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Abstract: The present study was conducted to assess the effect of various multinutrient foliar
fertilization treatments on nutrient accumulation in the roots and leaves of sugar beet. The field
experiment was performed in two growing seasons (2013 and 2014) in the southeastern region
of Poland. The experiment was conducted as a randomized block design with four replications.
To determine the content of the selected nutrients (Si, N, P, K, Mg, and Ca), samples of leaves and
roots were collected during harvest. Fertilization treatments applied on the plants’ leaves affected the
silicon (Si) content in the roots of sugar beet and the total Si uptake. Moreover, foliar fertilization had
a significant effect on the P content in the leaves and the N and K contents in the roots. The Si content
in the sugar beet leaves and roots ranged from 0.55 to 1.97 g kg~! dry matter (d. m.) and from 0.49 to
1.59 g kg™! d. m., respectively. The total Si uptake ranged from 20.3 to 46.7 kg ha~!. Most of the Si
content taken up with each fertilization variant was accumulated in the roots. The yield of pure sugar
was not correlated with the Si content in the leaves and roots.

Keywords: Beta vulgaris; macronutrients; pure sugar yield; silicon uptake

1. Introduction

Although silicon (Si) is the most abundant mineral element in the soil, it is not considered as
an essential element for plant growth. Beneficial effects of Si on rice growth are attributable to the
characteristics of a silica gel that is accumulated on the epidermal tissues in rice. These effects are
observed most clearly under high-density cultivation systems with heavy applications of nitrogen
fertilizers. Siis therefore now recognized as an “agronomically essential element” in Japan [1]. Recently,
Si has gained global attention because it induces disease and pest resistance in plants and can reduce
doses of pesticides applied for plant protection. Si is also considered as an environmentally safe
element [1]. The application of Si has been found to be beneficial for the growth, development,
and yield of various plants and to alleviate various stresses such as nutrient imbalance. Moreover,
the addition of Si improves organogenesis, embryogenesis, growth traits, and the morphological,
anatomical, and physiological characteristics of leaves; enhances tolerance to low temperature and
salinity; protects cells against metal toxicity; prevents oxidative phenolic browning; and reduces the
incidence of hyperhydricity in various plants species [2]. Si fertilization by using natural silicates has
shown the potential to mitigate environmental stresses and soil nutrient depletion and is therefore
an alternative to the extensive use of phytosanitary measures and NPK fertilizers for maintaining
sustainable agriculture [3,4]. However, the Si concentration in plants depends more on the phylogenetic
position of the plant than on its environment (i.e., the Si concentration in the soil and the pH of the
soil solution). Unlike other elements, Si is abundant in nearly all soils; therefore, environmental
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criteria do not affect Si accumulation in plants. Moreover, many plants are not able to accumulate Si at
sufficiently high levels for it to be beneficial [5]. Plants can uptake Si from soil, but the content of Si
available to them depends on many factors, such as pH of the soil, availability of micronutrients in
soil, and aluminum and heavy metal content [6]. A better understanding of the Si uptake capacity
might help to enable such plants to accumulate more Si and to improve their ability to overcome
biotic and abiotic stresses. Despite the important role of Si in plants, there is still a lack of data on the
effect of sugar beet fertilization on Si uptake from soil. There is only one report on Si content in sugar
beet [7]. The beneficial effect of Si on the yield of some crops, such as sugar beet [8-13], lupine and
pea [14], potato [15,16], and seeds of grasses [17], was recently reported. A comprehensive review
on the beneficial effect of Si on crop yield in Europe has been published by Artyszak [18]. In the
available literature, there are no results that can answer the question of whether the foliar application
of macro- and micronutrients can significantly affect Si content in sugar beet plants. Therefore, it was
hypothesized that foliar nutrition of macro- and microelements has a significant impact on the chemical
content of plants as well as on the content of Si in leaves and roots and its uptake by sugar beet plants.
The aim of the study was to determine the effect of different foliar applications of multicomponent
preparations on the accumulation of Si and some macronutrients in the leaves and roots of sugar beet.

