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Kristek, S.; Kulundžić, A.M.; Rebekić,
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Abstract: This study aimed to analyze the seasonal dynamics of sugar beet leaf and root yield and
quality in different plant populations and the nitrogen fertilization rate. The field trials were set as
four different planting densities (60,000 to 140,000 plants ha−1) and three different spring nitrogen
fertilization rates: no fertilization, pre-sowing (45 kg ha−1 N), and pre-sowing with top dressing
(99 kg ha−1 N in 2014 and 85.5 kg ha−1 N in 2015. The changes of leaf growth were done measuring
leaf area (LA), leaf area index (LAI), specific leaf area (SLA), and leaf area ratio (LAR). The highest
LAI in 2014 was determined on 30 July at 140,000 plants ha−1 (9.35 m2 m−1) and in 2015 on 20 June at
100,000 plants ha−1 (4.83 m2 m−2). In both years, the SLA and LAR was highest at the end of May. In
relation to plant density, higher plant densities had on average the highest root yield, sucrose content,
and white sugar yield. In both years, pre-sowing with top dressing spring nitrogen fertilization
resulted in the highest root (95.0 t ha−1) and white sugar yield (11.4 t ha−1), whereas the highest
sucrose content was after pre-sowing fertilization (14.9%).

Keywords: LAI; nitrogen fertilization; plant density; root yield and quality; sugar beet

1. Introduction

Sugar beet accounts for 20% of world sugar production, while the remaining 80% of
sugar produced is obtained from sugar cane [1]. The sugar content in sugar beet root is
usually 13–20% [2,3]. More than 98% of total root sugar is sucrose, and fructose and glucose
are present in very small amounts [4]. In Europe, sugar beet is usually planted in early
spring and harvested during October [5,6].

The importance of leaf area related to sugar beet root growth and sugar yield is a
generally recognized factor. Sugar beet leaves in spring sowing reach its maximum in late
July and early August, while towards the end of vegetation it gradually decreases. The
optimum leaf area index (LAI) for most field crops is around 3–4 m2 m−2 [7]. This was
also the optimum LAI for sugar beet from mid-June till the end of July) [8,9]. It is very
important to monitor the above ground plant parts development in vegetative growth [10].
The development of the leaves affects the productivity of photosynthesis and the sucrose
storage in the root. On the one hand if the leaves are poorly developed assimilation area is
smaller, on the other hand if leaves are too developed, the mutual shading of the leaves
is greater. In both cases, the amount of sucrose accumulated in the root is reduced. In
the conditions of reduced nitrogen supply, development of sugar beet leaves at the first
growth phases grow well because beets have enough nitrogen available [11]. In the later
growth phase of sugar beet, phenotypically the leaves are lighter in color, while the root
lags behind in growth. Vukadinović et al. [11] point out that if the LAI value is greater
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than 5 m2 m−2, the lower leaf photosynthesis falls below the compensation point (where
the photosynthesis–respiration ratio has a value less than one), which usually occurs in
the morning and evening and such a crop is irresistible to drought and has a greater need
for nutrients.

The number of plants per unit area is one of the most important factors for high
yield; therefore, it has been researched for decades. The most common causes for a
reduced number of plants per unit area are reduced field germination and agrotechnics
such as sowing time, poor seedbed preparation, but also the destruction of plants through
cultivating. There are several factors biotic (weediness, and pests attack) and abiotic factors
(excessive rainfall, and drought stress) which can also reduce the plant number per unit
area [12–21]. Several researchers had focus on the same subject. So, acording to Smit [22]
and Smit et al. [23], the optimum sugar beet plant density in harvest time should be around
80,000 plants ha−1. Similar findings represent Bosemark [24], who points out that the
optimum plant population for sugar beet is 75,000 plants ha−1, because the mutual shading
of leaves is present in higher populations, sugar beet leaves grow slower and, as a result,
dry matter accumulation in the root is reduced. Nowadays, the most common population
density for sugar beet as a spring crop is around 90,000 and 110,000 plants ha−1 [25–29].
There is a possibility of even higher densities because newer genotypes have erect leaves
that allow growth in a smaller vegetation area. It is very important to find in which density
the aboveground mass will develop properly in actual field conditions [30].

