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Abstract: The objective of this study was to assess the yield efficiency of sulphur-enhanced fertilisers,
depending on the dose and application method, in a short-lived (three-year) monoculture of winter
oilseed rape under the climate and soil conditions of south-eastern Poland. The experiment was
carried out between 2010 and 2013 on winter oilseed rape (Brassica napus L. var. napus) of the
Orlando variety, fertilised with different sulphur doses—0, 20, 40 or 60 kg S ha~! applied in different
method—soil application sowing, foliar application in the spring, and soil application sowing + foliar
application in the spring (combined application). Following the harvest, seed and straw yields and
the content of macroelements (N, S, P, K, Ca and Mg) in the seed and straw samples were determined.
The harvest indices were also established for each of these elements. The impact of sulphur on winter
oilseed rape yield depended significantly on both the dose and the application method. Even at
the lowest dose (20 kg-ha~!), sulphur materially increased seed yield, regardless of the application
method. With autumn soil application and foliar application, differences between the lowest dose
and the higher doses (40 and 60 kg-ha~!) were not significant. However, with combined application,
the highest dose (60 kg-ha~!) significantly increased yield compared to the lower doses. In general,
all the fertilisation approaches significantly increased the N, P, K, Ca and Mg contents compared
to the control sample, but the differences between them were not substantial. Each of the sulphur
application approaches decreased the harvest index for sulphur. The foliar application of each of the
doses decreased the harvest indices for N, P, K and Ca. The soil application of 20 kg-ha™!, and the
mixed application of 40 and 60 kg-ha~!, all increased the harvest indices for P, K and Ca.

Keywords: oilseed rape; short-lived monoculture; sulphur; yield; seeds; straw; macroelements;
harvest index

1. Introduction

In terms of cultivation area and production volume, oilseed rape is the second largest
oilseed crop in the world, after soybean. Like other species of the family Brassicaceae,
oilseed rape has a high demand for sulphur—twice as high as legumes and four times
as high as cereals, grasses, maize, or potatoes [1-3]. This is because sulphur performs
a number of important physiological functions and is essential for the normal growth
and development of these plants [4]. The first information about sulphur deficiencies on
oilseed rape plantations appeared in the late 1990s, and since that time, sulphur fertilisation
of crop plants, particularly oilseed rape and other species of the family Brassicaceae, has
been the subject of numerous studies [5-8]. Sulphur deficiency decreases yield, limits
nitrogen uptake, and reduces the content of sulphur-rich metabolites responsible for plants’
resistance to biotic and abiotic stress [9]. Many recent experiments have confirmed the
beneficial effect of sulphur not only on the yield of crops, but on their quality as well.
However, the effect of sulphur application on yield depends on a number of factors,
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including the amount applied and time of application, the form of sulphur used, the
sulphur content in the soil (which largely determines its availability for plants), and climate
conditions [10-18].

Fertilisation of crop fields with sulphur can raise its content in soil and increase
the accumulation of certain minerals in plants due to the acidifying effect of sulphur on
soil. Excessive content of these elements can be harmful both for the plant itself and for
consumers. According to Podle$na [19], sulphur used in fertilisers can upset the balance in
the rhizosphere and thereby have a strong effect on the uptake of other nutrients. Many
other authors point out that fertilisation with sulphur can modify pH and the microbial
activity of soil, thus increasing the concentrations of some elements in the plant tissue,
particularly heavy metals [20-22]. Furthermore, some elements increase the growth rate of
plant mass, causing a decrease or increase in the concentrations of other elements, and thus
in their total accumulation. This is important because the mineral concentrations in plant
tissues are associated not only with plant growth and development dynamics, but also with
resistance to disease, freezing, or other stress conditions during the growing period, and
therefore with crop quality [19]. According to Jankowski et al. [7,22], sulphur fertilisation of
oilseed rape, by modifying the content of minerals in the plants, can significantly influence
the fertiliser value of crop residues (roots or straw) and the quality of seeds used for oil
extraction.

The literature contains information confirming the effect of sulphur application on
the content and accumulation of minerals in crop plants. Podlesna [19] found that sulphur
application at a rate of 80-100 kg S-ha~! increased the concentrations of sulphur and
nitrogen in the seeds and straw of oilseed rape and of calcium only in the straw. Changes in
the content of other macroelements, i.e., phosphorus, potassium and magnesium, were not
significant. The simultaneous increase in the dry matter of rape significantly increased the
total accumulation of the elements which tested relative to the control plants. Jankowski
et al. [7] reported that sulphur applied at a rate of 60 kg S-ha~! (in the form of ammonium
sulphate) increased the content of potassium, calcium, magnesium and sulphur in winter
rapeseed cakes and in the straw (except for Mg). The nitrogen content decreased in both
the seed cakes and straw, while phosphorus remained unchanged. Losak et al. [23] showed
that fertilisation with sulphur had no effect on nitrogen, phosphorus, or potassium concen-
trations, but significantly increased the content of sulphur and calcium. Similarly, McGrath
and Zhao [24] found that sulphur had no significant effect on the nitrogen concentration in
oilseed rape stems.

In the last two decades, sulphur fertilisation of crops, particularly oilseed rape and
other species of the family Brassicaceae, has been the subject of many studies. However,
there have been no field studies on sulphur fertilisation of winter oilseed rape grown in
monoculture. Due to the significant increase in winter oilseed rape production, it may
be grown on the same field more often. The aim of the study was to assess the effect
of fertilisation with sulphur (Na;SOy) on yield, depending on the rate and means of
application, in a short-term (three-year) monoculture of the Orlando cultivar of winter
oilseed rape in the climate and soil conditions of south-eastern Poland. A second objective
was to assess the effect of sulphur application on the content of macroelements in the seeds
and straw of rapeseed.

