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Abstract

:

The aim of the study was the evaluation of silicon foliar application on sugar beet yield. In the years 2017–2019, the effect of a single foliar application of various forms of silicon (potassium silicate—PS, calcium silicate—CS, sodium metasilicate—SM, and orthosilicic stabilized acid—OSA) applied in the six-leaf phase of sugar beet, 7 and 14 days later on yield and technological quality of sugar beet roots was assessed. It was found that the form of silicon does not have a significant effect on the yield of sugar beet roots, and significantly modifies the biological yield of sugar and the pure sugar yield. The highest biological yield of sugar is achieved by the foliar application of PS, and the pure sugar yield by PS and OSA. The date of foliar application as well as the interaction of the date of application and silicon forms do not have a significant effect on the root yield, biological yield of sugar, and pure sugar yield. The form of silicon has a significant effect on the technological quality of sugar beet roots (sugar, α-amino nitrogen, potassium, and sodium content). The most beneficial effect on the sugar content and reduction of sodium content in sugar beet roots is the foliar application of OSA, and the reduction of α-amino nitrogen and potassium content—PS. The timing of the application of various forms of silicon has a significant effect on the sugar and potassium content in sugar beet roots. The most beneficial effect on the sugar content in the roots is the application carried out 7 days after the six-leaf phase of sugar beet, and the potassium content is most limited by the treatment 14 days after reaching this phase. The interaction of the timing of foliar application and the form of silicon significantly modifies the technological quality features of sugar beet roots: the content of sugar, α-amino nitrogen, potassium, and sodium. The results of the study proved the significant effect of silicon foliar application on the physiological parameters of plants, such as leaf area index (LAI), absorption of photosynthetically active radiation (PAR) and normalized difference vegetation index (NDVI) which are related to yield and sugar beet productivity.
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1. Introduction


Agricultural crops are exposed to the unfavorable influence of environmental conditions, diseases, and pests, which impair the growth and development of plants and their health, and consequently adversely affect the size and quality of the crop. In recent years, weather anomalies have become particularly intense, constituting an additional source of stress for plants. Among others, drought is a factor that seriously threatens crop productivity and food security in the world, especially in areas exposed to its frequent occurrence [1]. According to a report by the United Nations (UN), since 2000, the number and duration of drought periods on Earth have increased by 29%, and by 2050, the effects of drought will occur for 75% of the world’s population [2]. Hence, there is an urgent need to introduce solutions that would improve plant resistance to drought [3]. One such solution may be the foliar application of silicon products (Si). The beneficial effect of the foliar application of silicon has been confirmed in many crops. In recent years, these included: rapeseed [4], grass–legume mixtures [5], forage-grasses [6] pea [7], and maize [8,9,10,11]. Silicon play a significant role in increasing the photosynthetic pigments and antioxidants activity in wheat plant [12]. Drought stress significantly reduced the plant growth and development as well as the photosynthetic activity of plant are reduced while the foliar silicon play a beneficial role by improving the growth and development of plant under drought stress [13].



Sugar beet (Beta vulgaris L.) is the second most important raw material for sugar production, after sugar cane, in some regions of the world. In 2021, the area under sugar beet cultivation in the world was 4.4 million hectares, and the root harvest was 270 million tons [14]. Sugar beet has high water needs due to the production of large biomass, and water shortages during periods of greatest demand have an adverse effect on plant growth and sugar yields.



Previous research results have shown that the foliar application of products containing silicon reduces the effects of drought in sugar beet cultivation [15,16]. The positive effect of foliar application on resistance to drought was also proven in many other crops such as potato [17], wheat [18], rice [19], maize [20] and many other crops [21]. The foliar application of silicon improved plant growth under drought stress due to the increased silicon content, leading to an improvement in antioxidant activity and soluble sugar, and a reduction in the content of reactive oxygen species. The foliar application of silicon helped to minimize the harmful effect of drought by increasing proline and superoxide dismutase, and decreasing the malondialdehyde. The foliar application of different forms of silica improved the physiological and biochemical parameters and plant growth during drought conditions.



However, it has not been possible to clearly state which form of silicon is the most effective and what is the optimal date for the treatments.



Therefore, the aim of the research was to assess the effect of a single foliar application of various forms of silicon at different dates on the yield and technological quality of sugar beet roots.




2. Materials and Methods


In the years 2017–2019, a field experiment with sugar beet was conducted in Sahryń (50°41′ N, 23°46′ E), in the southeast of Poland, near the border with Ukraine (Figure 1).



The experiment was conducted on Calcic Chernozem [22]. Soil samples were collected at two soil depths (0–30 and 30–60 cm) immediately after harvesting the fore crop. At District Chemical and Agricultural Stations in Warszawa-Wesoła, evaluated the content of soil organic carbon (Corg) [23], (pHKCl) potentiometrically in 1 M KCl [24], nitrate nitrogen (N-NO3) and ammonium nitrogen (NH4) [25], available phosphorus [26], available potassium [27], available magnesium [28], available B [29], available Cu [30], available Fe [31], available Mn [32] and available Zn [33] were evaluated.



