nitrate nitrogen content (SNNC, a), soil ammonium nitrogen content (SANC, b), soil alkali-hydrolyzed nitrogen content (SHNC, c) and soil organic matter content (SOC, d). Figure S5. The relationship between soil nitrate nitrogen content (SNNC) and soil ammonium nitrogen content (SANC, a), soil alkali-hydrolyzed nitrogen content (SHNC, b), soil organic matter content (SOC, c) and soil actinomyces quantity (SAQ, d). Figure S6. The relationship between soil alkali-hydrolyzed nitrogen content (SHNC) and soil available potassium content (SAKC, a), soil organic matter content (SOC, b), soil catalase activity (SCA, c), and soil phosphatase activity (SPA, d). Figure S7. The relationship between and soil available potassium content (SAKC) and soil organic matter content (SOC, a) and soil phosphatase activity (SPA, b). Figure S8. The relationship between and soil catalase activity (SCA) and soil sucrase activity (SSA, a), soil phosphatase activity (SPA, b), soil bacteria quantity (SBQ, c), and soil fungi quantity (SFQ, d). Figure S9. The relationship between and soil sucrase activity (SSA) and soil phosphatase activity (SPA, a), soil bacteria quantity (SBQ, b) and soil fungi quantity (SFQ, c). Figure S10. The number of components advocated by principal component analysis. Table S1. The plant height was affected by fertilizer type and fertilizer application rate in 2021 and 2022. Table S2. The plant stem diameter was affected by fertilizer type and fertilizer application rate in 2021 and 2022. Table S3. The plant leaf area was affected by fertilizer type and fertilizer application rate in 2021 and 2022. Table S4. The plant dry matter accumulation was affected by fertilizer type and fertilizer application rate in 2021 and 2022. Table S5. The average soil water content in different growth stage (n = 3). Table S6. The average soil pH in different growth stage (n = 3). Table S7. The average soil salt content in different growth stage (n = 3). Table S8. The average soil alkali-hydrolyzale nitrogen content in different growth stage (n = 3). Table S9. The average soil nitrate nitrogen content in different growth stage (n = 3). Table S10. The average soil ammonium nitrogen content in different growth stage (n = 3). Table S11. The average soil available potassium content in different growth stage (n = 3). Table S12. The average soil organic matter content in different growth stage (n = 3). Table S13. The average soil urease activity in different growth stage (n = 3). Table S14. The average soil catalase activity in different growth stage (n = 3). Table S15. The average soil sucrase activity in different growth stage (n = 3). Table S16. The average soil phosphatase activity in different growth stage (n = 3).





Author Contributions


Conceptualization, Y.X. and Y.L.; methodology, X.W.; software, X.W.; validation, Y.X., Y.L. and F.Z.; formal analysis, Y.X.; investigation, Y.X.; resources, X.W.; data curation, X.W.; writing—original draft preparation, Y.X.; writing—review and editing, X.W.; visualization, Y.X.; supervision, Y.X.; project administration, Y.X.; funding acquisition, X.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Shanxi Province Key Special Project for the Fusion of “Two Chains”, grant no. 2023LLRH-01; Shaanxi Provincial Department of Education Youth innovation team construction research project, grant no. 21JP141, 22JP101, 23JP189; National Natural Science Foundation of China, grant no. 51809224.




Data Availability Statement


The data sets supporting the conclusions of this article are included within the article and Supplementary Material.




Acknowledgments


We would like to thank the 5 anonymous reviewers for their valuable comments.




Conflicts of Interest


The authors have declared that no competing interests exist.




References


	



Zhao, A.; Zhang, A. Assessing the effects of drought and “Grain for Green” Program on vegetation dynamics in China’s Loess Plateau from 2000 to 2014. CATENA 2019, 175, 446–455. [Google Scholar] [CrossRef]

	



Nkebiwe, P.M.; Weinmann, M. Fertilizer placement to improve crop nutrient acquisition and yield: A review and meta-analysis. Field Crops Res. 2016, 196, 389–401. [Google Scholar] [CrossRef]

	



Waqas, M.A.; Li, Y.; Smith, P.; Wang, X.; Ashraf, M.N.; Noor, M.A.; Amou, M.; Shi, S.; Zhu, Y.; Li, J.; et al. The influence of nutrient management on soil organic carbon storage, crop production, and yield stability varies under different climates. J. Clean. Prod. 2020, 268, 121922. [Google Scholar] [CrossRef]

	



