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Abstract

:

The substitution of chemical nitrogen (N) fertilizer with organic fertilizer (organic substitution, OS) is increasingly applied in crop production, due to its environmentally friendly characteristics, low price, and high crop and soil improvement efficacies. Here, we studied the effects of chemical N fertilizer with organic fertilizer treatment at different proportions (no organic substitution (NOS), 20% (OS-20), 40% (OS-40), 60% (OS-60), 100% (OS-100), and 200% (OS-200, double the organic fertilizer application amount of OS-100) on the yield and quality of apples in the Shanxi Province of China. The results revealed that, compared to the NOS, the total apple yields of OS treatments, especially the OS-60 and OS-100 treatments, decreased. However, all OS treatments, except OS-200, increased the yield of large-sized fruits (transverse diameter ≥ 85 mm) and the mean mass of apple fruits, and significantly decreased yield of small-sized fruits (transverse diameter < 75 mm). All OS treatments, especially OS-40, promoted the total sugar and vitamin C (Vc) contents and fruit hardness of apples, and OS-40, OS-60, and OS-200 resulted in significantly decreased titratable acid contents in apples. The influence of organic substitutions on soil quality was further investigated in a two-year field experiment. The results showed that the influence of organic substitution on soil chemical properties differed between the two years. Notably, 40% OS increased the soil organic carbon (SOC) content and the C/N ratio in the upper 20 cm of the soil in both years. Additionally, OS treatments reduced the residual nitrate (NO3−)-N (RN) content in deep soil layers, suggesting that OS has the potential to alleviate N leaching. Moreover, redundancy analysis (RDA) of the soil, fruit yield, and fruit quality parameters revealed that the SOC content in the 0–20 cm soil layer and the RN content in the 0–100 cm soil layer had the greatest impact on the fruit quality and yield variables, respectively. This study showed that the proper substitution (40%) of chemical N fertilizer with organic fertilizer could improve the yield of large-sized fruits, the mean mass and fruit quality of apples, and soil chemical properties. Our study will provide a basis for rational organic substitution in apple orchards.
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1. Introduction


In the last 100 years, the application of chemical nitrogen (N) fertilizers has promoted crop production by more than four times and contributed greatly to global crop production and food security [1]. However, excessive chemical N fertilizers that greatly exceeded the normal N requirements of crops were applied by farmers for the purpose of increasing crop productions during the last two decades, resulting in decreased quality and yield of crops and excessive N accumulation in soil. Moreover, excessive N application has strongly affected the absorption of other chemicals and caused a series of environmental pollution problems [2,3,4]. As a result, excessive chemical N has been regarded as one of the most important sources of environmental contaminants. Therefore, optimizing N inputs based on crop N requirements is very necessary to reduce the adverse impacts of N fertilizer overuse [5].



Organic fertilizers are rich in nutrients, diverse organic compounds, and beneficial microorganisms [6]. Accumulating reports revealed that the applications of organic fertilizers could promote soil microbial activities [7], improve the chemical retention capacity of soil [8], increase nitrate accumulation in the root layer, inhibit nitrate movement into the deep soil layer [9], and reduce environmental N losses [10]. However, given that the release period of organic fertilizer is relatively longer than those of most chemical fertilizers [11], it is rarely applied alone, but often as a partial substitute for chemical fertilizers. Currently, the substitution of chemical fertilizer, especially chemical N fertilizer, with organic fertilizer has been regarded as a reasonable fertilization practice, which not only reduces fertilizer input but also improves soil quality and crop quality [12,13]. For example, Zhang et al. [14] reported that a combined 25% N reduction and 4500 kg ha−1 organic fertilizer substitution resulted in the highest yield of peanut. Liu et al. [15] found that a 30% substitution of organic fertilizer could increase maize yield and N utilization efficiency but reduce maize yield when the substitution rate increased to 40%. Huang et al. [16] reported that a 20% reduction in N fertilizer with a 30% organic substitution promoted dry matter accumulation enhanced the physiological resistance of banana seedlings, increased the N fertilizer utilization efficiency, and reduced N pollution. Tong et al. [17] found that a combined application of chemical and organic fertilizers could significantly promote the fruit quality of pecan by increasing the nutrient and enzyme activities in soil.