2. Results

The Si content in the sugar beet leaves and roots ranged from 0.55 to 1.97 g kg~! dry mass (d. m.)
and from 0.49 to 1.59 g kg~! d. m., respectively (Table 1).

Table 1. The effect of foliar fertilization with macro- and micronutrients on the chemical content of
sugar beet leaves and roots (mean values from 2013 to 2014).

Fertilization Dry Matter g kg1 Dry Matter (d. m.)
Treatment (%) Si N P K Mg Ca
Leaves
0 14.67 al 1l.66a 2945a 180ab 4045a 1050a 23.55a
1 14.03 a 090a 2930a 180ab 36.20a 12.00a 2290a
2 14.05 a 098a 3033a 1.87ab 35.00a 11.00a 2220a
3 14.34 a 096a 30.38a 190ab 3340a 16.00a 2840a
4 14.39 a 055a 3260a 195b 2950a 1350a 2645a
5 14.08 a 1.82a 33.60a 1.75a 28.60a 16.50a 2555a
6 14.31a 197a 2975a 177ab 2885a 1450a 2450a
Roots
0 25.01c¢ 1.59b 2.85a 090a 4.80ab 140 a 340a
1 24.45 abc 052a 440ab 055a 4.65ab 110 a 2.00 a
2 2292 a 049a 490ab 085a 330a 140 a 270a
3 24.50 bc 095ab 420ab 090a 4.35ab 1.35a 2.10a
4 24.14 abc 1.02ab 5.00ab 095a 5.40b 145a 1.90 a
5 24.01 abc 0.74a 485ab 0.70a 440ab 130 a 355a
6 23.83 ab 1.18ab  6.35Db 090a 4.30ab 140 a 220a
! Different letters in columns indicate significant differences between mean values for fertilization variants at the
0.05 probability level.

Foliar fertilization did not significantly affect the Si content in the sugar beet leaves. However,
foliar fertilization in three of the fertilization variants resulted in a significantly lower Si content in sugar
beet taproots than in the control plants. The applied foliar fertilization with macro- and micronutrients
affected the P content in the leaves and dry matter (d. m.) and the N and K content in the taproots
(Table 1). Sugar beet plants fertilized by fertilization treatment no. 4 had the highest P content in the
leaves and the highest K content in the roots. The control variant had the highest content of d. m. and
the lowest N content in the roots.
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The total Si uptake ranged from 20.3 to 46.7 kg ha™! according to the fertilization treatment
(Table 2). Most of the Si taken up with each fertilization variant was accumulated in the roots (Table 3).
The results of the effect of foliar fertilization on the macronutrient contents in the sugar beet roots and
leaves were ambiguous.

Table 2. Nutrient uptake by sugar beet plants (mean values from 2013 to 2014).

Fertilization Si N P K Mg Ca
Treatment kg ha1
Leaves
0 109 ab? 2079 a 12.5 ab 287.7 a 71.7 a 160.3 a
1 6.9 ab 216.0 a 13.2 ab 256.1 a 91.2a 171.1a
2 7.9 ab 231.0a 14.2 ab 255.2 a 859 a 169.8 a
3 7.7 ab 237.7 a 14.8 ab 245.5 a 130.7 a 225.5a
4 4.7 a 279.2 a 16.5b 238.0 a 1154 a 216.7 a
5 12.0 ab 211.1a 11.0a 1755 a 104.2 a 160.8 a
6 156 b 226.2 a 13.3 ab 214.1a 1116 a 186.6 a
Roots
0 35.8b 63.3a 215a 108.2 ab 31.8a 79.7 a
1 134 a 110.6 ab 14.1a 114.4 ab 26.8 a 48.3 a
2 12.5a 123.3 ab 21.7 a 825a 354a 68.0 a
3 25.6 ab 111.4 ab 242 a 115.7 ab 355a 55.8 a
4 26.3 ab 127.3 ab 238 a 135.0b 36.5a 48.5a
5 17.7 ab 112.6 ab 173 a 113.4 ab 33.8a 85.1a
6 31.0 ab 155.3b 230a 107.6 ab 35.1a 53.8a
Leaves + roots
0 46.7b 2712 a 34.0 abc 3959d 103.5 a 240.0 ab
1 20.3 a 326.6 a 273 a 370.5 cd 118.0 ab 2194 a
2 204 a 3543 a 35.9 abc 337.7 be 121.3 ab 237.8 ab
3 33.3 ab 349.1a 39.0 be 361.2 cd 166.2 b 281.3 ¢
4 30.9 ab 406.5 a 40.3 ¢ 373.0d 151.9 ab 265.2 be
5 29.7 ab 323.7 a 28.3 ab 288.9 a 138.0 ab 245.9 ab
6 46.5 ab 381.5a 36.3 abc 321.7 ab 146.7 ab 240.4 ab

