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Abstract

:

The addition of biochar-based organic fertilizer (BOF) can improve sugar beet yield, but its effects on the growth of sugar beet and on soil quality at different densities remain unclear. Six treatments, comprising two densities D1 and D2 (80,000 and 90,000 plant ha−1) and three application rates B1, B2, and B3 (2.75, 3.25, and 3.75 t ha−1) of BOFs + mineral fertilizer, respectively, are investigated in this research. The mineral fertilizers are typically used to supplement the total N, P2O5, and K2O deficiencies. The BOFs were used in the soil before sowing, and the mineral fertilizer was added to the soil after the first pair of true leaves was grown. At 160 days after sowing (DAS), the root-to-shoot ratio under the D2B2 treatment was significantly higher than that under the other treatments. The effect of density on the photosynthesis rate of sugar beet was not significant. The BOF application amount and density exerted interaction effects on soil physicochemical properties and the activities of different soil enzymes affecting each other. Both the D2B2 and D2B3 treatments reduced the content of NO3–-N in the 40–60 cm soil layer. Combined 90,000 plants ha–1 with 3.25 t ha−1 BOFs can increase the soil nutrient content of the 0–60 cm soil layer, improve the rhizosphere soil environment, promote the uniform distribution of dry matter, and increase sugar production.
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1. Introduction


Currently, North-East China is one of the main sugar-beet-producing regions in the country [1]. The selection of an appropriate number of plants per unit area is one of the important factors that lead to high yields [2,3]. In addition, increasing the planting density also increases the total dry matter accumulation of sugar beet [4]. According to a study, 90,000–110,000 plants ha–1 is the appropriate planting density for sugar beet to achieve suitable growth levels. In northern China, it is considered that a density of about 90,000 plants ha−1 is more appropriate [5,6], and a higher planting density might lead to shade between leaves, insufficient light for individual plants, decelerated leaf growth, and reduced dry matter accumulation at the roots [2,3,7].



Sugar beet plants are highly sensitive to fertilizer application during growth [8]. Especially in high-density planting, to achieve higher yields, the usual practice is to increase the amount of fertilizer. Application of inadequate amounts of inorganic nitrogen fertilizer might lead to accelerated leaf aging [9], while excessive application of inorganic nitrogen fertilizer may cause the leaves to continue growing vigorously even in the later stages of growth, reduce the root yield and sugar purity, and lead to nitrate contamination in groundwater [10,11]. In order to reduce the use of inorganic fertilizers to protect the environment, the use of organic fertilizers is emerging as a desirable option. Organic fertilizers offer the advantages of improving the physical and chemical properties of soil and increasing the soil’s organic matter content [12]. Biochar provides a large specific surface area, porous structure, and abundant surface functional groups [13]. These properties allow for the increase in the number of soil microorganisms and the improvement of soil enzyme activities [14].



Soil enzymes catalyze the decomposition of various substances present in the soil, thereby transforming the soil and promoting the soil nutrient cycle, leading to a better concentration of nutrients needed for plant growth [15]. Soil enzyme activity can also be used to explain some information about soil quality and microorganisms, and the high activity of soil β-glucosidase enzyme can be used to indicate the increase in the number of monosaccharide microorganisms in shallow soil. The application of organic fertilizer can increase soil urease activity, indicating that soil has better organic matter and nitrogen cycling capacity [16,17]. In addition, biochar affects soil chemistry. Biochar usually alters the soil pH, thereby improving nutrient dissolution and enhancing soil fertility, which ultimately contributes to increasing crop yields [18]. However, organic fertilizers are gradual-release fertilizers, due to which the nutrient requirements of sugar beets are often not met immediately [19]. Consequently, it becomes important to use organic and inorganic fertilizers in combination. Studies have concluded that the combined use of mineral fertilizers and organic fertilizers significantly improves soil properties, such as soil pH and organic matter content, compared to the application of chemical fertilizers alone, while also reducing soil bulk density and increasing the soil’s ability to store water [20,21]. Certain other studies concluded that the combination of organic fertilizer with N, P, K fertilizers greatly increased soil fertility and soil enzyme activities [22,23].



Our study in 2018 confirmed that, compared with fertilizer alone, the combination of fertilizer and biochar-based organic fertilizer can enhance the nitrogen assimilation ability of beet, delay the aging of beet, and increase the yield of beet [24]. To our knowledge, there is a lack of research on the effects of different densities and application of biochar-based organic fertilizers on the soil in beets and how soil changes feed back to the beets. In this paper, we use the same three BOF application rates as in the previous study in addition to two different densities. The main purpose of this investigation is to determine whether it is possible to apply different amounts of biochar-based fertilizer based on chemical fertilizer at low density and high density in order to achieve the following: (a) improve the physical and chemical properties of soil and improving soil quality; (b) enhance soil enzyme activity and improve the soil environment of rhizosphere soil; and (c) improve the photosynthetic capacity of sugar beets and promote a more rational distribution of dry matter above and below ground, thereby increasing sugar production. Our research also provides a theoretical basis for high yield and high sugar production of sugar beet.