2. Materials and Methods
2.1. Site Description and Experimental Design

A field experiment was carried out in the years 2010-2013 in the village of Kolonia
Franusin (50°32/40” N 23°51’30” E) in Telatyn Commune, Tomaszéw County, Lubelskie
Voivodeship. The experiment was set up on mineral brown soil of the group Cambisols
(WRB. IUSS Working Group 2014) rich in organic carbon, with the granulometric compo-
sition of clayey silt [25], and a slightly acidic reaction (pHgc; 6.2). The most important
physicochemical properties of the soil are presented in Table 1. The soil pH was determined
by potentiometric method (in the suspensions of soil and 1 M solution of KC1 1:2.5) accord-
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ing to PN-ISO 10390:1997 [26]; Corg. was determined by the Tiurin method (the oxidation
of organic carbon to CO; using potassium dichromate K,Cr,Oy, in the presence of concen-
trated sulphuric acid H,SO, and the silver sulphate—Ag,50Oy), according to KQ/PB-34 [27];
the content of available P and K was determined by the Egner-Riehm method, according
to PN-R-04023:1996 [28] and PN-R-04022:1996 [29], after extraction with calcium lactate;
the Mg content was determined by the Schachtschabel method after extracting from the
soil with CaCl, solution, according to PN-R-04020:1996 + Az1:2004 [30]; sulphate sulphur
(5-504) content was determined by nephelometric method, according to KQ/PB-44 [27];
the granulometric composition was determined by Casagrande’s areometric method as
modified by Prészynski, according to KQ/PB-33 [27].

Table 1. Selected soil properties (0-30 cm depth) before setting up the experiment (2010).

Parameters Unit Value
Granulometric composition Clayey silt
Sand (2.0-0.05 mm) 12.0
Dust (0.05-0.02 mm) o 39.0
(0.02-0.002 mm) ° 35.0
Loam (<0.002 mm) 14.0
pHxka 6.2
Corg 1 18.1
Niot. gkg 1.6
Content of available nutrients
P 34.9
K 1 93.8
Mg mg kg 64.5
S-S0y 8.23

The subject of the study was the Orlando cultivar of winter oilseed rape fertilised with
varied amounts of sulphur, applied in different ways, for a total of 10 sulphur fertilisation
treatments. The experiment was set up in a single-factor, completely randomized design in
four replicates. The design of the field experiment is presented in Table 2. The phonological
stages (BBCH) of winter oilseed rape were encoding according to [31].

Table 2. Applied variants of sulphur fertilisation.

I

(ID
Method of Sulphur Application

Sulphur Dose

Pd D PdD
Soil Application Sowing Foliar Mixed = % Pd+ % D
S0 S0
S1 s1Pd S1D S1PdD
20ke S ha-1 One-time application—before budding Foliar application:
gona (BBCH 35) I. before budding (BBCH 35)—10 kg S ha~1.
S2 SoPd S2D (1/2 DI + 1/2 DII) S2PdD (1Pd + D)
40 ke S ha-1 I. before budding (BBCH 35), Foliar application:
goha II. beginning of flowering (BBCH 57) L before budding (BBCH 35)—20 kg Sha~!
S3 - S3D (1/3 DI + 1/3 DII + 1/3 DIII) S3PdD (3Pd + 1D)
I. before budding (BBCH 35), Foliar application:
60 kg Sha~! 1L beginning of flowering (BBCH 57), L. before budding (BBCH 35)—15 kg Sha™?,
I1I. full flowering (BBCH 65) II. beginning of flowering (BBCH 57)—15 kg S ha~!

The area of a single plot was 100 m2. Winter oilseed rape was grown in a three-
year monoculture on a field where the previous crop had been ryegrass (Festuca perennis)
grown for seed. After harvesting the seeds, the straw of the forecrop was plowed in. The
cultivation technology was in accordance with current recommendations. After harvesting
the forecrop, a set of post-harvest crops was made with a cultivator (Konskilde Delta,
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depth 6-8 cm), and then, at seven-day intervals, harrowing was performed twice with
a heavy harrow. Then, plowing was carried out with a reversible plow to a depth of 22
cm. A pre-sowing cultivator was used to prepare the soil for sowing and to mix fertilisers.
Sowing was performed with a pneumatic seed drill. Prior to sowing, mineral fertiliser
was applied as follows (in kg-ha1): P,O5—40 kg-ha~! (Super Fos Dar), K;O—60 kg-ha~!
(potassium salt) and the first rate of nitrogen at N—31 kg-ha~! (ammonium nitrate). The
second nitrogen rate of 96 kg ha~! was applied in the spring before the start of growth
(BBCH 25), using ammonium nitrate. The third nitrogen rate of 48 kg ha~! was applied at
the beginning of budding (BBCH 34) also using ammonium nitrate. Sulphur was applied
in the form of anhydrous sodium sulphate (Na;SO;). The rates, means, and times (BBCH
stages) of application are shown in Table 2. For foliar application, sodium sulphate was
dissolved in water in the amount of 200 dm?-ha~".

Seeds of the Orlando cultivar of winter oilseed rape (F; hybrid) were sown at a rate of
3.8 kg-ha!, for a density of 50 plants per m?. Seeds were sown between 24 and 28 August,
depending on the year, so that during overwintering, rapeseed entered the rosette stage with
8 true leaves and a root neck 7 mm thick. Plant protection against pathogens, weeds and
pests was carried out according to the recommendations of the Institute of Plant Protection in
Poznan [32]. Rapeseed was harvested with a combine (Deyth Fahr 4554H) during the fully
ripe stage (BBCH 89). Each year of the experiment, the rape straw was plowed in.

2.2. Meteorological Conditions

The weather conditions during the experiment are presented in Figures 1 and 2 and
in Tables 3 and 4. Data pertaining to precipitation and air temperature were used to
calculate Selyaninov’s hydrothermal coefficient for the months in which the average daily
air temperature exceeded 8 °C, because in this case, reliable results are obtained [33]. The
scale developed by Skowera et al. [34] to define ranges of values for the coefficient was
adopted. Precipitation totals in the first season of 2010/2011 (August-July) amounted
to 791.7 mm, which was 82 mm higher than the long-term average. Particularly high
precipitation in this season was noted in August and September, substantially exceeding
the long-term averages for these months, by 80.8 and 39.5 mm, respectively. In the other
two seasons, the precipitation totals during the period from August to July were lower
than the long-term average (Figure 1). Particularly low precipitation was noted in the
second season of the study (2011/2012). Precipitation in the autumn growing period
(August-November) of 2011 was only 38% of the long-term average (Table 3). In all three
seasons of the experiment, precipitation during winter dormancy was much lower than the
long-term average (1996-2013). The average temperature during the spring growing season
(April-July) in all years of the study was higher than the long-term average (Figure 2).

