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Abstract: In order to recommend the dose of fertilization for sugar beet under currently unstable
weather conditions, we analysed beetroot and top yields, sugar content (SC), and the effect of
fertilization on soil chemistry over a three-year period (2016–2018). All three years were characterized
by different weather conditions. The year 2016 was very warm and very dry. The year 2017 was
warm with normal precipitation. The year 2018 was extraordinary warm and very dry. We compared
the following ten fertilization treatments: unfertilized control, farmyard manure (FYM), mineral
fertilizers NPK1–4, and FYM + NPK1–4. The applications of FYM, NPK, and FYM + NPK resulted in
significantly higher yields of beetroots and tops as compared with the control, while no significant
differences were recorded among FYM, NPK, and FYM + NPK treatments. The SC was not affected by
the fertilization. The application of NPK resulted in a lower pH value, while the highest values were
recorded for the control and FYM treatments. The application of FYM + NPK increased the content
of organic carbon (Corg) in the soil, the total content of nitrogen (Ntot), and P and K concentrations.
According to the results of the linear-plateau model, the recommended dose of N is 112 kg ha−1,
corresponding to a beetroot yield of 66 t ha−1.

Keywords: Beta vulgaris L.; organic manure; weather conditions; soil chemistry; sugar concentration

1. Introduction

Sugar beet is one of the most important crops in the EU, as it is the only raw material
for sugar extraction. Sugar beet acts as a good breaker of cereal crop rotations in the field
and is also a good pre-crop for cereals (except for spring barley [1]), which are the most
abundant arable crops in the EU. During most of the 20th century, sugar beet was a strategic
crop in the Czech Republic. With the change from a centrally planned economy to a market
economy in 1989, followed by the application of EU quotas restricting beetroot yields,
sugar beet has undergone significant changes both in regards to the size of sown areas and
in yields per hectare. Today, sugar beet is grown on an average area of 61,000 ha in the
Czech Republic.

Beetroot and top yield and the quality of sugar beet are affected by a wide range of
factors. Some of these factors are controllable by the farmers, such as crop rotation [2],
tillage practices [3–6], or fertilization, however, some of them are not, such as weather
conditions [7]. Fertilization represents a crucial factor influencing the final yield and quality,
especially fertilization with nitrogen (N). The under application of N leads to a lower yield
of beetroots and lower sucrose yield, while an over–application of N leads to imbalanced
partitioning of assimilates, decreased sucrose content, and increased concentrations of
impurities, resulting in reduced sucrose extraction [3,8–12] due to higher water retention
by the beetroots and a lower amount of dry matter. An over–application of N also increases
the concentration of soluble N compounds in the beetroots and this prevents subsequent
extraction of sugar.

The determination of the optimal nitrogen dose varies from site to site, and therefore
is site-specific dose. According to Chatterjee et al. [12], a single dose of 146 kg ha−1 of N
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was recommended in North Dakota and Minnesota for sugar beet, irrespective of soil type
and soil organic matter content, but this recommendation should be lowered to 112 kg ha−1

of N, based on their two years of research. According toDeBruyn et al. [13], a dose of
157 kg ha−1 of N was associated with the highest beetroot yield, while 136 kg ha−1 of N
was associated with the highest profit, in their three year experiment in Canada. In Europe,
much attention is being paid to sugar beet nutrition experiments. Islamgulov et al. [14]
experimented with the hybrid Hercules and found that 160 kg ha−1 of N provided the
highest economic efficiency under the conditions of the middle Cis-Ural region. According
to Malnou et al. [15], who analysed the response of sugar beet to N fertilization at five sites
within the UK, a dose of 100 kg of N per ha, in the absence of organic manure, should be
applied for maximum yield. Similar results (100–110 kg ha−1 of N) were published by
Jaggard et al. [16], who analysed 161 experiments from England in their meta-analysis.
The optimal dose can be determined by modelling. There are several models applicable
depending on the crop evaluated, the data obtained, and the answer to the question being
asked [17]. The quadratic model offers an answer to the maximum yield depending on the
dose of nutrients. This model is very suitable for winter wheat because, with an increasing
dose of nitrogen, wheat yields initially increase and begin to decline after reaching a critical
value [18]. However, determining the dose of nutrients, in this way, may not be statistically
significantly different from the lower dose of applied nutrients. Not every crop follows a
parabolic course for the dependence of yields and doses of applied nutrients. For example,
the reaction of sugar beet yields on doses of nitrogen may be linear [19], even the differences
between the analysed fertilizer treatments are not significant. In that case, a linear-plateau
model can provide useable answers [12,17,19].

Previously, the sugar beet crop, in the Czech Republic, was commonly fertilized
with organic manures. We deliberately state “previously”, because today’s situation is
completely different. There is a shortage of organic manure due to a reduction in animal
production and there has been a significant split between animal and plant production,
manifested by an insufficient amount of organic matter incorporated into the soil. The com-
mon doses of farmyard manure applied directly to potatoes and sugar beet range from 20 to
40 tons per hectare in the Czech Republic. As compared with mineral fertilizers, the content
of nutrients in organic manures is non-standardized. Thus, the nutrient content may vary,
depending on the animals from which it came, their diet, and other aspects. The min-
eralization process is also strongly dependent on weather conditions [20], and therefore
farmers may not know exactly how much nutrients they applied to the soil, which may
explain the recommendation to not use farmyard manure for sugar beet fertilization [21,22].
However, rising prices for mineral fertilizers [21] and the practice of growing sugar beet for
the organic market [23] have increased the interest in the application of organic manures
to sugar beet, especially in the USA, because the application of manures directly to sugar
beet has a long tradition in Europe. Organic manures work in two ways. The first way
represents direct releasing of nutrients into the soil environment through the process of
mineralization. The second way represents the beneficial influence on the soil’s physical,
chemical, and biological properties [24–29], especially maintaining and increasing soil
organic carbon (SOC) content. This indirect positive effect of livestock manure on crop
yields was evidenced by Hlisnikovský et al. [18].