2. Materials and Methods


2.1. Experimental Design and Material


The experiments took place in 2019 and 2020 at the Xiang Yang experimental station. During the study period, the average temperature in the beet growth period was 19–20 °C, with a frost-free period of nearly 170 days each year and total rainfall of over 550 mm during the sugar beet growth period. The KWS Company (KWS SAAT AG) (Einbaek, Germany) provided the seeds ‘KWS1176’. The BOFs were obtained from the Run Nong Technology Company (Wuchang, Harbin, China). The crop straw was cracked at a sustained high temperature of 450 °C for 3 h then fermented with solid livestock manure for 6 days to produce BOF. The pH, cation exchange capacity, and specific surface area of biochar were 9.76, 62.32 cmol kg −1, and 89.7 m2 g−1, respectively. The data of the test site, seed source, BOFs, and chernozem soil nutrient contents were provided by Chen et al. [24].



Each treatment received five replicates in a randomized block design. We conducted 96% S-Metolachlor enclosed weeding before sowing. The experimental site comprised 30 plots (5 replicates × 6 treatments), and each plot had a size of 41.6 m2 (length = 8 m and width = 5.2 m). The row spacing was 65 cm, and the sowing method was acupoint sowing. The two planting densities employed, referred to as D1 and D2, were 80 and 90 thousand plants ha−1, respectively. The three biochar-based organic fertilizer application rates denoted as B1, B2, and B3, were 2.75, 3.25, and 3.75 t ha−1, respectively. The mineral fertilizer was discovered to be employed to keep the levels of total potassium, phosphorus, and nitrogen consistent. BOFs were applied as the base fertilizer before seeding, and mineral fertilizer was applied after the first line of true leaves was fully developed.



On 26 April 2019 and 22 April 2020, seeds were sowed. Sampling was performed at 60, 85, 110, 135, and 160 days after sowing (DAS). Table 1 lists the rates of fertilizer application for each treatment.




2.2. Determination of the Properties of Soil and Biochar


The N and C contents in both soil and the BOF were analyzed via an elemental analyzer (EA–3000, Euro Vector, Redavalle, Italy). The available phosphorus in the soil was extracted using 0.5 M NaHCO3 (TianDa Chemical Reagent Co., Ltd., Tianjin, China) (pH 8.5) and quantified at 700 nm [25]. The methods to extract and quantify the soil-available potassium were introduced by Welsh et al. [26]. A pH meter and conductivity meter were used, respectively, for the soil pH levels and soil conductivity (pH–3110, WTW, Munich, Germany, DDSJ-308F, INESA, Shanghai, China). Soil carbon flux was determined using a portable soil respiratory system (Soilbox-343, Eco Tech, Beijing, China). The measurements were conducted at 8:30–10:30 a.m., and each continuous measurement was performed for 15 min, with automatic recording of the output after every 30 s. The soil moisture content was determined using a portable moisture analyzer (SK-100, Sunko, Kanagawa, Japan). The P and K content of the biochar were determined according to Khan et al. [27].




2.3. Sugar Beet Sampling and Measurement


The measurement of the chlorophyll fluorescence parameters in the leaves for each treatment occurred at 60 (seedling emergence), 85 (foliage luxuriating), 110 (root enlargement), 135 (sugar accumulation), and 160 (harvest time) DAS, respectively. With four plants per plot, twelve randomly chosen sugar beet plants from different treatments were rinsed in distilled water. Then, the mixed plant samples were taken back to the lab in a cryogenic freezer and then divided into two groups: one group of these identified plants was stored at −80 °C until use in the subsequent physiological assays, and the other plant samples were dried and stored at room temperature.




2.4. Dry Matter Accumulation


The method used to prepare the plants for the determination of dry matter accumulation was introduced by Zhang et al. [28]. Afterward, the following Equation (1) was used for calculations.


  Root - to - shoot   ratio =   Root dry matter   shoot dry matter    



(1)








2.5. Chlorophyll Fluorescence Parameters


The determination of the chlorophyll fluorescence system was carried out between 9:00 and 10:00 a.m. on a sunny day, and the penultimate pair of true leaves was selected. Using a pulse modulation (PAM-2500, WALZ, Bavaria, Germany) portable chlorophyll fluorescence system, the maximum photosynthetic rate (Fv/Fm) was determined. After 20 min in complete darkness, measurements on leaves were performed in red light. The lighting parameters refer to Zhang et al. [21].