! Different letters in columns indicate significant differences between mean values for variants at the 0.05

probability level.

Table 3. The distribution of Si and macronutrients in sugar beet plants (mean values from 2013 to 2014).

Fertilization Si N P K Mg Ca
Treatment %
Leaves
0 233ab! 75.8d 41.7 a 70.7 ¢ 69.3 a 67.9b
1 34.0 bc 66.3 bc 50.1b 67.0b 732b 76.4d
2 38.7 ¢ 65.7 bc 419 a 74.0d 70.2 a 71.7 ¢
3 23.1 ab 68.0 bc 389 a 66.0b 75.3 bc 79.7 ef
4 152 a 68.4 ¢ 40.6 a 63.8 ab 75.5 be 81.8 f
5 404 c 65.1b 39.0a 62.2a 76.8 ¢ 65.0 a
6 33.5bc 59.2a 38.7 a 65.3 ab 75.6 bc 77.4 de
Roots
0 76.7 bc 242 a 58.3b 293 b 30.7 ¢ 32.1e
1 66.0 ab 33.7 bc 499 a 33.0c 26.8b 23.6 c
2 61.3 a 34.3 bc 58.1b 26.0 a 29.8 ¢ 28.3d
3 76.9 bc 32.0bc 61.1b 34.0c 24.7 ab 20.3 ab
4 84.8 ¢ 31.6b 59.4b 36.2 cd 24.5 ab 18.2 a
5 59.6 a 349 c 61.0b 37.8d 232 a 35.0 f
6 66.5 ab 40.8d 61.3b 34.7 cd 24.4 ab 22.6 bc

1 Different letters in columns indicate significant differences between mean values for variants at the 0.05

probability level.
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The variability of the Si content in the leaves was 69.0%, which was greater than that in the roots
(48.1%). The variability of the Si uptake and deposition was similar between the leaves (70.1%) and the
roots (51.3%) (Table 4).

Table 4. Variability parameters of the nutrient content and uptake in sugar beet leaves and roots in

2013 and 2014.
Coefficient of Coefficient of
Mean Range Variation (%) Mean Range Variation (%)
Leaves Roots
Dry(f;‘;“ter 1427  12.62-16.23 6.18 24.12 15.8-26.3 6.66
Content of elements in dry matter (g kg™')
Si 1.26 0.48-3.27 68.96 0.93 0.32-1.71 48.08
N 30.77 24.5-34.4 8.91 4.65 2.3-6.9 28.06
P 1.83 1.63-2.00 5.09 0.82 0.4-1.3 32.1
K 33.14 18.9-51.6 37.9 4.46 3.1-5.8 18.5
Mg 13.43 7.0-22.0 31.82 1.34 0.9-1.7 18.17
Ca 24.79 18.0-32.6 16.93 2.55 1.5-4.3 32.73
Uptake (kg ha™!)
Si 9.37 3.28-26.35 70.95 23.2 7.0-47.6 51.3
N 229.8 152.2-347 .4 21.5 114.8 58.5-164.9 29.5
P 13.6 9.7-194 17.7 20.8 8.8-33.1 39.9
K 238.9 153.9-385.2 33.4 111 67.8-159 24.7
Mg 101.5 47.0-193.6 41.3 33.5 18.5-49.1 26.4
Ca 184.4 120.9-286.9 24.1 62.7 38.1-109.4 32.8
Allocation in plants (%)
Si 29.7 9.3-48.7 24.7 70.3 51.3-90.7 26.4
N 66.9 55.5-80.8 9.6 33.1 19.2-445 19.4
P 41.6 21.6-61.1 22.9 58.4 38.9-78.4 16.3
K 67.0 49.5-84.7 15.6 33.0 15.3-50.5 31.6
Mg 73.7 59.0-85.7 9.4 26.3 14.3-41.0 26.3
Ca 74.3 56.2-87.2 10.3 25.7 12.8-43.8 29.8