Concerning the issues discussed above, we analysed a three-year sequence in a long-
term field experiment, and focused on how mineral fertilizers (different doses, NPK1–4),
farmyard manure (FYM), and combinations of FYM and NPK (FYM + NPK1–4) affected
the yield and quality of sugar beet beetroots and tops. In this paper, we also recommend
the dose of fertilizers according to the linear-plateau regression model. The evaluation
included three years (2016, 2017, and 2018). All three years were characterized by different
weather conditions. The year 2016 was very warm and very dry, but with relatively good
conditions for sugar beet. The year 2017 was warm, with normal precipitation. The year
2018 was extraordinary warm and very dry, significantly affecting sugar beet beetroot
and top yields, therefore, in our experiment, we covered the unfavourable conditions
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that occurred more frequently and were connected with global weather change. Finally,
an analysis of soil properties affected by the fertilizer treatments is also provided.

2. Materials and Methods
2.1. Site Description

The long-term field trial was located on the western border of the city of Prague
(the Czech Republic, Central Europe, temperate climate zone, 50◦05′15′′ N, 14◦17′28′′ E).
The trial was established to study the effect of different fertilizer treatments and crop
rotations on yield and quality of arable crops and soil chemical properties. The year the
trial was established was 1954. The annual mean precipitation and mean temperature
from the establishment of the trial is shown in Figure 1. The standard climatological
long-term average (1954–2019) precipitation and temperature was 490.4 mm and 8.65 ◦C,
respectively. The standard climatological normal (1961–1990) of the precipitation and
temperature was 472.8 mm and 7.97 ◦C, respectively. The average annual precipitation for
the years 2016, 2017, and 2018 was 382.1, 470.0, and 345.3 mm, respectively. The average
annual temperature for the same years was 10.0, 9.9, and 11.1 ◦C, respectively. The average
temperature at the site had an increasing trend, and total precipitation also increased
slightly (Figure 1). According to Kožnarová and Klabzuba [30], all three years were
characterized by different weather conditions. The year 2016 was very warm and very
dry, with conditions relatively good for sugar beet. The year 2017 was warm with normal
precipitation, providing optimal conditions for sugar beet. The year 2018 was extraordinary
warm and very dry, significantly reducing beetroot and top yields. The altitude of the trial
site is 370 m a.s.l. According to the World Reference Base [31], the soil type is haplic Luvisol. 

 
 

Article 

 

Figure 1. The mean annual precipitation (mm) and temperature (°C) at the experimental site in 
Prague (1954–2019). Blue and red squares indicate analysed years, blue is the linear regression 
equation for temperature and red is thelinear regression equation for precipitation. 

 

  

Figure 2. Means (black dots) of sugar beet beetroot yield (left) and top yield (right) at different N rates of NPK treatments 
in 2016, 2017, and 2018 combined and their linear-plateau regression (blue line). 
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Figure 1. The mean annual precipitation (mm) and temperature (◦C) at the experimental site in
Prague (1954–2019). Blue and red squares indicate analysed years, blue is the linear regression
equation for temperature and red is thelinear regression equation for precipitation.

2.2. Experimental Design Description

The long-term field trial consisted of five fields, marked as I, II, III, IV, and B. Each
field consisted of 96 experimental plots (12 × 12 m), where 24 different fertilizer treatments
were applied in four replications (24 × 4 = 96). Each field was arranged in a completely
randomized block design. The results used, in this paper, analysed the yield and quality of
sugar beet from fields IV (2016), III (2017), and II (2018). The crop rotation in these fields
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was equal, consisting of red clover, red clover, winter wheat, sugar beet, spring barley,
potatoes, winter wheat, sugar beet, and spring barley. In this paper, we analysed the sugar
beet following the red clover-winter wheat sequence.Among the 24 fertilizer treatments,
the following 10 fertilizer treatments were analysed in this paper: (1) the control (unfertil-
ized since 1954), (2) NPK1, (3) NPK2, (4) NPK3, (5) NPK4, (6) the farmyard manure (FYM),
(7) FYM + NPK1, (8) FYM + NPK2, (9) FYM + NPK3, and (10) FYM + NPK4. The FYM was
applied in October before moderate deep tillage (0.2 m) at a dose of 21 t ha−1. The content
of nutrients in the applied FYM was approximately 105 kg, 39 kg, and 124 kg of N, P,
and K ha−1, respectively. The doses of mineral N, P, and K are shown in Table 1.

Table 1. Doses of applied N, P, and K in the analysed fertilizer treatments.

Fertilizer Treatment N (kg ha−1) P (kg ha−1) K (kg ha−1)

NPK1 80 64 150
NPK2 120 64 150
NPK3 160 80 200
NPK4 200 80 200

FYM + NPK1 (105) + 80 (39) + 64 (124) + 150
FYM + NPK2 (105) + 120 (39) + 64 (124) + 150
FYM + NPK3 (105) + 160 (39) + 80 (124) + 200
FYM + NPK4 (105) + 200 (39) + 80 (124) + 200

Note: Values in parentheses represent the expected amount of nutrients provided by the FYM.