2.6. The Contents of Photosynthetic Pigments


A total of 0.1 g sugar beet leaves were treated with 5 mL of anhydrous ethanol (Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China) to extracted photosynthetic pigments until the leaves turned fully discolored, at which point the absorbance was calculated [29].




2.7. Activity of RuBP Carboxylase


The activity of RuBP carboxylase was assessed using an ELISA kit, which was from Chundu Biotechnology Company, Wuhan, China, in accordance with the provided instructions. Based on the standard curve, the activity of RuBP in each sample was computed and expressed in international units (IU).




2.8. Root Activity


The root activity of sugar beet was determined using the method of Qi et al. [30]. The triphenyltetrazolium chloride (TTC) reduction method was used, and TTC amount of root reduction per unit of fresh weight was used.




2.9. Contents of NO3−-N in the 0–60 cm Soil Layer


Soil samples were collected at 160 DAS. All 30 plots were sampled by the five-point sampling method, using a ring knife (61.8 mm × 40 mm) to collect soil. One soil sample was taken from each 20 cm depth. The NO3−-N was extracted from the fresh soil samples by 1 M KCl and then assessed using an auto-analyzer (AutoAnalyzer-AA3, Seal Analytical, Norderstedt, Germany) [31].




2.10. The Activity of Soil Enzyme


Fresh rhizosphere soil samples were collected at 60, 85, 110, 135, and 160 DAS. Three beet plants were randomly selected each time from each plot. Two profiles were randomly excavated for each plant, and 15–20 cm beetroots were collected for rhizosphere soil. All rhizosphere soil samples were collected no more than 5 mm away from the root surface and were transported back to the laboratory in a cooler. The urease activity in each soil sample was determined using colorimetry [32]. The α-xylosidase and β-glucosidase activities were determined by performing the microplate fluorometric assay [33,34]. Soil polyphenol oxidase activity was determined through catetriol colorimetry [35]. Titration of soil catalase activity was performed using 0.1 mol L–1 KMnO4 [36].




2.11. Yield, Sugar Content, and Partial Factor Productivity of N


Harvesting was performed on 29 September 2019 and 27 September 2020. The unsampled plots were used to randomly choose 30 sugar beet plants. The green tops of the selected plants were removed, the soil on the roots was cleaned, and each component was individually weighed. The sugar content (%) in each sample was measured using a refractometer (RM–40, Mettler Toledo, Zurich, Switzerland). The crop yield and sugar yield were calculated according to Formulas (2) and (3) as indicated below. The partial factor productivity of N (PFPN) [18] was computed according to Formula (4).


Crop Yield (t ha–1) = Root weight plant–1 × Density



(2)






Sugar yield = Crop yield × Sugar Content



(3)






  PFPN   ( kg    kg  − 1   ) =   Yield   N application amount    



(4)








2.12. Statistical Analysis


All the data from each measured item in the present paper were analyzed using SPSS Statistics Version 22.0 (IBM Inc., Chicago, IL, USA). Duncan’s multiple range test was conducted to compare the means (p < 0.05). The figures were prepared using Origin 2019 (Origin Lab, Northampton, MA, USA).





3. Results


3.1. Soil Physical and Chemical Properties


The two densities and different BOF application rates significantly altered the physical and chemical properties of the soil (Figure 1). Increasing the applied amount of BOF and planting density decreased soil pH (Figure 1a). The soil electrical conductivity of both densities was the highest at the B3 application amount of BOF (Figure 1b). The soil water content of the D2B1 treatment was the highest, which was significantly higher than that observed in other treatments (Figure 1c). The soil biochar flux under the D2B3 treatment was the highest and had significant difference from other treatments (Figure 1d).




3.2. Soil Nutrients in the 0–60 cm Soil Layer


The nutrient content of the 0–60 cm soil layer was significantly increased by the amount of BOF applied compared to the basal level soil nutrients. With an increasing soil depth, the amount of total nitrogen and organic matter in the soil dropped (Figure 2). The total nitrogen content in the 0–60 cm soil layer under the D1B3 treatment was 3.3% and 2.0% higher than that under the D1B1 and D1B2 treatments, respectively, while that under the D1B3 treatment was 2.7% and 2.0% higher than that under the D2B1 and D2B2 treatments, respectively (Figure 2a). In the 0–20 cm soil layer, no significant difference was observed in the total nitrogen content among all treatments. In 2019, the total nitrogen content in the 20–40 cm soil layer under the D2B3 treatment was significantly higher compared to the other treatments. The total nitrogen content in the 40–60 cm soil layer increased with the increase in the application amount of BOFs. However, the difference was not significant among the different treatments under the same density. At the same density, as the BOF application rate increased, we found that the soil organic matter content in the 0–60 cm soil layer increased (Figure 2b). In the 0–20 cm soil layer, there was no significant difference in the soil organic matter content among the D1B3, D2B1, D2B2, and D2B3 treatments. The soil organic matter content under the D2B2 treatment was significantly higher compared to the D1B1, D1B2, D1B3, and D2B1 treatments in the 20−40 cm soil layer. Compared with 20–40 and 40–60 cm soil, the NO3−-N content of 0–20 cm soil was higher, and the NO3−-N content of the 0–20 cm D2B3 treatment was significantly higher than that observed in other treatments. The NO3−-N content of 20–40 cm soil showed an increasing trend with the increase of density and application amount of BOFs. At 40–60 cm, the NO3−-N content of the soil showed a decreasing trend with the increasing density and application amount of BOFs (Figure 2c).




