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Abstract: The aim of this field experiment was to analyze the influence of different nitrogen and
sulfur doses on yield as well as the content and uptake of iron (Fe), manganese (Mn), copper (Cu)
and zinc (Zn) by spring rye grain. The study was conducted in south-eastern Poland (2009-2011)
on Cambisols (WRB 2015), in conditions of low sulfur content in soil. The experiment included
four doses of N fertilization (0, 30, 60 and 90 kg ha_l) and two doses of S supplementation (0 and
40 kg ha™!). The analysis showed that fertilization with N and S had a positive effect on the studied
features of spring rye. The highest grain yields were found after use of 90 kg N ha~!. The grain of rye
fertilized with these doses of N was characterized by the highest concentration and uptake of tested
microelements. The supplementation of sulfur in a dose of 40 kg S ha~! improved the nitrogen effect,
because the rye grain yield and the content and uptake of micronutrients (except Mn) by rye grain
dry mass increased. The highest yield of spring rye grain and accumulation of Mn and Zn and intake
of Mn, Zn and Cu by grain dry mass (DM) were obtained in the vegetation season of 2011, which was
characterized by an optimal rainfall distribution. The highest accumulation of Fe and Cu and intake
of Fe were obtained in the vegetation season of 2009. Significant correlations were found also between
grain yield and the content and uptake of all studied micronutrients. The supplementation of NPK
fertilization with sulfur can be a good means of agronomic biofortification for spring rye in order to
increase the content and uptake of Fe, Mn, Zn and Cu.

Keywords: agronomic biofortification; micronutrients; nitrogen; sulfur; spring rye

1. Introduction

Mineral fertilization in modern agriculture is the basic factor in plant cultivation and the main
way to increase the amount of minerals in the plant. Mineral fertilization can be considered as a
method of supplementation or biofortification to reduce malnutrition. In this case, it is a process of
increasing the desired minerals or vitamins in the main crop of plants. As a result, food quality can
also be modified [1,2].

Earlier conducted research also indicates the effectiveness of the use of sulfur on the increase of
macro- and microelements in potato tubers and cereal grains [2—4]. The use of sulfur is important
because of its deficiency in many regions of the world [5,6]. The low SO, emissions into the atmosphere
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and sulfur deficiency in soils in several parts in Poland and many countries of the world have led to
the necessity of S fertilizer use to enhance the production and quality of crops [5-7]. In Poland, in 1980,
the emission (deposition) of SO, per 1 ha was about 130 kg S, while at present it is on average 18.7 kg
SO, ha™! [5]. In Poland, in 2015, a low content (I) of sulfate sulfur was found in 198 monitoring points
(91.7% of all profiles), which was a similar result to that observed in 2010. These studies showed a
perceptible drop in the mean sulfur content in soils during the last years from 1.38 to 1.00 mg S-SOy4
100 g~!, respectively, for 1995 and 2015 [8].

Crop fertilization with sulfur and nitrogen is a very current problem. The lack of scientific studies
on the fertilization of crops with sulfur is the result of the fact that, in Poland, the positive balance of
this component in agro-ecosystems was maintained for many years, resulting from high emissions of
SO; into the atmosphere in the country. Ecological activities aimed at reducing SO, emissions into the
atmosphere have meant that, starting from the second half of the 1980s in Western Europe, a negative
sulfur balance in soil was observed [5]. However, the available studies mainly showed that plants
require sulfur fertilization, such as Brassicaceae (oilseed rape), Liliaceae (garlic, onion), sugar beet, potato,
Fabaceae plants and wheat [9]. There is no research on the sulfur fertilization of spring rye. Rye is
an important bread and feed plant in Europe; in particular, the most rye is cultivated in the Russian
Federation, Poland and Germany. The total production of these three countries accounts for 57.66% of
global rye production. The highest consumption of rye is in Poland and Belarus, at on average 29.9 kg
per capita per year. Cereals and cereal products provide about 30% of the energy and protein and 54%
of the carbohydrates in the daily diet of contemporary human beings. Apart from energy nutrients,
they are a rich source of many bioactive substances and nutrients [10].