Dimkpa, C.O.; Fugice, J.; Singh, U.; Lewis, T.D. Development of fertilizers for enhanced nitrogen use efficiency—Trends and perspectives. Sci. Total Environ. 2020, 731, 139113. [Google Scholar] [CrossRef] [PubMed]

	



Möller, K. Soil fertility status and nutrient input–output flows of specialised organic cropping systems: A review. Nutr. Cycl. Agroecosyst. 2018, 112, 147–164. [Google Scholar] [CrossRef]

	



Cai, A.; Xu, M. Manure acts as a better fertilizer for increasing crop yields than synthetic fertilizer does by improving soil fertility. Soil Tillage Res. 2019, 189, 168–175. [Google Scholar] [CrossRef]

	



Wang, S.; Guo, S. Comprehensive effects of integrated management on reducing nitrogen and phosphorus loss under legume-rice rotations. J. Clean. Prod. 2022, 361, 132031. [Google Scholar] [CrossRef]

	



Chi, Y.X.; Gao, F.; Muhammad, I.; Huang, J.H.; Zhou, X.B. Effect of water conditions and nitrogen application on maize growth, carbon accumulation and metabolism of maize plant in subtropical regions. Arch. Agron. Soil Sci. 2023, 69, 693–707. [Google Scholar] [CrossRef]

	



Lan, Y.; Wang, S.; Zhang, H.; He, Y.; Jiang, C.; Ye, S. Intercropping and nitrogen enhance eucalyptus productivity through the positive interaction between soil fertility factors and bacterial communities along with the maintenance of soil enzyme activities. Land Degrad. Dev. 2023, 34, 2403–2417. [Google Scholar] [CrossRef]

	



Han, F.; Guo, R. Rotation of planting strips and reduction in nitrogen fertilizer application can reduce nitrogen loss and optimize its balance in maize–peanut intercropping. Eur. J. Agron. 2023, 143, 126707. [Google Scholar] [CrossRef]

	



Rodríguez-Espinosa, T.; Papamichael, I.; Voukkali, I.; Gimeno, A.P.; Candel, M.B.A.; Navarro-Pedreño, J.; Zorpas, A.A.; Lucas, I.G. Nitrogen management in farming systems under the use of agricultural wastes and circular economy. Sci. Total Environ. 2023, 876, 162666. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Ye, C. Soil Acidification caused by excessive application of nitrogen fertilizer aggravates soil-borne diseases: Evidence from literature review and field trials. Agric. Ecosyst. Environ. 2022, 340, 108176. [Google Scholar] [CrossRef]

	



Yang, Y.; Li, M.; Wu, J.; Pan, X.; Gao, C.; Tang, D.W.S. Impact of Combining Long-Term Subsoiling and Organic Fertilizer on Soil Microbial Biomass Carbon and Nitrogen, Soil Enzyme Activity, and Water Use of Winter Wheat. Front. Plant Sci. 2022, 12, 788651. [Google Scholar] [CrossRef] [PubMed]

	



Muhammad, I.; Yang, L.; Ahmad, S.; Zeeshan, M.; Farooq, S.; Ali, I.; Khan, A.; Zhou, X.B. Irrigation and Nitrogen Fertilization Alter Soil Bacterial Communities, Soil Enzyme Activities, and Nutrient Availability in Maize Crop. Front. Microbiol. 2022, 13, 833758. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, B.; Gu, W.; Li, J. Effects of Carbon-Based Fertilizer on Soil Physical and Chemical Properties, Soil Enzyme Activity and Soil Microorganism of Maize in Northeast China. Agronomy 2023, 13, 877. [Google Scholar] [CrossRef]

	



Xu, W.; Liu, W.; Tang, S.; Yang, Q.; Meng, L.; Wu, Y.; Wang, J.; Wu, L.; Wu, M.; Xue, X.; et al. Long-term partial substitution of chemical nitrogen fertilizer with organic fertilizers increased SOC stability by mediating soil C mineralization and enzyme activities in a rubber plantation of Hainan Island, China. Appl. Soil Ecol. 2023, 182, 104691. [Google Scholar] [CrossRef]

	



Yan, B.; Zhang, Y. Biochar amendments combined with organic fertilizer improve maize productivity and mitigate nutrient loss by regulating the C–N–P stoichiometry of soil, microbiome, and enzymes. Chemosphere 2023, 324, 138293. [Google Scholar] [CrossRef] [PubMed]

	