Mineral N was applied as lime ammonium nitrate (27% N), mineral P as the super-
phosphate (8.3% P), and mineral K as potassium chloride (49.8% K). Mineral P and K
fertilizers were applied in autumn and were incorporated into the soil by moderate deep
tillage (0.2 m). Mineral N was applied in the spring, before the beet planting. The harvest
of the sugar beet was in October. The sugar beet tops from each experimental plot were
separated from the beetroots by hand trimmers and weighed in a net using a mobile digital
scale. The harvest of sugar beet beetroots was done using a root crops digger. The beetroots
were, then, weighted in the same way as the sugar beet tops, using the nets and mobile
digital scale.

2.3. Sugar Beet Analyses
2.3.1. Nitrogen and Phosphorus Content in Plant Materials

Nitrogen and phosphorus contained in plant tissues were determined by mineraliza-
tion with a mixture of sulfuric acid, hydrogen peroxide, and selenium. A portion of the
analysed sample was oxidized with hydrogen peroxide in concentrated sulfuric acid. Af-
ter decomposition of the hydrogen peroxide and distillation of the water, the mineralization
was completed by boiling with sulfuric acid under the catalytic action of selenium. The re-
sulting solution was analysed using a San plus System SKALAR analyser (Skalar Analytical
B.V., Breda, The Netherlands).

2.3.2. The Contents of K, Ca, Mg, and Na in Plant Materials

The contents of K, Ca, Mg, and Na in plant tissues were determined by oxidation
with hydrogen peroxide in a concentrated nitric acid medium in a closed system with a
controlled temperature rise, using a Milestone microwave digestion system (Milestone
Inc., Sorisole, Italy). The final analysis was carried out using a ICP–OES Trace Scan device
(Thermo Jarrel Ash, Trace Scan, Franklin, TN, USA).

2.3.3. Sugar Content Analysis

Sampling and determination of sugar content were performed following the ČSN 46 2110
standard. Laboratory processing of whole sugar beet beetroots bean with its cleaning
and subsequent mechanical processing. Beetroots were cut into slices to represent its
entire profile. In this way, a sample was taken from each beetroot and further grated
on a mechanical grater. The grated material was thoroughly mixed to be sufficiently
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homogeneous. From the sample, thus prepared, 26 g was again weighed, put into a
beaker, and circumfused with the extraction solution. This was followed by heating in a
water bath heated to 80 ◦C for 30 min. After this time, the samples were cooled to room
temperature, filtered through a filter, and the filtrate was poured through a tube of an
automatic polarimeter (Polarimeter MCP 200, Anton Paar, Graz, Austria).

2.4. Soil Analysis

The samples of the soil (Ap horizon, 0–30 cm) were taken using a soil probe. Totally,
four soil samples were taken from each experimental plot. The pH value was analysed
potentiometrically (inoLab pH 730, WTW, Xylem Analytics, Weilheim, Germany). The con-
tent of soil organic carbon (Corg) was analysed according to [2,3]. The content of nitrogen
(Ntot) was done using sulfuric acid in the heating block (Tecator, Sweden), and following
the Kjeldahl method [32]. The contents of soil P, K, Ca, and Mg were analysed via the
Mehlich III solution [33], followed by ICP-OES analysis (Thermo Scientific iCAP 7400 Duo,
Thermo Fisher Scientific, Cambridge, UK).

2.5. Data Analyses

The analysis of variance (ANOVA) was used to evaluate the effect of fertilizer treat-
ment in one season. For the evaluation of fertilizer treatment, season, and their interaction,
the multivariate analysis of variance (MANOVA) was used. Both analyses were followed
by Tukey’s HSD post hoc test to select the treatments and seasons that differentiated
significantly. To perform all analyses, we used STATISTICA 13.3 software (TIBCO Soft-
ware, Palo Alto, CA, USA). The linear-plateau model was calculated using the R software
(R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria, 2020), together with the three R packages [34–36].

3. Results
3.1. The Effect of Farmyard Manure (FYM) on Sugar Beet Beetroot and Top Yield

If we compare the effect of manure application, we find that the beetroot yield in the
observed period (2016–2018) was significantly affected by both the fertilization treatment
(d.f. = 1, F = 13.58, p < 0.001) and especially the weather conditions (d.f. = 2, F = 73.48,
p < 0.002). The effect of the interaction between the treatment and year was also significant
(d.f. = 2, F = 4.29; p < 0.03). The conditions of the year had the highest impact on beetroot
yield (80%), followed by the fertilizer treatment (15%), and their interaction (5%).

The application of the FYM provided comparable results as the control. Significantly
higher yields were recorded only in 2016 (Table 2). The average beetroot yield was 52.9 t ha−1

in the control, and 61.2 t ha−1 in the FYM treatment (2016–2018, Table 2). Comparing the
years, the average yield was 66.2 t ha−1 and 67.2 t ha−1 in 2016 and 2017, respectively
(without a statistical difference), while the significantly lower yield was recorded in 2018
(37.8 t ha−1) (Table 2).

Table 2. The beetroot and top yield as affected by the fertilizer treatment (control and farmyard manure (FYM)) and year (2016–2018).

Beetroot Yield (t ha−1) Top Yield (t ha−1)

2016 2017 2018 X 2016 2017 2018 X

Control 57.4 ± 4.3A 65.7 ± 2.0A 35.6 ± 4.0A 52.9 ± 4.3A 20.4 ± 1.5A 22.8 ± 0.6A 9.0 ± 0.1A 17.4 ± 1.9A
FYM 75.0 ± 1.1B 68.7 ± 1.0A 39.9 ± 2.3A 61.2 ± 4.7B 23.8 ± 0.6A 24.8 ± 1.7A 9.6 ± 0.9A 19.4 ± 2.2B

66.2 ± 3.9Bb 67.2 ± 1.2b 37.8 ± 2.3a 22.1 ± 1.0b 23.8 ± 0.9b 9.3 ± 0.4a

Note: The mean values with the standard error of the mean followed by the same letter (small letters “a”, horizontally; and big letters ”A”,
vertically) are not significantly different (p, 0.05).