In China, chemical N fertilizers have been commonly overused (600 to 800 kg ha−1) in apple orchards [18], at a rate of more than four times those in orchards in the United States and West Europe [19]. However, the application amount of organic fertilizer in most apple orchards in China is only approximately 2–15 t ha−1 [20,21], which is far lower than those of high-quality orchards in developed countries (about 50 t ha−1). However, the amount of residual nitrate (NO3−)-N (RN) in the 0–90 cm soil layer of apple orchards in China was much higher than the RN standard (90 kg ha−1) in the European Union [22]. The low levels of organic matter and excessive application of chemical N fertilizers have severely threatened the orchard ecological environment and the sustainable development of apple production [21]. Zhu et al. [21] reported that a 25–55% chemical fertilizer reduction, with increased organic fertilizer substitutions, could improve the fruit quality of apples without reducing apple yield. Yang et al. [23] found that a 50% substitution of N fertilizer with organic fertilizer in the apple orchards in Shaanxi Province increased fruit yield, in addition to improving both fruit and soil quality. Wang et al. [24] found that the application of organic fertilizer could improve fruit quality by increasing the accumulation of soil organic matter and total N. Milosevic et al. [25] found that the application of aged cattle manure could increase the firmness and soluble solid contents of apple fruits. Although there were some reports on the influence of organic substitution on apple fruits and soil quality, research on the influence of organic substitution on the RN accumulation in apple orchards is very limited. Furthermore, given the differences in cropping systems, soil environment, and management practices, the effects of organic substitution in different areas varied greatly. In this study, we investigated the influences of organic substitutions at different proportions on apple yield and quality, as well as on soil chemical properties (including RN). The objectives of this study were to explore the optimal organic substitution proportion and to provide a basis for sound organic fertilizer management in apple production.




2. Materials and Methods


2.1. Experimental Site and Materials


The 15-year-old apple (Malus domestica Borkh. cv. ‘Red Fuji’) trees used in this study were grown in an orchard with 4 m distances between rows and 3 m planting distances within rows in Linyi County, Yuncheng City, Shanxi Province, China (110°77′ E, 35°18′ N). The estimated annual yield of this apple orchard was about 75,000 kg ha−1. This region is located in a northern warm temperate zone with a continental semi-arid monsoon climate, an average annual maximum temperature of 19.7 °C, and an average annual precipitation of 508.7 mm. The baseline physical and chemical properties of the soil at the 0–100 cm soil layer, taken at the beginning of this experiment, are listed in Table S1. The mean monthly precipitation and temperature from 2016 to 2018 are illustrated in Figure S1. The organic fertilizer, used as a base fertilizer, which was composted using sheep manure and discarded apple branches as raw materials, was provided by Shanxi Wanxingyuan Agricultural Development Co., Ltd. (Taiyuan, China). The properties of this organic fertilizer were as follows: pH, 7.1; EC, 6.7 mS cm−1; organic matter, 66.4%; total N, 1.1%; available phosphorus (AP), 0.9%; and available potassium (AK), 0.7%.



Traditional urea (N, 46%) was used as the chemical N fertilizer. Superphosphate (P2O5 16%) and potassium sulfate (K2O 52%) were used as chemical P2O5 and K2O fertilizers, respectively. These chemical fertilizers were purchased from the Shanxi Wanmufeng Fertilizer Industry Co., Ltd. (Jinzhong, China).




2.2. Organic Substitution (OS) Experiements


Organic substitution experiments were conducted from October 2016 to October 2018, using the following treatments: (1) no organic fertilizer substitution (NOS, as control), (2) 20% substitution of the chemical N with organic fertilizer (OS-20), (3) 40% substitution of the chemical N with organic fertilizer (OS-40), (4) 60% substitution of the chemical N with organic fertilizer (OS-60), (5) 100% substitution of the chemical N with organic fertilizer (OS-100), and (6) doubled organic fertilizer application amount of the 100% treatment (OS-200). For each treatment, five apple trees were used. All the apple trees were managed in the same way according to the local farming practices. Based on the total N content of the organic fertilizer, the N equivalence of the organic fertilizer to chemical N fertilizer was assessed, and the total N application amounts for all the six treatments except OS-200 (doubled) were the same (480 kg ha−1, consistent to the local N fertilization rate). For all six treatments, the same amounts of chemical P (120 kg P2O5 ha−1) and K (304 kg K2O ha−1) fertilizers were applied (Table 1). In the second year of the OS experiment, as apple trees experienced severe frost damage, the total fertilization amounts were reduced by 50% but the OS ratios were not changed. All the organic fertilizer, 50% of the chemical N and P2O5 fertilizers, and 25% of the chemical K2O were applied as basal fertilizers in October. The remaining chemical N, P2O5 and K2O fertilizers were applied as follows: 25%, 25%, and 25% for the first topdressing in March, and 25%, 25%, and 50% for the second topdressing in June, respectively. The basal fertilizers were buried in a fertilizer application band (1.0–1.5 m away from the trunk, with length of 1.2 m, depth of ~30 cm and width of ~40 cm) on both sides of the apple tree rows and fully mixed with the 0–30 cm soil depth. The topdressing fertilizers were applied in circle ditches with a radius of 30 cm and a width and depth of 20 cm around each apple tree. The apple trees were watered properly according to soil moisture contents after fertilization.