As we know, sulfur metabolism in the plant is closely related to nitrogen metabolism and is
not only physiological and biochemical but also an environmental problem [11]. Sulfur deficiency
reduces the efficiency of the operation and use of fertilizer nitrogen by field crops. This fact allowed
us to formulate the following working hypothesis of the undertaken research: the use of sulfur
in the cultivation of spring rye improves the efficiency of nitrogen fertilization, leading to better
growth and yielding of plants and a better supply of grain, which is valuable for human and animal
body microelements.

To verify the hypothesis, a field experiment was carried out in 2009-2011 to determine the
yield, content and uptake of microelements by spring rye—specifically the Bojko cultivar. The first
experimental factor was nitrogen fertilization, and the second was the application of sulfur fertilization.
In effect, the optimal combination of N + S dose for grain yield and content as well as for Fe, Mn,
Zn and Cu uptake was selected.

2. Materials and Methods

2.1. Field Experiment

The presented research was conducted as a three-year field experiment located in south-eastern
Poland (50°42’ N, 23°15" E). A two-factor study was conducted in a randomized split-plot design
(with four replications) (see Figure S1 in the Supplementary Material for a comprehensive dataset
analysis). The soil in the experiment was marked as Cambisols (WRB 2015), consisting of light silty
sand [12], containing 68% sand, 31% silt and 1% clay. The soil was characterized by a high content of P,
an average content of K and Mg, as well as low total and available sulfur. The content of Mn, Zn and
Cu in the soil was determined as high and Fe as average. The soil reaction was slightly acidic (Table 1).
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Table 1. Chemical characteristics of the soil layer of 0—20 cm (before sowing).

Specification Method of Analysis Unit of Measure  Year 2009  Year 2010  Year 2011
pH (0.01 mol/L Potentiometry with using a 56 57 58
CaCly) Methrohm-605 pH meter ’ ’ ’

i -12®
C—total g:;{‘bzusr“"“ by LECOEC-12 ) 9.2 8.9 7.7
yee skg”
N—total Kjeldahl’s method 0.9 0.9 0.7
N-NO;3 + N-NH;y X 1.38 (soil
N min bulk density, mg m~3) kg ha™! 72.8 68.4 64.9

(PN-R-04038:1997)

Double lactate extraction and
measurement by colorimetric

P—available assay—Egner-Riehm DL 54.5 53.5 48.3
method (PN-R-04023:1996)
Extraction: see above

K—available phosphorus. Measurement by 88.6 85.2 79.6
photometric method.
(PN-R-04022:1996)
Extraction by 0.0125 m L1

Mg—available CaCl; and measurement by 1 34.8 33.7 35.1
AAS. PN-R-04020-1994 mg kg
By ICP-AES mineralization with

S—total HNO; + Mg(NOs), 102.8 86.3 72.0
Extraction with 0.025 m L~! KCl

5-504—available and measurement by 14.2 12,6 10.3
ion-chromatography

Fe—total 853.0 966.1 930.5
Extraction by 3HCI + HNOj3

Zn—total measurement by AAS. 249 33.8 31.6
PN-ISO-11047:2001.

Cu—total 9.8 10.7 11.9

The subject of the presented experiment was spring rye (Secale cereale L.), variety Bojko. Rye
was fertilized with nitrogen and sulfur according to the scheme presented in Table 2. Nitrogen was
used as ammonium nitrate (NH4NO3—34% N, including ammonia N (N-NH4)—17.0% and nitrate N
(N-NO3—17.0%). The sulfur was added in two forms: (I) prior to rye sowing, as kieserite (MgSO, X
H,0: 5.1% Mg and 20.0% S), and (II) as a foliar application on the rye plants during the vegetation
phase (BBCH 55-59) in the form of Epsom salts (magnesium sulfate heptahydrate—MgSO,4 x 7H,0O;
10.2% Mg and 32% SO3). Prior the sowing of rye, fertilization with phosphorus (in an amount of
39.6 kg P ha™! as granulated triple superphosphate) and with potassium (in an amount of 83 kg K ha™!
in a potassium salt form) was performed.