Jin, Y.; Yuan, Y.; Liu, Z.; Gai, S.; Cheng, K.; Yang, F. Effect of humic substances on nitrogen cycling in soil-plant ecosystems: Advances, issues, and future perspectives. J. Environ. Manag. 2024, 351, 119738. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.; Du, R.; Zhou, Y. Coupling anammox with heterotrophic denitrification for enhanced nitrogen removal: A review. Crit. Rev. Environ. Sci. Technol. 2021, 51, 2260–2293. [Google Scholar] [CrossRef]

	



Quick, A.M.; Reeder, W.J. Nitrous oxide from streams and rivers: A review of primary biogeochemical pathways and environmental variables. Earth-Sci. Rev. 2019, 191, 224–262. [Google Scholar] [CrossRef]

	



Bonanomi, G.; De Filippis, F.; Zotti, M.; Idbella, M.; Cesarano, G.; Al-Rowaily, S.; Abd-ElGawad, A. Repeated applications of organic amendments promote beneficial microbiota, improve soil fertility and increase crop yield. Appl. Soil Ecol. 2020, 156, 103714. [Google Scholar] [CrossRef]

	



Ma, X.; Li, H.; Xu, Y.; Liu, C. Effects of organic fertilizers via quick artificial decomposition on crop growth. Sci. Rep. 2021, 11, 3900. [Google Scholar] [CrossRef] [PubMed]

	



Jjagwe, J.; Chelimo, K. Comparative Performance of Organic Fertilizers in Maize (Zea mays L.) Growth, Yield, and Economic Results. Agronomy 2020, 10, 69. [Google Scholar] [CrossRef]

	



Lazcano, C.; Gómez-Brandón, M.; Revilla, P.; Domínguez, J. Short-term effects of organic and inorganic fertilizers on soil microbial community structure and function. Biol. Fertil. Soils 2013, 49, 723–733. [Google Scholar] [CrossRef]

	



Lu, J.; Hu, T.; Zhang, B.; Wang, L.; Yang, S.; Fan, J.; Yan, S.; Zhang, F. Nitrogen fertilizer management effects on soil nitrate leaching, grain yield and economic benefit of summer maize in Northwest China. Agric. Water Manag. 2021, 247, 106739. [Google Scholar] [CrossRef]

	



Meng, X.; Guo, Z.; Yang, X.; Su, W.; Li, Z.; Wu, X.; Ahmad, I.; Cai, T.; Han, Q. Straw incorporation helps inhibit nitrogen leaching in maize season to increase yield and efficiency in the Loess Plateau of China. Soil Tillage Res. 2021, 211, 105006. [Google Scholar] [CrossRef]

	



Cen, Y.; Guo, L.; Liu, M.; Gu, X.; Li, C.; Jiang, G. Using organic fertilizers to increase crop yield, economic growth, and soil quality in a temperate farmland. PeerJ 2020, 8, e9668. [Google Scholar] [CrossRef] [PubMed]

	



Kandil, E.E.; Abdelsalam, N.R.; Mansour, M.A.; Ali, H.M.; Siddiqui, M.H. Potentials of organic manure and potassium forms on maize (Zea mays L.) growth and production. Sci. Rep. 2020, 10, 8752. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Hou, L.; Xu, X.; Zhu, Y.; Zhai, B.; Liu, Z. Effects of different rates of nitrogen fertilizer on apple yield, fruit quality, and dynamics of soil moisture and nitrate in soil of rainfed apple orchards on the Loess Plateau, China. Eur. J. Agron. 2023, 150, 126950. [Google Scholar] [CrossRef]

	



Czachor, H.; Charytanowicz, M. Impact of long-term mineral and organic fertilizer application on the water stability, wettability and porosity of aggregates obtained from two loamy soils. Eur. J. Soil Sci. 2015, 66, 577–588. [Google Scholar] [CrossRef]

	



Zhou, J.; Xia, F.; Liu, X.; He, Y.; Xu, J.; Brookes, P.C. Effects of nitrogen fertilizer on the acidification of two typical acid soils in South China. J. Soils Sediments 2014, 14, 415–422. [Google Scholar] [CrossRef]

	



Laurent, C.; Bravin, M.N. Increased soil pH and dissolved organic matter after a decade of organic fertilizer application mitigates copper and zinc availability despite contamination. Sci. Total Environ. 2020, 709, 135927. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X. Managing Land Carrying Capacity: Key to Achieving Sustainable Production Systems for Food Security. Land 2022, 11, 484. [Google Scholar] [CrossRef]

	