180 -
160 -
140 -
120 -
100 -
£80 -
60 -
40
20

8 9 10 11 12 1 2 3 4 5 6 7
months

2010/2011 E==m2011/2012 E==332012/2013 Means for 1996-2013

Figure 1. Rainfall in months (according to the COBORU Meteorological Station in Ulhéwek) as compared
to the long-term means (according to the meteorological station in Tomaszéw Lubelski, Institute of
Meteorology and Water Management—National Research Institute in Warsaw Meteorological Station).
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Figure 2. Air temperature in months (according to the COBORU Meteorological Station in Ulhdwek)
as compared to the long-term means (according to the meteorological station in Tomaszéw Lubelski,
Institute of Meteorology and Water Management—National Research Institute in Warsaw Meteoro-
logical Station).

Table 3. Precipitation and air temperature in months (according to the COBORU Meteorological
Station in Ulhéwek) compared to the long-term average (1996-2013 according to the meteorological
station in Tomaszéw Lubelski, Institute of Meteorology and Water Management—National Research
Institute in Warsaw).

The Temperature (°C) Rainfall
Growing Deviation from the Long-term Average Long-Term % of the Long-Term Average Long-Term
Season A Average
2010/2011 2011/2012 2012/2013 verage 2010/2011 2011/2012 2012/2013 (mm)
Autumn
August- —-0.4 +0.4 +1.7 10.3 146.7 38.2 82.2 230.8
November
Winter
dormancy ~15 —0.2 -13 ~16 83.6 52.7 55.8 157.4
December-—
March
Spring +1.1 +17 +1.3 143 100 67.9 106.3 3215
April-July

Table 4. Selyaninov’s hydrothermal coefficient (K) in 2010-2013 compared to the long-term average
(1996-2013).

Months
Year
April May June July August September
2010 - - - - 272 3.12
2011 0.64 0.92 1.90 2.66 0.91 0.25
2012 2.01 0.99 1.55 0.47 1.30 0.64
2013 1.77 1.78 2.78 0.96 - -
The
long-term 197 1.84 1.68 1.93 1.43 171
average for
1996-2013

K—Selyaninov’s coefficient [k = (p x 10)/Xt], where: p—sum of monthly precipitation (mm), t—sum of average
daily air temperatures for a month (°C).
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Based on Selyaninov’s hydrothermal coefficient, the periods from April to September
1995-2013 can be described as optimal or fairly wet (Table 4). In contrast, during the
experiment, there were dry or very dry periods (April, May, August and September 2011
and July and September 2012) as well as very wet periods (August and September 2010
and June 2013).

2.3. Measurements

Each year after harvest, the seed yield from each plot was determined and, follow-
ing correction to 13% moisture, calculated per ha. The straw yield from each plot was
determined as well.

After harvest, samples of plant material (seeds and straw) were taken from each plot
for chemical analysis. The following were determined in the seed and straw samples: total
sulphur by nephelometry (KQ/PB-31 version 04 of 02/07/12)—the method consists in the
oxidation of organic and inorganic sulphur to SO4 in an electric muffle furnace at 550 °C in
the presence of sodium bicarbonate and oxygen from the air, followed by nephelometric
determination in the form of BaSOj; total N by the Kjeldahl method (KQ/PB-70 version 02
of 01/12/10)—the method consists in converting the amide form of nitrogen into ammonia
by mineralisation with concentrated sulphuric acid, then distillation of ammonia and
absorption in a sulphuric acid solution and titration of the excess acid with a standard
sodium hydroxide solution; phosphorus by the vanadomolybdate method (KQ/PB-24
version 03 of 01/12/10)—the method consists in measuring by spectrophotometry the
intensity of the yellow color of the phosphor-vanadium-molybdic acid complex, which
is formed by orthophosphate and vanadium ions in the presence of molybdate in an
acidic environment, the measurement is made at a wavelength of 470 nm; potassium and
calcium (KQ/PB-25 version 03 of 01/12/10) by flame photometry—after mineralisation
in concentrated nitric acid, the nebulized solution is mixed with the flammable gas, and
next, the mixture burns at the exit of the burner. The burner flame, in which the elements
are excited, is a radiation source located in an optical system containing appropriate filters
and a detector. The K-77] filter is used to determine the potassium content, and the Ca-63]
filter for the determination of calcium; magnesium (KQ/PB-26 version 03 of 01/12/10)
by atomic absorption spectrometry—the method is based on measuring the absorption
of radiation emitted by magnesium atoms released when the solution is sprayed into an
acetylene-air flame.

The analyses of the content of N, S, P, K, Ca and Mg were performed in the accredited
laboratory of the Regional Chemical and Agricultural Testing Station in Lublin according
to the procedures developed on the basis of the methodology of Institute of Soil Science
and Plant Cultivation—State Research Institute in Putawy [27,35].

Then the harvest index for accumulation of N, S, P, K, Ca and Mg was calculated, i.e.,
the amount of the element accumulated in the seeds as a percentage of its total amount
accumulated in the plant.

2.4. Statistical Analysis

Statistical analysis of the results was performed using Excel 2016 and STATISTICA 13
PL software (Tulsa, USA). Two-way analysis of variance (ANOVA) was performed, and
Tukey’s test was used to verify the significance between means at o = 0.05.