3.3. Activity of Soil Enzyme


Soil urease activity reflects, to a certain extent, the soil fertility level. At 85 DAS and 110 DAS, increasing planting density significantly increased the soil urease activity (Figure 3a). With the increase in the BOF application amount, the activity of α-xylosidase in the soil was also considerably increased at 85, 110, and 135 DAS. However, no significant difference was seen in the α-xylosidase activity among all treatments at 160 DAS (Figure 3b). At 110 DAS, the β-glucosidase activity was significantly higher in the D2B2 treatment compared to that in the other treatments. At 160 DAS, the activity of this enzyme showed an increasing trend with the increase in the application amount of biochar-based organic fertilizer (Figure 3c). At 60 DAS, the activity of polyphenol oxidase decreased with the rise in the BOF application amount at the D1 planting density and increased with an increase in the BOF application amount under the D2 density (Figure 3d). At 160 DAS, the D2B1 and D2B2 treatments soil catalase exhibited significantly higher activity compared to the other treatments (Figure 3e).




3.4. Root Activity of Sugar Beet


Beet root activity is highest at 60 DAS and decreases with the growth period (Figure 4). The D2B2 and D2B3 treatments had the lowest root activity at 160 DAS, and the other treatments had the lowest root activity at 135 DAS. At 60 DAS, the root activity of the D1B3 treatment was the highest; in other periods, the root activity of the D2B2 treatment was the highest. At 110 and 135 DAS, the root activity of the D2B2 treatment differed most from that of other treatments, which was 17.7%, 11.1%, 10.0%, 10.5%, and 0.3% higher than D1B1, D1B2, D1B3, D2B1, and D2B3 at 110 DAS, and 16.9%, 15.3%, 11.8%, 9.7%, and 1.5% at 135 DAS, respectively.




3.5. Dry Matter and Root-To-Shoot Ratio


According to the results, the accumulation of dry matter and the root-to-shoot ratio of sugar beet were found to be significantly impacted by the two planting densities and the quantity of BOFs used (Figure 5). There was no significant difference among the different treatments in terms of the dry matter of roots and the root-to-shoot ratio at 60 DAS (Figure 5b,c). The dry matter content of roots in the D2B2 treatment was 24.4%, 33.8%, and 24.7% higher than that of the D1B1, D1B2, and D1B3 treatments, respectively (Figure 5a). At 135 and 160 DAS, the dry matter of shoots in the D2B3 treatment was noticeably higher in comparison with those in the other treatments. With the increase in the application rate of BOF at the D1 density, the root-to-shoot ratio decreased. At the D2 density, however, the root-to-shoot ratio decreased at 160 DAS, and the root-to-shoot ratio in the D2B2 treatment was 22.1%, 45.1%, 46.2%, 11.1%, and 56.6% higher than that in the other treatments, respectively.




3.6. Photosynthetic System of Sugar Beet


The two densities and the different content of BOFs significantly altered the photosynthesis in the sugar beet plants (Figure 6). The Fv/Fm declined with the rise in the application rate of BOF in the treatment with D1 density. At the same time, it first increased, and then decreased in the treatment with D2 density, at 110 DAS (Figure 6a). In addition, the D2B3 treatment presented the highest Fv/Fm at 160 DAS. At 60 DAS, BOF application at 2.75 t ha−1 significantly decreased the Chl (a + b) rate, the value of which in the D1B1 group was 10.2% and 10.9% higher than that in the D1B2 and D1B3 groups, respectively. The corresponding value in the D2B1 group was 3.4% and 13.1% higher than in the D2B2 and D2B3 groups, respectively (Figure 6b). However, under the same density, further increase in the application rate of BOF decreased the Chl (a + b) rate at 160 DAS. Moreover, the activity of RuBP carboxylase in the sugar beet leaves was highest at 135 DAS in each treatment (Figure 6c).