Farooq, M.; Hussain, M.; Wakeel, A.; Siddique, K.H.M. Salt stress in maize: Effects, resistance mechanisms, and management. A review. Agron. Sustain. Dev. 2015, 35, 461–481. [Google Scholar] [CrossRef]

	



Wang, S.; Gao, P. Application of biochar and organic fertilizer to saline-alkali soil in the Yellow River Delta: Effects on soil water, salinity, nutrients, and maize yield. Soil Use Manag. 2022, 38, 1679–1692. [Google Scholar] [CrossRef]

	



Zhang, J.B.; Zhu, T.B. Effects of long-term repeated mineral and organic fertilizer applications on soil nitrogen transformations. Eur. J. Soil Sci. 2012, 63, 75–85. [Google Scholar] [CrossRef]

	



Lai, H.; Gao, F.; Su, H.; Zheng, P.; Li, Y.; Yao, H. Nitrogen distribution and soil microbial community characteristics in a legume–cereal intercropping system: A review. Agronomy 2022, 12, 1900. [Google Scholar] [CrossRef]

	



Zhao, J.; De Notaris, C. Autumn-based vegetation indices for estimating nitrate leaching during autumn and winter in arable cropping systems. Agric. Ecosyst. Environ. 2020, 290, 106786. [Google Scholar] [CrossRef]

	



Jin, Z.; Ping, L. Systematic relationship between soil properties and organic carbon mineralization based on structural equation modeling analysis. J. Clean. Prod. 2020, 277, 123338. [Google Scholar] [CrossRef]

	



Wang, X.; Li, Z.; Xing, Y. Effects of mulching and nitrogen on soil temperature, water content, nitrate-N content and maize yield in the Loess Plateau of China. Agric. Water Manag. 2015, 161, 53–64. [Google Scholar]

	



Guo, S.; Wu, J.; Dang, T.; Liu, W.; Li, Y.; Wei, W.; Syers, J.K. Impacts of fertilizer practices on environmental risk of nitrate in semiarid farmlands in the Loess Plateau of China. Plant Soil 2010, 330, 1–13. [Google Scholar] [CrossRef]

	



Bader, B.R.; Taban, S.K.; Fahmi, A.H.; Abood, M.A.; Hamdi, G.J. Potassium availability in soil amended with organic matter and phosphorous fertiliser under water stress during maize (Zea mays L) growth. J. Saudi Soc. Agric. Sci. 2021, 20, 390–394. [Google Scholar] [CrossRef]

	



Barłóg, P.; Hlisnikovský, L.; Kunzová, E. Effect of Digestate on Soil Organic Carbon and Plant-Available Nutrient Content Compared to Cattle Slurry and Mineral Fertilization. Agronomy 2020, 10, 379. [Google Scholar] [CrossRef]

	



Chen, S.; Lin, B.; Li, Y.; Zhou, S. Spatial and temporal changes of soil properties and soil fertility evaluation in a large grain-production area of subtropical plain, China. Geoderma 2020, 357, 113937. [Google Scholar] [CrossRef]

	



Mann, L.; Tolbert, V.; Cushman, J. Potential environmental effects of corn (Zea mays L.) stover removal with emphasis on soil organic matter and erosion. Agric. Ecosyst. Environ. 2002, 89, 149–166. [Google Scholar] [CrossRef]

	



Wang, X.; Fan, J.; Xing, Y.; Xu, G.; Wang, H.; Deng, J.; Wang, Y.; Zhang, F.; Li, P.; Li, Z. The Effects of Mulch and Nitrogen Fertilizer on the Soil Environment of Crop Plants. In Advances in Agronomy; Sparks, D.L., Ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 121–173. [Google Scholar]

	



Balík, J.; Kulhánek, M. Soil Organic Matter Degradation in Long-Term Maize Cultivation and Insufficient Organic Fertilization. Plants 2020, 9, 1217. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, C.; Gleixner, G. Soil organic matter in soil depth profiles: Distinct carbon preferences of microbial groups during carbon transformation. Soil Biol. Biochem. 2008, 40, 425–433. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, G.; Guo, T.; Xing, Y.; Mo, F.; Wang, H.; Fan, J.; Zhang, F. Effects of plastic mulch and nitrogen fertilizer on the soil microbial community, enzymatic activity and yield performance in a dryland maize cropping system. Eur. J. Soil Sci. 2021, 72, 400–412. [Google Scholar] [CrossRef]

	