With regard to d. m. and macronutrient contents, the smallest variability was observed for the
P content in the leaves and for the d. m. in the roots. However, the smallest coefficient of variation
values for the macronutrient uptake were observed for P in the leaves and for K in the roots.

The results showed that the pure sugar yield (biological yield of sugar reduced by loss of sugar in
molasses) was not correlated with the Si content in both the leaves and roots (Table 5).

Table 5. Correlation coefficients of pure sugar yield and chemical content of sugar beet plants in 2013
and 2014 (n = 14).

Pure Sugar Yield (t ha~1) vs. Dry Matter Pure Sugar Yield (t ha—1) vs. Dry Matter

and Content of Elements in Leaves and Content of Elements in Roots
d. m. -0.38 0.09
Si 0.50 0.09
N 0.16 0.02
P -0.23 0.54 *
K —0.82 ** 0.07
Mg 0.65* 0.38
Ca 0.32 -0.19

* Significant correlation at p < 0.05; ** significant correlation at p < 0.01.
g p g p
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However, some important correlations were observed in these experiments. The technological
sugar yield showed a negative correlation with the K content in the leaves, but showed positive
correlations with the Mg content in the leaves and the P content in the roots. These correlations showed
that foliar fertilization with Mg had positive effects on the technological sugar yield.

After removing variables without significant effects, the regression equations defining the
relationship of the technological sugar yield with the contents of the analyzed nutrients in the leaves
and roots were as follows:

Pure sugar yield = 20.611 — 0.142 X content of K in leaves, R? = 0.67;

Pure sugar yield = 12.476 + 0.330 X content of Mg in leaves, R? = 0.25;

Pure sugar yield = 13.244 + 4.454 x content of P in roots, R? = 0.29.

3. Discussion

As compared to other crops, the Si content in sugar beet is relatively low. Guntzer et al. estimated
the Si content in sugar beet leaves to be 2.34-7% d. m. [3]. For this calculation, they used data from
a study by Harland et al. [19], who reported that the silicate content of fresh fodder sugar leaves was
5-15% of d. m. Such a high silicate content in fodder sugar beet leaves may be attributed to the fact
that the leaves were acquired by mechanical harvesting or that they contained some amount of silicates
from the soil. Guntzer et al. [3] calculated the Si content in the silicate (5i0;) content based on the
atomic weights of Si and O. Our results did not confirm such high Si contents in any part of the sugar
beet plants, because the average contents of this element in the leaves and roots were 1.26 and 0.93 g
kg~! d. m., respectively, which is five times less than that reported by the above-cited authors and
similar to or slightly higher than the values obtained in other experiment.It is worth emphasizing that
both our experiments presented and published in 2018 were carried out in the same location and in the
same years (2013-2014), but in different soil conditions in the year 2013. Si content in the leaves of
sugar beet plants fertilized with foliar marine calcite and foliar silicon were, respectively, 0.59-1.04
and 0.67-0.80 g Si kg~! (control = 0.84 g Si kg~!). Si content in the roots of sugar beet fertilized with
foliar marine calcite and foliar silicon were, respectively, 1.13-2.08 and 0.82-1.18 g Si kg~! (control =
1.05 g Sikg™) [7].

