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Abstract: Sugar beet fertilization is a very complex agrotechnical measure for farmers. The main
reason is that technological quality is equally important as sugar beet yield, but the increment of
the root yield does not follow the root quality. Technological quality implies the concentration of
sucrose in the root and the possibility of its extraction in the production of white table sugar. The
great variability of agroecological factors that directly affect root yield and quality are possible good
agrotechnics, primarily by minimizing fertilization. It should be considered that for sugar beet, the
status of a single plant available nutrient in the soil is more important than the total amounts of
nutrients in the soil. Soil analysis will show us the amount of free nutrients, the degree of soil acidity
and the status of individual elements in the soil so that farmers can make a compensation plan.
An estimate of the mineralizing ability of the soil, the N min, is very important in determining the
amount of mineral nitrogen that the plant can absorb for high root yield and good technological
quality. The amount of N needed by the sugar beet crop to be grown is an important factor, and it
will always will be in the focus for the producers, especially from the aspect of trying to reduce the
N input in agricultural production to preserve soils and their biodiversity but also to establish high
yields and quality.
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1. Introduction

Sugar beet (Beta vulgaris L. subsp. vulgaris var. altissima Doll.) and sugar cane
(Saccharum officinarum L.) are the plants that are mostly grown in the world as raw materials
for processing into sugar. Sugar cane cultivation for sugar production began in India in
2000 BC, while sugar beet is a relatively young plant and has been grown since the late
18th century. Sugar beet is biologically adapted to the temperate climate zone and is grown
in the area from 30° to 60° north latitude and from 25° to 35° south latitude. Nowadays,
sugar beet accounts for 20% of world sugar production, while the remaining 80% of sugar
is from sugar cane [1]. The most suitable geographical conditions for beet growing are
found where the soil is deep, friable, well drained and contains a certain proportion of
lime. Sugar beet is usually cultivated as a rotation crop. Even though there is a need for
agrotechnical measures, it would be interesting to try the adoption of conservation tillage,
which provides considerable environmental benefits while improving soil fertility [2-6].
Sugar beet yields under reduced tillage are similar to those of beets grown in plowed soil
when the N application increases [7].
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The sugar content in sugar beet root is usually 13-20% [8,9]. The total biomass of
the sugar beet plant is divided into root and leaf dry matter. According to Hoffmann and
Kenter [10], sugar beet root yield has increased in the past decades by 1.5% per year, but the
sugar content has increased at the expense of the plant canopy (or leaf dry matter). More
than 98% of total root sugar is sucrose, fructose and glucose in very small amounts [11].

Sugar beet fertilization significantly impacts yield formation and sugar beet root
quality. Nitrogen is probably the most studied nutrient for sugar beet because N is the
most limiting nutrient directly related to sugar beet yield and quality. Many researchers
reported that N fertilization greatly influences excessive N fertilization, resulting in more
lush development of the leaves and crowns, root maturity is slowed down, and the sugar
content in the root is lower. In addition, root quality may be reduced due to the increased
content of melas-forming elements [12-15].

As one of the main building blocks, nitrogen has a special significance in plants
because it is an integral part of proteins from which protoplasm, cells and plant tissues are
formed [16,17]. In addition, N is the main yielding element in plant production. The range
of N concentration in the leaf blade of sugar beet is from 2.2 to 3.5% and in the leaf stalk
from 1.0 to 1.5% [18]. Sugar beet needs a large amount of N as a nutrient. The amount of
N applied to the soil should be performed according to the chemical and microbiological
properties of the soil. Furthermore, weather conditions should be considered to avoid
unused amounts of N by plants that will, due to extreme instability of this nutrient, move
into the deeper layers of the soil and bring about groundwater eutrophication [19,20].
Moreover, excessive amounts of N fertilizers negatively affect the content of melas-forming
substances and primarily alpha-amino [21-23].

2. Determination of N Rate: Importance of EUF and N Min Methods

Chemical analytical methods and techniques are used to make crop fertilization rec-
ommendations based on nutrient status in the soil [24]. The choice of analytical methods
should consider that any analytical method is good if there is a well-designed system of
interpretation of analytical values. The interpretation of the results uses tables of limit
values, which give more indicative results because nutrient bioavailability is not a static
value. It depends on a number of factors: biological, physical, hydrological, agrotechni-
cal [25]. Classical methods of soil analysis are basically one-off extractions that estimate
only the available nutrients in the soil and not the reserves of nutrients. Determining the
available amount of nutrients in the soil is a common basis for recommending fertilization
and application of fertilizers. Therefore, analytical and prognostic methods are required to
provide insight into the amount of available nutrients status in the soil, the rate of change in
the amount of identified nutrients during the growing season (e.g., for absorption, rinsing
or fixation) and the amount of nutrients to be added for optimal plant nutrition. In some
cases, the calculation also considers the need to increase the level of some nutrients in the
soil to the target value.