The chemical soil properties are presented in Table 1. The soil reaction in each year of the study was alkaline. The content of most of the nutrients in the shallow layer was much higher in comparison to the deeper layer.



The amount of precipitation during the growing season (April–October) was 426–466 mm (Table 2). Sunshine during the growing season ranged from 1435 h in 2017 to 1566 h in 2018. The most favorable weather conditions were in 2017, and the least favorable were in 2018.



Sugar beet was grown in the third rotation: sugar beet–winter wheat–winter rapeseed. During the rapeseed harvest, the straw was shredded by a combine harvester and scattered on the field. The fore crop straw yield ranged from 3.10 to 6.90 t ha−1. After harvesting the fore crop, cultivation was performed three times in order to mix straw and crop residues with the soil, destroy weeds and self-seeding rapeseed, and cover the soil with multi-component fertilizers (third treatment). In spring, the field was prepared for sowing sugar beet with a cultivating unit. Compound fertilizers were spread in autumn and spring (Table S1). Depending on the year (kg ha−1): N—159–170, P—35–46 and K—195–249 were used. The foliar application of boron was performed at the stage of six beet leaves (BBCH 16) and 14 days later (B).



Sugar beet sowing was carried out from 30 March to 11 April. The row spacing was 45 cm, the distance within the row was 18 cm, and the sowing depth was from 2 to 2.5 cm.



The sugar beet variety Toleranza KWS (KWS), which is of high importance in Poland, was used in the research. It is a diploid variety, normal type (N), entered into the National Register in 2015. The root yield is high and the sugar yield is very high. Technological quality good; sugar content slightly above the standard, harmful nitrogen content quite low, potassium content—quite high, sodium content—quite low. Resistance to the beetroot weevil (Cercospora beticola Sacc.) is quite high. Resistance to the beet cyst nematode (Heterodera schachtii Schmidt) declared by the breeder [34].



Sugar beet was harvested, depending on the year, from 26 September to 12 October. The length of the growing season was from 178 to 195 days.



Protection against weeds, diseases and pests was carried out in accordance with the recommendations of the Plant Protection Institute—National Research Institute in Poznań. The location of the experiment is in the area of strong infection pressure of the beetroot beetle; therefore, it was necessary to carry out four fungicide treatments in 2019, and three in the previous two years.



The experiment assessed the influence of two factors: silicon forms (A) and the date of their application (B) (Table 3 and Table 4). The factors and their levels were set based on current recommendations of silicon foliar application in sugar beet by the producers of the fertilizers and scientific recommendations for agronomical practice. The application was made depending on the combination: at the stage of six sugar beet leaves (I), 7 days later (II) and 14 days later (III). Product doses were based on manufacturers’ recommendations. The water dose in each application was 250 dm3 ha−1. Since it was known from many previous studies that silicon had a positive effect on sugar beet yield, the use of the control variant (without foliar application of silicon) was abandoned and the focus was on comparing the forms of silicon used with each other.



An Apollo tractor sprayer (Krukowiak) equipped with TeeJet flat-jet nozzles was used for application. In 2017, the treatments were performed on 27 May, 3 and 10 June. In 2018, on 26 May, 2 and 9 June, respectively, and in 2019, on 25 May, 1 and 8 June.



The number of combinations in the experiment was 12, the number of repetitions was four, and the total number of plots was 48. Each plot included six rows and was 16 m long and 2.7 m wide. The area of one plot was 43.2 m2, of which 21.6 m2 was intended for harvesting (three middle rows).



On the day of each application and 7 days after the last treatment, the following physiological parameters of plants were measured:




	(1)

	
leaf area index (LAI),




	(2)

	
absorption of photosynthetically active radiation (PAR),




	(3)

	
normalized difference vegetation index (NDVI).









In 2017, measurements of physiological parameters were carried out on 27 May, 3, 10 and 17 June. In 2018—26 May, 2, 9 and 16 June, and in 2019—25 May, 1, 8 and 15 June.



Leaf area index (LAI) and photosynthetically active radiation (PAR) were measured above the canopy (Il) and below the canopy (Iu) using an AccuPar probe (Decagon, USA). PAR absorption was calculated according to the formula: PAR absorption =     I l − I u   I l     × 100 [%].



NDVI measurements were made with a GreenSeeker device (Trimble, Westminster, Color\do USA) rented by Polski Farmer. The NDVI index was calculated using the formula:


NDVI = (NIR − VIS)/(NIR + VIS);








where: NIR—reflection in the infrared band; VIS—reflection in the red band.



Measurements were taken on nine plants in the three middle rows in each plot. A total of 36 measurements were performed on each experimental combination at each date.



During harvest, the plants were topped by hand on the three middle rows and the leaves were weighed. The roots were then counted, dug up, and weighed. During the harvest, each plot was collected in accordance with the Polish Standard [35]. The root samples were transported to the Plant Breeding Station of the KHBC Sp. z o.o. in Śmiłów, where they were processed into pulp. The pulp was transported to Straszków, where the technological quality of roots was evaluated on the automatic Venema technological line: sugar content polarimetrically, α-amino nitrogen, K and Na—by photoelectric flame photometry.