Yang, Q.; Zheng, F.; Jia, X.; Liu, P.; Dong, S.; Zhang, J.; Zhao, B. The combined application of organic and inorganic fertilizers increases soil organic matter and improves soil microenvironment in wheat-maize field. J. Soils Sediments 2020, 20, 2395–2404. [Google Scholar] [CrossRef]

	



Zhou, Z.; Zhang, S.; Jiang, N.; Xiu, W.; Zhao, J.; Yang, D. Effects of organic fertilizer incorporation practices on crops yield, soil quality, and soil fauna feeding activity in the wheat-maize rotation system. Front. Environ. Sci. 2022, 10, 1058071. [Google Scholar] [CrossRef]

	



Liu, G.; Zhang, X.; Wang, X.; Shao, H.; Yang, J.; Wang, X. Soil enzymes as indicators of saline soil fertility under various soil amendments. Agric. Ecosyst. Environ. 2017, 237, 274–279. [Google Scholar]

	



Ning, C.-C.; Gao, P.-D.; Wang, B.-Q.; Lin, W.-P.; Jiang, N.-H.; Cai, K.-Z. Impacts of chemical fertilizer reduction and organic amendments supplementation on soil nutrient, enzyme activity and heavy metal content. J. Integr. Agric. 2017, 16, 1819–1831. [Google Scholar] [CrossRef]

	



Ge, T.; Wei, X. Stability and dynamics of enzyme activity patterns in the rice rhizosphere: Effects of plant growth and temperature. Soil Biol. Biochem. 2017, 113, 108–115. [Google Scholar] [CrossRef]

	



Gul, S.; Whalen, J.K. Biochemical cycling of nitrogen and phosphorus in biochar-amended soils. Soil Biol. Biochem. 2016, 103, 1–15. [Google Scholar] [CrossRef]

	



You, T.; Liu, D.; Chen, J.; Yang, Z.; Dou, R.; Gao, X.; Wang, L. Effects of metal oxide nanoparticles on soil enzyme activities and bacterial communities in two different soil types. J. Soils Sediments 2018, 18, 211–221. [Google Scholar] [CrossRef]

	



Pan, H.; Chen, M. Organic and inorganic fertilizers respectively drive bacterial and fungal community compositions in a fluvo-aquic soil in northern China. Soil Tillage Res. 2020, 198, 104540. [Google Scholar] [CrossRef]

	



Xu, Y.; Sun, L. Contrasting response of fungal versus bacterial residue accumulation within soil aggregates to long-term fertilization. Sci. Rep. 2022, 12, 17834. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, H.; Ge, T.; Zhou, P.; Liu, S.; Roberts, P.; Zhu, H.; Zou, Z.; Tong, C.; Wu, J. Soil microbial biomass and bacterial and fungal community structures responses to long-term fertilization in paddy soils. J. Soils Sediments 2013, 13, 877–886. [Google Scholar] [CrossRef]

	



Zhou, J.; Jiang, X. Thirty four years of nitrogen fertilization decreases fungal diversity and alters fungal community composition in black soil in northeast China. Soil Biol. Biochem. 2016, 95, 135–143. [Google Scholar] [CrossRef]

	



Feng, G.; Zhang, Y.; Chen, Y.; Li, Q.; Chen, F.; Gao, Q.; Mi, G. Effects of Nitrogen Application on Root Length and Grain Yield of Rain-Fed Maize under Different Soil Types. Agron. J. 2016, 108, 1656–1665. [Google Scholar] [CrossRef]

	



Ilyas, M.; Arif, M. Diverse feedstock’s biochars as supplementary K fertilizer improves maize productivity, soil organic C and KUE under semiarid climate. Soil Tillage Res. 2021, 211, 105015. [Google Scholar] [CrossRef]

	



Jia, W.; Huang, P. Zonation of bulk and rhizosphere soil bacterial communities and their covariation patterns along the elevation gradient in riparian zones of three Gorges reservoir, China. Environ. Res. 2024, 249, 118383. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, S.; Naseer, M.A. Influence of Nitrogen Application on Soil Chemical Properties, Nutrient Acquisition, and Enzymatic Activities in Rainfed Wheat/Maize Strip Intercropping. J. Soil Sci. Plant Nutr. 2023, 23, 5921–5934. [Google Scholar] [CrossRef]

	



Zhu, Y.; Zhang, H.; Wang, Q.; Zhu, W.; Kang, Y. Soil extracellular enzyme activity linkage with soil organic carbon under conservation tillage: A global meta-analysis. Eur. J. Agron. 2024, 155, 127135. [Google Scholar] [CrossRef]