Sugar beet nitrogen fertilization has an important influence on plant growth and root
yield and quality. Nitrogen fertilization in most soils in Croatia is 140–160 kg ha−1 N [31],
whereas in Germany and most countries of the European Union satisfactory yields were
achieved with amount of 120 kg ha−1 N applied, or even less due to mineralization of the
N in the soil (80 kg ha−1 N) [32]. According to Giannoulis et al. [33], increased nitrogen
fertilization reduced the agronomic N efficiency. Excessive nitrogen fertilization results in
greater canopy development. The maturation of beet root is slower, and sugar loss and
invert sugar contents are increased mostly due to the higher harmful nitrogen compound in
the root [34–36]. Varga et al. [37], was determined that NO3

− intake in sugar beet petioles
is less when sugar beet grows in higher plant populations (100,000–140,000 plants ha−1).

The study of sugar beet response at different plant populations, especially leaf growth
analyses under field conditions is limited. Since in recent times there are not many studies
about plant population influence on sugar beet yield and quality, this study aimed to
determine the influence of different planting densities on sugar beet yield and quality
and the seasonal dynamics of leaf growth. Moreover, this study includes spring nitrogen
fertilization which is one of the main factors that influence on growth and final yield.

2. Materials and Methods
2.1. Field Trials and Weather Conditions

The field trials were conducted in Eastern Croatia in 2014 and 2015. The previous
crop in both years was winter wheat. The hybrid Serenade, KWS, was sown on 18 March
2014 and 25 March 2015 at an inter-row spacing of 50 cm and four different intra-row
spacing: 13, 15, 17, and 19 cm. Each plot was 20 m × 3.5 m wide and consisted of 6 rows
of which plant samples were collected from central four rows during vegetation. The
correction of plant population was made in the stage of 2–4 real leaves, so, therefore, four
different planting densities were formed as follows: 60,000 (P1), 80,000 (P2), 100,000 (P3)
and 140,000 (P4) plants ha−1. The experiment was set up in the field as a completely
randomized design (Figure 1).

The soil was slightly acid to neutral (pH < 7) with low organic matter content
(<2%). Adequate fertilization for P (115 kg ha−1 in 2014 and 145 kg ha−1 in 2015) and K
(150 kg ha−1 in 2014 and 195 kg ha−1 in 2015) was applied as basal. In the spring, nitro-
gen fertilization was applied as follows: N0—no fertilization in spring, N1—pre-sowing
(45 kg ha−1 N) and N2—pre-sowing (45 kg ha−1 N) with topdressing at 2–4 leaf stage
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(54 kg ha−1 in 2014 and 40.5 kg ha−1 in 2015). Based on N min analysis in spring (Table 1),
the topdressing was different in each year of the study.
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Figure 1. Experimental design.

Table 1. The amount of N min (kg ha−1) of the field trails in 2014 and in 2015.

Soil Depth

0–30 cm 30–60 cm

N–NH4 N–NO3 N–NH4 N–NO3

2014 8.45 26.23 1.91 38.80
2015 14.66 32.10 6.75 28.14

In both years, plant protection against weeds was done to keep the trials free of weeds,
and there was no need for insecticide application. Plant protection against Cercospora
beticola Sacc. was applied in both years (4 times in 2014 and 3 times in 2015).

In 2014, air temperature mean in vegetation was not very different from the long-
term mean (LTM), but the total rainfall was 24% higher (Figure 2A). May of 2014 was
extremely rainy with 170% higher rainfall than LTM (61.7 mm). In 2015 there was 14% less
rainfall from March to October, as compared to LTM (Figure 2B). Air temperatures in July
(24.9 ◦C) and August (24.0 ◦C) 2015 were about 3 ◦C higher than LTM. Apart from high air
temperatures, there was a lack of rainfall in 2015, especially in July when total monthly
rainfall was only 9.5 mm, which was 88.8% less than LTM (85.1 mm).
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Figure 2. (A) Mean air temperature (◦C) and (B) monthly rainfall (mm) during sugar beet vege-
tation (March to October) in 2014 and 2015 in comparison to the long-term mean (1981–2010) of
climatological station Gradište [38].