In the individual years, the top yield was not affected by the FYM application (Table 2).
However, for the entire evaluated period (2016–2018), the differences among the compared
treatments (d.f. = 1, F = 5.5, p < 0.03) and years (d.f. = 2, F = 113.0, p < 0.001) were significant.
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While the effect of the year was 95%, the effect of fertilization was only 5%. As in the case
of beetroots, this means that the differences between the compared fertilization treatments
were very low, while the fluctuation between the years was very high (caused mainly by the
severe drought in 2018). The average top yield was 17.4 t ha−1 in the control, while it was
19.4 t ha−1 in the FYM treatment. Comparing the years, the highest yields were recorded
in 2017 (23.8 t ha−1), followed by 2016 (22.1 t ha−1), and 2018 (9.3 t ha−1) (Table 2).

3.2. The Effect of Mineral NPK on Sugar Beet Beetroot and Top Yield

If we compare the entire period (2016–2018), the application of mineral NPK fertilizers
generally increased the beetroot yield significantly (Table 3). According to MANOVA,
the beetroot yield was mainly affected by the year (d.f. = 2, F = 146.3, p < 0.0001, 92%),
showing a very high fluctuation among the years. The highest average yield was recorded
in 2017 (72.2 t ha−1), followed by 2016 (68.2 t ha−1), and 2018 (44.4 t ha−1). The effect of the
fertilizer treatment was also significant (d.f. = 4, F = 11.4, p < 0.001), but the only significant
difference was recorded between the control and NPK treatments. However, no significant
differences among NPK1–4 treatments were recorded over the entire period (Table 3).
The average beetroot yield was 52.9 t ha−1 (control), 61.3 t ha−1 (NPK1), 62.7 t ha−1 (NPK3),
63.3 t ha−1 (NPK2), and 67.7 t ha−1 (NPK4). When only NPK treatments were considered,
yield response to N rates across three years plateaued at 112 kg ha−1 N with a corresponding
beetroot yield of 66 t ha−1 (Figure 2, left).

Table 3. The beetroot and top yield as affected by the fertilizer treatment (control, NPK1–4) and years (2016–2018).

Beetroot Yield (t ha−1) Top Yield (t ha−1)

2016 2017 2018 X 2016 2017 2018 X

Control 57.4 ± 4.3A 65.7 ± 2.0A 35.6 ± 4.0A 52.9 ± 4.3A 20.4 ± 1.5A 22.8 ± 0.6A 9.0 ± 0.1A 17.4 ± 1.9A
NPK1 70.3 ± 1.3AB 72.9 ± 3.1A 40.6 ± 1.9AB 61.3 ± 4.6B 27.8 ± 1.3B 28.2 ± 0.7B 11.8 ± 0.6B 22.6 ± 2.3B
NPK2 70.7 ± 3.8AB 73.5 ± 2.5A 45.7 ± 0.7ABC 63.3 ± 4.0B 29.3 ± 1.5B 28.8 ± 1.1B 13.0 ± 0.5B 23.7 ± 2.4B
NPK3 68.3 ± 2.7AB 73.8 ± 2.3A 46.1 ± 0.8BC 62.7 ± 3.8B 32.6 ± 1.3B 30.5 ± 1.3BC 12.0 ± 0.4B 25.0 ± 2.8BC
NPK4 74.5 ± 4.3B 75.0 ± 2.0A 53.8 ± 2.6C 67.7 ± 3.4B 31.4 ± 0.7B 35.1 ± 1.9C 13.8 ± 0.6B 26.8 ± 2.9C

68.2 ± 1.9b 72.2 ± 1.2b 44.4 ± 1.7a 28.3 ± 1.1b 29.1 ± 1.0b 11.9 ± 0.4a

Note: The mean values with the standard error of the mean followed by the same letter ( small letters “a”, horizontally and big letters “A”,
vertically) are not significantly different (p, 0.05).
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Figure 1. The mean annual precipitation (mm) and temperature (°C) at the experimental site in 
Prague (1954–2019). Blue and red squares indicate analysed years, blue is the linear regression 
equation for temperature and red is thelinear regression equation for precipitation. 

 

  

Figure 2. Means (black dots) of sugar beet beetroot yield (left) and top yield (right) at different N rates of NPK treatments 
in 2016, 2017, and 2018 combined and their linear-plateau regression (blue line). 
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Figure 2. Means (black dots) of sugar beet beetroot yield (left) and top yield (right) at different N rates of NPK treatments
in 2016, 2017, and 2018 combined and their linear-plateau regression (blue line).

In the case of the sugar beet top yield, the effect of the year (d.f. = 2, F = 425.9,
p < 0.0001), fertilizer treatments (d.f. = 4, F = 34.3, p < 0.001), and their interactions (d.f. = 8,
F = 3.8, p < 0.002) was significant. The lowest average top yield over the evaluated period
was provided by the control treatment (17.4 t ha−1). Significantly higher top yields were
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recorded in NPK treatments, with the highest top yield in the NPK4 treatment (26.8 t ha−1)
(Table 3). The year again had the greatest impact on the top yield (92%), followed by
the fertilization treatment (7%). Comparable top yields were recorded in the years 2016
(28.3 t ha−1) and 2017 (29.1 t ha−1), while a significantly lower top yield was recorded in
the dry year 2018 (11.9 t ha−1) (Table 3). According to the linear-plateau model, the mean
top yield response to N rates across three years plateaued at 122 kg ha−1 N, with a
corresponding top yield of 25 t ha−1 (Figure 2, right).