Measurements performed in the experiments: leaf area index (LAI), absorption of photosynthetically active radiation (PAR), normalized difference vegetation index (NDVI), plant density at harvest (thousand plants ha−1), root yield (t ha−1), yield of leaves (t ha−1), content of sucrose in roots (%), content of α-amino nitrogen in the roots (mmol kg−1), content of potassium (K) in the roots (mmol kg−1), content of sodium (Na) in the roots (mmol kg−1), the biological yield of sugar (t ha−1) = product of root yield (t ha−1) and content of sugar in roots (%), pure sugar yield (t ha−1) = root yield (t ha−1) × [content of sugar (%) − sugar yield losses (%)] [36], sugar yield losses (%) = standard molasses losses (%) + 0.6 (%), standard molasses losses (%) = 0.012 × (K + Na) + 0.024 (α-amino nitrogen) + 0.48; where the content of K, Na, and α-amino nitrogen are given in mmol kg−1 of pulp.



The obtained experimental data were subjected to statistical analysis using analysis of variance and multiple comparisons using the Tukey procedure. For the comparison of means, the significance level was set at p = 0.05. On this basis, homogeneous groups of the means were distinguished and marked with subsequent letters of the alphabet. To characterize individual features, minimum and maximum values, standard deviation, and coefficient of variation were calculated. The assessment of the correlation between physiological parameters and yield characteristics was based on the values of Pearson’s simple correlation coefficients. The significance of the correlation was assessed at p ≤ 0.05 and p ≤ 0.01. The results are presented in the form of tables and figures. Analyzes were performed using Statistical 13.3 (TIBCO Software Inc., Palo Alto, CA, USA).




3. Results


3.1. Physiological Traits of Plants


Evaluations of the effects of the studied factors as well their interactions were performed based on p-values for multifactor ANOVA. Years of the study showed a significant effect on the assessed physiological parameters of sugar beet plants (LAI index, absorption of photosynthetically active radiation (PAR) and NDVI index) at each measurement date (Table 5). Similarly, the form of silicon, except for the effect on PAR absorption, at the first measurement date showed a significant effect. The date of foliar application of silicon-containing products significantly differentiated the value of the LAI index in the second and third measurement terms, the PAR absorption in the third measurement term, and the NDVI index value in the second measurement term. The interaction of years of the study and products had a significant effect on the tested physiological parameters, with the exception of PAR absorption in the first measurement date. The interaction of the years of the study and the date of application significantly influenced the assessed physiological parameters, except for the LAI index in the first measurement date, PAR absorption in the first and third measurement term, and the NDVI index in the second and third measurement term. A significant effect of the interaction of the silicon form and the application date was found on all physiological parameters in all measurement dates, except for the LAI index and PAR absorption in the second time, and the NDVI index in the first and third time. The interaction of the years of the study, the form of silicon, and the date of application had a significant effect on the value of all assessed physiological parameters at each measurement date, except for the NDVI index at the first and second dates.



The evaluation of the significance of the differences between means was performed based on Tukey’s multiple comparisons procedure and homogenous groups of the means were distinguished. The years of study significantly differentiated the values of the LAI index at each measurement date (Figure S1a). Its highest values were observed in 2018, while the lowest was in 2019, with the exception of the fourth measurement, in which the lowest value of the LAI index was achieved in 2017.



On average, for the entire research period, in the first measurement term, a significantly higher value of the LAI index was observed in objects with the PS, SM, and CS application compared to the OSA variant, and in the second measurement term after the application of SM and CS compared to PS and OSA (Figure S1b). However, in the third and fourth terms, a significantly higher value of the LAI index was recorded after CS application compared to other forms of silicon.



In the years 2017–2019, a significant effect of the date of application of silicon-containing products on the value of the LAI index was observed on the second and third dates of measurements (Figure S1c). In the second measurement term, it had a significantly higher value in the variants using these products in the second application term compared to the first one, while in the third measurement term after application in the second and third application terms compared to the first one.



Years of the study significantly differentiated the PAR absorption value at each measurement date (Figure S2a). In the first measurement term, this feature had a significantly higher value in 2017 and 2018 compared to 2019. In the second measurement term in 2017 compared to 2018 and 2019, and in the third and fourth measurement terms in 2018 compared to the other two years.



On average, for the entire study term, the forms of silicon used significantly differentiated the PAR absorption value at each measurement date (Figure S2b). In the first measurement date, it was significantly higher in objects with the CS application compared to PS. In the second and third terms after applying CS to other forms of silicon. However, in the fourth term after CS application compared to PS and OSA.



In the years 2017–2019, the date of use of silicon-containing products had a significant effect on the PAR absorption value only in the third measurement term (Figure S2c). It was significantly greater after application on the second and third dates than on the first date.



Years of the study significantly influenced the value of the NDVI index at each measurement date (Figure S3a). In the first, second, and fourth measurement dates, it was significantly higher in 2018 compared to other years. However, in the third measurement term, the NDVI index had a significantly higher value in 2017 compared to 2018 and 2019.



On average, over the entire study term, silicon forms significantly differentiated the NDVI value at each measurement date (Figure S3b). In the first, third, and fourth measurement dates, a significantly higher NDVI value was recorded after the application of CS compared to the other forms, and in the second measurement date after the application of CS compared to PS and SM.