2.2. Plant Sampling and Growth Analysis

The plants were sampled from each plot on twelve sampling dates at ten-day intervals
from 30 May to 20 September, which were equal to 73–186 days after sowing (DAS) in 2014
and 66–179 DAS in 2015. Five representative plants per plot were taken for further analysis
on each harvest date. Therefore, 720 individual plants were analyzed during the vegetation
period in each year of the study. Plants were separated into storage roots (with hypocotyl)
and leaves (petiole and blade). For determination of dry matter (DM), plant samples were
dried in an oven at 105 ◦C for 48 h.

The entire fresh leaves of sugar beet plants were separated from storage roots to
determine length and width (in the widest part) of the leaf blade, which was used to
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calculate the leaf area (LA). The leaf area was calculated using a correction factor of 0.75 [39]
as follows: (1) A = leaf blade length (cm) × leaf blade width (cm) × 0.75. Furthermore, the
leaf area index (LAI; m2 m−2), the specific leaf area (SLA; m2 kg−1 DM leaf) and the leaf
area ratio (LAR; m2 kg−1 DM plant) were also calculated.

Sugar beet was harvested manually on 14 October 2014 and 9 October 2015, which
was 205 and 213 DAS, respectively. In harvest-time, each plot had a size of 5 m2 and plants
were taken in 4 replications. The sugar beet yield and quality were determined in the
Sugar beet factory “Sladorana d.d. Županja” (Croatia). There were standard methods used
in determination of α-amino N, K and Na in the sugar beet root [40,41]; also, sugar loss,
extractable sugar, and sugar yield were determined by Buchholz et al. [42].

2.3. Statistics

The statistical analysis of the data was carried out using the SAS 9.4 statistical pro-
gram [43]. The variance for LAI, LA, SLA, and LAR was analyzed using GLM (General
linear model) procedure. The data for every year was calculated separately, but the variance
between the years was not analyzed. To provide least square means differences of sugar
beet yield and quality, mixed models analysis was used as nitrogen fertilization and plant
density as fixed effect and repetition as random effect. The data were adjusted to Tukey. A
regression model as stepwise selection was developed for each interval, predicting yields
based on LAI.

3. Results
3.1. Leaf Growth Analysis

The main factors had different impact on leaf growth parameters (LA, LAI, SLA, and
LAR) in both years of the trial. Depending on plant density (Figure 3a) the highest LA in
2014 was determined 143 DAS (30 July) at 60,000 plants ha−1 (7077.86 cm2) and opposite to
that, the lowest LA was 186 DAS (20 September) at 140,000 plants ha−1 (420.21 cm2).

The highest (9.35 m2 m−2) and the lowest (0.64 m2 m−2) LAI in 2014 (Figure 3c) were
determined at 140,000 plants ha−1 (134 and 186 DAS, respectively).

In 2015, the plants formed smaller leaves, so the highest LA (Figure 3b) was 97 DAS
(30 June) at 80,000 plants ha−1 (3867.04 cm2) and the smallest 169 DAS (10 September) at
140,000 plants ha−1 (211.27 cm2). The maximum LAI in 2015 (Figure 3d) was determined at
100,000 plants ha−1 (4.83 m2 m−2), which was about 40 days earlier than 2014. Afterwards,
the LAI gradually decreased until 10 September (0.90 m2 m−2). In both years, nitrogen
fertilization had a positive influence on LA and LAI.

The SLA (Figure 3e,f) and LAR (Figure 3g,h) in both years were the highest at the
end of May (8.61 m2 kg−1 in 2014 and 9.98 m2 kg−1 in 2015, respectively) and decreased
gradually until 20 September (0.17 m2 kg−1 in 2014 and 0.31 m2 kg−1 in 2015, respectively).

To determine relationship of LAI during vegetative growth to predict the root yield, re-
gression equations were done for each plant density. Only equations which had significant
R2 were shown in Table 2.

Table 2. Regression model as stepwise selection in prediction of sugar beet root yield by LAI (average
of both years).