The electro-ultrafiltration (EUF) method is the extraction of both the inorganic (EUF-
NO3) and organic (EUF-Norg) EUF-N fractions, but it can also extract synthetic amino acids
dissolved in water [26,27]. The plant nutrients determined are separated from solutions in
the form of ions, cations (Cay*, K*, Mg,*, NHy+, Mn,*, Fe3*) and anions (NO3;~, S0,2%,
BO337). By changing the temperature and voltage of the current in soil-water suspensions
from the soil, weaker or more tightly bound nutrients are separated. The extraction medium
is distilled water, and during an extraction under the influence of electric fields (direct
current) from the suspension, differently charged ions and particles are detached from the
anodes and cathodes [28]. This process first separates easily soluble nutrients and then
bound nutrient fraction, which is gradually mobilized during the growing season from
the soil. For the EUF method, the extracted inorganic N (main nitrate) and organic N are
the basis for the N fertilizer recommendation [29], since sugar beet uses both N fractions
(EUF-NOj; and EUF-Nyyg). The EUF method for soil analysis was introduced in Austria and
Germany in 1974 and 1982 [30]. Since its introduction, more than 1.2 million soil samples
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have been analyzed by EUF [31]. Except for sugar beet, the method was used for other field
crops, such as cereals, potatoes and vineyards.

For EUF calculation of the N fertilizer requirements, it is suggested that the sum of
the EUF-extractable N amounts be used. For sugar beet grown as a spring crop in the
climatic conditions of western and central Europe, the N supply during the summer months
(May-September) is very important because it determines the yield and root quality. In
Austria, Yugoslavia and Denmark, it was determined that over three years, the EUF-N
value of 1 mg 100 g~ ! soil in the period between June and September was equivalent to
40 kg ha—1 N [32]. Additionally, in addition to the EUF, mechanical analysis is often used,
and in the spring planting, N status is often checked by the N min method.

With the N min method, the concentration and total amount of mineral N forms in the
soil—nitrate (N-NOj3), ammonia (N-NH4") and soil moisture—were determined [33,34].
The N min method determines the amount of mineral forms of N (available N) for spring
crops before sowing and before sowing and harvesting for winter cereals in the zone that is
reached by the root system. Therefore, instead of an individual determination, the N min
method represents a synthesis of several factors of N availability (previous crop residual N,
harvest residues, soil and climatic conditions [35]). The N min calculator is intended for N
fertilization and N starter fertilization of winter cereals, corn and sugar beet. Computer
model fertilization recommendation based on the N min method considers all necessary
parameters (the content of mineralized N in the soil, soil moisture, sampling time and
soil texture) for estimating N doses. The disadvantages of the N min method are the
impracticality of the short time between sampling and performing the analysis until the
application of the recommendation for fertilization, and with the EUF method, a great
variability of results, especially on clay soils [36]. For sugar beet as a spring crop, the soil
samples for the N min method need to be sampled in the third week of February and in
the first decade of March. A total of 20-25 individual samples were taken from an area of
no more than 10-20 ha from the same pre-crop, the same type of soil and uniform terrain
configuration and composited into a 0.5-1 kg sample. Individual samples were taken from
a depth of 0-30 cm, 30-60 cm, 60-90 cm.

3. Nitrogen Fertilization Influence on Vegetative Growth

Malnou et al. [16] point out that it is desirable for sugar beet to reach 85% of the canopy,
which covers the soil, as soon as possible to maximize the use of solar radiation, while
Jaradat and Rinke [37] point out that newer genotypes can achieve up to 90% soil coverage.
According to a two-year study in Germany (Gottingen), Hoffman and Kluge-Severin [38]
state that under temperate climatic conditions, sugar beet as a spring crop absorbed only
24% of the incoming radiation in May and up to 83% in June.

The most intense leaf formation in European production area is from the beginning
of June, when sugar beet leaves close the rows and last until mid-July [39]. After that, the
plant forms leaves of smaller dimensions, and the leaves gradually die off by the end of the
vegetation. The growth of sugar beet roots through vegetative stages has a linear trend,
and the largest root growth occurs from mid-July to mid-August.

The leaf rosette of sugar beet reaches its maximum at the end of July and the beginning
of August, while toward the end of the vegetation, it gradually decreases [6,40]. According
to Kristek and Liovi¢ [41] and Jeli¢ et al. [42], in agroecological conditions of southeast
Europe, the largest daily increase in sugar beet leaves is from mid-June to mid-July.

Manderscheid et al. [43] state that a higher amount of N (126 and 156 kg ha~! N)
compared to a smaller one (63 and 78 kg ha~! N) resulted in an increase in fresh leaf mass
and an increase in individual leaves through the vegetation (11th, 16th, 26th and 31st leaf),
while statistically significant differences were not found between different N fertilizations
and the number of sugar beet leaves. Liidecke [44] states that the development of sugar
beet in conditions of reduced N supply at the beginning of vegetation is the same because
beets have enough N available. The author emphasizes that sugar beet matures earlier in
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conditions of lower N supply, and phenotypically, the leaves are lighter in color, while the
root lags behind in growth.

Newer genotypes have erect leaves that allow growth in a smaller vegetation area [45].
Vukadinovi¢ et al. [46] point out that hybrids with more upright leaves tolerate shading
better, i.e., they can be grown in higher density. In addition to the above, in terms of photo-
synthesis, Miiller-Linow et al. [47] emphasize the importance of the vertical distribution of
leaves, i.e., the angle at which the leaves are located on the rosette of sugar beet.