Throughout the entire study term, the date of use of silicon-containing products had a significant effect on the value of the NDVI index only on the second measurement date (Figure S3c). It was then significantly higher in objects with the second and third application dates compared to the first application dates.



To characterize the variability of the studied traits, basic statistics such as means, range, standard deviations and coefficient of variations were calculated. In each of the years of the study and at each measurement date, the LAI index was characterized by the greatest variability (Table 6). The value of the coefficient of variation of this indicator decreased with each subsequent measurement, except for 2017, when it increased in the second term compared to the first term, and in the fourth term compared to the third term.



The NDVI index was characterized by the lowest variability in each of the study years and in each of the measurement dates, with the exception of the second measurement date in 2017, the third measurement date in 2018, and the fourth measurement date in 2019.



On average, during the entire study term, the LAI index was characterized by the greatest variability at each measurement date and the NDVI index was characterized by the smallest variability, with the exception of the fourth measurement. The value of the coefficient of variation for the LAI index decreased with each subsequent measurement, and in the case of the NDVI index, it increased on the second measurement date and then decreased.



During the entire study term, in the second measurement term, a significant positive relationship was found between PAR absorption and root yield (r = 0.496), PAR absorption and biological sugar yield (r = 0.438), and PAR absorption and pure sugar yield (r = 0.408). On the third measurement date, a significant positive correlation was confirmed NDVI index with root yield (r = 0.443), NDVI index with sugar content in roots (r = 0.318), NDVI index with biological sugar yield (r = 0.476), and NDVI index with pure sugar yield (r = 0.476).




3.2. Root Yield and Yield Related Traits


For each trait, ANOVA and multiple comparisons of the means were performed for individual years as well for total period of the study. p-values for ANOVA were presented and homogenous groups of the means were distinguished. The plant population before harvest in 2017 and 2019 was significantly higher than in 2018 (Table S2). The average for the entire study period was 82.5 thousand plants ha−1 up to 93.1 thousand plants ha−1.



The root yield was significantly influenced by the years of the study and their interaction with the date of application (Table S3). The highest root yield was obtained in the first year of the study, and the lowest in the second year. On average, during the entire study term, neither the form of silicon nor the application date had a significant effect on root yield. In 2017, a significantly higher root yield was obtained when using OSA compared to SM and CS, and in 2019, PS compared to OSA. In 2018, no significant effect of the forms of silicon used on the size of the tested feature was observed. The date of foliar application differentiated root yields in 2018 and 2019. In the second year of the study, the date of foliar application of the tested forms of silicon was characterized by a significantly higher root yield than date I, and in the third year of the experiment, foliar application in date I resulted in a significant increase in root yield compared to both remaining dates. In 2017, the root yield did not differ significantly depending on the date of foliar application of the forms of silicon used.



Years of the study, form of silicon, interaction of years and form of silicon, years and date of application, and years, form of silicon, and date significantly differentiated the yield of sugar beet leaves (Table S4). Indeed, the largest one was recorded in 2017, while in the other two years, the yield had a similar value.



On average, during the entire study term, the applied forms of silicon had a significant effect on the leaf yield, unlike the date of their application, which had no significant effect. A significantly higher leaf yield was obtained after the application of CS compared to PS and SM. On average, during the entire study period, no significant interaction between the silicon forms used and the application date was found.



Years of the study, form of silicon, date of application, interaction of years and form of silicon, as well as form of silicon and date of application significantly influenced the sugar content in sugar beet roots (Table S5). The highest was found in 2019 and the lowest in 2018. On average, throughout the entire study period, both the form of silicon and the date of application had a significant effect on the sugar content in the roots. A significantly higher sugar content in the roots was found after the use of OSA compared to other forms. The second application date contributed to a significant increase in the content of the tested ingredient compared to the first application date. In 2017, the sugar content was significantly higher after the application of OSA compared to MS. In 2018, after the application of CS and OSA, a significantly higher sugar content was observed in the roots than after both other forms, and in 2019 after the application of OSA compared to the other forms. The date of application of various forms of silicon significantly varied the sugar content in the roots in 2017—application on the second and third dates significantly increased this content compared to the first date.



Years of the study, form of silicon, interaction of years and form of silicon, form of silicon and application date, and years, form of silicon and application date significantly differentiated the content of α-amino nitrogen in sugar beet roots (Table S6). Its content in roots in 2017 and 2018 was at a similar level and significantly higher compared to 2019. On average, for the entire study period, the forms of silicon used had a significant effect on the value of this feature, while the date of their application did not show such an effect. The highest content of α-amino nitrogen in the roots was found after the application of SM, which was significantly higher compared to other forms of silicon. However, it is the smallest after PS application and significantly smaller compared to other forms of silicon. On average, throughout the entire study period, the content of α-amino nitrogen was significantly higher after the application of PS in the first and second terms, SM and CS in each term, and OSA in the second and third terms. In 2017, the content of α-amino nitrogen in the roots was significantly lower after the application of OSA, and in 2018 and 2019 after the application of PS compared to other forms of silicon. The date of foliar application did not have a significant effect on the α-amino nitrogen content in roots in any of the years of the study.