In the presented research, the Si uptake in the leaves was much greater than that obtained in
the experiment where fertilizers with silicon were applied [7] In that study, the intake of Si stored in
the leaves of sugar beet plants fertilized with foliar marine calcite or foliar silicon was, respectively,
4.10-4.33 and 3.62-5.57 kg ha™! (control = 4.86 kg ha™!). However, in the presented study, the intake of
Si stored in the roots was usually smaller than that observed in the experiment with silicon fertilizers
where the authors found that the uptake of Si in the roots of sugar beet fertilized by foliar marine
calcite or foliar silicon was, respectively, 26.5-58.2 and 20.3-3.3 kg ha™! (control = 24.8 kg ha™!). For
this reason, total Si uptake in the presented research depended on the fertilization type, and its value is
close to or less than that reported by those authors. They observed that the total silicon uptake (leaf
and root) by sugar beet plants fertilized with foliar marine calcite or foliar silicone was, respectively,
30.6-62.5 and 23.9-36.9 kg ha™! (control = 29.6 kg ha™?) [7].

In the present study, the variability of Si content in sugar beet leaves was higher (coefficient of
variation (CV) = 69.0%) than that in the roots (CV = 48.1%). Opposite results were observed in the
experiment with fertilizers with silicon where was found that the variability of Si content in the sugar
beet leaves was lower (CV = 55.1%) than that in the roots (CV = 63.2%). Similarly, in the present study,
the variability of Si uptake stored in the leaves (CV = 71.0%) was higher than that stored in the roots
(CV =51.0%). However, Artyszak et al. found that the variation in silicon uptake stored in sugar beet
leaves was lower (CV = 48.6%) than that stored in the roots (CV = 74.9%) [7].

The technological sugar yield was negatively correlated with the K content in the leaves and
positively correlated with the Mg content in the leaves and the P content in the roots. The authors
found that the technological sugar yield was positively correlated with the Si and K contents in the
leaves and with the Mg content in the roots. Although in the present study, it was not possible to
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determine a significant relationship between the technological sugar yield and the Si content in the
leaves, the correlation coefficient assumed quite a high value of 0.50 [7].

The use of foliar Si-free fertilizers did not significantly affect the content of macroelements in sugar
beet plants and their uptake in most types of fertilization. However, in the study of these authors,
foliar fertilization containing silicon significantly affected the content of d. m., Mg, and Ca in the leaves
and the content of d. m. and N in the roots [7].

As noted in previous studies, the smallest variability in d. m. content was observed in both leaves
and roots. The lowest CV value in nutrient uptake was observed for N stored in leaves and roots.
In the present study, the variability of Si content in leaves was higher (CV = 68.96%) than that in roots
(CV =48.08%). Similarly, the value of CV for Si accumulated in leaves and roots was 70.95% and 51.3%,
respectively. These results are different from those previously reported, where the variability of Si
content in leaves and roots was significantly lower at 26.3% and 37.9%, respectively. The value of CV
for Si accumulated in leaves and roots was 43.2% and 27.0%, respectively [7].

The correlations of technological sugar yield with macroelement contents observed in the present
study were different from those, where the authors found a positive correlation of the sugar yield with
the content of d. m. and P in leaves and the content of P, K, and Mg in the roots [7].

Many studies indicate the importance of Si as an element that facilitates the uptake of macro- and
micronutrients and protects plants against excessive accumulation of heavy metals and nonmetallic
ions [20]. However, there is still a lack of research explaining what factors facilitate or reduce Si uptake.
Foliar nutrition with Si-free foliar fertilizers did not positively affect either the Si content in sugar
beet plants or the uptake of this nutrient from the soil. However, the significantly higher Si content
in the roots and the highest uptake of this component by the control plants (without fertilization)
suggest that the easy availability of other nutrients from foliar fertilizers does not facilitate uptake and
accumulation of Si. Thus, the hypothesis that foliar fertilization can favorably affect Si uptake from the
soil has not been confirmed.