3.3. Comparison of the FYM and FYM + NPK Treatments

Over the entire evalutated period (2016–2018), the combined application of the FYM
with mineral NPK fertilizers significantly increased the beetroot yields (d.f. = 5, F = 19.6,
p < 0.001) (Table 4). The lowest yield was recorded in the control (52.9 t ha−1), followed by
the FYM treatment (61.2 t ha−1). The addition of mineral NPK fertilizers significantly in-
creased the beetroot yields as compared with the control and FYM treatments (Table 4),
ranging from 65.5 t ha−1 (FYM + NPK3) to 66.3 t ha−1 (FYM + NPK1). The differences
among all FYM + NPK treatments were insignificant. The effect of the year was also signifi-
cant (d.f. = 2, F = 333.7, p < 0.0001), as well as the year*treatment interaction (d.f. = 10, F = 2.5,
p = 0.014). The comparison of years indicated the same results as the previous evaluation.
While in the years with relatively favourable conditions (2016 and 2017) the differences
were not significant (the average yields were 71.4 t ha−1 in 2016 and 72.4 t ha−1 in 2017),
the conditions of the year 2018 sharply reduced the beetroot yield to an average value
of 45.1 t ha−1. The beetroot yield response to different rates of FYM and NPK fertilizers
plateaued at 165 kg ha−1 N, with a corresponding beet yield 66 t ha−1 (Figure 3, left).

A similar effect of mineral fertilizers was found for the top yields. The top yield was
significantly affected by the year (d.f. = 2, F = 493.8, p < 0.0001), fertilization treatment
(d.f. = 5, F = 41.8, p < 0.0001), and their interaction (d.f. = 10, F = 4.5, p < 0.001). The lowest
yields were provided by the control and FYM treatments (17.4 and 19.4 t ha−1, respectively)
(Table 4). The addition of mineral fertilizers increased the top yields significantly, ranging
from 25.2 t ha−1 (FYM + NPK2) to 26.9 t ha−1 (FYM + NPK3). The differences between the
FYM + NPK treatments were insignificant. Comparing the years, dry conditions during
2018 resulted in the lowest yield of the tops (12.1 t ha−1), while significantly higher yields
were recorded in 2016 and 2017 (28.8 and 29.7 t ha−1, respectively). According to the
linear-plateau model, the response of the sugar beet tops plateaued at 181 kg ha−1 N,
with a corresponding yield of 24 t ha−1 (Figure 3, right).
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Table 4. The beetroot and top yield as affected by the fertilizer treatment (control, FYM, FYM + NPK1–4) and years (2016–2018).

Beetroot Yield (t ha−1) Top Yield (t ha−1)

2016 2017 2018 X 2016 2017 2018 X

Control 57.4 ± 4.3A 65.7 ± 2.0A 35.6 ± 4.0A 52.9 ± 4.3A 20.4 ± 1.5A 22.8 ± 0.6A 9.0 ± 0.1A 17.4 ± 1.9A
FYM 75.0 ± 1.1B 68.7 ± 1.0AB 39.9 ± 2.3AB 61.2 ± 4.7B 23.8 ± 0.6A 24.8 ± 1.7AB 9.6 ± 0.9A 19.4 ± 2.2A

FYM+ NPK1 76.9 ± 1.5B 74.4 ± 1.7BC 47.6 ± 0.9BC 66.3 ± 4.1C 32.8 ± 1.2B 30.1 ± 1.2BC 13.2 ± 0.3B 25.4 ± 2.7B
FYM + NPK2 73.3 ± 1.5B 74.3 ± 1.5BC 50.0 ± 1.4C 65.9 ± 3.5BC 31.9 ± 1.1B 30.5 ± 1.9BC 13.3 ± 0.4B 25.2 ± 2.6B
FYM + NPK3 75.1 ± 1.0B 73.6 ± 0.6BC 47.8 ± 1.8BC 65.5 ± 3.8BC 33.7 ± 0.2B 33.4 ± 0.9C 13.5 ± 0.3B 26.9 ± 2.9B
FYM + NPK4 70.9 ± 3.0B 77.8 ± 2.1C 50.0 ± 1.3C 66.2 ± 3.8C 30.3 ± 1.0B 36.4 ± 2.2C 13.8 ± 0.2B 26.8 ± 3.0B

71.4 ± 1.6b 72.4 ± 1.0b 45.1 ± 1.4a 28.8 ± 1.1b 29.7 ± 1.1b 12.1 ± 0.4a

Note: The mean values with the standard error of the mean followed by the same letter ( small letters “a”, horizontally; and big letters “A”, vertically) are not significantly different (p, 0.05).
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3.4. The Effect of Fertilization on Sugar Content (SC) and Chemical Elements Concentration

We must admit that due to limited funds, analyses of sugar beet in reduced quantities
were performed over the years 2016–2018. This means that no repeated measurements
were performed from each fertilizer treatment every single year. Therefore, the results of
the statistical analysis presented here represent the average results for the entire analysed
period. It is, therefore, necessary to take the results with a grain of salt.

According to the statistical analysis, no significant differences were recorded between
the fertilizer treatments for any analysed parameter (the SC and the concentration of N,
P, K, Ca, Mg, and Na) of the sugar beetroots. The SC varied from 19.7% (NPK4) to 21.9%
(NPK1) (Table 5). The concentration of N, P, K, Ca, Mg, and Na was not affected by the
fertilizer treatment (Table 5).