[image: Agronomy 14 00993 g001] 





Figure 1. The mean plant height (a), stem diameter (b), leaf area (c), and dry matter accumulation (d) were affected by the different fertilizer types and application rates. Note: CK, without fertilization; N1, chemical fertilizer with 60 kg N ha−1; N2, chemical fertilizer with 90 kg N ha−1; N3, chemical fertilizer with 120 kg N ha−1; N4, chemical fertilizer with 150 kg N ha−1; N5, chemical fertilizer with 180 kg N ha−1; TN1, organic fertilizer with 60 kg N ha−1; TN2, organic fertilizer with 90 kg N ha−1; TN3, organic fertilizer with 120 kg N ha−1; TN4, organic fertilizer with 150 kg N ha−1; TN5, organic fertilizer with 180 kg N ha−1. The same below. 
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Figure 2. Grain yield obtained with the different fertilizer types and application rates in 2021 and 2022. Note: Columns with the same letter represent values that are not significantly different at the 0.05 level of probability according to the HSD test. Each value is the mean ± SD (n = 3). 
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Figure 3. The mean soil water content (a), pH (b), soil salt content (c), and soil alkali-hydrolyzable nitrogen content (d) were affected by the different fertilizer types and application rates. 
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Figure 4. The mean soil nitrate nitrogen content (a), soil ammonium nitrogen content (b), soil available potassium content (c), and soil organic matter content (d) were affected by the different fertilizer types and application rates. 
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Figure 5. The mean soil urease activity (a), soil catalase activity (b), soil sucrase activity (c), and soil phosphatase activity (d) were affected by the different fertilizer types and application rates. 
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Figure 6. Correlations between grain yield and soil physical, chemical, and biological indicators in both years. Note: SWC, soil water content; pH, SSC, soil salt content; SNNC, soil nitrate nitrogen content; SANC, soil ammonium nitrogen content; SHNC, soil alkali-hydrolyzed nitrogen content; SAKC, soil available potassium content; SOC, soil organic matter content; SUA, soil urease activity; SCA, soil catalase activity; SSA, soil sucrase activity; SPA, soil phosphatase activity; SBQ, soil bacteria quantity; SFQ, soil fungi quantity; SAQ, soil actinomyces quantity; GY, grain yield. 
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Figure 7. Principal component analysis of soil physical, chemical, and biological indicators in both years. Note: SWC, soil water content; pH, SSC, soil salt content; SNNC, soil nitrate nitrogen content; SANC, soil ammonium nitrogen content; SHNC, soil alkali-hydrolyzed nitrogen content; SAKC, soil available potassium content; SOC, soil organic matter content; SUA, soil urease activity; SCA, soil catalase activity; SSA, soil sucrase activity; SPA, soil phosphatase activity; SBQ, soil bacteria quantity; SFQ, soil fungi quantity; SAQ, soil actinomyces quantity. 
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Table 1. The soil bacteria quantity (SBQ), soil fungi quantity (SFQ), and soil actinomyces quantity (SAQ) were affected by fertilizer type and fertilizer application rate at the silking stage in 2021 and 2022.
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Item

	
SBQs (106 CFU g−1)

	
SFQs (103 CFU g−1)

	
SAQs (106 CAU g−1)