Requirement of mineral elements, including Si, differs with different plant organs and tissues.
Si content in crop plants is very diverse and it does not depend only on the species. Plants of the same
species also differ in the content of this ingredient [20]. This has been confirmed by our research on
sugar beet. A better understanding of the mechanisms and conditions of Si uptake could facilitate
the beneficial effect of Si on plants. Some plant species (e.g., rice) can even hyperaccumulate Si.
Accumulation of more than 10% Si of the dry mass in the rice husk is required for protecting the
grains from water loss and pathogen infection [21]. Si content in potato (Solanum tuberosum L.) tubers
ranged from 209 to 479 mg kg~!, depending on the potato variety [22]. Different species or cultivars
grown at various concentrations of Si absorb different amounts of Si, as reported for vegetables, fruits,
and rice [20,23]. Under drought-stressed conditions, the Si content in potato leaves was 0.41% d. m.
(without Si fertilization) and 0.47% d. m. after Si fertilization [24]. However, under normal conditions
(without drought), the Si contents were lower: 0.37% and 0.42%, respectively. The effects of various
fertilization methods on the contents of Si and other nutrients in cucumber plants was observed [25],
as well as the Si content in the soybean leaves (Glycine max (L.) Merr.) was higher after the application of
silicate to the soil [26]. The Si content increased from 2.64 to 3.70 g Si kg ™! [26]. Similarly, in corn leaves
(Zea mays L.), the Si content increased from 10.0 to 11.8 g Si kg‘1 after fertilization with silicate [26].
Many studies have shown the beneficial effect of Si fertilization on its higher content in different plant
tissues [20]. In other studies, N fertilization of maize and mallow had a significant effect on Si content
in silage made from these crops. These authors showed a significantly lower content of Si in silage
made of plants fertilized with high doses of N [27]. This confirms our own observations that the easy
availability of other elements for plants does not favor Si accumulation.

There are other observed benefits of increased Si accumulation in plants; for example, increase
of K concentration in leaves, stems, and roots and alleviation of K deficiency in soybean seedlings
after Si addition to the K-deficient seedling growth medium [28]. Some phytoextracts applied with
Si fertilizer improved the Si contents in roots and leaves of salt-stressed pea plants [29]. In another
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study with alfalfa, Si fertilization significantly increased the leaf area, plant height, forage yield, and
shoots per plant during the reproductive period. Si also increased the root volume of secondary roots
and the root biomass [30]. One of the most recent studies on Si fertilization in potted alfalfa (Medicago
sativa) reported that the effect of Si fertilization is ambiguous and can be modified by other factors. The
addition of Si increased the P and K contents of alfalfa shoots when accompanied by an increase in the
P content and a decrease in the K content in the soil. Si increased the total content of K and P but had
no effect on the total N content in the alfalfa shoots [31].

The crop with the highest Si uptake (approximately 500 kg Si ha™! year™1) is rice [32]. Si uptake in
46 crops grown hydroponically showed a general pattern of Si deposition along the leaf margins and
in the leaf trichomes. Minimal Si was found in the roots and stems [33]. Similarly, the salinity-induced
reduction in K content was partially ameliorated by Si application, particularly in the roots of the
common bean (Phaseolus vulgaris L.) [34]. Our research has not shown an effect of Si content in the leaves
and the roots on the pure sugar yield. In a previous study on potatoes, Si content was not correlated
with some yield features [35]. Eneji et al. also observed correlations between Si and P uptake [36].
Similar results for microelements were reported by Hernandez-Apaola [37]. According to Mali and
Aery, the P uptake in both hydroponics and the soil was improved even at low Si concentrations
through the activation of H-ATPase [38]. These authors also observed better absorption of N and Ca
for cowpea and wheat fertilized with increasing doses of sodium metasilicate (50-800 mg Si kg™!) as
well as better nodulation and markedly better N fixation in cowpea [38,39].

Our results on sugar beet, as well as those obtained by other authors for different species
accumulating large and small amounts of Si, suggest the need for further research on the effects of
agronomic factors on the uptake and storage of Si. Given that Si is the only element that confers
resistance to multiple stresses, affects yields and quality, and is nontoxic to humans and environment,
the use of this element as a biostimulant together with fertilizers in field crops and in horticulture is
expected to increase considerably in the future [20].