Years of the study, form of silicon, interaction of years of the study and form of silicon, form of silicon and application date, and years, form of silicon and application date had a significant effect on the potassium content in sugar beet roots (Table S7). The highest content was recorded in 2018 and the lowest in 2019.



On average, for the entire study period, a significant effect of the form of silicon on the potassium content in sugar beet roots was found. The analysis of the p value indicates that the application date in 2017–2019 did not have a significant effect on the potassium content in the roots, and that it did in homogeneous groups. The potassium content in the roots after the application of potassium PS was significantly lower compared to other forms. In the years 2017–2019, application in the first term contributed to a significant increase in the potassium content in the roots compared to the third term. On average, throughout the entire study period, the potassium content in the roots was significantly higher after the application of SM on each date and CS on the first and second dates. In 2017, the use of PS and OSA contributed to a significant reduction in the potassium content in the roots compared to SM and CS, and in 2018 and 2019, PS compared to the other forms. The application date significantly differentiated the potassium content in the roots in the second and third year of the study. In 2018, the application in the second term contributed to a significant reduction in the content of the tested molasses-forming ingredient compared to the first term, and in 2019 in the first and second terms compared to the third term.



The sodium content in sugar beet roots was significantly influenced by years of the study, form of silicon, interaction of years of the study and form of silicon, years and application date, form of silicon and application date, and years, form of silicon and application date (Table S8). The highest content of this element was found in 2017 and the lowest in 2019. On average, for the entire study period, there was a significant effect of the form of silicon, and no significant effect of the application date on the sodium content in the roots. The use of OSA resulted in a significant reduction in the content of the tested molasses-forming component in the roots compared to other forms. On average, throughout the entire study period, the sodium content was significantly higher after the application of PS and SM on each date, as well as CS on the first and third dates. In 2017, significantly lower sodium content in the roots was found after the application of OSA, in 2018 after the application of CS and OSA, and in 2019 after the application of SM compared to the other forms. In 2017, a significantly lower sodium content in the roots was found after the first and second dates of application compared to the third dates, and in 2019 after the second and third dates compared to the first dates.



The biological yield of sugar was significantly influenced by the years of the study, the interaction of years and form of silicon, and years and date of application (Table S9). The highest biological yield of sugar was in 2017 and the lowest in 2018. The analysis of the p value indicates that, on average for the entire study period, the form of silicon did not have a significant effect on the biological yield of sugar, while it did according to homogeneous groups. It was significantly greater after the use of PS compared to MS. In the years 2017–2019, the application date did not have a significant effect on the value of this feature. In 2017, a significantly higher biological sugar yield was found after the use of OSA compared to other forms. In 2018, there was no significant effect of the form of silicon, and in 2019, the biological sugar yield was significantly higher after the use of PS compared to SM and OSA. The application date significantly differentiated the biological sugar yield in 2018 and 2019. In the second year of the study, it was significantly higher after application on the second date compared to the first date, and in the last year of the study after application on the first date compared to the other two dates.



The years of the study and the interaction of years and form of silicon, as well as years and application date had a significant effect on the pure sugar yield (Table S10). The highest pure sugar yield was recorded in 2017, and the lowest a year later. According to the analysis of the p value, on average for the entire study period, the form of silicon did not have a significant effect on the pure sugar yield, but according to the homogeneous groups it did. It was significantly higher after the use of PS and OSA compared to SM. The application date in 2017–2019 did not have a significant effect on the pure sugar yield. In 2017, a significantly higher technological sugar yield was found after the application of OSA compared to other forms. A year later, there was no significant effect of the forms of silicon used on the value of the tested feature. However, in 2019, the technological sugar yield was significantly higher after the application of PS compared to SM and OSA. The date of application significantly differentiated the pure sugar yield in 2018 and 2019. In 2018, it was significantly higher after application on the second date compared to the first, and in 2019 after application on the first date compared to the other two dates.



To characterize variability of the studied traits, statistical parameters such as means, range, standard deviations and coefficient of variations were calculated. Among the tested sugar beet yield characteristics, the highest variability during the entire study period was observed in the sodium content in roots (CV = 38.58), and the lowest in sugar content (CV = 5.94%) (Table 7).





4. Discussion


In our own research, the assessed physiological parameters of sugar beet plants (LAI index, PAR absorption, and NDVI index) varied significantly over the years of the study. It was mainly caused by variability of weather conditions between years.



On average, during the entire study period, the form of silicon significantly modified the assessed physiological parameters at almost every measurement date, and the date of application only in some of them. In the third and fourth measurement terms, the highest values of the LAI index were obtained after the application of CS, PAR absorption after the application of CS, and in the fourth measurement term, also SM. The use of CS allowed us to obtain the highest value of the NDVI index on the second, third, and fourth measurement dates.



Other studies using GMC showed a significant positive relationship between the pure sugar yield and the biological yield of sugar with the share of petiole dry matter in the dry matter of the whole plant, and a negative relationship with the share of root dry matter in the plant’s dry matter [37].