In spring sowing, the dying of sugar beet leaves is more intense after July. Kenter et al. [48]
point out that air temperature and radiation have a very significant impact (p < 0.001) on
the growth of sugar beet leaves in the first 65 days after sowing (early June) by growing
sugar beet at 27 locations in Germany.

In the phase of intensive leaf growth (mid-June to the end of July), the total leaf area
of one plant is 2000 to 6000 cm? [12,40,49], while the optimal leaf area index (LAI) of sugar
beets in this period is from 3 to 4 m? m~2 [12,50-53]. With the optimal leaf area index of
sugar beet (3 to 4 m? m~2), the outer leaves use almost all of the sun’s energy. If the LAI
is higher than optimal, the photosynthesis of the lower leaves is reduced, the crop is not
drought resistant and has a greater need for nutrients. Manderscheid et al. [43] emphasize
the importance of N fertilization and state that depending on N fertilization, a different
number of dry sugar beet leaves was found in August and September. Furthermore, the
authors point out that sugar beet had an average of 1.58 dry leaves in late June and early
July, 5.58 in August and 9.55 dry leaves in the second half of September.

Based on the analysis of eleven hybrids of the Institute of Field and Vegetable Crops
in Novi Sad, Putnik-Deli¢ [54] emphasizes the importance of the genotype itself on the
formation of the leaf rosette. The author points out that in young beets in the 6-12 leaves
phase, the leaf area per plant differs depending on the genotype (414.24 cm? to 1099.89 cm?).
According to Drachovska and Sandera [49], the differences in leaf area between genotypes
in the phase of intensive root growth (11 July—-11 August) were not so pronounced, which
was confirmed by the example of leaf area of yield and sugar genotype (average 2741.5 cm?
and 2892.3 cm?). In the analysis of LAI, Tsialtas and Maslaris [52] again emphasize the
importance of genotype. According to their research in Greece on 12 sugar beet genotypes,
it was found that in the phase of the largest leaf area, in early July, LAI ranged from
1.78 m? m~2 (hybrid Ramona) to 5.03 m?> m~?2 (hybrid Dorothea).

Kosterj and Repka [55] obtained an LAI value from 0.38 m?> m~2 to 5.36 m? m 2
during vegetative growth in the first year of vegetation. In 11 sampling dates (from June
to October), Tsialtas and Maslaris [56] found very significant changes in LAI (hybrid
Rizor). The authors also state that toward the end of the vegetation, the leaves become
smaller in size (leaf area, length decreases, width and radius), and the leaf blade becomes
more rounded.

Kristek and Halter [39] conclude that with a smaller number of plants per unit area,
sugar beet cannot make full use of vegetation space, and due to a higher nutrient supply,
the N uptake was higher, the root sugar content was reduced, and sugar yield was lower.

As with most field crops, N is an important nutrient in sugar beet. Sugar beet re-
quires higher amounts of N to achieve maximum yields, so fertilization is one of the most
important agronomic measures in sugar beet production. Excessive as well as scarce fertil-
ization, especially N, can lead to loss of yield or reduced quality of sugar beet roots [57]. In
conditions of scarce N supply, the sugar beet develops a smaller assimilation area and a
smaller root with more sucrose, but the sugar yield per unit area is lower due to lower root
yield [35].

Considering the needs of sugar beet for N, Pospisil [16] points out that sugar beet needs
the most N in the phase of intensive leaf growth, which, in our agroecological conditions,
most often occurs from early June, i.e., from the closing of rows, until mid-July. On the
other hand, there is the least need for N in beets at the time of intensive accumulation of
sugar in the root, so N's availability in the soil should be lower to prevent the formation of
undesirable N compounds that prevent sugar separation.
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Malnou et al. [16] state that sugar beet needs 0.04 g cm 2 N leaf to develop 85% of the
leaf rosette, which corresponds to 120 kg ha~! N, so it is very important to supply the plant
with enough N so that the leaf rosette can better harness solar energy.

Sugar beet also absorbs the ammonium form of N (NHy*) well, which, due to physio-
logical processes within the root cells, can negatively affect the sugar content in the root,
breaking it down or preventing the synthesis of sucrose. Therefore, in the spring, before
sowing and in the feeding of sugar beet, fertilizers that have an ammonium form of N,
such as urea (CO(NH3),, 46% N) and UAN (urea + NH4NOj; + water, 30% N), should
be avoided. This is confirmed by Brentrup et al. [58] who stated that the yield of sugar
beet when applying 115 kg ha~! N in the form of calcium ammonium nitrate (CAN) was
47.7 tha~!, and the yield of sugar was 8.49 t ha!, while with the same amount of N from
urea, root yield was lower at 44.2 t ha~! and sugar yield at 7.31 t ha1.