	
0–20 cm

	
21–40 cm

	
41–60 cm

	
0–20 cm

	
21–40 cm

	
41–60 cm

	
0–20 cm

	
21–40 cm

	
41–60 cm






	
2021

	
CK

	
1.66 + 0.59 d

	
0.64 + 0.22 b

	
0.38 + 0.38 ab

	
1.64 + 0.72 c

	
1.68 + 0.73 c

	
1.29 + 2.23 a

	
4.48 + 1.9 def

	
3.27 + 0.54 cd

	
1.52 + 0.23 bcd




	
N1

	
1.41 + 0.59 d

	
0.9 + 0.44 ab

	
0.51 + 0.22 ab

	
3.31 + 1.9 c

	
1.69 + 0.74 c

	
0.81 + 0.7 a

	
8.65 + 1.04 b

	
6.11 + 0.58 a

	
4.36 + 1.02 a




	
N2

	
3.2 + 0.8 cd

	
0.51 + 0.22 b

	
0.38 + 0.38 ab

	
6.12 + 2.45 c

	
2.04 + 0.71 c

	
1.63 + 0.7 a

	
5.8 + 0.82 bcd

	
3.58 + 0.29 bcd

	
1.95 + 0.6 b




	
N3

	
2.05 + 0.59 d

	
1.02 + 0.22 ab

	
0.26 + 0.22 b

	
2.93 + 1.91 c

	
2.47 + 1.24 bc

	
1.65 + 1.89 a

	
11.76 + 1.71 a

	
3.27 + 0.42 cd

	
0.9 + 0.18 bcd




	
N4

	
2.56 + 0.8 cd

	
1.41 + 0.59 ab

	
0.77 + 0.38 abc

	
3.8 + 1.26 c

	
2.98 + 0.74 bc

	
0.84 + 1.46 a

	
8.41 + 0.58 b

	
5.14 + 0.51 ab

	
0.55 + 0.18 cd




	
N5

	
3.45 + 0.38 cd

	
1.02 + 0.44 ab

	
0.9 + 0.44 abc

	
2.98 + 1.47 c

	
1.71 + 0.74 c

	
1.69 + 0.74 a

	
7.63 + 0.76 bc

	
5.06 + 0.64 ab

	
1.25 + 0.44 bcd




	
TN1

	
4.35 + 1.35 cd

	
1.66 + 0.59 ab

	
0.51 + 0.59 bc

	
8.77 + 1.83 bc

	
2.9 + 1.44 bc

	
2.07 + 2.59 a

	
6 + 0.59 bcd

	
4.13 + 0.53 bc

	
0.39 + 0.07 d




	
TN2

	
6.14 + 2.03 c

	
2.05 + 0.59 ab

	
0.9 + 0.22 abc

	
8.14 + 1.48 bc

	
4.17 + 1.92 bc

	
2.92 + 1.92 a

	
4.25 + 0.24 def

	
2.53 + 0.58 cde

	
1.21 + 0.59 bcd




	
TN3

	
10.49 + 1.93 b

	
2.43 + 0.22 ab

	
0.9 + 0.59 abc

	
6.67 + 3.16 c

	
8.76 + 3.82 b

	
3.98 + 0.68 a

	
2.65 + 0.7 ef

	
2.1 + 0.47 de

	
0.78 + 0.24 bcd




	
TN4

	
11.13 + 2.3 b

	
2.05 + 0.97 ab

	
1.92 + 0.77 a

	
14.56 + 4.35 b

	
17.26 + 5.39 a

	
3.21 + 1.39 a

	
2.06 + 0.47 f

	
1.4 + 0.2 e

	
0.43 + 0.36 d




	
TN5

	
18.17 + 1.55 a

	
3.07 + 1.92 a

	
1.66 + 0.59 ab

	
37.75 + 4.91 a

	
4.05 + 1.4 bc

	
1.7 + 0.74 a

	
5.26 + 1.24 cde

	
3.19 + 1.12 cd

	
1.87 + 0.47 bc




	
2022

	
CK

	
1.54 + 0.38 d

	
0.7 + 0.24 c

	
0.4 + 0.4 c

	
2.05 + 0.71 c

	
2.05 + 1.43 c

	
1.22 + 1.22 a

	
5.06 + 0.94 d

	
3.43 + 0.38 cde

	
1.44 + 0.27 bcd




	
N1

	
1.79 + 0.44 d

	
0.98 + 0.49 bc

	
0.53 + 0.23 bc

	
2.9 + 1.9 c

	
1.71 + 0.74 c

	
1.66 + 0.72 a

	
8.45 + 0.85 b

	
6.04 + 0.44 a

	
4.17 + 0.7 a




	
N2

	
1.66 + 0.22 d

	
0.56 + 0.24 c

	
0.4 + 0.4 c

	
6.25 + 3.32 c

	
3.23 + 1.39 c

	
2.5 + 1.26 a

	
5.92 + 0.66 cd

	
3.74 + 0.42 bcd

	
2.1 + 0.35 b




	
N3

	
2.43 + 0.59 d

	
1.82 + 0.64 bc

	
0.27 + 0.23 c

	
5.71 + 2.55 c

	
1.63 + 0.71 c

	
1.26 + 1.26 a

	
11.37 + 1.25 a

	
3.31 + 0.44 cde

	
0.82 + 0.2 de




	
N4

	