2.3. Yield Determination and Fruit Grading


In October 2017, the fruits of each apple tree were graded according to their transverse diameters (large-size fruit: diameter ≥ 85 mm, medium-size fruit: fruit diameter between 75 and 85 mm, small-size fruit: diameter ≤ 75 mm). After grading, the weights of large-size, middle-size and small-size apples were individually measured and used for yield calculations. The mean mass of apple fruits was calculated by dividing the total yield by the total number of fruits harvested from each tree. Five replicates were used for determining these variables.




2.4. Determination of Fruit Quality Parameters


Fruits were randomly selected from different parts (upper, middle, lower, inner, and outer) and different directions (east, south, west, and north) of each apple tree for fruit quality determination in October 2017. For each treatment, five biological replicates were used, each of which included 20 fruits from a given tree. Total sugar (TS) content was determined by using Fehling’s reagent reduction method [26]. Titratable acid (TA) content was determined by using the acid–base titration method [27]. The sugar/acid ratio was calculated by dividing the TS content with the TA content. Fruit vitamin C (Vc) content was determined by using the 2,6-dichlorophenol-indophenol titration method [28]. Fruit hardness was assessed by using a GY-1 hardness tester [29]. Ten replicates were used for determining these variables.




2.5. Analyses of Soil Chemical Properties


Soil samples were collected at five depths: 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm in October 2017 and in October 2018. Five sampling sites, located 1.2–1.5 m away from the tree trunk, were selected in each treatment.



After being air-dried, ground, sieved, and thoroughly mixed, the soil samples were subjected to analyses of physicochemical properties. Soil organic carbon (SOC) and total N (TN) were measured using the potassium dichromate method and Kjeldahl method, respectively. Soil available phosphorus (AP) content was determined by using the modified molybdenum antimony anti-colorimetric method and soil available potassium (AK) by using a flame photometer [30]. Soil NO3−-N was extracted from 5 g of fresh soil with 50 mL of 1 mol L−1 KCl (Sigma-Aldrich, San Louis, MO, USA), and then measured with the hydrazine sulfate colorimetric method using a high-resolution digital colorimeter (AA3, SEAL Company, Darmstadt, Germany) [31]. The soil C and N ratio was calculated as: C/N = SOC / TN. Soil NO3−-N residue content (RN, kg ha−1) was calculated using the formula: RN content = T × B × C × 0.1, where T is the thickness (cm) of a soil layer, B is the soil bulk density (g cm−3), and C is the concentration of soil NO3−-N (mg kg−1) [32].




2.6. Statistical Analyses


The data obtained from the experiments were calculated and presented as the mean ± standard deviation of replicates. A one-way analysis of variance (ANOVA) was used for the variance analysis of the data from the six treatments using Duncan’s method at p < 0.05 and p < 0.01 levels. The OriginPro 2021 software (QriginLab Corporation, Northampton, MA, USA) was used for principal component analyses (PCA). Redundancy analysis (RDA) of fruit yield and quality and soil parameters were performed using the Canoco software (Version 5.0, Microcomputer Power Corporation, Ithaca, NY, USA).





3. Results


3.1. Influences of Organic Substitutions on the Yield and Mean Mass of Apples


After categorizing apples into large-, medium-, and small-size fruits, the yields of large-size, medium-size, small-size, and total fruits were measured (Figure 1A). Although the total yields of all OS treatments were lower than that of the NOS, the yields of large-size fruits in the ‘OS’ treatments (except OS-200) were higher than that in NOS. It is worth noting that the yields of large-size fruits in OS-40, OS-60, and OS-100 were significantly higher than that in the NOS, accounting for approximately 1.51-, 1.62-, and 1.95-fold of the NOS yield, respectively. The yield of medium-size fruits declined with the increasing organic substitution ratios (except OS-200). The NOS treatment had the highest yield (56.8 t ha−1), followed by the OS-200 treatment. Moreover, the yield of the NOS treatment was significantly higher than that of OS-100. Interestingly, the yields of small-size fruits of all OS treatments significantly reduced by 46.7–72.1% compared to the NOS treatment. Among all ‘OS’ treatments (except OS-200), the large-sized apple yields increased as the organic substitution ratio increased, in contrast to the small-size apple yield (Figure 1A).