After two years of research in Croatia, Kristek et al. [57] state that basic fertilization
with 100 kg ha of urea increases root yield from an average of 57.6 t ha~! (control) to
61.4 t ha~!, root sugar content from an average of 15.7% (control) to 15.8% and sugar yield
from an average of 7.7 t ha~! (control) to 8.3 t ha~!. Furthermore, the same authors state
that top dressing leaves in phase 2—4 with 50 kg ha~! CAN without basic fertilization in
the autumn gave, on average, the best results: root yield 68.1 t ha~!, sugar content in root
15.9% and sugar yield 9.31 t ha~!.

Draycott [59] states that sugar beet root at harvest contains phosphorus in the amount
of 0.8 kg t~! of fresh matter, potassium 1.7 kg t~! fresh matter, while the whole plant in
the vegetation can take a total of 1.9 kg t ! fresh matter phosphorus and potassium in the
amount of 7.9 kg t~! fresh matter.

4. Sugar Beet N Fertilization Management

In most soils in Croatia, sugar beet fertilization is 140-160 kg ha~—! N, 80-130 kg ha~!
P,0s and 150-250 kg ha~! K,O [17]. In sugar beet production, phosphorus and potassium
are usually applied in the fall, while one-half to one-third of the total required N was added
in the fall and the rest in the spring.

Mirlander et al. [50] state that in Germany, in the last 20 years, the use of phosphorus
fertilizers in sugar beet cultivation has been reduced from 65 to 20 kg ha~! and potassium
fertilizers from 200 to 60 kg ha~—!. The authors point out that in order to achieve satisfactory
yields, N was applied in the amount of 120 kg ha~! N, and such practice is in use in most
countries of the European Union. The main reason for that is that phosphorus fertilizer
resources worldwide are very small in relation to nitrogen and potassium fertilizers [51-54].
Fertilizers should be used only if there is a proven lack in the soil to avoid overapplication
and environmental pollution [55-58]. Soil analysis must be performed before use of
fertilizers, and the dosage can be partly reduced by adding manure [59-69].

Draycott [70] points out that in many European countries, it is the practice to add all
the N needed to achieve maximum sugar beet yields in the spring in the amount of 30 to
40 kg ha~!, which should be added before sowing, while the rest is added in top dressing
in phase 24 leaves. In our conditions, 60-80 kg of ha~! N is most often added before
sowing [14,16,50].

The greatest need of sugar beet for nutrients is in the phase of intensive leaf growth
(from early June to mid-July). Sugar yield is linearly related to dry matter yield and total
N uptake. However, Last et al. [71] point out that increasing N above 200 kg ha~! of N
does not increase sugar yield, and the maximum sugar yield over six years of research was
obtained by applying 125 kg ha~! N or less.

Starke and Hoffmann [72] state that the differences in the share of root dry matter
depending on N fertilization were not very pronounced, and according to the results
of their research, the average share of root dry matter was 22.5%, with fertilization of
150 kg ha—! N 23.6%, while at an even higher amount of N than 300 kg ha~!, dry matter
was reduced to the level of the control treatment (22.5%). According to another study,
Starke and Hoffmann [73] point out the positive effect of N on the dry matter yield of sugar
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beet leaves. Namely, the authors conclude that with higher fertilization, with as much as
300 kg ha™! N, the yield of leaf dry matter increased to over 31 t ha~!, while without N
fertilization, it was lower and amounted to 26 t ha—!.

Marlénder et al. [50] also emphasize the importance of soil mineralization. Namely,
although the average needs of sugar beet for N are about 200 to 250 kg ha~!, the authors
state that approximately 100 to 150 kg ha~! of N was mineralized in the soil through
vegetation, which reduces the need for larger amounts of N fertilization. About 75% of the
total area of sugar beet cultivation in Germany adds less than 120 kg ha~! N by fertilization,
while in the rest of the area, even less was applied, i.e., about 80 kg ha=! N.

Ja¢imovic et al. [14], using a combination of different doses of NPK fertilizers in a
two-year study, determined the highest yield of roots (98.86 t ha—1) and sugar (8.91 t ha™1)
in the fertilization treatment of 100 kg ha=! N, 150 kg ha~! P,Os and 150 kg ha~! K,O.

The connection between N fertilization and N content in the plant is emphasized by
Monreal et al. [74]. The authors found that N fertilization with 480 kg ha~! N resulted in
569 kg ha~! N in sugar beet plants, while unfertilized beets had 420 kg ha=! N.

Vielemeyer et al. [75] state that increased N fertilization (0, 120 and 240 kg ha~! N)
decreased sugar content from 17.1% in the control treatment to 15.7%. However, the yield
of crystallized sugar remained unchanged (average 5.7 t ha!). Furthermore, the authors
state that the increase in N fertilization to 240 kg ha~! N led to an increase in leaf yield as
well as crowns and root yield (82.8 t ha=! and 42.9 t ha—!, respectively) compared to the
control treatment of 42.7 tha—! and 38.2 tha™!, respectively).

5. Nitrogen Use Efficiency (NUE) in Sugar Beet Production

Increasing nitrogen use efficiency can be achieved by using the right combination of
nutrients, fertilizing at the right time and avoiding nutrient loss [76]. Nitrogen is a very
mobile element and can be lost in several ways. Losses are often in the air volatile but also
as leaching in the deeper layers of the soil by rainfall and groundwater. Both cases cause
economic losses but also environmental problems. Nitrogen losses are affected by nitrogen
form (nitrate, ammonium or urea), as well as soil properties (pH, texture, temperature,
moisture, cation exchange ability, organic matter) and fertilizer management (time and
dosage) [77,78].