Table 2. The doses of nitrogen (N) and sulfur (S) application.

Time and Dose of Fertilization

Total Dose (kg ha1)

Fertilizer Spring, Before Sowing BBCH * 30-31 BBCH 55-59
kghal  kgplot! kg ha1 kg plot~1 kghal  kgplot! kg ha1 kg plot~1
0 0 - - - - - -
Nitrogen 30 0.09 30 0.09 - - - -
(N) 60 0.18 30 0.09 30 0.09 - -
90 0.27 30 0.09 30 0.09 30 0.09
Sulfur (S) 40 0.12 30 0.09 - - 10 0.03

* BBCH: Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie.
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The agrotechnical procedures for spring rye cultivation were in accordance with current integrated
production (IP) recommendations. Depending on the climatic—soil conditions, sowing was carried out
between the third decade of March and the first decade of April, whereas the harvest was performed
on the third decade of July or the first decade of August (at BBCH 89-92). The sowing rate of seeds
was 140 kg ha™!, which gave a density of 350 plants per m?. Before sowing, the kernels were treated
with Vitavax 200 FS (active substance: carboxin + tiram) in an amount of 300 mL 100 kg~!. At the
tillering stage (BBCH 28), herbicides (Granstar 75 WG-tribenuron-methyl (20 g ha™!)) plus Puma Super
069 EW-fenoxaprop-P-ethyl (1 L ha~!) were used to control dicotyledonous and monocotyledonous
weeds. To prevent lodging, a Stabilan 750 SL (chlormequat chloride) regulator was used at an amount
of 1.8 L ha™! during the stem shooting phase (BBCH 30-31). However, plant protection products were
not used to combat diseases and pests, due to the lack of proposed recommendations by the Institute
of Plant Protection, Poznan, Poland.

The main meteorological parameters are presented in Table 3. The rainfall and air temperature
during the vegetation time (III-VIII) were determined by the Selyaninov’s hydrothermal coefficient.
According to these calculations, the 2009 growing period was rather dry, and on the borderline to
the optimal value (1.3). The other two vegetation periods (2010 and 2011) were defined as optimal to
rather wet (1.6).

Table 3. Selyaninov’s hydrothermal coefficient of the sum of rainfall (mm) and mean air temperature
(°C) of the vegetation periods (2009-2011) and the long-term averages (1981-2005).

Months (k) Sum-Mean (ITI-VIII)
II1 v \% VI VII VIII KT P t

2009 531 052 243 213 041 082 1.32 349.13 2652
2010 182 111 201 112 211 133 1.61 44341 2715
2011 123 113 071 102 272 230 1.62 414.62 2581
1981-2005 5.12 1.82 151 162 171 1.01 1.62 367.72 2353

ke Selyaninov’s hydrothermal coefficient: (k = (p x 10)/).t); p—rainfall (mm); t—temperature (°C).

Years

2.2. Analysis and Calculations

After the harvest of spring rye, the grain yield (at 11% moisture content) was calculated. The 24
average grain samples from each year of research (2009-2011) were chemically analyzed in the
laboratory of the Agricultural Chemical Station in Lublin for the content of iron (Fe), manganese
(Mn), zinc (Zn) and copper (Cu). The chemical properties of grain were determined according to the
Accreditation Certificate of Testing Laboratory No AB 1186 (KQ/PB-16) and with the PN-EN-14084:2004
standard. The determination of micronutrient content in the grain samples was performed by the use of
the AAS (atomic absorption spectrometry) method with a Varian SpectrAA 280 FS spectrophotometer
(Varian, Inc., Palo Alto, CA, USA) and Varian lamp, at a current of 5 mA under flame acetylene/air
(stochiometric ratio). The analysis of iron (Fe), manganese (Mn), zinc (Zn) and copper (Cu) content
was performed at the following wavelengths: 248.3 nm, slit 0.2 nm; 279.5 nm, slit 0.2 nm; 213.9 nm, slit
1.0 nm; and 324.8 nm, slit 0.5 nm, respectively.