3.7. Sugar Content, Sugar Yield of Sugar Beet, and Partial Factor Productivity of N


Increasing the BOF application amount significantly increased the sugar beet root yield at the low planting density in 2019 and 2020 (Table 2). With the increase in BOF application, the sugar content exhibited a decreasing trend at the low density, and in 2020, the D2B2 treatment had the highest sugar content at the high planting density. The D2B2 treatment presented the highest sugar content as well as the sugar yield, and the sugar content of the D2B2 treatment group was significantly higher than those in all the other treatment groups. The partial factor productivity of N (PFPN) of the D2B3 treatment was 12.17%, 9.81%, 5.59%, 2.90%, and 1.23% higher than that of other treatments, respectively.




3.8. Test of Interagent Effects on Soil pH, Soil Electrical Conductivity, Water Content, Soil Biochar Flux, Yield, Sugar Content, Sugar Yield, and PFPN


To analyze the effect of density and BOFs on soil pH, soil electrical conductivity, water content, soil biochar flux, yield, sugar content, sugar yield, and PFPN, interagent effects were tested (Table 3). The results show that the main effect of BOF on sugar production was not significant, but the impact of D × B on soil pH, soil electrical conductivity, water content, soil biochar flux, yield, sugar content, and PFPN was significant (p < 0.05) or highly significant (p < 0.001). The interaction effect of D × B on sugar content and sugar yield was highly significant (p < 0.001) and on soil electrical conductivity and water content was significant (p < 0.05). Simple effects analysis was performed on the indicators whose main effects of D × B reached highly significant or significant levels (Table 4). The results show that the simple effect of BOF application amount on water content was significant at the D1 density (p < 0.05). The simple effect on soil electrical conductivity, sugar content, and sugar yield was highly significant (p < 0.001). The simple effect of BOF application on soil electrical conductivity and sugar yield was significant at the D2 density (p < 0.05) and extremely significant on water content and sugar content (p < 0.001). The simple effect of density on soil electrical conductivity and sugar content was significant (p < 0.05), and it was extremely significant (p < 0.001) on water content and sugar yield under the B1 application amount of BOF. The simple effect of density on yield per plant and soil electrical conductivity reached a significant level (p < 0.05), and the effect on water content, sugar content, and sugar yield reached extremely significant levels (p < 0.001) under the B2 application amount of BOF. Under the B3 application amount of BOF, the simple effect of density on soil electrical conductivity reached a significant level (p < 0.05), and the influence of density on water content, sugar content, and sugar yield reached a highly significant level (p < 0.001).





4. Discussion


Soil pH is the basic physical and chemical property of soil, which also confirms that it is essential to evaluate soil properties. In the present study, soil pH decreased after fertilization in all treatment groups. At the two densities, under the B3 application amount of BOF, the minimum pH value was reached at 160 DAS, while in the other treatment groups, the soil pH first decreased, then increased, and finally decreased again (Figure 1a). Some previous studies suggested that the use of biochar would increase soil pH [37]. The BOFs we used were alkaline, but the soil pH did not increase compared with that before seeding. We speculate that this might be related to the increase in root exudes brought about by high-density planting. Soil carbon flux is derived mainly from the respiration of plant roots and the microbes and animals living in the soil [38]. In the present study, the soil carbon flux of the high planting density treatment groups was significantly higher than that of the low planting density treatment groups. Its value increased with the increase in the BOF application amount (Figure 1d). The results indicate that increasing planting density and application amount of biochar-based organic fertilizer could increase soil vitality. A study suggests that the use of biochar can reduce the gas flux in soil with high water content [39]. In our study, the soil water content of the D2 density treatment was higher than the D1 density treatment (Figure 1c), which suggests that biochar-based organic fertilizer and density may work together to regulate field gas emissions, but we have no further evidence. At 135 DAS and 160 DAS, the soil conductivity under the D1B3 and D2B3 treatments was higher in comparison with that under the other treatments at the same density (Figure 1b). This indicates that the increase in the BOF application amount could increase the concentration of mineral ions in the soil, thereby providing a greater number of ion exchange sites, ultimately improving soil activity [40,41]. A previous study has also suggested that the long-term maintenance of soil fertility is closely associated with the increase in the soil’s electrical conductivity after adding organic fertilizer [42].



The application of organic fertilizers reduced nitrogen leaching and increased soil nitrogen retention [43]. The NO3–-N content in the 20–40 cm soil layer under the D2 planting density was higher than that under the D1 planting density. We note that, at this time, the root activity at the D2 density was also significantly higher than that at the D1 density (Figure 4), which indicates that the root activity of sugar beet may be related to NO3–-N content in 20–40 cm soil layer, which we also believe might be related to the changes in soil physicochemical properties, physical activity, and soil ecological structure after BOF application at different densities [44]. The total nitrogen and organic matter content in the 0–60 cm soil layer under each treatment were significantly higher than those before fertilization (Figure 2). In addition to the increase of soil organic matter caused by the increase in the use of biochar-based organic fertilizer [45], it may also be related to a decrease in soil pH after seeding, which previous studies have suggested may increase soil organic carbon content [46]. In addition, the organic matter content in the 0–60 cm soil layer under the D2B3 treatment was 16.4%. Furthermore, the organic matter content under the B3 application amount of BOF—16.4%, 10.1%, 1.2%, 9.7%, and 0.5%—is higher than that under the other treatments, which could also be the reason why dry matter accumulation in the shoot of plants under the D2B3 treatment was greater than that in plants under the other treatments at 160 DAS.