4. Materials and Methods

The study was conducted in Sahryn (50°41” N and 23°46” E), southeastern Poland, in two growing
seasons (2013 and 2014). In each season, a randomized complete block design experiment with
four replications was conducted. Following the recommendations of the fertilizer producers, seven
treatments were tested, including six types of foliar fertilizations and a control treatment. Foliar
fertilization types were tested in accordance with the recommendations of the producers of the
fertilizers. Such types of fertilization are mostly used in agronomic practice in Poland. The fertilizers
were applied once at the 4-6 leaf stage of sugar beet (treatments 1 and 4); twice at the 4-6 leaf stage
and one week later (treatments 2 and 5); and thrice at the 4-6 leaf stage, one week later, and then two
weeks later (treatments 3 and 6). The numbers of fertilization types, the time of their application, and
the name of the preparations are described in Table 6, while the total amounts of nutrients applied are
presented in Table 7.

Table 6. Types of foliar fertilization for sugar beet tested in the experiment.

Names of Preparations

NNumber of T he 4-6 Leaf T Two Week
Fertilization Tvpe reatment at the 4-6 Lea reatment Two Weeks
P Stage of Sugar Beet Treatment One Week Later after First Treatment
1 FoliQ Ascovigor + FoliQ Mg - -
2 FoliQ Ascovigor + FoliQ Mg FoliQ Mikromix + FoliQ B -
3 FoliQ Ascovigor + FoliQ Mg FoliQ Mikromix + FoliQ B FoliQ Zn+
4 FoliQ Ascovigor + FoliQ B - -
5 FoliQ Ascovigor + FoliQ B FoliQ B + FoliQ Kombimax -
6 FoliQ Ascovigor + FoliQ B FoliQ B + FoliQ Kombimax FoliQ Zn+
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Table 7. The total doses (g ha™!) of nutrients applied by foliar fertilization in the investigated treatments
of sugar beet (data provided by the fertilizer producers).

Application Control (©) Type of Fertilization
of Fertilizers 1 2 3 4 5 6
N - 802 880 990 951 1851 1961
K - 316 446 446 474 1035 1035
Mg - 381 409 409 - 109 109
Ca - 258 258 258 387 387 387
S - 372 407 407 306 336 336
B - 76 231 341 339 565 675
Cu - 0.01 791 791 0.01 2.26 2.26
I - 0.08 0.08 0.08 0.12 0.12 0.12
Fe - 0.12 15.82 15.82 0.18 4.68 4.68
Mn - 20.4 44.0 44.0 30.6 329 329
Mo - - 0.15 0.15 - 0.45 0.45
Zn - 12.8 28.5 138.1 19.2 21.5 131.1

The compositions of fertilizers (g dm~3) were as follows: (1) FoliQ Ascovigor: N—317, K—158,
Ca—129, 5—102, B—38.1, Cu—0.004, I—0.04, Fe—0.06, Mn—10.2, Zn—6.4, Ascophyllum marine algae
extract, natural growth hormones (cytokinins, auxins, gibberellins, betanin), vitamins; (2) FoliQ Mg:
N—56, Mg—127, S—56; (3) FoliQ Mikromix: N—78, K—130, Mg—28.3, 5—34.8, B—4.7, Cu—7.9,
Fe—15.7, Mn—23.6, M0o—0.15, Zn—15.7; (4) FoliQ B: B—150; (5) FoliQ Zn+: N—54.8, B—54.8, Zn—54.8;
(6) FoliQ Kombimax: N—300, K—187, Mg—36.2, 5—10.0, B—0.30, Cu—0.75, Fe—1.50, Mn—0.75,
Mo—0.15, Zn—0.75.