For the calculation and the statistical analysis of the results, we used analysis of variance (ANOVA).
The significance of differences was calculated with use of the Tukey test (p = 0.05 and 0.01). The mean
results were determined with post-hoc analysis. The relationships between the tested features were
determined by the analysis of Pearson linear correlation. The statistical analyses were calculated with
the Statistica 10 (StatSoft Inc.: Tulsa, OK, USA, 2010; StatSoft Polska, Sp. zo.o. Krakéw, Poland 2010)
and Excel 7.0 (2007 Microsoft Office System) programs.

3. Results and Discussion

The analysis of the ANOVA of the presented results proved a significant positive influence of
N fertilization on the rye grain yield and on the concentration and uptake of microelements (Fe, Mn,
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Zn and Cu) by its whole-grain dry mass (DM) (see Tables 4 and 5, and Tables S1 and S2 in the
Supplementary Material for the comprehensive dataset analysis). The performed statistical analysis
did not show any interaction between the used doses of nitrogen and sulfur. The experimental
year was significant for all studied features. The interaction between N fertilization and the year of
study was significant only for the yield of grain and Cu uptake by the whole-grain DM of spring rye.
The interaction between S fertilization and the year of study was not significant.

Table 4. Results of ANOVA statistical calculations for the studied features of spring rye grain yield
(tha™1), as well as content (mg kg_l) and uptake (g ha™1) of Fe and Mn by whole-grain dry mass (DM).

Grain Yield Fe Content Fe Uptake Mn Content Mn Uptake
Variable (1 =24) DF

F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value

S 1 2434 0.0026 3236 0.0013 3847 0.0008 60.07  0.0002 9.05 0.0238
N 3 979.11 0.0001 25.27 0.0008 156.26 0.0001 33.72 0.0004 426.57  0.0001
Y 2 58.00 0.0001 2397 0.0014 1271 0.0070 6537 0.0001  96.59 0.0001
SXN 3 0.98 0.4635 0.75 0.5601 0.78 0.5485 2.52 0.1549 4.00 0.0702
SxY 2 0.01 0.9943 2.32 0.1790 2.13 0.2002 7.70 0.0220 4.25 0.0710
NxY 6 1991  0.0010 0.63 0.7064 2.02 0.2074 2.89 0.1108 1.40 0.3471

Explanations: S—sulfur dose; N—nitrogen dose; Y—year; S x N—sulfur dose X nitrogen dose; S x Y—sulfur dose X
year; N X Y—nitrogen dose X year; DF—degrees of variable freedom; F-value—estimation F of variance analysis;
p-value of F-variance ratio.

Table 5. Results of ANOVA statistical calculations for the studied features of spring rye content
(mg kg™!) and uptake (g ha™!) of Zn and Cu by whole-grain DM.

Zn Content Zn Uptake Cu Content Cu Uptake
Variable (n =24) DF

F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value

S 1 37.07 0.0009 41.44 0.0007 25.24 0.0024 32.70 0.0012
N 3 19.74 0.0016 32996  0.0001 40.25 0.0002  355.06  0.0001
Y 2 140.10  0.0001 943.1 0.0001 121.34  0.0001 85.25 0.0001
SxN 3 0.64 0.6143 0.48 0.7088 0.45 0.7267 0.41 0.7499
SxY 2 478 0.0573 2.31 0.1800 0.46 0.6534 0.40 0.6897

NxY 6 0.88 0.5619 1.64 0.2810 2.50 0.1447 5.12 0.0337

Explanations: S—sulfur dose; N—nitrogen dose; Y—year; S x N—sulfur dose X nitrogen dose; S X Y—sulfur dose x
year; N X Y—nitrogen dose X year; DF—degrees of variable freedom; F-value—estimation F of variance analysis;
p-value of F-variance ratio.