3. Results and Discussion
3.1. Yield of Seeds and Straw

Oilseed rape yield depends on the genetically determined yield potential of a given cul-
tivar and its response to environmental and agrotechnical conditions. Weather conditions
were varied in the years of the study (2010-2013), and weather was found to significantly
influence both the seed yield and the straw yield of rapeseed. Extreme moisture conditions
were noted in the 2011/2012 season. In September 2011, only 2.5 mm of rain fell, and
Selyaninov’s hydrothermal coefficient (k = 0.25) confirms that this was a dry period. The
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precipitation total for the period from August 2011 to July 2012 was only 55% of the long-
term average for this period. Moreover, in that season, there were very low temperatures in
February—6.6 °C lower than the long-term average. The unfavourable weather conditions
clearly affected the seed and straw yield of rapeseed (Table 5). Many previous studies
confirm that weather conditions strongly affect seed yields of rape [36-39]. Wielebski [40]
obtained the highest rapeseed yield in the season when moderate temperatures in the
spring were accompanied by a beneficial rainfall distribution. These favourable moisture
and temperature parameters ensured good pod formation and seed formation in the pod.
In the present study, the rainfall and temperature distribution in the spring growing period
was favourable in 2011 and in 2013, when the highest yields were obtained. The autumn
growing period in 2010 (August-November) was distinguished by heavy rainfall, amount-
ing to 147% of the long-term average, and Selyaninov’s hydrothermal coefficient was 2.27
(very wet) for August and 3.12 (extremely wet) for September. The following April (2011)
was a very dry period (k = 0.64), and May was dry (k = 0.92) [27]. This may have been the
cause of the poorer yields obtained in 2011 in comparison to 2013.

Table 5. The influence of variants of sulphur fertilisation on the yield of seeds and straw of winter
rape.

Variants of

Seeds Yield (dt ha—1)

Straw Yield (dt ha—1)

Sulphur
Fertilisation ! 2011 2012 2013 2011 2012 2013
S0 39.16 9¢ 4+ 0.75 30.60 2 & 0.47 38.36 4 + 1.30 83.10°4 +2.91 78.40b¢ +1.21 94.00 feh +3.18
S1Pd 39.79 def + 0.42 32.88 20 + 0.40 41.55 8 4+ 1.20 94.78 8Ni 4+ 0.90 74202 +0.89 107.40 ™ + 3.10
S2Pd 40.95 ©f8 + 0.73 33.12b¢ + 0.54 41.33¢f8 4+ 0.77 106.5 ™ 4 2 54 69.502 + 1.13 115.60 P4 + 2.16
S3Pd 41.84 f8h +0.75 33.72¢+0.71 41548 +0.95 90.2¢f8 +1.95 94.70 8hi 4 1.99 101.70 ™ + 2.34
S1D 41.76 ¢ + 0.74 30.96 ab¢ + 0.99 44.19 M 4 0.79 117.8™ + 2.07 100.70 ! + 3.22 108.60 © + 1.94
S2D 40.76 °f& + 0.80 32.76 ab¢ + 0.71 427487 +0.88 104.6k '™ + 2,06 102.10 ¥ + 221 100.10 1 + 2.06
S3D 422887 +0.75 32.64 3¢ + 1.03 44427 4+ 0.53 10021 +1.78 96.00 87 4 3.02 101.80 7™ +1.21
S1PdD 40.76 ©f& + 0.56 32.523bc 4+ 0.71 4129 °f& 4+ 0.86 87.9 def + 143 104.40 0 +2.28 93.408 +1.94
S2PdD 41.64% £ 092 32.28 abe + .86 41.20 8 4+ 0.59 106.3 k™ 4+ 1.98 77.70 ¢ 4+ 2.06 109.70 °P + 1.58
S3PdD 4210 4+ 0.80 33.60 ¢ & 0.59 44507 4+ 0.89 86.80 9¢ + 1.66 71302 £ 1.25 109.40 °P + 2.20
Mean 41108 +£1.21 32514 £1.21 4211€+1.97 97.91 B +10.69 86.88 A + 13.34 104.17 € £ 7.10

! See Table 2; Means followed by the same letter are not statistically different at the o = 0.05 level. Small letters
(a-p) for variants of sulphur fertilisation x years, capital letters (A, B, C) for years. =—standard deviation.

For three seasons, oilseed rape was grown on the same site. The highest yield was
obtained in the third year, which indicates that cultivation of winter oilseed rape in a
short-term monoculture did not significantly affect yield (Table 5). According to many
authors, the yield of oilseed rape decreases when it is grown for a second consecutive
season on the same site [41]. An insufficient interval between oilseed rape crops on the
same site increases the occurrence of pathogens, pests, and weeds, including pathogenic
fungi, which can pose a threat to yield and to crop quality [37,42]. Hegewald et al. [43]
also draw attention to the importance of crop rotation in maintaining seed and oil yield of
rape. According to many authors, however, oilseed rape occasionally grown for a second
consecutive season or in a short monoculture can produce similar yields to crops preceded
by cereals [44], or even slightly higher [45]. In a study by Jaskulska et al. [46], the yield of
rapeseed grown for a second consecutive season was 4.6% higher than when preceded by
winter wheat and 8.5%, significantly, higher than when preceded by spring barley.

Analysis of our results showed that sulphur application from 20 to 60 kg S-ha~!
significantly increased the seed and straw yield of rape, on average by 8.02% and 14.2%
(Figure 3a,b). Many studies in various parts of the world have confirmed the positive
effect of sulphur application on oilseed rape yield in conditions of sulphur deficiency in
the soil [13-15,17,19,47,48]. According to many authors [2,8,23,24], the effect of sulphur
on yield mainly results from its strong effect on nitrogen metabolism. Sulphur plays an
important role in nitrogen metabolism, increasing the rate at which nitrogen taken up by
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the plant is transformed into protein. Nitrogen is the nutrient with the greatest effect on
yield, and therefore by influencing nitrogen metabolism, sulphur directly affects seed yield.