Precipitation during the growing period, from the beginning of April until the end of October,
was 387 mm and 550 mm in seasons 2013 and 2014, respectively. The average temperature of the
two growth seasons was very similar (14.8 °C and 14.5 °C, respectively). The soil type was Calcic
Chernozem (Aric, Loamic) containing 1.1% organic carbon in both years (pH range: 7.2-7.4) [40].
The content of the available forms of P was 109 and 22 mg kg™, and the content of K was 95 and
75 mg kg~! in the subsequent seasons (2013 and 2014, respectively) [41,42]. The sugar beet (Beta
vulgaris L. subsp. vulgaris var. altissima Doll) variety Primadonna KWS was cultivated after winter rape
cultivation. Fertilizers (NPK) in the solid form were applied before plowing in the autumn. The doses
were adjusted to the soil fertility and the expected yields. Total rates of macronutrients were as follows
(ha™!): 135 kg N, 39 kg P, 112 kg K, 13 kg S, 9.6 kg MgO, and 5.7 kg Ca. More details about the weather
and soil conditions and the agricultural practices were reported by Artyszak et al. [43]. For the chemical
analyses and to determine the d. m. content, representative samples of roots and leaves from the center
of the rosettes were harvested from each plot during harvesting. The d. m. content was determined
by the oven-drying method. The contents of nutrients such as N, P, K, Ca, and Mg were determined
in the oven-dried plant material after the wet digestion of the samples with sulfuric acid and the
addition of 30% hydrogen peroxide solution. The nutrient content was determined by the following
methods: N by direct potentiometric titration with sodium hypobromite (Kjeldahl method); P by the
spectrophotometric method with a solution of nitric acid, ammonium metavanadate, and ammonium
molybdate at the wavelength of 470 nm; K, Ca, and Mg were determined by atomic absorption
spectrometry at 766.5, 422.7, and 285.2 nm, respectively [44—48]. The Si content was determined by
two-phase wet digestion according to the method of Kraska and Breitenbeck [49].

Sucrose, alpha-amino nitrogen, Na, and K contents were determined using the automatic beet
analysis system “Venema” by Kutno Sugar Beet Breeding Station Ltd. in Straszkéw, Poland. A more
detailed description is reported in [43].

Pure sugar yield was calculated from the following formula [50]:

Pure sugar yield (t ha~!) = Root yield (t ha™1) x [sugar content (%) — loss of sugar efficiency (%)]

Sugar efficiency loss (%) = Standard loss of molasses (%) + 0.6 (%);
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Standard loss of molasses (%) = 0.012 X (K + Na) + 0.024 («x-amino-N) + 0.48;
where K, Na, and a-amino-N content are in mmol kg~! of the pulp.

The yields of leaf d. m. and root d. m. were calculated as the products of the yield and the d. m.
content. The uptake of N, P, K, Mg, Ca, and Si was calculated from their content in plants and the d. m.
yield. The experimental data were statistically analyzed by one-way analysis of variance, and the mean
values were compared using the least significant difference, with the level of significance of o = 0.05.
Statistical analyses were performed with SAS 9.1 software (Cary, USA) by using the GLM (General
Linear Model) procedure. The evaluation of the correlation between the measured traits was calculated
using simple Pearson’s correlation coefficients. The significance of correlations was assessed at p < 0.05
and p < 0.01. Relationships between the pure sugar yield and the macronutrients and Si content in
leaves and roots were evaluated using multiple regression with backward selection of variables.

5. Conclusions

The Si content in the leaves and roots of sugar beet for all the treatments ranged from 0.55 to 1.97
and from 0.49 to 1.59 g kg™! d. m., respectively. The foliar application of macro- and micronutrients
had no significant effect on the Si content in the leaves. Sugar beet plants accumulated 4.7-15.6 and
12.5-35.8 kg Si ha™! in the leaves and roots, respectively, and a total of 20.3-46.7 kg Si ha~! in the entire
plant. Most of the Si taken up with each fertilization variant was accumulated in the roots.

Correlations between the Si content in the leaves and that in the roots with the pure sugar yield
were not significant. The Mg content in leaves and the P content in the roots were positively correlated
with the pure sugar yield. However, a negative correlation with the pure sugar yield was found for the
K content in the leaves.
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