OS also greatly influenced the mean mass of apple fruits. All the mean mass values of apple fruits of the OS treatments were higher than that of the NOS treatment. Notably, the mean mass of apple fruits from the OS-40 treatment (241.5 g) was significantly higher than that of the NOS treatment (Figure 1B).




3.2. Apple Fruit Quality under Different Organic Substitution Treatments


To investigate the influence of OS on fruit quality, the contents of TS, Vc, and TA in apples were determined in 2017. The results showed that OS significantly increased the TS content in apples (p < 0.05, Table 2). Moreover, the TS content in apples from the OS-200 treatment was significantly higher than in other OS treatments. Compared to the NOS treatment, the TA content in apples from the OS-40, OS-60, and OS-200 treatments decreased by 4.7%, 4.3%, and 7.8%, respectively. The TA content in apples from the OS-200 treatment was significantly lower than in all other treatments. The sugar/acid ratios of apples from the OS-40, OS-60, and OS-200 treatments were significantly higher than that of the NOS treatment (Table 2). The Vc contents in apples from all OS treatments except OS-20 were significantly higher than in the NOS treatment, with the highest Vc content for apples in the OS-40 treatment (Table 2). By determining the hardness of apples from all the six treatments, it was found that the fruit hardness of apples from the OS-100 and OS-200 treatments were significantly higher than in the NOS treatment (Table 2). These results indicated that one-year OS treatment influenced greatly the apple quality.




3.3. Soil Chemical Properties under Different Organic Substitution Treatments


Soil chemical properties were determined in two years after the OS treatments. The results showed that the contents of SOC declined with the increasing soil depth in all the six treatments (Figure 2A,G). In 2017, the SOC content in the upper 40 cm layer of the OS treatments increased significantly compared to that of the NOS treatment (p < 0.05), while no significant difference was identified in the 40–100 cm soil layers among all six treatments. In 2018, the SOC contents in the surface soil (0–20 cm) differed significantly among the six treatments, while no significant difference was observed in other soil layers. The SOC contents in the surface soil of the OS-40 treatment in 2017 and 2018 were both the highest (7.7 g kg−1 and 7.2 g kg−1, respectively). The SOC content in the 0–20 cm layer of all OS treatments increased by 33.5–77.7% in 2017 compared to the NOS treatment. In 2018, however, only the SOC contents in the 0–20 cm layer of the OS-20 and OS-40 treatments were higher than that in the NOS, while the SOC contents in the 0–20 cm layer of OS-60, OS-100 and OS-200 treatments were lower than that of the NOS by 18.1–23.8%.



In 2017, no significant difference in TN content was identified among the six treatments in the upper 40 cm soil layers, while a significant difference was identified in 2018 (Figure 2B,H). In 2018, the highest TN content in the 0–20 cm soil layer was found in the OS-40 treatment, and the TN contents in the 0–20 cm soil layer of the OS-20 and OS-40 treatments were higher than that of NOS by 2.3% and 59%, respectively. However, the TN contents in the 0–20 cm soil layer of the OS-60, OS-100, and OS-200 treatments were lower than in NOS by 18.1%–29.7%. Additionally, the TN content of the NOS treatment was higher than all the OS treatments in the 20–100 cm layers in 2017 and in the 40 cm–100 cm layers in 2018.



The C/N ratios in the soils at different layers were further calculated. Except in the 80–100 cm layer, the C/N ratio of NOS in all other layers was lower than in all the OS treatments in 2017 (Figure 2C). In 2017, in the surface soil (0–20 cm), a significant difference in the C/N ratio was identified among the six treatments, with the highest values in the OS-40 treatment. The C/N ratio in the surface soil of the OS treatments increased by 42.7–77.3% compared to that of the NOS treatment. In 2018, a significant difference in the C/N ratio was identified among the six treatments in the 20–60 cm layers, the C/N ratio in the high OS treatments (OS-60, OS-100, and OS-200) was lower than that of the low OS (OS-20 and OS-40) and NOS treatments, and the C/N ratio of the OS-40 treatment was the highest in all soil layers (Figure 2I).



In 2017, the soil NO3−-N contents in the 60–100 cm layers were higher than in the upper 60 cm layers. In the upper 60 cm soil layers, a significant difference was identified among the six treatments, and the NO3−-N contents in the OS treatments (especially the OS-60 treatment) were higher than in the NOS treatment. In the 60–80 and 80–100 cm soil layers, the NO3−-N content was respectively 83.6 and 71.8 mg kg−1 in the NOS treatment, which were higher than in all the OS treatments. A significant difference was observed among the treatments in the 80–100 cm soil layers (p < 0.05). Compared to the NOS treatment, the NO3−-N content in the 80–100 cm soil layer of the OS treatments decreased by 32.7–52.5% (Figure 2D). In 2018, significant differences were identified among the six treatments in the 40–60 cm and 60–80 cm layers. The NO3−-N content in the 60–80 cm soil layer of the NOS treatment was significantly higher than in all OS treatments by 62.2–80.4% (Figure 2J).