-1
45.0 d 120.0 dt ha
100 100.0 d d
35.0 g | i
30.0 80.0 - - i
25.0 & | 5
60.0 | | |
20.0 | | |
15.0 40.0 | . |
10.0 700 ; & &
5.0 3 ‘- :
5 39.0:3.6 [ 38.8:4.4 |3 382443 [ 40.1247
0.0 S H I L NN SN 1 TN H i K 0.0
0 o Y% W % 2 N T % O N 9 S N % G 9 G
v o o Lo % % v v o % % %
Variants of sulphur fertilisation Variants of sulphur fertilisation
(@) (b)

Figure 3. (a) Average yield of rape seeds for variants of sulphur fertilisation; (b) Average yield of
rape straw for variants of sulphur fertilisation. ! See Table 2; Means followed by the same letter are
not statistically different at the « = 0.05 level. =—standard deviation.

However, the effect of sulphur on yield is not always favourable. There is no question
that the positive effect of sulphur on yield is particularly pronounced in conditions of sul-
phur deficiency. This is confirmed by research by Wielebski and Wéjtowicz [49], in which
sulphur application in conditions of optimal and very high sulphur did not significantly af-
fect seed yield. Similar findings were reported by Jakubus and Tobota [48] in an experiment
conducted on soil with average total sulphur content. The increase in seed yield observed
by the authors as a result of sulphur application proved to be statistically non-significant.
Many studies have shown no effect or a minor effect on sulphur fertilisation on yield even
in conditions of poor soil content of this element [10,19,50].

The effect of sulphur on yield depends on many factors, including the application
rate and when it is applied. The present study only partially confirmed this dependency.
On average in the experiment, even the lowest level of sulphur application (20 kg S-ha~1),
for each means of application, significantly increased seed yield. Increasing the amount
applied did not significantly affect seed yield in the case of application of the entire amount
of fertiliser to the soil before sowing or to the leaves. Significant differences in the effect
of application rates on yield were only observed when sulphur was applied in a mixed
manner, i.e., half to the soil before sowing and half to the leaves. In this case, application in
the amount of 60 kg S-ha~! had the most beneficial effect on seed yield (Figure 3a).

Sienkiewicz-Cholewa and Kieloch [16] report that sulphur application before sowing
in the amount of 20 kg S-ha~! had no effect on rapeseed yield. Only higher application rates
(40 or 60 kg S-ha™!) significantly increased seed yield, by 11-12% relative to the control
(3.5-6.1 dt-ha™'). In a study by Wielebski [51], application of sulphur in early spring at
levels from 15 to 60 kg S-ha~! increased seed yield by 4.6% on average. Application of
15 kg S-ha~! was sufficient to achieve the highest yield, and higher application of sulphur
(30 and 60 kg S-ha~!) did not significantly differentiate yield compared to 15 kg S-ha~!.
Dash et al. [15], on the other hand, obtained the most beneficial effect on oilseed rape yield
by applying 40 kg S-ha~!. In the present study, fertilisation with 60 kg-ha~! resulted in
the highest yield for every means of application. However, when the entire amount of
fertiliser was applied to the soil before sowing or to the leaves, the differences in yield (56—
102 kg-ha~!) between this level of sulphur and lower application rates were not significant
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(Figure 3a). In the case of mixed application of 60 kg, the second portion of sulphur for
foliar application (15 kg S-ha~!) was applied at the start of the flowering stage (BBCH
57). According to many authors, oilseed rape has high sulphur requirements, especially
from the budding stage to the pod forming stage [52,53]. Availability of sulphur during
this period ensures the proper growth and development of rape. Janzen and Bettany [54]
also claim that sulphur fertilisers fundamentally affect crop yield. The authors observed
particularly favourable effects of fertiliser applied at the budding stage. According to Grant
et al. [55], if sulphur deficiencies are observed during the growing season, application of
sulphate sulphur during the period from the start of flowering may be beneficial, although
yields will generally be lower than if sulphur is available from the start of plant growth.

On average in our experiment, the method of application did not significantly influence
the effect of individual levels of sulphur application on yield (Figure 3a). Contrasting results
were obtained in a pot experiment by Podlesna [56], in which foliar feeding of rape plants
with magnesium sulphate during flower bud formation resulted in a seed yield that was
only 73% of that obtained following soil application of sulphur. Oilseed rape with access
to mineral sulphur from the start of the growing period produced a significantly higher
seed yield and greater weight of stems, leaves, pods, and roots. The effect obtained from
soil application may be explained by the fact that the sulphur compounds contained in the
solution applied to the leaves may cause leaf burn, which interferes with photosynthesis
and transpiration and negatively affects crop yields [57]. Zhao et al. [58] observed that
sulphur was much less effective when applied in autumn than in spring, and that poor
utilisation of sulphur was due to losses via leaching. According to Podlesna [56], only
limited amounts of sulphur can be applied to the leaves, because it is not easily transported
from the leaves to other organs. Booth et al. [59] claim that sulphur uptake efficiency by
leaves is only 2%. The rest ends up in the soil, where it is gradually released and taken up
by the root system.

The statistical analysis confirmed a significant interaction of the sulphur fertilisation
treatments with the years of the study (Table 5). In the case of soil application in the
2010/2011 season, only the highest application rate of 60 kg S-ha~! was effective, but
this means of application was more effective in the 2011/2012 season. Overall, sulphur
fertilisation was least effective in 2011/2012. In August and September 2012, precipitation
was very heavy, far exceeding the long-term average. According to Podlesna [19], high
levels of precipitation are conducive to leaching of sulphates supplied to the soil in autumn.
In our study, sulphur was applied in the form of sodium sulphate. SO42~ ions are highly
mobile, and their retention in the upper layers of the soil in these conditions is very low.
According to Wielebski [40], in these conditions, the amount of sulphur introduced with
fertiliser before sowing significantly decreases, and in spring, when oilseed rape has the
greatest need for sulphur, the plants have a smaller pool of it at their disposal.

It should be noted that sulphur application was most effective in the third year of
cultivation (Table 5). All sulphur application rates (20, 40, 60 kg S-ha~!) significantly
increased seed yield in comparison to the control. In the case of soil or foliar application,
differences between application rates were not significant, but in conditions of mixed
application (half soil, half foliar), seed yield following application of 60 kg S-ha~! was
significantly higher in comparison to the other levels.