Soil enzyme activity is considered a suitable soil characteristic for assessing the degree of soil alteration during agricultural production [47]. In the present study, at 85 DAS and 110 DAS, the urease activity of the soil under high planting density was significantly higher in comparison with low planting density (Figure 3a). This may be the reason why the PFPN of the D2B1, D2B2, and D2B3 treatments is higher than that in the D1 density treatments (Table 2). A previous study suggested that urease activity could reflect the efficient use of nitrogen by plants to some extent [48]. The activities of α-xylosidase and β-glucosidase were observed to be higher at 110 DAS (Figure 3b,c), and increasing the amount of BOF applied could improve the activities of these two enzymes as greater nutrient sources were available to the soil microbes. This could also be the reason for the rapid increase in the soil polyphenol oxidase activity at 110–135 DAS. The soil catalase activity in the high planting density treatment groups was higher than that in the low planting density treatment groups at 110–160 DAS, which also suggests that high-density treatments may have more soil microbes (Figure 3e). Trasar-Cepeda et al. believe that catalase activity in the soil is related to the number of aerobic microorganisms in the soil [49]. Soil microorganisms and plant root exudates are the main sources of soil polyphenol oxidase. In the present study, in increasing the BOF application amount, the activity of soil polyphenol oxidase has been significantly improved, whereases density had no significant effect on the activity of this enzyme at 160 DAS (Figure 3d). Therefore, it was speculated that, in sugar beet planting, the B3 application amount of BOF is more conducive to promote soil aromatic compound cycling after harvest and reduce the pollution of phenolic substances in soil and water [50,51,52].



Crop productivity depends on dry matter accumulation as well as on the efficient distribution of dry matter accumulation [53]. At foliage luxuriating, an increase in the proportion of dry matter accumulation in the leaves could effectively promote the accumulation of dry matter in the plant roots [54]. This study showed no significant difference in root-to-shoot ratio between treatments at 60 DAS. At 85 DAS, the root-to-shoot ratio of the D2B2 treatment was reduced by 23.3%, 14.55%, 12.7%, 19.4%, and 20.9% compared with other treatments (Figure 5c). Regarding sugar beet yields, our previous studies have shown that the use of BOF can increase sugar beet yields compared to fertilizers alone [24]. In this study, with the same amount of biochar-based organic fertilizer application, high-density planting can significantly increase the population yield and sugar production of sugar beet (Table 2). In addition to the increase of soil organic matter under high density [55], the increase of population photosynthesis level also helps to improve the productivity of sugar beet. The chlorophyll fluorescence parameter Fv/Fm (maximum photosynthetic efficiency of the photosystem II) is an important index that associates plant photosynthesis with the external environment of the plant. This index reflects the ability of the plant to absorb light energy [55]. Chlorophyll (Chl) is an important photosynthetic pigment in plants, which determines the photosynthetic capacity of crops [56]. When plants are photosynthesizing, RuBP carboxylase is a key enzyme that can reflect the photosynthetic capacity of plants [57]. The above results show that the D2B2 treatment could effectively promote the growth of beet leaves and increase the accumulation of dry matter in leaves during the foliage luxuriating period. We found that the Fv/Fm of the D1B3 and D2B2 treatments were significantly higher than those of other treatments at the root enlargement stage (110 DAS) (Figure 6a), and RuBP carboxylase activity and Chl (a + b) were also higher than those of other treatments (Figure 6b,c). The Fv/Fm of the D1B3 and D2B2 treatments were significantly higher than those of the other treatments, and the RuBP activity and Chl (a + b) were also higher than those of the other treatments, indicating that these two treatments still had good photosynthetic capacity at 110 DAS, which was conducive to the accumulation and underground distribution of dry matter in beet at the later stage. At 160 DAS, the D1B3 treatment still had higher Chl (a + b), and the above-ground dry matter accumulation was significantly higher than that of all treatments except D2B3, but the root-to-shoot ratio and root dry matter accumulation were significantly lower than that of the D2B2 treatment. At this time, the underground dry matter accumulation and root-to-shoot ratio of the D2B2 treatment were significantly higher than those of other treatments (Figure 5b), indicating that excessive application of biochar-based organic fertilizer at low density would lead to a large amount of above-ground nutrient accumulation in the late growth and development of beet, resulting in a decrease in nutrient distribution to the underground. This may also be the reason why the sugar content of the D2B2 treatment group is significantly higher than that of other treatments (Table 2).