Table 5. The sugar content (%) and concentrations of N, P, K, Ca, Mg, and Na (%) in sugar beet beetroots as affected by the
fertilizer treatment and over the years 2016–2018.

SC (%) N (%) P (%) K (%) Ca (%) Mg (%) Na (%)

Control 19.9 ± 0.8 0.19 ± 0.01 0.02 ± 0.01 0.16 ± 0.03 0.07 ± 0.01 0.05 ± 0.01 0.006 ± 0.002
NPK1 21.9 ± 1.3 0.20 ± 0.02 0.02 ± 0.01 0.17 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.005 ± 0.001
NPK2 20.5 ± 0.9 0.20 ± 0.01 0.08 ± 0.06 0.17 ± 0.02 0.16 ± 0.11 0.05 ± 0.01 0.006 ± 0.001
NPK3 19.8 ± 0.3 0.19 ± 0.02 0.02 ± 0.01 0.16 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.006 ± 0.001
NPK4 19.7 ± 0.9 0.20 ± 0.02 0.02 ± 0.01 0.18 ± 0.04 0.04 ± 0.01 0.05 ± 0.01 0.007 ± 0.001
FYM 20.1 ± 0.5 0.19 ± 0.01 0.02 ± 0.01 0.15 ± 0.02 0.05 ± 0.01 0.05 ± 0.01 0.007 ± 0.001

FYM + NPK1 21.1 ± 1.1 0.20 ± 0.02 0.02 ± 0.01 0.16 ± 0.02 0.05 ± 0.01 0.05 ± 0.01 0.008 ± 0.001
FYM + NPK2 21.2 ± 0.8 0.22 ± 0.02 0.02 ± 0.01 0.20 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.010 ± 0.003
FYM + NPK3 19.8 ± 0.7 0.20 ± 0.02 0.02 ± 0.01 0.16 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.007 ± 0.001
FYM + NPK4 20.7 ± 0.6 0.21 ± 0.01 0.02 ± 0.01 0.17 ± 0.03 0.04 ± 0.01 0.05 ± 0.01 0.007 ± 0.001

Note: The mean values without letters were not significantly different.

Similar results were recorded in the case of the sugar beet tops, where the concen-
trations of N, P, K, Ca, and Mg were analysed. Except for P, the effect of the fertilizer
treatment was insignificant. All results are shown in Table 6. In the case of P, the mean
concentration varied from 0.15% (control) to 0.23% (NPK4 and FYM + NPK1 treatments).
Higher concentrations of the P were found in the FYM + NPK treatments as compared
with the control, FYM, and NPK treatments (Table 6).

Table 6. The concentrations of N, P, K, Ca, and Mg in sugar beet tops as affected by the fertilizer treatment and over the
years 2016–2018.

N (%) P (%) K (%) Ca (%) Mg (%)

Control 2.54 ± 0.21 0.15 ± 0.01A 3.66 ± 0.17 1.38 ± 0.12 0.85 ± 0.10
NPK1 2.39 ± 0.23 0.19 ± 0.01 AB 4.35 ± 0.21 1.26 ± 0.15 0.84 ± 0.10
NPK2 2.63 ± 0.15 0.20 ± 0.01 AB 4.43 ± 0.24 1.15 ± 0.18 0.79 ± 0.11
NPK3 2.67 ± 0.17 0.19 ± 0.01 AB 4.11 ± 0.11 1.25 ± 0.17 0.95 ± 0.10
NPK4 3.03 ± 0.16 0.23 ± 0.02B 4.20 ± 0.09 1.14 ± 0.17 0.84 ± 0.13
FYM 2.51 ± 0.22 0.18 ± 0.01AB 3.36 ± 0.56 1.25 ± 0.06 0.83 ± 0.02

FYM + NPK1 2.71 ± 0.29 0.23 ± 0.03B 3.85 ± 0.18 1.04 ± 0.11 0.76 ± 0.06
FYM + NPK2 2.96 ± 0.24 0.22 ± 0.01B 4.14 ± 0.06 1.10 ± 0.10 0.82 ± 0.06
FYM + NPK3 3.07 ± 0.12 0.22 ± 0.01B 3.55 ± 0.08 1.09 ± 0.06 0.89 ± 0.05
FYM + NPK4 2.89 ± 0.11 0.22 ± 0.01B 3.94 ± 0.19 1.08 ± 0.08 0.84 ± 0.01

Note: The mean values with the standard error of the mean followed by the same letter are not significantly different (p, 0.05). Mean values
without letters were not significantly different.

3.5. The Effect of the Fertilizer Treatments on the Soil Properties

The application of different combinations and doses of fertilizers did not affect the
value of the soil pH. The average values ranged from 6.08 (NPK3) to 6.60 (FYM). The con-
centration of N was slightly affected by the fertilizer treatment. The lowest concentrations
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were recorded in the control and FYM treatments (0.13%), while the highest concentrations
were recored in the FYM+NPK4 treatment (0.16%). All other treatments provided results
fitting within these extreme limits. In the case of soil carbon content, the distribution
of the fertilizer treatments is clearer. The lowest C concentration was recorded in the
control treatment (0.99%). All FYM + NPK treatments differed significantly from this value,
and ranged from 1.26% to 1.35%, while the FYM and all NPK treatments filled the space
between the control and FYM + NPK treatments. The concentration of soil P significantly
varied among the treatments with lowest concentration in the control (20 mg kg−1) and
FYM (29 mg kg−1) treatments and highest concentrations in NPK4 (70 mg kg−1) and FYM
+ NPK4 (93 mg kg−1) treatments. A similar pattern was recorded in the case of K (lowest
concentrations were in the control and FYM treatments, while the highest concentrations
were in the NPK4 and FYM + NPK2 treatments) (Table 7). The concentrations of Ca and
Mg were not affected by the fertilizer treatment (Table 7).