In 2017, OS also significantly influenced the AP content in all soil layers except the 60–80 cm layer (Figure 2E). In the 0–20 cm soil layer, the highest AP content was found in the OS-40 treatment (14.2 mg kg−1), accounting for 1.24–1.65 times that in the other treatments. Moreover, the AP contents in the OS-100 and OS-200 treatments were both lower than in the NOS treatment (by 31.9% and 14.1%). In the 20–40 cm soil layer, the AP content in the NOS treatment was higher than in the OS treatments (by 9.6–62.9%). In 2018, a significant difference was identified among all the six treatments only in the 0–20 cm soil layer, and the AP content in the NOS treatment was higher than in the OS treatments by 26.7–75.2% (Figure 2K).



In 2017, the AK content in the soil of all treatments declined with the increasing soil depth, and significant differences were identified in the 40–80 cm soil layers among all the six treatments (Figure 2F). In the surface soil (0–20 cm), the AK content in the OS treatments increased by 9.5–20.5% compared to the NOS treatment (178.4 mg kg−1). In 2018, significant differences were identified in the 0–40 cm and 60–80 cm soil layers among all six treatments. The AK content in the 0–20 cm soil of the OS-60 treatment (346.3 mg kg−1) was found to be the highest among all treatments (Figure 2L). Additionally, the AK content in the 60–80 cm soil layer of the OS-100 treatment was the highest and significantly higher than in the other treatments in both 2017 and 2018.




3.4. Soil RN under Different Organic Substitution Treatments


The RN contents in the soil of different treatments were determined. The results showed that the RN contents of the 40–100 cm soil layers were higher than those of 0–40 cm in both years, and the RN in the 40–100 cm layer in 2018 was higher than that in 2017, indicating that RN in different treatments obviously migrated downward (Figure 3). In 2017, the RN contents in the 0–20 cm soil layer of the OS-20, OS-60, and OS-200 treatments were higher than in the NOS treatment, and a significant difference was identified only between OS-60 and NOS. In 2018, no significant difference was identified among all treatments in the 0–20 cm soil layer, but the RN content in the OS-200 treatment was found to be higher than in the NOS treatment (Figure 3A). In 2017, the RN contents in the 20–40 cm soil layer of all the OS treatments were higher than in the NOS treatment (accounting for about 1.3-fold to 2.5-fold of the NOS treatment), and significant differences were identified between OS-60 and NOS, and between OS-200 and NOS. Interestingly, in 2018, the RN contents in the 20–40 cm soil layer of the OS-60 and OS-200 treatments were significantly lower than in the NOS treatment, while the contents in the OS-20, OS-40, and OS-100 treatments were higher than that in NOS (Figure 3B). The RN contents in the 40–60 cm soil layers of all the OS treatments were higher than in the NOS treatment, accounting for about 1.1-fold to 1.9-fold in 2017. In 2018, except OS-200, the RN contents in all the OS treatments were higher than that in the NOS treatment, accounting for about 1.3-fold to 3.4-fold of NOS (Figure 3C). The RN contents of the OS-20 and OS-100 treatments were significantly higher than in the NOS treatment. In the 60–80 cm and 80–100 cm soil layers, the RN contents in all OS treatments except the OS-20 treatment in 80–100 cm in 2018 were lower than that in the NOS treatment in both years (Figure 3D,E). In the 0–100 cm soil layer, the highest RN contents were found in the NOS treatment with 618.1 kg ha−1 and 658.3 kg ha−1 in 2017 and 2018, respectively. Compared to the NOS treatment, the RN contents of all the OS treatments decreased by 43.0–71.8% in 2017, and by 36.6–49.4% in 2018 (Figure 3F).




3.5. PCA and RDA Analysis of Soil Chemical Properties, and Fruit Quality and Yield Parameters at One Year Post OS Treatments


A PCA analysis of fruit quality and yield parameters in different organic substitution treatments explained 84.6% on the first two principals (Figure 4A). Some fruit quality parameters, such as the sugar/acid ratio, fruit hardness, and contents of TS and Vc, were positively correlated with the OS treatments (except OS-20) but negatively correlated with the NOS and OS-20 treatments, while the TA content was negatively correlated with the OS treatments (except OS-20) and positively correlated with the NOS and OS-20 treatments. The yield parameters, including the yield of medium-size fruits, total yield, and yield of small-size fruits, were positively correlated with the NOS and OS-20 treatments, while the mean fruit mass and yield of large-size fruits were negatively correlated with NOS and OS-20 treatments. Moreover, the total yield and yield of medium-size fruits were found to be positively correlated with OS-40 and OS-200 treatments. These results indicated that organic substitution resulted in significant apple fruit quality and yield changes.