Another important approach to sugar beet production is organic farming. Organic
farming is one of the most important agricultural practices focused on food safety and
biodiversity. This means producing food from a healthy environment of land, plants and
animals. Organic fertilizers, genetically modified organisms, pesticides and other synthetic
chemicals are not used in organic production. Organic agricultural production reduces
human impact on the environment, improves soil quality in the long run and contributes
to increasing biodiversity [79].

Therefore, a major challenge for breeders is developing sugar beet cultivars with
higher NUE without creating nitrogen deficits and /or reducing yields to reduce environ-
mental pollution and production costs. To create N-efficient cultivars, a selection can be
carried out directly via N stress conditions or indirectly under optimal production condi-
tions [80-84]. Direct selection in the target environment has the advantage to detect the
interactions between the genotype and production system. Precision farming with the use
of geographical information system (GIS) will also, in the future, have a great impact on
improving NUE in sugar beet production [85-87].

6. Influence of Soil Type and N Fertilization on Sugar Beet Yield and Quality

The sugar beet production should always note that the land and weather conditions
determine the framework and implement agrotechnical measures for the production level.
Sugar beet can use large quantities of N, and the optimal amount moves within narrow
limits. With an increased supply of N for the same root yield, beets can adopt up to 70%
more N from the required amounts, negatively impacting root quality. Due to these facts, N
fertilization should be done only to replenish stocks in the ground. As N in the soil occurs
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in the organic and mineral form, determining the stock of plants” available N represents
a problem, and because of the great variability in the soil, the problem is the time of soil
sampling for analysis. Sugar beet depends on several factors, such as soil and weather,
plant distribution in the field and number per unit area, a form of added N [88], as well as
the fact that beets absorb uneven N throughout different growth phases in vegetation.

Today, we apply N based on the established stocks of N min in the soil before tillage
and pre-sowing fertilization when fertilizing sugar beet. Early determination of N fertil-
ization assumes the impossibility of accurately predicting N’s mobilization (subsequent
delivery) from organic matter soil, since the period elapsed between the optimal fertiliza-
tion period and harvest period is extremely long. This is important because the yield and
quality of beets also depend on the availability of N during the second half of the vegetation.
In practice, N fertilization is very often the cause of bad production results. In this research,
the aim was to determine the effect of early N addition in the form of urea and increased
fertilization through yield fertilization and root quality. Precipitation and air temperature
over the season significantly affect N fertilization and achieved production results. Kristek
et al. [68] point out that soil type and especially N application time significantly affect yield
elements and sugar beet root quality. Sugar beet prefers the nitrate form of N(NO; ™), so
top dressing in production is usually performed in the phase 3—4 of leaves with mineral
fertilizer calcium ammonium nitrate (CAN), which contains 27% N.

Last and Draycott [88] found in a three-year study that fertilization (0, 125, 250 kg ha~!
N) in carbonate loamy soils did not affect the increase in dry matter yield of roots. Icreasing
the dry matter yield of roots requires a lower dose of fertilizer on clayey loamy soil than
on sandy loamy soil. They further found that in the area with an average annual rainfall
(around 600 mm for sugar beet), the loss of N by leaching was negligible but that the losses
were significant during very humid springs, averaging 40 kg ha—! N. Pospisil et al. [89]
state that fertilization of 120 kg ha~! N in soils of poor fertility (2 mg N-min/100 g soil, at
a depth of 0-60 cm) and a more abundant rainfall during spring and summer significantly
increase the leaf area of sugar beet. Marinkovi¢ et al. [90] state that autumn fertilization of
chernozem (Novi Sad, Serbia) with different doses of NPK (50, 100 and 150 kg ha N, P,
K) increased the average yield of root (58.5 t ha~!) in comparison with unfertilized plots
(35.6 tha™1). They further state that increasing the dose of N in the fertilizer of 100 kg ha~!
N significantly increases the sugar yield (8.69 t ha~?!), while further increase in the amount
of N of 150 kg ha~! N reduces the sugar yield by 1.69 t ha~!. Hoffmann and Mrlander [91]
analyzed 57 genotypes from 22 locations in Germany (mainly luvisol and chernozem) with
fertilization up to 160 kg N ha~!, stating that the concentration of total soluble N in beets
ranges from 25 to 65 mmol kg ! and amino N from 6 to 24 mmol kg~ !. Malnou et al. [92],
during a three-year experiment in Great Britain (Broom’s Barn) on sandy soil with favor-
able water-air relations, state that autumn fertilization of N (0 to 220 kg ha~! N) with
160 kg ha~! N significantly increases average sugar beet root yield (71.5 tha~!) and sucrose
content (17.4%), compared to the root yield and sucrosecontent without N fertilization,
(55.7 tha~1, 17.7% respectively). In the Republic of Croatia, according to Kristek et al. [68],
after a large amount of precipitation in the winter period (in 2009/10), in soil with good
physical properties in the spring, the amount of N min in the layer 0-60 cm was signif-
icantly smaller than in the previous year, when the amount of precipitation was almost
half less and relative to soil with a differentiated profile. In fertile soil, urea application
in the autumn with tillage was neither justified nor necessary, since the maximum root
yield (74.9 t ha—!) and sugar yield (10.1 t ha—') were achieved in the treatment without
fertilization urea and top dressing (N-0 + 27 kg ha~! N). Marinkovi¢ and Crnobarac [93]
determined the highest yield of roots (62.7 t ha—!) and sugar by fertilizing chernozem
(Serbia, Rimski éanéevi) with 150, 100 and 50 kg N, P and K ha~t, respectively 41 t ha~t,
with half of N (75 kg ha~! N) applied in the autumn and the other half pre-sowing.
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7. Cercospora Leaf Spot and N Fertilizers