3.33 + 0.44 d

	
1.54 + 0.64 bc

	
0.8 + 0.4 abc

	
3.35 + 1.44 c

	
2.1 + 0.73 c

	
1.7 + 0.74 a

	
8.33 + 0.6 b

	
5.14 + 0.51 ab

	
0.51 + 0.18 de




	
N5

	
3.45 + 0.38 d

	
1.26 + 0.42 bc

	
0.93 + 0.46 abc

	
2.55 + 1.27 c

	
2.11 + 0.74 c

	
1.28 + 1.29 a

	
7.71 + 0.65 bc

	
4.99 + 0.66 ab

	
1.09 + 0.18 cde




	
TN1

	
4.48 + 1.35 cd

	
1.12 + 0.24 bc

	
0.4 + 0.4 c

	
3.38 + 1.46 c

	
2.98 + 0.74 c

	
1.69 + 0.74 a

	
6.11 + 0.64 cd

	
4.25 + 0.71 bc

	
0.35 + 0.12 e




	
TN2

	
6.78 + 0.97 c

	
2.1 + 1.11 abc

	
0.93 + 0.23 abc

	
6.85 + 1.95 c

	
9.56 + 3.14 b

	
4.38 + 1.37 a

	
4.17 + 0.24 de

	
2.73 + 0.24 def

	
1.36 + 0.36 bcd




	
TN3

	
10.24 + 1.6 b

	
3.93 + 1.35 a

	
0.93 + 0.61 abc

	
15.77 + 3.17 b

	
17.26 + 5.39 a

	
3.61 + 1.2 a

	
2.88 + 0.44 ef

	
2.18 + 0.36 ef

	
0.74 + 0.27 de




	
TN4

	
11.52 + 1.76 b

	
2.66 + 0.24 ab

	
2.13 + 0.83 a

	
38.55 + 5.27 a

	
4.59 + 1.92 bc

	
2.04 + 0.7 a

	
1.95 + 0.29 f

	
1.44 + 0.13 f

	
0.55 + 0.24 de




	
TN5

	
18.17 + 1.55 a

	
2.24 + 0.64 abc

	
1.87 + 0.61 ab

	
9.17 + 1.84 bc

	
2.48 + 1.25 c

	
2.05 + 1.43 a

	
4.87 + 0.59 de

	
3.51 + 0.65 cde

	
1.79 + 0.36 bc








Note: Columns with the same letter represent values that are not significantly different at the 0.05 level of probability according to the HSD test. Each value is the mean ± SD (n = 3).













 





Table 2. The soil bacteria quantity (SBQ), soil fungi quantity (SFQ), and soil actinomyces quantity (SAQ) were affected by fertilizer type and fertilizer application rate at the maturing stage in 2021 and 2022.
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SBQm (106 CFU g−1)

	
SFQm (103 CFU g−1)

	
SAQm (106 CFU g−1)




	
0–20 cm

	
21–40 cm

	
41–60 cm

	
0–20 cm

	
21–40 cm

	
41–60 cm

	
0–20 cm

	
21–40 cm

	
41–60 cm






	
2021

	
CK

	
10.24 + 4.25 c

	
0.84 + 0.42 c

	
0.27 + 0.23 b

	
5.42 + 1.17 b

	
4.4 + 1.17 a

	
5.42 + 1.17 b

	
3.15 + 1.23 d

	
2.53 + 0.85 cde

	
2.02 + 0.58 c




	
N1

	
17.02 + 7.89 bc

	
0.84 + 0.42 c

	
0.13 + 0.23 b

	
9.48 + 7.69 ab

	
5.08 + 4.06 a

	
9.48 + 7.69 ab

	
18.3 + 1.17 a

	
5.34 + 1.15 ab

	
0.86 + 0.18 a




	
N2

	
16.51 + 1.02 bc

	
0.98 + 0.64 c

	
0.4 + 0.4 ab

	
9.14 + 4.06 ab

	
4.4 + 2.11 a

	
9.14 + 4.06 ab

	
10.24 + 0.58 bc

	
5.06 + 1.79 abc

	
1.67 + 0.89 c




	
N3

	
13.05 + 1.54 c

	
0.98 + 0.49 c

	
0.53 + 0.23 ab

	
9.48 + 5.11 ab

	
4.74 + 0.59 a

	
9.48 + 5.11 ab

	
7.05 + 2.88 bcd

	
2.84 + 0.88 bcde

	
6.23 + 1.15 b




	
N4

	
11.52 + 4.36 c

	
1.26 + 0.42 bc

	
0.93 + 0.23 ab

	
10.16 + 2.03 ab

	
5.08 + 3.05 a

	
10.16 + 2.03 ab

	
7.67 + 1.09 bcd

	