3.1. Nitrogen

In our presented research, each applied level of nitrogen fertilization (30, 60 and 90 kg ha™?)
had a significant positive effect on spring rye grain yield. However, the highest grain yields were
found after the use of 90 kg N ha™! (3.68 t ha™!). This yield increased by about 28.5% compared to the
control. The concentration of microelements in the grain of spring rye increased together with the
increase of the nitrogen dose and was the highest after the use of 90 kg N ha™! (Fe—33.65, Mn—39.48,
Zn—37.50 and Cu—4.65 mg kg~! DM). The accumulation of micronutrients in the whole-grain DM
also statistically significantly increased at the same time as the increasing N fertilization rate and was
the highest after the use of 90 kg N ha! (Fe—124.02, Mn—145.40, Zn—138.17 and Cu—17.14 mg ha™!)

(see Table 6, Figure S2A and Tables S1 and S2 in the Supplementary Material for the comprehensive
dataset analysis).
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Table 6. The influence of nitrogen (N) and sulfur (S) application on the grain yield (t ha~!) and content
(mg kg‘l) and uptake (g ha~1) of micronutrients by spring rye whole-grain DM.

Fertilization Fe Mn Zn Cu
Grain Yield (t ha1)
S N Content Uptake Content Uptake Content Uptake Content Uptake
0 2.59 a 26.53 a 68.38 a 37.00 a 95.97 a 3437 a 89.33 a 4.08 a 10.55 a
0S (N X S) 30 2.80a 28.70 a 80.17 a 3827a 107.10a 34.77a 97.26 a 428a 11.99 a
60 355a 29.87a  106.18a  40.20a  14293a 3597a 127.82a 434a 1545a
90 3.66 a 31.70a 11598a  40.87a 14948a 3647a 13340a 459a 16.80 a
0 2.68a 29.03 a 77.61a 35.30 a 94.70 a 35.50 a 95.41a 422a 11.30 a
50S (N x S) 30 292a 30.57 a 89.18 a 3730a 109.04a 3643a 106.35a 448a 13.09 a
60 3.6la 3293a 11898a 37.73a  13630a 37.30a  134.64a 455a 16.44 a
90 371a 35.60a 132.05a 3810a 141.32a 3853a 14293a 471a 1748 a
Mean (S) 0S 3.15B 2920B  92.68B  39.08 A 12387 A 3592B 11195B  4.33B 13.70 B
40S 323 A 3203A 10450A 37.11B 12034B 3694A 11983 A 449A 1458A
I(\)T 2.63D 27.78D  7299D  3615C  9534D 3493D  9237D 415D 1092D
13\? 286 C 29.63C  8468C  3778B 108.07C 3560C 101.80C 438C  1254C
Mean (N) 60

N 358 B 3140B 11258B 3897 A 139.62B 36.63B  13123B  445B 15.95B
19\? 3.68 A 33.65A 124.02A 3948 A 14540 A 3750A 13817A 465A  17.14A
2009 3.11B 3299A 103.60 A 3646C 11380C 33.18B 10361 C 4.62A  1447B
Mean (Y) 2010 3.14B 2894B  9213C  37.83B 11933B 3798A 119.84B 405C 1278C
2011 331A 2992 B 99.97 B 40.00 A 13319 A 3735A 12422 A 455B 15.17 A

ABC, abc—different letters in the same column means significant differences between results at p < 0.05.