In sugar beet production, the most important disease is the Cercospora leaf spot caused
by the fungus Cercospora beticola Sacc., which occurs regularly in the production [94-97].
Several diseases are not so economically important, and they are caused by the fungus
Ramularia beticola Futr (Ramularia leaf spot) [98,99], Alternaria tenuis Nees (Alternaria
leaf spot) [100-102], Phoma betae Frank (zoned spot) [103,104], Uromyces betae Perset Lev.
(sugar beet rust) and Pseudomonas syringae pathotype aptata Brown and Jamieson, Stevens
(bacterial spot) [105].

Additionally, numerous authors’ results state that fertilization generally and high
amounts of N fertilizers favor the development of the disease of the crops, affecting the
plant’s disease risk either directly or indirectly through changes in the community structure
or nitrogen [106-109].

The CLS is the most detrimental disease of sugar beet in temperate climates world-
wide [110,111], which affects the above-ground parts of plants, including seeds. Symptoms
are observed on older leaves in the form of gray spots inside and with a brown edge. The
infected leaves become necrotic and eventually fall to the ground but remain attached to
the root head. According to Kristek et al. [45], the damage caused by Cercospora beticola
Sacc. reduces the photosynthesizing surface of the leaves. The yield of sugar beet root
may be reduced up to 60% and sucrose content by 3—7%. These decrements in sugar beet
root quality ultimately lead to a 42% reduction in technological sugar yield [112-114] up to
50% [115].

Ontario [116] suggests that the N application rate could reduce the need for fungicide
applications to control Alternaria leaf blight and Cercospora leaf spot diseases in the field-
grown carrots because lower N treatments resulted in fewer live leaves per plant at harvest.
Makheti Mutebi and Atieno Ondede [117] found that for mulberry (Morus alba L.), plant
fertilization amount of 200 kg ha~! N is an effective approach for suppressing Cercospora
leaf spot of mulberry and can be recommended to the farmers.

According to Kristek et al. [3], by applying non-symbiotic and associative N bacteria
in sugar beet cultivation, there is a possible reduction in mineral N fertilizers.

8. Leaf N Content

According to Bergmann [118], the dry matter of a fully developed mature sugar
beet leaf, 50 to 60 days after germination (June or July), optimally contains 4.0-6.0% N,
0.35-0.60% phosphorus, 3, 5-6.0% potassium and 0.30-0.70% magnesium. Similar values
in the content of macro-elements in the dry matter of sugar beet leaves were shown by
Stanacev [40], according to which the N content is usually from 1.80 to 2.46%, phosphorus
from 0.57 to 0.71%, potassium from 3.0 to 4.46%, sodium from 1.15 to 2.40% and magnesium
from 0.37 to 0.75%.

The N concentration in the sugar beet plant depends on the amount of N in the soil.
Draycott and Chirstenson [13] state that in the phase of fully expanded leaves, the N
concentration in a sugar beet plant can range from 1.0 to 3.5%, in the root from 0.5 to 0.8%,
in the leaf blade from 2.2 to 3.5% and in the stalk from 1.0 to 1.5%, but that in soils where
beets are grown for a long time, there is N in the soil either in excessive or insufficient
amounts and, therefore, N concentrations may be outside the specified limits.

Reviewing the results of several studies, Draycott and Chirstenson [13] state that the
dry matter of sugar beet leaves at harvest contains about 0.3% phosphorus, 3% potassium,
2.5% sodium and 0.4% magnesium, while the dry matter of the root contains about 0.1 phos-
phorus, 0.8% potassium and 0.1% sodium. Furthermore, according to the experience in
France and Great Britain, the authors state that at the time of the largest leaf area (July
and August), the above-ground mass of sugar beet has the highest amount of phosphorus,
from 20 to 25 kg ha~! P,Os, while in the root, the amount of phosphorus increases during
vegetation and at the time of extraction can be up to 40 kg ha~! P,0s.