This can be linked to the effect of sulphur in reducing the occurrence of pathogens.
Growing oilseed rape in a monoculture leads to accumulation of pests and pathogens,
which can negatively affect the development and yield of the plants [42]. According to
Heneklaus et al. [60], the plant’s natural resistance to stress caused by diseases and pests
decreases in conditions of sulphur deficiency. Increased natural resistance to infections by
pathogenic fungi is an effect of greater sulphur availability for plants. The high toxicity
of glucosinolate breakdown products for fungal pathogens is significant here. Numerous
literature sources confirm that sulphur fertilisation increases the content of glucosinolates
in plants [1,61]. The beneficial effect of sulphur application in reducing fungal diseases in
rape plants has been confirmed by many authors [62,63].
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3.2. The Macronutrient Content and the Harvest Index of the Accumulation of Elements
3.2.1. Nitrogen and Sulphur

The content of macroelements in the rape seeds and straw as well as their accumula-
tion were significantly influenced by the years of the study and the sulphur fertilisation
treatments, i.e., the amount and time of application. On average for the experiment, the
nitrogen content in the seeds was highest following application of 60 kg S-ha~! entirely
to the leaves or in a mixed manner (Figure 4a). The nitrogen content in the straw also
increased in conditions of sulphur fertilisation (Figure 4b), but the extent of these changes
was highly varied in different years of the study. A significant increase in nitrogen in the
straw under the influence of various sulphur application rates and times was observed
in the third year of the study (Table S1). Plants well supplied with sulphur take up more
nitrogen and utilise it better from fertilisers, especially from large amounts of the nutrient.
According to many authors, the use of sulphur in fertiliser influences the nitrogen balance
of winter oilseed rape, primarily biosynthesis of protein nitrogen compounds [64-66]. This
explains the higher nitrogen content in rape following inclusion of sulphur in fertilisation
in other studies as well [17]. The effect of sulphur fertilisation on nitrogen accumulation in
plants of the family Brassicaceae, in both the vegetative parts and the seeds, is confirmed by
Jan et al. [67] and Barczak et al. [68].

40.0 gN kg™ 16.0 g|N kg™
35.0 ab d 14.0
4 ¢
30.0 ’ ’ 12.0
10N
25.0 ’ ¢ 10.0
10N
20.0 ‘ ’ 8.0
10 N
15.0 6.0
10.0 4.0
5.0 20
0.0 00
% 2o D St 2% S 2y 2 % Y &‘J‘%' &”””o'
Variants of sulphur fertilisation ! Variants of sulphur fertilisation ! o 0
(a) (b)

Figure 4. (a) Nitrogen content in the rape seeds on average for variants of sulphur fertilisation; (b)
Nitrogen content in the rape straw on average for variants of sulphur fertilisation. ! See Table 2;
Means followed by the same letter are not statistically different at the « = 0.05 level. +=—standard
deviation.

Sulphur content in the seeds ranged from 2.31 to 3.14 g-kg~! (Table S2) and was much
lower than that reported by Jakubus and Tobota [48] and by Podlesna [19], but similar to
the content determined by Stepieni et al. [69] The sulphur content in plants is determined
by a genetic factor, but also by the content of its available forms in the soil, moisture,
temperature, and the vicinity of industrial areas [70]. Sulphur fertilisation significantly
increased the sulphur content in the rapeseeds, on average by 0.18-0.29 g relative to the
control (Figure 5a). In the case of soil application, the rate of 20 kg S-ha~! was the most
effective. In the case of foliar or mixed application (half soil + half foliar), higher application
rates had significantly better effects. The sulphur content in the straw ranged from 1.71
to 4.35 g-kg~!. Even the lowest level (20 kg S-ha~!) was effective, and as the level of
application increased, there was a further increase in the content of sulphur (Figure 5b).
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Figure 5. (a) Sulphur content in the rape seeds on average for variants of sulphur fertilisation; (b)

Sulphur content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2; Means
followed by the same letter are not statistically different at the « = 0.05 level. =—standard deviation.

Podlesna [19] reported that autumn sulphur fertilisation of oilseed rape at 80-100 kg-ha
significantly increased the content of this macroelement in both the seeds and the vegetative
parts. Higher sulphur content in oilseed rape following sulphur fertilisation was also noted by
McGrath and Zhao [24], Losak i in. [23] and Podlesna [56]. In contrast, Jakubus and Tobota [48]
did not observe an increase in either the content or the uptake of sulphur in seeds following
sulphur application; its content in the seeds showed little variation, ranging from 4.2 to 4.7
g-kg~!, depending on the time and form of fertilisation. A favourable effect was obtained
following soil application of ammonium sulphate in autumn and soil and foliar application
in spring. Janzen and Bettany [54] report that the time of application of sulphur fertilisers
fundamentally affects uptake of sulphur and crop yield. The authors found that fertilisation
during the budding stage had a particularly beneficial effect on both parameters.
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The nitrogen harvest index, i.e., the amount of the nitrogen accumulated in the seeds
as a percentage of its total accumulation in the plant canopy, was 58.4% for rape that was
not fertilised with sulphur. Sulphur application had varied effects. Foliar application
decreased the harvest index. An increase in the index was noted following soil application
or mixed application of 60 kg S-ha~! (Figure 6a, Table S3). In a study by Podlesna [19],
more than 70% of the nitrogen taken up by mature oilseed rape was found in the seeds, and
applied sulphur did not affect its distribution among individual organs. According to the
author, the high value of the harvest index confirms reports of intensive redistribution of
this element from the vegetative organs to the reproductive organs [71]. In another study,
Podlesna [55] reported that the amount of nitrogen accumulated in seeds relative to the
whole pool of accumulated nitrogen was 66% and did not differ significantly between crops
with soil application vs. foliar spraying of sulphur fertiliser. Grzebisz [71], on the other
hand, reported a nitrogen harvest index for winter oilseed rape in a wide range from 45%
to even 70%.
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Figure 6. (a) Nitrogen harvest index on average for variants of sulphur fertilisation; (b) Sulphur
harvest index on average for variants of sulphur fertilisation. ! See Table 2; Means followed by the
same letter are not statistically different at the « = 0.05 level. £+—standard deviation.