Numerous scientific reports show that the amount of macro- and micronutrient accumulation
depends on many factors. These include, for example, the plant type, species and variety [13],
climate and soil conditions [14] as well as other agronomic and production factors. According to
Ragaee et al. [15] rye grain (obtained from the Experimental Farm at UAE University) is ample in Fe
and Mn. In turn, Kan [16] indicates that rye (cultivated on sand—loam soil) has the highest content of
Zn among major cereal species. The grain of rye cultivated on a lessive soil of a medium silty loam
and fertilized with NPK (203 kg ha~!) in north-eastern Poland contained fewer micronutrients than
in our research, especially Mn [17]. In another study in Poland, six varieties of winter rye fertilized
with nitrogen at doses from 80 to 100 kg N ha™! were analyzed [18]. It was found in the grain of these
varieties that there were, in turn, more Fe, Mn and Cu [18]. In studies with 21 winter rye varieties
carried out in Russia, it was found that the content of microelements in the grain varied among rye
genotypes: Fe—2.1-fold, Zn—1.6-fold and Mn—2.7-fold [13].

In the studies of Kadtubiec and Bojarczuk [19], spring rye was cultivated on a good rye complex of
soil and fertilized with nitrogen at a dose of 80 kg N ha™?; in this condition, it gave a grain yield in the
amount of 5.1 t ha™!. In the study conducted by Stepien et al. [17] with winter rye fertilized with 90 kg
N ha~!, it was found that the grain yield was about 17.5% higher than at control plots and the contents
of Mn, Zn and Cu were a little higher than the control. In the study of Tekli¢ et al. [20], it was found that
fertilization with higher doses of nitrogen influenced the content of Fe, Zn and Cu in grain, but had no
effect on the level of Mn accumulation. A similar phenomenon was observed in our own research,
where a dose of 30 and 60 kg N ha~! significantly affected the Mn content (Table 6, Figure S2A and
Tables S1 and S2 in the Supplementary Material for the comprehensive datasets analysis). Based on
the research of Kutman et al. [21], we found that the fertilization with a high dose of N has a positive
influence on the uptake of iron and zinc by grains of wheat. As can be seen in the literature, the used
forms of N application have different influences on the accumulation of Mn in the plant. Therefore, to
obtain the best results, nitrogen fertilizers should be used according to the following order: (NH4),5O4
> NH;NO; > Ca(NO3), [22].
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3.2. Sulfur

As shown in the presented experiment, the supplementation of sulfur improved the NPK effect,
because the rye grain yield increased by 80.0 kg ha™! (2.5%) (see Table 6, Figure S2A, and Tables S1 and S2
in the Supplementary Material for the comprehensive dataset analysis). As is well known, nitrogen is
the most yielding element. Sulfur, in turn, improves nitrogen utilization in the plant and improves
the quality characteristics of plants. Klikocka and Cybulska [11] found that, after using sulfur in
wheat grain, the protein, methionine and cysteine content increased, and flour baking properties
improved. However, the yield of wheat grain after applying 50 kg S ha™! increased by 3.6%. According
to Podleéna [23], the addition of 60 kg S ha™! caused an increase in winter wheat grain yield of 11%.

Our own research showed that the concentration of Fe, Zn and Cu in rye grain after sulfur
application at a rate of 40 kg ha™! increased in comparison with the control, by about 8.8%, 2.8%
and 3.6%, respectively. However, the concentration of Mn was decreased by 5.0%. The uptake of Fe,
Zn and Cu by grain DM following fertilization of 40 kg S ha~! increased by 11.3%, 2.8% and 6.0%,
respectively, in comparison with the control. The addition of S to NPK fertilization decreased the
uptake of manganese (Mn) by rye grain DM by about 2.8% (see Table 6, Figure S2A, Table S1 in the
Supplementary Material for the comprehensive dataset analysis).

Many scientific papers show that nitrogen is the most important yield-forming element. However,
nitrogen fertilization is effective when the soil is rich in other nutrients, such as sulfur [11].
Barczak et al. [24] report that in conditions of sulfur deficit in soil, the yield-generating nitrogen
efficiency is reduced, while more intensive nitrogen fertilization deepens sulfur shortage. This
in turn inhibits the uptake of nitrogen by plants, limiting their growth and development. In the
conditions of sulfur deficiency in soil, N fertilizer does not show optimal efficiency and causes the
reduction of yields, as well as changes in the chemical composition of plants and in quality features.
Because sulfur decreases soil pH, it indirectly influences the availability of Zn, Fe, Mn, Cu and other
micronutrients [25-27].