Table 7. The basic soil chemical properties as affected by the fertilizer treatment and over the years 2016–2018.

pH Ntot (%) Corg (%) P
(mg kg−1)

K
(mg kg−1)

Ca
(mg kg−1)

Mg
(mg kg−1)

Control 6.44 ± 0.16A 0.13 ± 0.01A 0.99 ± 0.04A 20 ± 4A 150 ± 7A 3097 ± 104 180 ± 9
NPK1 6.26 ± 0.18B 0.14 ± 0.01AB 1.10 ± 0.03AB 53 ± 10BC 182 ± 8ABC 2813 ± 121 150 ± 10
NPK2 6.20 ± 0.29B 0.14 ± 0.01AB 1.15 ± 0.05AB 59 ± 5CD 198 ± 11ABC 2951 ± 231 149 ± 3
NPK3 6.08 ± 0.08C 0.13 ± 0.01A 1.16 ± 0.05AB 52 ± 2BC 173 ± 14AB 2790 ± 99 147 ± 16
NPK4 6.20 ± 0.12B 0.14 ± 0.01AB 1.22 ± 0.04AB 70 ± 1CDE 195 ± 10ABC 2800 ± 139 141 ± 7
FYM 6.60 ± 0.17A 0.14 ± 0.01AB 1.19 ± 0.05AB 29 ± 5AB 166 ± 15A 3240 ± 214 187 ± 1

FYM + NPK1 6.46 ± 0.21A 0.15 ± 0.01AB 1.27 ± 0.07B 64 ± 1CDE 199 ± 23ABC 3154 ± 308 176 ± 15
FYM + NPK2 6.34 ± 0.20AB 0.15 ± 0.01AB 1.31 ± 0.10B 87 ± 6DE 246 ± 11CD 3031 ± 244 172 ± 10
FYM + NPK3 6.19 ± 0.11B 0.15 ± 0.01AB 1.26 ± 0.02AB 73 ± 3CDE 202 ± 13ABC 2891 ± 142 170 ± 5
FYM + NPK4 6.26 ± 0.20B 0.16 ± 0.01B 1.35 ± 0.07B 93 ± 12E 254 ± 24D 3022 ± 129 177 ± 3

Note: The mean values with the standard error of the mean followed by the same letter are not significantly different (p, 0.05). Mean values
without letters were not significantly different.

4. Discussion

As compared with the control, statistically higher beetroot yields in the FYM treatment
were recorded only in 2016 (+17.6 t ha−1). In the following years, the application of FYM
resulted in comparable yields. If we compare the entire evaluated period (2016–2018), the
application of FYM increased the average sugar beet beetroot yield by about 8 t ha−1. In the
case of the tops, no differences between the control and the FYM treatments were recorded
in individual years. A comparison of the entire analysed period showed that the average top
yield was significantly higher in the FYM treatment (+2.0 t ha−1) (Table 2). As mentioned
above, the mineralization of manure in the soil strongly depends on the weather and other
soil parameters [20]. The years 2016 and 2017 represent seasons with relatively good (2016)
and good (2017) conditions, resulting in very high yields in the control (especially in 2017,
these yields are very high for the unfertilized control treatment and we assume that they
are the result of exceptionally good climatic conditions during the season), and visible
effect of the FYM (especially in 2016). The extremely unfavourable weather conditions
in 2018 reduced beetroot yields by 43% and top yields by 69%. The explanation for the
higher yields in the FYM treatment lies both in the direct supply of nutrients through
mineralization and the course of mineralization. According to Barłóg et al. [8], three main
periods of beetroot yield formation can be distinguished, i.e., early, midseason, and final
period, with N requirements dominating in the first two stages. The FYM is a fertilizer
with a high C/N ratio (in comparison with slurries), and contains a high amount of organic
N that is not directly available to plants [20], therefore, FYM releases its nutrients slowly
and over a longer period, covering critical periods of beet formation (if weather conditions
allow it). A similar effect of FYM on sugar beet yield was published in [21]. According to
their results, the yield response to different manure ratios across two years plateaued at
23 t ha−1, with a corresponding beet yield of 62.2 t ha−1. The sugar content (SC, %) was not



Agronomy 2021, 11, 133 11 of 14

affected by the FYM application. Both treatments (control and FYM) varied from 19.9% to
20.1%. The same situation happened in the case of other chemical elements in the beetroots
and tops (Tables 5 and 6), therefore, the application of the FYM provided higher yields
and, consequently, a higher amount of sugar harvested from the field, without significant
changes in sugar beet chemical composition. This also applies to the comparison of all
other fertilization treatments (Tables 5 and 6), except P concentration in sugar beet tops
(Table 6), where P concentration slightly increases in NPK4 and all FYM + NPK treatments.