Plant Density (planth ha−1) R2 p Equation LAI Date

140,000 0.947 0.001 Y = 37.401 + 9.095 20 July

100,000 0.900 0.004 Y = 51.779 + 8.382 30 June

80,000 0.835 0.011 Y = 20.798 + 10.477 10 August

60,000 0.866 0.007 Y = 11.610 + 14.638 30 June
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Figure 3. Changes of LA (a,b), LAI (c,d), SLA (e,f), and LAR (g,h) per plant during sugar beet vegetative growth as related
to different plant densities (P) and nitrogen fertilization rate (N) in 2014 (on the left) and 2015 (on the right). The ANOVA
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or ns for not significant.
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3.2. Root Yield and Quality

Average sugar beet root yield in 2014 was 98.9 t ha−1, and sucrose content was 13.15%,
whereas in 2015 the root yield was smaller, on average 70.9 t ha−1 with average sucrose
content of 15.50% (Tables 3 and 4). In relation to plant density, in 2014 the highest root and
white sugar yield were determined at 140,000 plants ha−1 and in 2015 at 100,000 plants ha−1.
Different spring nitrogen fertilization did have a significant influence on root yield and
quality, as well as on the white sugar yield. In both years of the study, the highest root
yield and white sugar yield were on the pre-sowing N fertilization with top dressing, while
the highest sucrose content was at 45 t ha−1 N.

Table 3. Sugar beet root yield, quality and sugar yield as affected by different plant densities and nitrogen fertilization rate
in 2014.

Root Yield
(t ha−1)

Sucrose Content
(%)

Brei Impurities
(mmol 100 g−1 beet) White Sugar Yield

(t ha−1)
K Na α-amino N

Plant density, 140,000 109.7 13.18 2.95 0.83 1.13 12.5
plants ha−1 100,000 104.6 13.19 3.00 0.72 1.19 11. 9

80,000 97.5 13.18 2.99 0.63 1.44 11.0
60,000 83.6 13.02 3.21 0.65 1.39 9.3

Nitrogen 0 97.5 13.12 3.21 0.85 1.07 11.0
fertilization 45 95.6 13.40 2.89 0.44 1.46 11.1

in spring (kg ha−1) 99 103.4 12.91 3.01 0.84 1.33 11.4
Mean 98.9 13.15 3.04 0.71 1.29 11.2

Mean values columns followed by different letter indicate significant difference at p < 0.01 according to Least square means difference
(Tukey adjustment); otherwise it is ns—not significant.

Table 4. Sugar beet root yield, quality, and sugar yield as affected by different plant densities and nitrogen fertilization rate
in 2015.

Main Effect Root Yield
(t ha−1)

Sucrose Content
(%)

Brei Impurities
(mmol 100 g−1 beet) White Sugar Yield

(t ha−1)
K Na α-amino N

Plant density, 140,000 76.1 15.68 4.19 0.28 1.28 10.5
plants ha−1 100,000 86.1 15.54 4.37 0.34 1.50 11.7

80,000 62.2 15.63 4.29 0.31 1.38 8.5
60,000 59.1 15.13 4.24 0.35 1.43 7.8

Nitrogen 0 52.6 14.89 4.21 0.30 1.18 6.8
fertilization 45 73.4 16.30 4.26 0.24 1.05 10.6

in spring (kg ha−1) 85.5 86.6 15.30 4.35 0.43 1.98 11.4
Mean 70.9 15.50 4.27 0.32 1.40 7.4

Mean values in columns followed by different letter indicate significant difference at p < 0.01 according to Least square means difference
(Tukey adjustment); otherwise it is ns—not significant.