5. Conclusions


High-density planting and the proper amount of BOF application can reduce soil pH, increase soil conductivity, increase carbon flux, and increase soil organic matter content. It can also increase the activities of soil urease, α-xylosidase, β-glucosidase, and catalase, as well as increase the number of soil microorganisms, thus improving the activity of soil polyphenol oxidase. Furthermore, it can improve soil fertility and activity, which can also change the distribution of NO3−- N in 0–60 cm soil, improve root vitality, and enhance the ability of plant roots to absorb nutrients. Thus, the photosynthetic capacity of 110 DAS beet was improved, dry matter accumulation was increased, root-to-shoot ratio was increased, and the yield, sugar production, and PFPN of beet were increased. Therefore, from the perspectives of efficient crop production and long-term usability of the soil, the combination of 90 thousand plants ha–1 + 3.25 t ha−1 BOFs is recommended as the most suitable.
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Figure 1. Effects of BOFs and the two densities on soil physical and chemical properties in 2019 and 2020. (a) Soil pH value, (b) soil electrical conductivity, (c) soil water content, and (d) soil biochar flux during 2019 and 2020. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4). 
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Figure 2. Effects of BOFs and the two densities on soil nutrients in 2019 and 2020. (a) Total nitrogen content, (b) total organic matter content in the 0–60 cm soil layer, and (c) residual soil NO3−-N contents in the 0–60 cm soil layer under different treatments. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4). 
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Figure 3. Effects of BOFs and the two densities on soil enzyme activities in 2019 and 2020. (a) Soil urease activity, (b) soil α-xylosidase activity, (c) soil glucosidase activity, (d) soil polyphenol oxidase activity, and (e) soil catalase activity. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4). 






Figure 3. Effects of BOFs and the two densities on soil enzyme activities in 2019 and 2020. (a) Soil urease activity, (b) soil α-xylosidase activity, (c) soil glucosidase activity, (d) soil polyphenol oxidase activity, and (e) soil catalase activity. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4).



[image: Agronomy 13 02423 g003]







[image: Agronomy 13 02423 g004] 





Figure 4. Effects of the application of BOFs and the two densities on the root activity of sugar beet for the years 2019 and 2020. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4). 
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Figure 5. Effects of BOFs and density on dry matter and root-to-shoot ratio in 2019 and 2020. (a) Dry matter accumulation in shoots and (b) roots and (c) root-to-shoot ratio of sugar beet at different DAS in 2019 and 2020. Data are expressed as means ± standard deviations. Each color represents a treatment mean. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4). 
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Figure 6. Effects of the application of BOFs and the two densities on the photosynthetic system for the years 2019 and 2020. (a) The maximum photosynthetic efficiency of photosystem II (Fv/Fm), (b) the chlorophyll II a content + chlorophyll II b content (Chl a + b), and (c) the activity of RuBP Carboxylase in sugar beet. Different letters indicate significant differences between treatments at the p < 0.05 level at each DAS. Error bars represent standard deviations of means (n = 4). 
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Table 1. The planting densities and fertilizer application rates for each treatment.
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	Treatments
	BOF

(t ha−1)
	Density

(Plant ha−1)
	N

(kg ha−1)
	P2O5

(kg ha−1)
	K2O

(kg ha−1)





	D1B1
	2.75
	80,000
	70
	35
	35



	D1B2
	3.25
	80,000
	50
	25
	25



	D1B3
	3.75
	80,000
	30
	15
	15



	D2B1
	2.75
	90,000
	70
	35
	35



	D2B2
	3.25
	90,000
	50
	25
	25



	D2B3
	3.75
	90,000
	30
	15
	15







Urea, diamine phosphate, and potassium sulfate were used as sources of N, P2O5, and K2O, respectively, supplied to the soil.













 





Table 2. Root Yield, Sugar Content, and Sugar Yield of Sugar Beet and Partial Factor Productivity of N (PFPN).
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Year

	
Treatment

	
Yield

(t ha−1)

	
Sugar Content

(%)

	
Sugar Yield

(t ha−1)

	
PFPN

(kg kg−1)