Application of mineral fertilizers significantly increased beetroot and top yield (Table 3).
This result is expected and is in line with other published results [6,9,14,21], as N is the
most important element for sugar beet and mineral fertilizers provide readily available
N in precisely definable amounts. In our research, it was rather crucial to recommend an
average dose of nitrogen that provided the best results during the years including both,
the standard and the dry weather conditions. In the case of mineral fertilizers applied
without organic manures, it is relatively simple and our results are comparable with other
recommendations [12,15,16], while lower than recommendations of [13,14], but every
experiment provides site-specific recommendations concerning soil and climate conditions
of the site. In our case, a dose of 122 kg ha−1 N represents a breakpoint between the
linear and plateau functions of the developed model, with the corresponding beetroot
yield of 66 t ha−1. Application of N above this value does not increase the beetroot
yield significantly.

The combined application of FYM and mineral fertilizers (FYM + NPK treatments)
had a different course each year. In years with good climatic conditions, the beetroot yield
fertilized with the FYM was comparable (2016) or slightly lower (2017, only FYM + NPK4
treatment provided significantly higher yields as compared with the FYM treatment) than
in the FYM + NPK treatments (Table 4). A significant difference only became apparent
with the advent of drought in 2018, when treatments fertilized with FYM + NPK provided
higher yields than treatments fertilized only with FYM. In years with a normal course,
manure could cover the demands of beets during the season and provided very good
yields. However, in the event of a drought, the efficiency of manure decreased as it
responded more sensitively to unsuitable climatic conditions. The positive benefit of
mineral fertilizers was also manifested in the case of the tops. The combined application
of FYM and mineral fertilizers provided, on average, higher yields than the application
of FYM alone. These results were predictable. For this article, it was more important to
analyse the response of beetroots and tops to the dose of nutrients and to determine the
recommended dose. From this point of view, it is interesting that the breaking point of the
linear-plateau model occurred at the same value as in the NPK treatments, i.e., 66 t ha−1,
but the amount of nitrogen increased to 165 kg ha−1 (+53 kg ha−1 N as compared with
the NPK treatments). The same situation occurred in the case of the beet tops, where the
break occurred at a yield of 24 t ha−1, and at a dose of 181 kg ha−1 N (+59 kg ha−1 N as
compared with the NPK treatments). According to the data, the combined application of
FYM and NPK did not bring any massive improvement in yields as compared with NPK
or FYM applied alone, showing that maximum yielding potential of the sugar beet was
reached under local soil-climate conditions. According to [8], the maximum yield potential
of sugar beet in Europe is between 110 and 150 t ha−1 (calculations based on [7]), and
around 80 t ha−1 in Poland, but the farmers’ share of the actual yields is only 50 or 60% of
that value.

According to the MANOVA results, both, beetroot and top yields were mainly affected
by the weather conditions, while the effect of the fertilizer treatment was minor. This was
mainly due to the extraordinary dry year in 2018. There is an increasing number of
dry years and their frequent occurrence and weather instability, generally, are associated
with the current global change in climate conditions. These extreme years should not
be surprising in the coming period. The farmers in Europe are already adapting their
approaches to this fact by selecting other crop varieties and species and adjusting the
timing of cultivation [37].
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A slightly different situation is found in the case of soil parameters. Application of
NPK without organic manures resulted in generally lower pH values as compared with
the control and FYM treatments (Table 7). The applications of FYM + NPK treatments
resulted in between these two groups, which mean that FYM reduces the negative impact
of NPK on soil pH. The same results were published by [24,38]. By affecting the value of
the soil pH, organic manures also modify the environment for and activity of the microbial
community in the soil [24], and the availability of nutrients. The concentration of soil N
was not affected significantly by the fertilizer treatment, only high doses of applied mineral
N (FYM + NPK4) resulted in significantly higher N concentration as compared with the
control. In the case of P and K, the highest concentrations of both elements were recorded in
FYM + NPK treatments, The combination of FYM with NPK significantly increased the soil
C content. This result is in agreement with the results published by [24,39,40]. On the one
hand, application of mineral fertilizers without manures can decrease soil carbon content
when the C inputs to the soil from arable crops (including straw, roots, and post-harvest
residues) are lower than the C decomposed by the soil microbial community. On the
other hand, organic manures contain organic matter that directly affects the physiological,
chemical, and biological properties of the soil. From this point of view, the combined
application of FYM and mineral fertilizers results in maintaining soil fertility and is a
sustainable approach to soil care [24,26,39].

5. Conclusions

The decisive factors determining sugar beet beetroot and top yield were weather
conditions. During the years with relatively good (2016) and good (2017) conditions,
the beetroot and top yield was on average 70 t ha−1 and 28.7 t ha−1, respectively. In the
extraordinary dry year of 2018, the average beetroot and top yield decreased to 44 t ha−1

and 12 t ha−1, respectively.
The application of FYM at a dose of 21 t ha−1 significantly increased the beetroot and

top yield, if we evaluate the entire period (2016–2018). In individual years, we recorded a
significant difference only in the case of beetroots, in 2016. In general, the yields with FYM
treatment were always higher than in the case of the non-fertilized control.

The application of mineral fertilizers significantly increased beetroot and top yield
as compared with the unfertilized control. According to the results of the linear-plateau
model, a suitable N dose is 112 kg ha−1 with a corresponding yield of 66 t ha−1. This
model took into account the average yields of years including standard and unsuitable
climatic conditions.

In the case of the joint application of FYM and NPK, we did not record a significant
increase in yield as compared with NPK applied alone.

The sugar content and the concentration of chemical elements in the beetroots and the
tops were not significantly affected by the fertilization treatment, except for slightly higher
concentrations of P in the tops.

The application of NPK in the soil resulted in lower pH values than we observed in the
control and FYM treatments. The combined application of FYM and NPK slightly reduced
the negative impact of NPK on soil pH. The application of NPK, FYM, and especially the
combination of NPK and FYM significantly increased the content of Corg, P, and K in
the soil.
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