Our own research revealed a significant positive relationship between root yield, biological yield of sugar, and pure sugar yield with PAR absorption on the second measurement date, and root yield, sugar content in roots, biological yield of sugar, and pure sugar yield with the NDVI index on the third measurement date. It indicates that canopy density in early growth stages is related to yield and yield-related traits of sugar beet.



Photosynthetic efficiency is modulated by a number of stress factors, the effects of which can be reduced by silicon [38]. In potato cultivation, SM caused an increase in plant height and above-ground plant biomass, enlarged leaf area, and decreased leaf weight ratio (LWR), and, as a result, increased tuber number and tuber weight per plant [39]. The effect of SM depended on a water deficit during potato growth. The average tuber weight per plant in the cultivation treated with SM was higher by 23% under periodic water deficits during potato growth, and by 13% under drought conditions, than in the cultivation without SM.



The use of DM in potato production resulted in an increase in the assimilation area and an increase in the leaf area index (LAI), leaf dry weight, the content of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car) and a decrease in the Chl a/Chl b ratio under conditions water deficit, but had no effect on specific leaf area (SLA) and the Chl (a + b)/Car ratio in potato production [40].



In our own research, the root yield was significantly influenced by the years of the study and their interaction with the date of application. The highest root yield was obtained in 2017, which had the best conditions for the growth and yield of sugar beet, and the lowest a year later, when they were the least favorable. In 2019, a year that was moderate in terms of weather conditions, it was 18% higher than in 2018 and 26% lower than in 2017. The selection of the silicon form and the application date had no significant effect on the root yield.



Most studies using foliar products containing silicon prove that they have a positive effect on the yield of sugar beet roots. A significant increase in root yield was obtained after the use of GMC [41,42,43], SM [42,44], OSA [44], CS [44], and SSN [15].



Few authors [45] used foliar application of GMC on several production plantations and found that the effect on root yield varied greatly in individual years of the study and depended on habitat conditions. Root yield increased after application in the year when weather conditions were less favorable for sugar beet yield [15].



The closest plant to sugar beet, because it also belongs to the group of root crops, is the potato. Wróbel [46] found no effect of OSA application on tuber yield. However, he noted a significant effect of this product on reducing the share of the smallest tubers in the yield by approximately 50%, as well as increasing the share of the largest tubers.



Foliar application of GMC increased the total tuber yield by 9% and the marketable yield by 11%, with a much greater increase observed in the year when yielding conditions were more difficult. An increase in the share of tubers with a diameter of 50–60 mm and over 60 mm was also observed [47]. In other studies, a significant increase in tuber yield compared to the control variant was achieved as a result of foliar application of OSA with the addition of trace elements [48,49,50]. However, no significant effect on the structure of tuber yield was observed [48,49] or a tendency to increase the share of tubers with a diameter above 60 mm in the yield structure [50]. Studies with GMC showed a significant increase in tuber yield (by 9.5%) compared to the control combination and the share of tubers with a diameter above 60 mm [51]. The use of SM resulted in a significant increase in the marketable yield of tubers by 20.1% and the share of the medium-sized tuber fraction (41–50 mm in diameter) in the marketable yield [52].



In our own research, the sugar content in sugar beet roots varied significantly between the years of the study and was the highest in 2019 and the lowest the year before. The year 2017 was the most favorable in terms of weather conditions, especially rainfall, and was average in terms of sugar content in beetroot roots.



The selection of the form of silicon and the date of application also had a significant effect on the content of this ingredient in the roots. The highest sugar content in the roots was obtained using OSA. The second application date turned out to be the most favorable for the sugar content in the roots. Years of the study have significantly modified the effect of the forms of silicon used.



The vast majority of research results indicate no significant effect of foliar-applied silicon products on the sugar content in sugar beet roots [41,42,45] or show a diversified effect, i.e., in one variant an increase and in others a decrease or no significant changes compared to the control combination [44]. Sometimes a significant increase in sugar content in roots was achieved after foliar application of SSN in combination with potassium-sulfur fertilizer [15].



In our own research, the content of α-amino nitrogen in sugar beet roots in 2017 and 2018 was significantly higher than in 2019. The highest content of α-amino nitrogen was in roots from objects where SM was applied, and the smallest after PS application. The content of α-amino nitrogen in the roots of individual years was determined by different experimental combinations.



Foliar applications of GMC [41] and SSN [15] resulted in a significant reduction in the content of α-amino nitrogen in sugar beet roots. In some studies, an increase in the content of the tested molasses-producing component was observed in one of the variants used, while in the others there was no significant effect [42,44]. No significant changes in the α-amino nitrogen content in roots were also reported under the influence of foliar application of GMC [43]. It was also found that the years of the study and the location of the experiment mainly determined the effect of GMC on the α-amino nitrogen content in sugar beet roots [45].



In our own research, the potassium content in sugar beet roots was significantly modified over the years of the study. It indicates that weather conditions have strong effect on the chemical composition of roots. The roots had the highest content of this molasses-forming ingredient in 2018, and the lowest a year later. The potassium content in roots in 2017 was 13% lower than a year later and 6% higher than in the last year of the study. Throughout the entire study period, roots after SM application had the highest potassium content, and PS had the lowest potassium content. The analysis of homogeneous groups shows that the application date had a significant effect on the content of this molasses-forming component; the first application date resulted in a significant increase in the potassium content in the roots compared to the third application date.