	
2019

	
D1B1

	
77.413 ± 0.467 e

	
17.650 ± 0.029 b

	
14.306 ± 0.104 c

	
430.074 ± 2.470 e




	
D1B2

	
78.587 ± 0.622 d

	
16.367 ± 0.052 e

	
13.505 ± 0.129 d

	
436.593 ± 3.293 d




	
D1B3

	
81.920 ± 0.696 c

	
16.657 ± 0.004 d

	
14.327 ± 0.113 c

	
455.111 ± 3.683 c




	
D2B1

	
83.820 ± 0.112 b

	
17.697 ± 0.040 a

	
14.833 ± 0.050 b

	
465.667 ± 0.624 b




	
D2B2

	
85.680 ± 0.661 a

	
17.690 ± 0.033 a

	
15.157 ± 0.106 a

	
476.000 ± 3.674 a




	
D2B3

	
86.580 ± 0.509 a

	
17.287 ± 0.057 c

	
14.971 ± 0.105 ab

	
481.000 ± 2.828 a




	
2020

	
D1B1

	
76.267 ± 0.396 c

	
17.633 ± 0.095 bc

	
14.121 ± 0.094 b

	
423.704 ± 2.095 c




	
D1B2

	
78.400 ± 1.188 c

	
16.353 ± 0.085 e

	
13.462 ± 0.224 c

	
435.556 ± 6.285 c




	
D1B3

	
81.333 ± 1.726 b

	
16.577 ± 0.081 d

	
14.156 ± 0.340 b

	
451.852 ± 9.132 b




	
D2B1

	
83.700 ± 1.470 ab

	
17.800 ± 0.054 b

	
14.899 ± 0.217 a

	
465.000 ± 8.165 ab




	
D2B2

	
84.600 ± 0.735 a

	
18.057 ± 0.054 a

	
15.276 ± 0.175 a

	
470.000 ± 4.082 a




	
D2B3

	
85.800 ± 1.122 a

	
17.467 ± 0.107 c

	
14.986 ± 0.105 a

	
476.667 ± 6.236 a








Different letters indicate significant differences between the treatments at the significance level of p < 0.05 at each DAS. The error bars represent the standard deviations of the means (n = 4).













 





Table 3. Test of Interagent Effects.
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D

	
B

	
D × B




	
F

	
P

	
pη2

	
F

	
P

	
pη2

	
F

	
P

	
pη2






	
Soil pH

	
12.142

	
0.005 *

	
0.503

	
8.174

	
0.006 *

	
0.577

	
0.243

	
0.778

	
0.039




	
Soil electrical conductivity

	
6.464

	
0.026 *

	
0.350

	
7.321

	
0.008 *

	
0.550

	
12.827

	
0.001 *

	
0.681




	
Water content

	
109.717

	
0.000 **

	
0.901

	
35.516

	
0.000 **

	
0.859

	
6.658

	
0.011 *

	
0.526




	
Soil biochar flux

	
8.663

	
0.012 *

	
0.419

	
5.715

	
0.018 *

	
0.488

	
2.224

	
0.149

	
0.272




	
Yield

	
202.156

	
0.000 **

	
0.944

	
24.226

	
0.000 **

	
0.801

	
3.066

	
0.084

	
0.338




	
Sugar content

	
821.724

	
0.000 **

	
0.986

	
228.711

	
0.000 **

	
0.974

	
203.961

	
0.000 **

	
0.971




	
Sugar yield

	
531.803

	
0.000 **

	
0.978

	
3.740

	
0.055

	
0.384

	
20.616

	
0.000 **

	
0.775




	
PFPN

	
202.156

	
0.000 **

	
0.944

	
24.226

	
0.000 **

	
0.801

	
3.066

	
0.084

	
0.338








The data in the table are based on 2019 and 2020 averages. * = significance at p < 0.05, ** = significance at p < 0.001.













 





Table 4. Simple effect analysis of soil electrical conductivity, water content, yield plant−1, sugar content, and sugar yield.
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Soil Electrical Conductivity

	
Water Content

	
Sugar Content

	
Sugar Yield






	
D1

	
F

	
15.572

	
11.154

	
375.782

	
20.414




	
P

	
0.000 **

	
0.002 *

	
0.000 **

	
0.000 **




	
pη2

	
0.722

	
0.650

	
0.984

	
0.773




	
D2

	
F

	
4.576

	
32.019

	
56.890

	
3.942




	
P

	
0.033 *

	
0.000 *

	
0.000 **

	
0.048 *




	
pη2

	
0.433

	
0.842

	
0.905

	
0.396




	
B1

	
F

	
18.420

	
25.377

	
7.389

	
107.615




	
P

	
0.001 *

	
0.000 **

	
0.019 *

	
0.000 **




	
pη2

	
0.606

	
0.679

	
0.381

	
0.900




	
B2

	
F

	
6.557

	
17.015

	
976.082

	
343.863




	
P

	
0.025 *

	
0.001 **

	
0.000 **

	
0.000 **




	
pη2

	
0.353

	
0.586

	
0.988

	
0.966




	
B3

	
F

	
7.142

	
80.640

	
245.175

	
121.556




	
P

	
0.020 *

	
0.000 **

	
0.000 **

	
0.000 **




	
pη2

	
0.373

	
0.870

	
0.954

	
0.910








The data in the table are based on 2019 and 2020 averages. * = significance at p < 0.05, ** = significance at p < 0.001.
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