4. Discussion

This study analyses the sugar beet leaves growth in two different years from weather
conditions. In our production area or Eastern Croatia, usually the most intensive leaf
formation is from the beginning of June and last until mid-July. In 2014, the highest LAI
was determined 134 DAS (30 July), when it averaged 7.6 m2 m−2, while in 2015, the highest
LAI was determined 138 DAS (10 August), when it averaged 3.5 m2 m−2. Such differences
can be attributed to different weather conditions in 2014 and 2015. In the first period of
sugar beet plant development, plants usually rely on winter moisture that remained in the
soil and due to this irrigation is usually unnecessary. The lack of rainfall is common in the
Eastern part of Croatia, so in some growth phases drought represent the most important
limiting factor in sugar beet production. Because of the high rainfalls with moderate
summer temperatures in 2014, sugar beet developed larger leaves. Therefore the average
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LAI from 114 to 155 DAS 2014 was 7.31 m2 m−2. In addition, even though the plant
protection against fungi Cercospora beticola Sacc. in 2014 was conducted four times and
in 2015 three times during the vegetation period. In both years, the treatments against
Cercospora beticola Sacc. did not affect, which was obvious on the leaves. The symptoms of
Cercospora beticola Sacc. was not visible only on the older leaves, but also on the middle
leaves. The leaves that were affected by the fungi would gradually dry out and new
leaves came out of in slammer dimensions. In addition to the achieved yield and quality
(especially in 2014), it is assumed that the lack of effect of the fungicide spray was somehow
reflected in the final yield in the sugar content of the root. The reduced effect of fungicide
was probably due to the loss of strobilurin efficiency and low effectiveness of cyproconazole
treatment [44], so the leaves were destroyed in September 2014 and 2015. In a previous
study, Varga et al. [45] reported that in 2014 the highest leaf fresh weight increment of
70% was determined in June and the decrease of 30% in August. The temperature has an
important influence on LAI until the end of June [46]. Hunková et al. [47] point out that in
the year with a lack of precipitation in the summer months, the highest value of LAI in the
phase of intensive leaf growth (30 July) was 4.05 m2 m−2, while in the year with higher
precipitation the value of LAI at the end of July was 8.28 m2 m−2.

To found the relationship between leaf formation in the vegetative growth stage and
yield could be beneficial for sugar beet yield improvement. Based on this study, the highest
R2 (0.947) was determined for LAI on 20 July for equation predict sugar beet root yield
in 140 000 plants ha−1. This confirms that in intensive leaf growth stage in mid-summer,
canopy have a great influence on final sugar beet root yield.

In 2015, high air temperatures together with the lack of rainfall reflected negatively on
sugar beet leaf growth, so the average LA and LAI did not increase after 10 July. Regarding
weather conditions, other researchers obtained similar results. A similar LAI for sugar
beet in late July of the year with a lack (4.05 m2 m−2) or excessive (8.28 m2 m−2) rain was
also obtained by Hunková et al. [47] in Danube plain in Slovakia (Nitra). According to a
study by Kenter and Hoffman [46] in the first half of vegetative growth for sugar beet, root
development depends on the LAI, while in the second half of the vegetation, the LAI has no
effect on root development. In Germany, Hadir et al. [10] measured sugar beet LAI in 2019,
which was characterized as hot and dry, so plants suffered from drought and leaves were
wilted. In such conditions Hadir et al. [10] found on 13 June, 10 July, and 10 September that
sugar beet LAI was on average 1.62, 3.05, and 1.91 m2 m−2, respectively. In Greece, Tsialtas
and Maslaris [48], found LAI at the beginning of July in Mediterranean climate on average
2.36 m2 m−2 and in milder climate 4.15 m2 m−2 on average. These findings confirms our
result in the point of weather conditions in analysed years.

In our study, different N doses at fertilization had a significant influence on leaf growth
for LA and LAI, but the influence was not significant for SLA and LAR (Figure 3.). In our
study, the last sampling in July 2014 LAI was the highest (7.6 m2 m−2 on average) and
comparing with the control treatment (6.9 m2 m−2) N fertilization increased the LAI by
1.8 m2 m−2 with pre-sowing and by 1.5 m2 m−2 in pre-sowing with topdressing treatment.
In 2015, the maximum LAI was achieved earlier than 2014, on 30 June (3.8 m2 m−2 on
average), and pre-sowing N fertilization increased LAI by 1.2 m2 m−2 and even more, by
2.5 m2 m−2 in topdressing treatment, as compared to the control (2.5 m2 m−2). Tsialtas
and Maslaris [49] reported that N rates had no significant effect on LAI, but there was
a positive reaction of LAI to N fertilization found since the higher N treatments (N120,
N180, and N240) had higher LAI values than the lower rates (N0, and N60). The similar
findings was reported for Mekdad and Rady [50] who found that LAI at harvest time
was 4.37 dm2 dm−2 (200 kg ha−1 N) and increased with higher nitrogen fertilization to
6.41 dm2 dm−2 (350 kg ha−1 N). In the early growth phase, sugar beet area SLA increased
because leaves have less dry matter. Stephan et al. [51] and Çakmakçi et al. [52] also
reported that SLA was higher in the early growth phase.
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Generally, the weather conditions in the analyzed period were different. The higher
amount of rainfall in 2014 year (Figure 3) resulted with larger root formation, so the average
yield was about 28% higher in 2014 (Tables 3 and 4).