In the present study, the sulphur harvest index was 36.3% for the control treatment. It
was significantly decreased by sulphur application, especially foliar application of 40 kg
S-ha—1 and mixed application of 60 kg S-ha~1; for these treatments, it ranged from 24.9% to
25.3% (Figure 6b). According to Grzebisz [71], in currently cultivated oilseed rape cultivars,
i.e., 00 varieties, sulphur accumulates mainly in the vegetative organs—slightly more in
the pods than in the shoots. On the other hand, a study by Podlesna [19] found a sulphur
harvest index of about 50%, and it did not depend on sulphur fertilisation.

3.2.2. Phosphorus and Potassium

According to Skwierawska et al. [70], the sulphur content in the soil can indirectly
affect the rate and level of uptake of other nutrients. This is an important problem in
agriculture because it ultimately affects crop quality. The phosphorus content in the seeds
in the experiment showed little variation, amounting to 5.87 g P-kg ™! in the control and
ranging from 6.21 to 6.55 g P-kg ! in the sulphur fertilisation treatments (Table S4). Sulphur
fertilisation significantly increased the phosphorus content in the seeds, with a better effect
obtained in the case of foliar application. Application of 60 kg S-ha~! reduced the content
of phosphorus in comparison to 40 kg S-ha~! (Figure 7a). A similar reaction to fertilisation
with various amounts of sulphur was observed by Barczak et al. [72] in an experiment on
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lupine. According to the authors, the decrease in the phosphorus content following higher
application of sulphur may be due to dilution of phosphorus as a result of the increased
yield caused by sulphur fertilisation, and not to an antagonistic effect of phosphate ions (V)
and sulphate ions (VI). The phosphorus content in the straw was much lower; it was 1.45 g
P-kg~! for the crop that was not fertilised with sulphur (Figure 7b). Skwierawska et al. [73]
showed that the phosphorus content in plants was not significantly correlated with the
amount and form of sulphur applied. Sulphur application generally increased the amount
of phosphorus in the straw, especially foliar application. For this means of application, the
phosphorus content increased to 1.96-2.5 g P-kg~!, depending on the amount of sulphur

applied.
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Figure 7. (a) Phosphorus content in the rape seeds on average for variants of sulphur fertilisation; (b)
Phosphorus content in the rape straw on average for variants of sulphur fertilisation. ! See Table 2;
Means followed by the same letter are not statistically different at the « = 0.05 level. +=—standard
deviation.

Sulphur application increased the content of potassium in the seeds, from 6.28 g
K-kg~! in unfertilised plants to 6.45-6.68 g K-kg ! for various sulphur fertilisation treat-
ments. Changes in potassium content in the straw were more pronounced, and substantial
differences were noted between sulphur fertilisation treatments (Figure 8a, Table S5). As in
the case of phosphorus, foliar application in each amount was effective (Figure 8b). In a
study by Majmuder et al. [74], sulphur fertilisation (20 and 40 kg) significantly increased
the potassium content in the seeds, from 5.1 g K-kg ™! to 6.6-7.5 g K-kg !, and in the straw.
Sulphur application also increased the content of available forms of potassium in the soil in
the period from flowering to harvest. Szczepanek and Siwik-Ziomek [75] also observed
an increase in potassium accumulation in the stems of oilseed rape following the use of
sulphur fertiliser.
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the harvest index for phosphorus accumulation ranged from

(Table S6). Sulphur fertilisation increased the phosphorus harvest index, but

In the present study,
only in the case of 20 kg S-ha~!

42.1% to 71.3%

applied to the soil before sowing and mixed application of

40 and 60 kg S-ha~1. Foliar application decreased the phosphorus harvest index (Figure 9a).
According to Grzebisz [71], 45-55% of total phosphorus taken up by the rape canopy
accumulates in the seeds. In an experiment by Podles$na [19], over 80% of phosphorus taken
up was accumulated in the seeds, and sulphur fertilisation had no effect on the phosphorus

content in the seeds or in the vegetative parts.
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Figure 9. (a) Phosphorus harvest index on average for variants of sulphur fertilisation; (b) Potassium
harvest index on average for variants of sulphur fertilisation. ! See Table 2; Means followed by the
same letter are not statistically different at the « = 0.05 level. £+—standard deviation.

The harvest index for potassium accumulation ranged from 13.26% to 30.36%. Soil
application of sulphur (40 kg S-ha~!) and mixed application (40 and 60 kg S-ha~!) signifi-
cantly increased the potassium harvest index from 25.8% to 26.5% (Figure 9b). These results
are similar to those obtained by Podles$na [19], who reported that more than 80% of potas-
sium remained in the straw of oilseed rape, due to its concentration in the stems and leaves
and physiological functions. According to Grzebisz [71], plants accumulate potassium
mainly in the vegetative organs, which is confirmed in research by other authors [48].

3.2.3. Calcium and Magnesium

The calcium content in the seeds during the study showed little variation, ranging from
3.44 to 4.56 g Ca-kg~! (Table S7). On average in the experiment, all sulphur fertilisation
treatments increased calcium content in comparison with the control (from 3.51 g Ca-kg !
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to 3.64-3.88 g Ca-kg~!) (Figure 10a). Its content in the straw was much higher and varied
during the study period, from 10.43 to 32.09 g Ca-kg~! (Figure 10b). Skwierawska et al. [73]
and Brodowska and Kaczor [76] noted an increase in calcium content in the grain of
cereals following sulphur application. It should be noted that in 2013, the content of this
macroelement in the straw was nearly twice as high as in 2011 and markedly higher than
in 2012 (Table S7).
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Figure 10. (a) Calcium content in the rape seeds on average for variants of sulphur fertilisation; (b)
Calcium content in the rape straw on average for variants of sulphur fertilisation. ! See Table 2;
Means followed by the same letter are not statistically different at the « = 0.05 level. +=—standard
deviation.