The redundancy analysis (RDA) was conducted to reveal the impacts of soil chemical properties on fruit quality parameters and yield parameters in 2017 (Figure 4B,C). The RDA between the fruit quality parameters and soil chemical properties showed the first two principals of RDA accounted for 99.9% of the total variation in the fruit quality (RDA1 = 95.8%, RDA2 = 4.1%) (Figure 4B). The SOC content in the 0–20 cm soil layer, RN content in the 40–60 cm soil layer, and AP content in 40–60 cm soil layer were identified to be the three main environmental factors that significantly affected the fruit quality parameters (p < 0.05). The SOC content in the 0–20 cm soil layer, positively correlated with the fruit quality parameters (except TA), had the greatest impact on the fruit quality parameters, with an explanation rate of up to 72.8% (Figure 4B).



The RDA between the yield parameters with soil chemical properties showed that the first and second axis of the RDA explained 52.4% and 23.4% of all variations, respectively. The RN content in the 0–100 cm soil layer was the most influential factor (explaining 45.2% of the variations of yield related parameters) followed by the AK content in the 80–100 cm soil layer (explanation rate = 28.4%). The RN content in the 0–100 cm soil layer was negatively correlated with the total yield, yield of large-size fruits and the medium-size fruits, and the mean mass of apple fruits, but positively correlated with the yield of small-size fruits (Figure 4C).




3.6. PCA Analysis of Soil Chemical Properties of Differencet Soil Layers


The PCA analysis was employed to visualize the correlations between the soil chemical properties and the treatments in different soil layers. The PCA results revealed that 71.4%, 75.9%, 78.5%, 64.3%, and 73.7% of the variation in the 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm soil layers could be explained by the first two axes, respectively (Figure 5). In the upper 40 cm soil layer, compared to 2017, the scattering degree of the OS treatments increased in 2018, indicating that organic fertilizer began to show a greater impact on the 0–40 cm soil layer in 2018 (Figure 5A,B). The distance between the OS-40 treatments in 2017 and in 2018 was smaller than in other OS treatments, indicating the soil chemical properties of the OS-40 treatment were more stable than in other treatments (Figure 5A–E). Additionally, the SOC content and C/N ratio in the 0–20 cm and 20–40 cm soil layers were positively correlated with component coordinates of the OS-40 treatment in both years (Figure 5A,B). The PCA of the RN content in different soil layers of different treatments explained 80.7% of the first two principals (Figure 5F). The RN content in the upper 60 cm soil layers was positively correlated with the OS treatments, while that in the 60–100 cm soil layer was positively correlated with the NOS treatment. Moreover, the RN content in the 0–100 cm soil layer was identified to be positively correlated with the NOS treatment but negatively correlated with all the OS treatments in both years.





4. Discussion


4.1. Organic Substitution Increased the Yield of Large-Size Fruits and Apple Quality at One Year Post Treatment


The amount of available nutrients greatly influences the yield of apples. Given chemical fertilizers can quickly provide available nutrients to apples, they have been widely used as the main nutrient source in apple orchards in China [33]. Recently, accumulated evidence has revealed that organic fertilizer substitution has great promoting effects on crop yield and fruit quality, because additions of organic fertilizers can supply organic matter and a variety of nutrients into the soil [34,35,36]. Consistently, in our present study, we found that the organic substitution improved apple quality indicators, including TS and Vc contents, sugar/acid ratio, and fruit hardness. Moreover, our study showed that high organic substitution ratios (60% and 100%) significantly reduced apple yield, which might be caused by the lack of synchronization between plant nutrient requirements and organic fertilizer nutrients release [37,38] and the suppressed symbiosis relationship between plants and soil microorganisms [39,40]. Additionally, under field conditions, crop growth relies mainly on available mineral nutrients, making a high organic substitution not ideal for increasing crop yields in the short term [41]. Although 200% organic substitution could improve the apple yield further than other OS treatments, it is not a cost-efficient fertilization plan for farmers. Notably, our study also found that 40% organic substitution significantly increased the yield of large-size fruits and the mean mass of apple fruits, and significantly reduced the yield of small-size fruits. Thus, considering both economic and environmental consequences, the 40% organic substitution is recommended in the apple orchard we studied. It is a pity that, due to the severe frost damage, the apple production was very low in 2018; thus, the effect of OS on apple yield and quality were not investigated. In the future, long-term experimental research is still needed to better demonstrate the effects of OS on apple yield and quality.