In recent breeding programs, the amino N concentration is the only selection criterion
with regard to N components in the beet [119]. To achieve high-yield and high-quality
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sugar beet roots, sugar beet has high nutrient requirements, both macro and micronutrients.
Fertilizing the soil with N is usually performed in the spring before sowing. Nitrates
are present in the environment, i.e., in the air, food (mostly in fruits and vegetables) and
water. Additionally, nitrates are used as fertilizers in agriculture. Nitrate or nitrite is always
investigated for protecting the environment in water, agriculture and food. Nitrogen carries
the offering but is also a nutrient that affects root quality. Both leaf blades and the sugar
beet petioles leaf are important in determining the plants’ nutrient status [59].

Leaf blades and petioles of healthy sugar beet plants contain a large amount of N in
the nitrate form. The lowest concentration of any nutrient can change a little with sugar
beet variety, climate or soil conditions, moisture stress, disease, etc. Bilir and Saltal1 [120]
state that different N fertilization can greatly influence nitrate concentration in the sugar
beet leaves, which needs to be analyzed if the leaves are used as animal fed.

Grzebisz et al. [121], according to the average of a two-year study in Poland, found
that sugar beet leaf in the growth phase of six pairs of leaves (BBCH16) contains, on average,
the most potassium (42.99 g~ ! kg~! dry matter), followed by N (33.59 g~ ! kg~! dry matter),
magnesium (5.64 g~ kg ™! dry matter) and the least phosphorus (3.79 g~ kg~! dry matter).
Later, in the fully developed leaf rosette (BBCH43), the leaf dry matter contains the most
N (42,53 g~ kg~! dry matter). At the same time, the content of other macro-elements,
potassium, magnesium and phosphorus, was reduced (36.34 g~ ! kg1, 5.22 g~ kg~ ! and
3.09 g~ kg~! dry matter, respectively).

Sodium does not play a major role in the nutrition of sugar beet, but sodium affects
the quality of sugar beet roots. If the root contains higher amounts of sodium (>0.65 mmol
100 g~ ! beets), the yield of sugar from the root is reduced. Since sugar beet is a halophytic
species, sodium can partially replace potassium in the nutrition of sugar beet [70,120].
For example, Hampe and Marschner [122] state that the cultivation of sugar beet when
Na + ions were applied to the substrate instead of K + ions increased in dry matter, leaf
area and the number of shoots, while net photosynthesis remained unchanged. Sugar beet
requires nutrients throughout the growing season, and if there are not enough of them, the
plant will lag behind in growth. Samples of plant material through the period of growth
in weekly or monthly intervals can give a lot of information about the needs of plants
for nutrients.

As a spring crop, sugar beet generally absorbs the most nutrients in July, when water
needs are the highest. This is confirmed by Malnou et al. [92] who, on the example of N
fertilization (0, 40, 80, 120 and 160 kg ha~1 N), state that the sugar beet crop in the phase of
the highest leaf area index takes up from 102 to 147 kg ha ! Nin mid-July. Stanacev [40]
points out that the absorption of N from the soil slows down in sugar beet in the second
half of July.

Draycott [70] considers that the amount of nutrients required for sugar beet is highly
variable. Namely, the author points out that sugar beet absorbs the least Mg (23 kg ha™),
then P (5-100 kg ha—1) and Na (60-100 kg ha—1) and macronutrients N (100-220 kg ha™1),
and the highest needs are for K (168-660 kg ha™!).

9. Sugar Beet Root Quality

Sugar beet fertilization is specific in relation to other field crops. As crop which
have high yield, technological quality is also expected to be high. Proper fertilization
management includes several essential questions, such as which fertilizer to apply, what
amount of nutrients, in what ratio and when to apply them. With increasing rates of N,
there is an increased content of a-amino N and another non-sugar matter at the root, which
is unfavorable, reflecting sugar crystallization during processing.

Last et al. [88], during a six-year field study (1973-78), examined the impact of am-
monium nitrate fertilization (0, 41, 82, 124, 166 and 207 kg N ha~!) and irrigation on the
yield and quality of sugar beet. The authors stated that in the arable soil layer, the optimal
concentration of N min was about 40 mg kg~! N soil during May. Later in the growing
season, N greatly increased dry matter, and root yield was also reflected in sugar yield.
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Sugar beet root yield linearly increase in relation to accumulation of dry matter. However,
from the data of several experiments (Table 1), increasing in N resulted in higher root yield
in most cases, but on the contrary, higher N rate even decreased sucrose content in the root.

Table 1. Different amounts of N and their influence on final sugar beet yield.