The results of studies using foliar products containing silicon in sugar beet cultivation indicate no significant effect or variation on the potassium content in roots [41,42,43]. Foliar application of SSN increased the potassium content in sugar beet roots in one of the variants, and in two others it decreased compared to the control combination [15]. A significant increase in potassium content in roots was found in combinations with OSA and CS, and no significant differences were found in the combination with SM compared to the control variant [44]. Some authors observed that the effect of foliar application of GMC on the potassium content in roots was ambiguous and variable, depending on the years of the study and the location of the study [45].



In our own research, the sodium content in sugar beet roots was significantly dependent on the years of the study. It confirms that weather conditions have a strong effect on the chemical composition of roots. The highest content of this molasses-forming component in the roots was found in the first year of study, and the lowest in the third year. The sodium content in the roots in 2018 was 11% lower than the previous year and 69% higher than in 2019. The lowest sodium content was in the roots from combinations with OSA objects, and the highest in the MS variants. Different variants in particular years determined the highest sodium content in the roots.



Literature data also indicate a varied effect of the use of foliar products containing silicon on the sodium content in sugar beet roots. Some report no significant changes [43], a downward trend [41,42], or a significant decrease in the content of the molasses-forming component in all or some of the experimental variants [15]. Some authors showed a significant increase in sodium content in roots after the foliar application of OSA and no significant differences after the application of SM and CS [44]. Other authors did not find a clear effect of the foliar application of GMC on the sodium content in roots [45].



Foliar application of GMC in potato cultivation resulted in a decrease in the share of green tubers in the yield and had no significant effect on the content of starch, nitrates, and dry matter in tubers [47]. Foliar application of OSA with the addition of trace elements resulted in a significant increase in the content of vitamin C and starch in tubers and a decrease in the content of nitrates. However, no significant effect was observed on the share of deformed and green tubers per hundred to the control combination [48]. Foliar application of the same product containing OSA and trace elements in other studies resulted in an increase in the content of vitamin C in tubers in each of the years of the study, and of starch, and a significant decrease in the content of nitrates in one of the years [49]. The application of this product resulted in a decreasing trend in the share of deformed tubers in the yield. A beneficial effect on the content of starch and vitamin C in tubers has also been demonstrated [50]. Foliar application of GMC resulted in a significant increase in the content of starch acid and vitamin C compared to the control variant [51].



In our own research, the biological yield of sugar varied significantly depending on the years of the study; the highest was obtained in 2017 and the lowest a year later, which resulted from the weather conditions. In 2019, the biological sugar yield was 36% higher than in 2018. On average during the study period, the combination with PS was characterized by a significantly higher biological sugar yield than the variant with SM. The application date did not have a significant effect on the value of the assessed feature.



In the vast majority of previous studies with sugar beet, the foliar application of silicon-containing products, at least in some experimental variants, resulted in a significant increase in the biological yield of sugar [15,41,42,43,44].



In our own research, the highest technological sugar yield was obtained in the first year of study, and the lowest in the second year. In the third year of the study, it was 42% higher than in the second year. On average, during the study period, the combination of PS and OSA was characterized by a significantly higher technological sugar yield than the variant with SM. The application date did not have a significant effect on the value of the assessed feature. What was important was the interaction of years of the study and products, as well as years of the study and application date. In the first year of the study, the highest technological sugar yield was obtained after the application of PS in the second and third terms, SM in the third term, CS in the first term, and OSA in each term. In the second year of study after the application of PS in the first term, SM and CS in the second term, and OSA in the second and third term. In the third year of the study, after the application of PS and CS in the first and second term, as well as SM and OSA in the first term.



In the vast majority of studies to date, the foliar application of silicon-containing products resulted, at least in some experimental combinations, in a significant increase in the technological yield of sugar compared to the control combination [15,41,42,43]. Some authors observed slight differences in the technological yield of sugar [44,45].




5. Conclusions


The obtained research results prove that the foliar application of products containing various forms of silicon has a significant effect on the physiological parameters of plants, such as leaf area index (LAI), absorption of photosynthetically active radiation (PAR) and normalized difference vegetation index (NDVI). The highest value of these parameters, assessed 7 days after the last application date (14 days after the six-leaf phase), is achieved by the application of CS, and in the case of absorption of photosynthetically active radiation (PAR), SM.



The timing of the foliar application of products containing silicon in various forms significantly modifies only some physiological parameters and in some measurement dates, and the interaction of the application date and the products most of the parameters and in most measurement dates.



The form of silicon applied foliarly does not have a significant effect on the yield of sugar beet roots and significantly modifies the biological yield of sugar and the technological yield of sugar. The highest biological yield of sugar is achieved by the foliar application of PS, and the technological yield of sugar by PS and OSA. The date of foliar application as well as the interaction of the date of application and silicon forms do not have a significant effect on the root yield, biological yield of sugar, and pure sugar yield.