4.2. Organic Substitution Improved Soil Quality in Apple Orchards


Accumulated evidence revealed that organic fertilizers could improve soil structure, C input, and sequestration, stimulate microbial activity, and enhance the nutrient availability [42]. Chemical fertilizer substitution with organic fertilizer may adjust the C and N ratio in agricultural soils [43] and lead to better synchronization of crop N demand and N input, thus improving N fertilizer utilization efficiency and alleviating N losses [44]. The application of organic fertilizers could elevate the SOC due to the adequate contact between soil organic materials, microbes, and enzymes accelerating the organic matter decomposition [45,46,47]. Our study found that OS at all ratios could increase the SOC in 2017, but the SOC contents in high organic substitution ratio treatments (60%, 100%, and 200%) were found to be lower than in the low OS and NOS treatments in 2018. This can be explained by the fact that a high proportion of organic C inputs will increase greenhouse gas emissions, which will lead to instability in the SOC content [48]. Hou et al. [49] reported that the 0–20 cm soil layer is an effective depth for the simultaneous detection of soil fertility changes during apple production. Our study showed that the content of some soil chemical properties (especially SOC and C/N) of the 0–20 cm soil layer of the OS-40 treatment were the highest in both years, indicating that the OS-40 treatment could increase the SOC content and C/N ratio and also improve the stability of soil chemical properties in the upper 20 cm of the soil. We also found that the AP contents in the 0–20 cm soil layer of all OS treatments were lower than in the NOS treatment in 2018, indicating that the organic fertilizer application increased the downward migration of P in the soil profile [50].



Liang et al. [51] discovered that the application of organic fertilizer could achieve the purpose of improving fruit quality by modulating the balance of soil chemical properties. Consistently, our RDA analysis showed that the SOC content in the 0–20 cm soil layer had the greatest impact on the fruit quality parameters. These results indicated that organic substitution could improve the soil SOC and further improve the fruit quality.




4.3. Organic Substitution Reduced soil RN Leaching


Inorganic N in soil mainly exists in the form of ammonium N (NH4+-N) and NO3−-N. Due to the rapid conversion and easy-leaching characteristic of NO3−-N, the average utilization rate of N fertilizer is generally less than 40% [52]. Organic fertilizer can temporarily immobilize mineral N in the soil and contribute to reduced leaching losses by providing chemicals to N cycling-related soil microbial communities [53]. Chemical N fertilizer reduction combined with organic fertilizer could improve N fertilizer utilization and significantly reduce soil NO3−-N content in the depth of 0–180 cm [54]. Our study found that compared to NOS, organic substitutions increased the NO3−-N content in the 0–60 cm soil layers in 2017 and in the 40–60 cm soil layer in 2018, but decreased the RN content in the 60–100 cm layers in both 2017 and 2018, indicating that organic substitution has a potential to improve NO3−-N utilization efficiency in the root absorption zone and reduce the RN leaching into deep soils. The RN content in the 0–20 cm soil layer in 2018 was found to be lower than that in 2017, which might be explained by that the greater amount of precipitation in 2018 which accelerated nitrate leaching. Additionally, our RDA result revealed that the RN content in the 0–100 cm soil, negatively correlated with the yield of large-size fruit and the mean mass of apple fruits, was the most important environmental variable explaining the majority of apple yield variables. Furthermore, we found that organic substitutions could significantly reduce the RN content in 0–100 cm, suggesting that the organic substitution could improve the yield of large-size fruits by reducing the RN leaching in the soil.