Country Nitrogen Amount Root Yield (t ha—1) Sucrose Content (%) Reference
50 57.7 13.8 . .,
Serbia 100 55.9 134 é\/larglkom[cl;gﬁ
150 59.9 13.0 rnobarac
90 70.8 17.0
120 82.9 16.6
. 12 2
Serbia 150 93.7 14.9 Mili¢ et al. [124]
180 94.7 15.5
0 67.7 16.8
40 72.2 16.8
United Kingdom 80 76.8 16.7 Malnou et al. [16] 3
120 78.2 16.7
160 78.6 16.5
0 56.2 17.2
39 61.3 16.8
Nebraska 79 64.4 16.6 Hergert and
(SAD) 118 64.8 16.1 Niel [125]4
157 63.3 16.2 relsen
196 64.3 16.1
235 61.8 14.5
75 57.4 16.6 . 5
Poland 125 54.7 16.8 Barlog et al. [126]
46 614 15.8
60 62.8 15.8
Republic of Croatia 73 61.2 15.6 Kristek et al. [68] ©
87 65.2 15.6
100 63.3 15.4
0 29.5 16.3
Eovpt 35 40.8 16.6 Abdelaal and
&YP 70 61.4 16.9 Sahar [127]7
105 63.4 17.1
0 45.3 14.3
Czech Republic 70 50.7 14.6 Pulkrabek et al. [128] 8
130 53.3 14.2
165 59.9 20.4
Egypt 220 67.2 18.9 Leilah and Khan [129] °
275 74.3 18.0
0 65.2 18.1
40 72.3 17.9
Poland 80 754 18.0 Pogtodzinski
olan 120 76.4 17.8 etal. [130] 10
160 73.3 17.6
200 72.5 17.5

1 average of 1993-1998; 2 year 2004; 3 average of 2000-2001 and two sites (Broom’s Barn and Sutton Bonington);
% average of 2006-2008; 5 average of 1997-1999; ¢ average of 2009-2010; 7 average of 2012/2013-2013/2014; 8 year
2020; ? average of 2014/2015 and 2015/2016; 10 average of 20015-2016 and two sites (Nowa Wie$ Krélewska
and Neryngowo).

Kristek et al. [68] state that fertilization with urea in the year with insufficient rainfall
(around 540 mm from April to October) was also not justified, as the highest root yield
(61.53 t ha—1) and sugar (9.02 t ha~1) were achieved in the variant with top dressing
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N-0 + 13.5 (50 kg ha—! CAN), while in a wet year (around 900 mm from April to October),
in that soil, the highest root yield (75.13 t ha~!) and sugar (9.54 t ha~!) were achieved with
fertilization urea (46% N) and without the addition of N in the vegetation. Based on the data
from the literature, the regression analyses show that increment of N fertilizer amount can
slightly increase the root yield, but for the sucrose content, the linear model has a negative
trendline (Figure 1). There is evidence that sugar nitrogen fertilization has a great influence
in increasing the biomass of the roots, but the increased amount of nitrogen has negative
influence on sugar beet root quality and increases the amount of harmful nitrogen in the
root and decreases the sucrose content at harvest. Even though the regression coefficient
is not significant, the trendline shows negative influence on root quality, and there is still
need for further experiments of nitrogen fertilization in sugar beet production.

Sugar beet fertilization is very specific because it needs to achieve high root yield, high
sugar content, and small amounts of soluble non-sugars in the root. The deficit, as well
as excessive amounts of nutrients, affect the final yield but also the quality of the roots;
therefore, proper fertilization is crucial for a successful sugar beet production. The main rea-
son for less sucrose content was an increased amount of brei impurities [116,117,131-138],
especially the amount of amino N. In the case of N, it is impossible to build up long-term
N reserves in the soil, so the excess or lack of available N during the year is likely. Sugar
beet does have a mechanism to regulate N uptake, but the root can absorb as much N as
is provided.

110 20
o
1
0f o o NN o .
-~ 90 ag o 88 o 3 3
2 M@ S g 5 2 © 16 §
E 70 O © 3 0 O v (o] ‘E':
2 60 [ o ¥MUpno g S
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Amount of N
O Root yield (t/ha) <& Sucrose content (%)
Linear (Root yield (t/ha)) Linear (Sucrose content (%))
y =0.0067x + 66.317 y =-0.0015x + 16.566
R2=0.0012 (n.s.) R2=0.01 (n.s.)

Figure 1. Linear regression models of sugar beet root yield and sucrose content (data obtained from:
Malnou et al. [16], Marinkovi¢ et al. [90,93], Mili¢ et al. [124], Pogtodziriski et al. [130], Varga et al. [134],
Barlog et al. [85], Lentz and Lehrsch [137] Carter and Traveller [23], Tarkalson et al. [22], Lauer [138]).

10. Conclusions

This study comprehensively describes N’s influence on sugar beet vegetative growth
and root yield and quality. The main elements of nutrition N, phosphorus and potassium,
have the greatest importance in plant nutrition and the greatest influence on the creation of
yield and increased technological value of the sugar beet root. As a large consumer of plant
assimilates, sugar beet will react strongly to enhanced nutrition with N, phosphorus and
potassium used in the form of minerals nutrients. Even though the N needs of sugar beet
have been the main focus for decades, studies with N fertilization of sugar beet are still very
important due to the development of new genotypes with different accumulation capacities.
In sugar beet production, the most important factors are proper and comprehensive plant
nutrition and adoption of certain plant assimilates and their role in synthesizing organic
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matter in plant tissues and the accumulation of sugar in the roots. There is no unique
plant nutrition system because the needs of sugar beet for certain elements depend on
weather conditions, soil, cultivation methods (natural water regime, irrigation) but also on
the genotypes. Increasing N increases the root yield of sugar beet but also the content of
harmful N, which reduces the technological root value. Thus, soil analyses and fertilization
recommendations represent one of the most important factors in successful production,
especially in relation to sugar beet root quality.
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