The form of silicon has a significant effect on the technological quality of sugar beet roots (sugar, α-amino nitrogen, potassium, and sodium content). The most beneficial effect on the sugar content and reduction of sodium content in sugar beet roots is the foliar application of OSA, and the reduction of α-amino nitrogen and potassium content—PS.



The timing of the application of various forms of silicon has a significant effect on the sugar and potassium content in sugar beet roots. The application carried out 7 days after the six-leaf phase of sugar beet (BBCH 16) has the most beneficial effect on the sugar content in the roots, and the potassium content is most limited by the treatment 14 days after reaching this phase. The interaction of the timing of the foliar application and the form of silicon significantly modifies the technological quality features of sugar beet roots: the content of sugar, α-amino nitrogen, potassium, and sodium.



The effect of foliar silicon fertilization is modified by years, i.e., variable weather conditions between years of the study. The strongest variability of weather is observed for precipitation and because of that we can conclude that soil water availability for plants is one of the main factors which has a strong effect on the foliar fertilization of silicon.
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Figure 1. Location of the field experiments. 
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Table 1. Soil conditions before establishing an experiment with sugar beet (2016–2018).
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Soil Layer, cm

	

	
pHKCl

	
mg kg−1

	
Nmin, kg ha−1

	
mg kg−1




	
Corg %

	
N-NO3

	
N-NH4

	
P

	
K

	
Mg

	
B

	
Cu

	
Fe

	
Mn

	
Zn






	

	
2016




	
0–30

	
2.11

	
7.3

	
20.1

	
3.10

	
91

	
46

	
104

	
71

	
2.80

	
6.4

	
540

	
164

	
6.3




	
30–60

	
1.38

	
7.3

	
16.2

	
2.17

	
72

	
57

	
75

	
75

	
1.90

	
7.3

	
720

	
93

	
5.4




	

	
2017




	
0–30

	
1.66

	
7.5

	
36.2

	
1.58

	
147

	
87

	
62

	
69

	
2.23

	
7.3

	
490

	
167

	
5.9




	
30–60

	
1.02

	
7.8

	
6.6

	
3.60

	
40

	
57

	
21

	
70

	
1.49

	
5.7

	
520

	
110

	
4.8




	

	
2018




	
0–30

	
2.76

	
7.3

	
18.4

	
3.11

	
93

	
91

	
133

	
99

	
5.57

	
8.8

	
630

	
157

	
8.0




	
30–60

	
2.22

	
7.4

	
13.2

	
2.47

	
67

	
49

	
62

	
123

	
4.54

	
9.2

	
700

	
125

	
7.6











 





Table 2. Weather conditions during the growing season of sugar beet (2017–2019).
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	Month
	Precipitation, mm
	Average Temperature, °C
	Hydrothermal Coefficient, k
	Insolation, h





	2017
	
	
	
	



	April
	36
	8.6
	1.40
	156



	May
	45
	13.5
	1.08
	229



	June
	34
	18.2
	0.62
	299



	July
	95
	18.9
	1.62
	246



	August
	12
	20.8
	0.19
	303



	September
	118
	14.5
	2.71
	127



	October
	103
	10.1
	3.29
	75



	Sum
	443
	–
	–
	1435



	2018
	
	
	
	



	April
	36
	13.9
	0.86
	249



	May
	47
	17.0
	0.89
	299



	June
	111
	18.1
	2.04
	240



	July
	181
	20.4
	2.86
	173



	August
	13
	20.8
	0.20
	255



	September
	39
	16.1
	0.81
	199



	October
	39
	10.6
	1.19
	151



	Sum
	466
	–
	
	1566



	2019
	
	
	
	



	April
	19
	9.5
	0.67
	222



	May
	118
	14.1
	2.70
	146



	June
	59
	21.8
	0.90
	306



	July
	45
	18.2
	0.80
	227



	August
	137
	19.9
	2.22
	215



	September
	24
	13.7
	0.58
	213



	October
	24
	11.4
	0.68
	186



	Sum
	426
	–
	
	1515



	multi-year *
	
	
	
	



	April
	40
	9.3
	1.43
	192



	May
	73
	14.3
	1.65
	257



	June
	73
	17.7
	1.37
	294



	July
	100
	19.7
	1.64
	285



	August
	61
	18.9
	1.04
	287



	September
	60
	13.8
	1.45
	202



	October
	51
	8.4
	1.96
	155



	Sum
	457
	–
	–
	1672







* Precipitation 1991–2019; temperature: 2002–2019; insolation: 2010–2019. Source: own study based on data from Strzyżów Sugar Factory.













 





Table 3. Chemical composition of the products used in the experiment.
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	Product
	Content in 1 dm3





	Agriker Silicium
	Si (in the form of potassium silicate)—97 g; K—70.6 g



	Optysil
	Si (in the form of sodium metasilicate)—94 g; iron chelate (Fe–EDTA) Fe—24 g



	SmartSil SC
	Si (in the form of calcium silicate)—63 g; Ca—159 g; Fe—8.4 g; K—7.6 g; Mg—4.5 g



	YaraVita Actisil
	Si (in the form of orthosilicic acid)—6 g; Ca—20 g, choline







Source: information provided by producers.













 





Table 4. Variants applied in the experiment.
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Silicon Form (A