5. Conclusions


Based on the results obtained in this study, a model describing the influences of organic substitution on the quality and yield of apples and leaching of residual NO3−-N could be summarized (Figure 6): Organic substitution with various substitution ratios considerably affected apple yield and quality indicators, as well as SOC and soil RN. Notably, organic substitution (especially the OS-40 treatment) significantly improved the yield of large-size fruits and the mean mass of apple fruits but reduced the yield of small-size fruits. Our two-year field experiments revealed that different proportions of organic substitution have different effects on the soil chemical properties. Notably, 40% organic substitution can improve and stabilize the SOC content and C/N ratio in the 0–20 cm soil layer, maintain soil NO3−-N in the root zone, and alleviate RN leaching. Our study also found that the SOC content in the 0–20 cm soil layer and the RN content in the 0–100 cm soil had, respectively, the most important impact on the fruit quality and yield parameters, indicating that organic substitution could improve apple fruit quality by increasing the SOC of the surface soil (0–20 cm) and increase the yield of large-size fruits and the mean mass of apple fruits by declining the leaching of RN. Additionally, in consideration of economic and environmental consequences, a proper ratio of organic fertilizer and chemical fertilizer (40% for the present study) is recommended for apple orchards.
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Figure 1. Apple yield (A) and mean mass of apple fruits (B) under different organic substitution treatments. Circles in “A” present the proportions of large-, medium-, and small-size apple yields of the total yield. Error bars represent the standard deviations of the means. Different letters above the bars indicate significant differences in the means between different treatments (p < 0.05). 
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Figure 2. Soil chemical properties under different organic substitution treatments in 2017 and 2018. (A,G) Soil organic carbon (SOC), (B,H) Total nitrogen (TN), (C,I) C/N ratio, (D,J) NO3−-N, (E,K) available phosphorus (AP), and (F,L) available potassium (AK). Error bars represent the standard deviation of the mean. * represents significant differences (p < 0.05) among samples from different treatments; “ns” represents no significant difference between different treatments. 
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Figure 3. Soil RN contents in 0–20 cm (A), 20–40 cm (B), 40–60 cm (C), 60–80 cm (D), 80–100 cm (E) and 0–100 cm (F) soil layers under different organic substitution treatments in 2017 and 2018. Error bars represent the standard deviation of the mean. Different letters above the bars indicate significant differences at the p < 0.05 level. RN is the residual NO3−-N. 
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Figure 4. PCA analysis of fruit quality and fruit yield parameters (A) and RDA results for fruit quality (B), fruit yield parameters (C), and soil chemical properties. ‘*’ represents statistically significant factor. ‘Exp’ represents explanation ratio. 
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Figure 5. PCA results for soil chemical properties parameters in the 0–20 cm (A), 20–40 cm (B), 40–60 cm (C), 60–80 cm (D), and 80–100 cm (E) soil layers, and the RN content in different soil layers (F) in 2017 and 2018. 
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Figure 6. Summary diagram for the effects of organic substitution on the quality of apples, nutrients, and RN leaching in soil. SOC: soil organic carbon. RN: residual NO3−-N. Orange and green arrow represents the increase and decrease in related indexes, respectively. 
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Table 1. Fertilizer application amounts in the first year of the organic fertilization experiments.
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Treatment

	
Organic Fertilizer

(kg ha−1)

	
Chemical Fertilizer (kg ha−1)




	
N

	
P2O5

	
K2O






	
NOS

	
0

	
480

	
120

	
304




	
OS-20

	
10,500

	
384

	
120

	
304




	
OS-40

	
21,000

	
266

	
120

	
304




	
OS-60

	
31,500

	
155

	
120

	
304




	
OS-100

	
52,500

	
0

	
120

	
304




	
OS-200

	
105,000

	
0

	
120

	
304











 





Table 2. Apple quality characteristics under different organic substitution treatments.






Table 2. Apple quality characteristics under different organic substitution treatments.





	
Treatments

	
Total Sugar

	
Titratable Acid

	
Sugar/Acid Ratio

	
Vc Content

	
Fruit

Hardness




	
(%)

	
(%)

	

	
(mg 100 g−1)

	
(kg cm−2)






	
NOS

	
7.15 ± 0.23 c

	
0.29 ± 0.01 ab

	
25.45 ± 2.17 b

	
33.22 ± 5.55 c

	
3.09 ± 0.37 b




	
OS-20

	
7.43 ± 0.22 b

	
0.29 ± 0.02 a

	
26.82 ± 3.51 ab

	
34.96 ± 4.03 c

	
3.45 ± 0.67 ab




	
OS-40

	
7.59 ±0.16 b

	
0.27 ± 0.01 bc

	
29.02 ± 3.53 a

	
48.03 ± 3.54 a

	
3.49 ± 0.62 ab




	
OS-60

	
7.65 ±0.13 b

	
0.28 ± 0.02 bc

	
28.77 ± 2.51 a

	
46.20 ±4.30 ab

	
3.42 ± 0.29 ab




	
OS-100

	
7.61 ±0.13 b

	
0.30 ± 0.01 a

	
26.99 ± 2.46 ab

	
45.02 ± 3.01 ab

	
3.73 ± 0.56 a




	
OS-200

	
7.97 ±0.38 a

	
0.27 ± 0.02 c

	
29.42 ± 2.26 a

	
43.66 ±3.38 b

	
3.73 ± 0.40 a








The values shown are the mean ± SD (standard deviation). Different letters within a column indicate significant differences at the p < 0.05 level among the treatments.
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