In this study, plant density had a very significant influence on root yield and white
sugar yield. Higher root and sugar yield was found with a larger number of plants per unit
area (100,000 and 140,000 plants ha−1). This was also confirmed by Çakmakçi et al. [52].
Similar results, with increasing the number of plants per unit area increases root yield,
and sucrose content was proved by Söğüt and Arioğlu [53]. On the opposite, Lauer [54]
did not find significant differences in sugar beet yield in relation to four different plant
densities (37,100 to 111,200 plants ha−1), even though the highest plant density had the
highest sucrose content (16.3%). For other research, the highest sugar beet root and sugar
yields with planting in beds with 30 cm rows spacing flowed by beds with 35 and 40 cm
rows spacing, respectively [55].

The root yield in 2014 was not affected by pre-sowing nitrogen fertilization, because
field conditions were good for N mineralization. Hence, the root yield was even higher
with the control treatment (97.5 t ha−1) than the pre-sowing N application (95.6 t ha−1).
It is partly confirmed in an earlier study [29,56,57], where the nitrogen rate’s significant
influence on the fresh root mass in 2014, which is in close relationship with final net
to root yield, was not found. The root yield in 2015 was smaller as compared to 2014
(Tables 3 and 4), mostly due to lower rainfall. In 2015, pre-sowing with top dressing
nitrogen fertilization had a greater impact on yield formation (86.6 t ha−1). Comparing the
achieved yield in both years it can be concluded that the average root yield. The topdressing
in phase of canopy closure is the most common practice over the Europe in sugar beet
production. Based on 3-years study in Poland (Bydgoszcz), Žarski et al. [58] found that
pre-sowing fertilization (160 kg ha−1 N) had on average 84.5 t ha−1 root yield as compared
to pre-sowing with top dressing (160 + 40 kg ha−1 N), when root yield was on average
92.1 t ha−1. In both years, the sucrose content was the highest at pre-sowing N fertilization
(45 kg ha−1). It was confirmed that even though the agrotechnical measurements are done
as recommended, still, sugar beet root yield and quality are very sensitive to weather
conditions [59]. Other research had similar findings with higher N rate sucrose content in
the root decreased [60].

5. Conclusions

This study aimed to determine that differences in the size of the surface area for sugar
beet plant growth will affect the leaf growth and canopy development, but also relationship
of leaves formation during the growing season and achieved sugar beet and yield and root
quality. Moreover, the impact of spring nitrogen fertilization. To determine the sugar beet
canopy development parameters as LA, LAI, SLA, and LAR, were chosen, regarding to
plant populations and nitrogen fertilization in spring growing period. Generally, plants at
lower plant densities (60,000 and 80,000 plants ha−1) formed greater LA and smaller LAI,
due to larger area for leaf expansion. The SLA and LAR in both years was the highest in
the end of May and decreased to the September. Higher doses of N fertilization increased
LA and LAI but had no significant effects on SLA and LAR. The other focus of this study
was to evaluate the effects of plant populations and nitrogen fertilization on sugar beet
root yield and quality. The average root yield with a higher number of plants per unit
area (140,000 and 100,000 plants ha−1) was higher by 15% in 2014 and 25% in 2015, as
compared to the smaller number of plants per unit area (80,000 and 60,000 plants ha−1).
As a possible recommendation for sugar beet production based on our research, it can be
proposed that higher amounts of seeds are used in sowing, which will result in higher
germination, and it may increase the final root yield per unit area as well as improve quality
of the root. The highest root yield and white sugar yield in both years were determined on
the highest nitrogen rate applied (pre-sowing with topdressing). In contrast, the highest
sucrose content was only at pre-sowing nitrogen applications. The results on the influence
of plant population in leaves growth, yield, and quality of sugar beet roots can give a
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broader picture of the optimal number of plants per unit area. So, based on our findings in
harvest time, in order to achieve high yields, the number of plants per unit area should be
above 100,000 plants ha−1.
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adaptation to climate change. Poljoprivreda 2018, 24, 35–44. [CrossRef]
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57. Jelić, S.; Lončarić, R.; Crnčan, A. Effect of Sowing Density on Economic Results of Sugar Beet Production. Listy Cukrov. Řepařské
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