The magnesium content in the seeds was also varied (Table S8). Sulphur application
generally increased the content of this macroelement, but in a narrow range from 2.94
g kg~ for the control to 3.04-3.17 g kg ! for the sulphur fertilisation treatments (Figure 11a).
In a study by Stepieni et al. [69], the magnesium content in rapeseeds ranged from 2.90 to
3.15 g kg1, and differences in the intensity of cultivation technology, including sulphur
fertilisation, did not significantly affect magnesium content in the seeds. Jarecki [77] also
reported that foliar fertilisation of oilseed rape did not affect the magnesium content
in the seeds. Magnesium content in the straw was 1.42 g kg~! and was significantly
increased only by foliar application of 60 kg S-ha~! (Figure 11b). Podlesna [56] reported
that foliar feeding with magnesium sulphate resulted in higher content and uptake of
magnesium in comparison to soil fertilisation of oilseed rape. The highest magnesium
content, however, was noted in the plants that were not fertilised with sulphur, which had
very high concentrations of this macroelement in the leaves, stems, and roots. According to
the author, the excessive content of magnesium in conditions of sulphur deficiency indicates
that it was taken up from the environment but could not be transported or distributed in the
plants, because the lack of sulphur inhibited the growth and development of their organs.
Thus, a phenomenon opposite to ‘dilution” occurred, i.e., the nutrients were ‘concentrated’
in the reduced mass of the plant. In an experiment by Brodowska and Kaczor [76], the most
pronounced increase in magnesium uptake was noted following application of sulphur in
the form of sodium sulphate, while elemental sulphur and sodium thiosulphate were not
effective. According to the authors, the presence of sulphate ions in the soil was probably
conducive to uptake of magnesium ions.
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Figure 11. (a) Magnesium content in the rape seeds on average for variants of sulphur fertilisation; (b)
Magnesium content in the rape straw on average for variants of sulphur fertilisation. ! See Table 2; Means
followed by the same letter are not statistically different at the & = 0.05 level. +—standard deviation.

The harvest index of calcium accumulation ranged from 4.07% to 13.40% (Table S9). Foliar
application of sulphur decreased the value of the index, while mixed application significantly
increased the share of calcium accumulated in the seeds in its total accumulation (Figure 12a).
According to Grzebisz [71], calcium accumulates mainly in the pods, and only marginally
in the seeds. In a study by Podlesna [19], sulphur fertilisation significantly increased the
content and accumulation of calcium in the straw of oilseed rape. The author suggests that this
may be linked to greater resistance to certain fungal diseases [78]. A higher concentration of
calcium in the cell walls increases the resistance of plants, preventing infection by pathogens
by making it more difficult for the enzymes they secrete to macerate the cell wall. It is possible
that the positive effect of sulphur fertiliser on the natural immunity of oilseed rape to stress
factors, including fungal diseases, may result not only from increased production of sulphur
compounds such as glucosinolates or glutathione, but also from morphological changes in the
cell wall of the leaves and stems [19].

The harvest index of magnesium accumulation ranged from 33.02% to 61.33% (Table S9).
Soil application or mixed application of sulphur generally increased its value (Figure 12b).
According to Grzebisz [71], distribution of magnesium in the organs of oilseed rape (shoots,
pods and seeds) is roughly balanced, with slightly greater accumulation in the seeds, and
the magnesium harvest index is 30-40%. Podlesna [19] reported that sulphur fertilisation
did not affect magnesium content in the seeds or straw of rape, but significantly increased
its uptake in the biomass of straw. According to the author, 55-57% of magnesium remained
in the straw of rape.
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Figure 12. (a) Calcium harvest index on average for variants of sulphur fertilisation; (b) Magnesium
harvest index on average for variants of sulphur fertilisation. 1 Gee Table 2; Means followed by the
same letter are not statistically different at the « = 0.05 level. £—standard deviation.

4. Conclusions

The effect of sulphur on oilseed rape yield significantly depended on the amount
and means of sulphur application. Even the lowest level of 20 kg S-ha~!, irrespective of
the means of application, significantly increased the seed yield. In the case of autumn
soil application and foliar application alone, the differences between the lowest rate and
higher ones (40 and 60 kg S-ha~!) were not significant. In the case of mixed application,
60 kg S-ha~! significantly increased yield in comparison with lower application. Sulphur
fertilisation also significantly increased the straw yield, with foliar application found to be
the most favourable to the development of the vegetative parts.

Sulphur fertilisation affected the mineral composition of rapeseeds. Overall, all sul-
phur application treatments significantly increased the content of N, P, K, Ca and Mg in the
seeds compared with the control treatment, but the differences were not great. The content
of macroelements in the straw was more varied than in the seeds. Sulphur fertilisation
increased the content of S, P and K in the vegetative parts, but in the case of nitrogen,
calcium, and magnesium, the effect of sulphur application was much smaller.
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Each of the sulphur fertilisation treatments reduced the harvest index of sulphur. Each
level of foliar application decreased the harvest index of nitrogen, phosphorus, potassium,
and calcium, whereas soil application of 20 kg-ha~! and mixed application of 40 and
60 kg-ha~! increased the harvest index of phosphorus, potassium and calcium.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12010068/s1, Table S1. Nitrogen content in rape seeds and straw, mean values
for interaction variants of sulphur fertilisation x years, Table S2. Sulphur content in rape seeds and
straw, mean values for interaction variants of sulphur fertilisation x years, Table S3. Nitrogen and
sulphur harvest index, mean values for interaction variants of sulphur fertilisation x years, Table
S4. Phosphorus content in rape seeds and straw, mean values for interaction variants of sulphur
fertilisation x years, Table S5. Potassium content in rape seeds and straw, mean values for interaction
variants of sulphur fertilisation X years, Table S6. Phosphorus and potassium harvest index, mean
values for interaction variants of sulphur fertilisation x years. Table S7. Calcium content in rape seeds
and straw, mean values for interaction variants of sulphur fertilisation x years, Table S8. Magnesium
content in rape seeds and straw, mean values for interaction variants of sulphur fertilisation x years,
Table S9. Calcium and magnesium harvest index, mean values for interaction variants of sulphur
fertilisation X years.
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