3.3. Interactions and Correlation between Nutrients

The presented results showed that S supplementation with all tested N doses did not have a
statistically significant effect on the content and uptake of the analyzed elements (see Table 6, Figure S2B
and Table S1 in the Supplementary Material for the comprehensive dataset analysis).

The research results showed that the addition of sulfur to each N dose caused a trend of increasing
the content and uptake of microelements and the yield of spring rye. This type of interaction between
nitrogen and sulfur is known as the additive interaction (of sulfur) [28], because the assimilation of N
and S in plants is closely related [29]. Therefore, joint fertilization with these two elements significantly
influences both the uptake and metabolism of nitrogen and sulfur and other elements in the plant.

Furthermore, we observed statistically significant positive correlations between the grain yield
and the content and uptake of all micronutrients (Table 7). The correlation coefficients between the
content of micronutrients and the grain yield decreased in the order Fe > Mn > Cu > Zn. However,
in the case of the correlation between the uptake of micronutrients by grain DM and the grain yield,
the strength of the relationship was in the order Mn > Zn > Cu > Fe. On the basis of an experiment
with the application of increasing doses of sulfur, Klikocka and Marks [30] found a positive correlation
between the sulfur dose and the accumulation of elements in the plant.
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Table 7. Correlation coefficients between grain yield and the content and uptake of micronutrients.

Test Feature (n = 24) No 2) 3) @ (5) (6) (7) 8) ()]
Yield of grain (1) 0.594 1 0.879 0546  0.955 0.452 0.939 0513  0.940
Fe—content (2) - 0.783 —-0.086 0.429 -0.040 0.458 0.780 0.739
Fe—uptake 3) - - 0.235 0.756 0.315 0.797 0.592 0.889
Mn—content 4) - - - 0.769 0.442 0.591 0.210 0.487
Mn—uptake (5) - - - - 0.498 0.925 0.471 0.891
Zn—content (6) - - - - - 0726  —-0.157 0277
Zn—uptake (7) - - - - - - 0.343  0.830
Cu—content (8) - - - - - - - 0.771
Cu—uptake 9) - - - - - - - -

* Bold values represent significant differences (p > 0.05 = 0.406 and p > 0.01 = 0.517).

In the presented study, a positive correlation between the content and uptake of Fe, Mn and
Zn was found. Additionally, a significant correlation was found between the content of Mn and Cu,
while no correlation was found between the content and uptake of Zn and Cu and additionally between
the Zn uptake and the Cu content (Table 7). Based on the studied literature, it can be supposed that
metallic nutrients can compete with iron and, in consequence, limit iron uptake by the plant. It has been
known for a long time that Fe and Mn compete in the process of iron uptake by the plant [31]. Mn?*
has similar properties to Ca** and Mg?* (alkaline cations) and Fe?* and Zn?* (heavy metals); therefore,
these cations compete with Mn for transport and uptake by the plant [32]. A negative correlation
between Fe and Cu accumulation in durum wheat was also observed. This phenomenon may indicate
the mutual antagonism of these two elements and may affect iron deficiency in the plant [33]. It is
well known that a shortage of one chemical element may influence the uptake of one or more other
elements [34]. In the literature, it has been shown that, under the conditions of nutrient shortage in the
soil, there is a competition in uptake, especially between Mn?* and Cu?* or Zn?* [35], and between
Fe?* and Zn?* or Cu?* [36].

3.4. Weather Conditions

In the present experiment, the grain yield of spring rye as well as the accumulation and uptake
of microelements were modified by the weather conditions. According to many authors, high yields
of cereals are usually dependent on low rainfall during winter and April, while higher rainfall is
necessary in the booting (BBCH 41-49) and flowering phase (BBCH 61-69) [37,38]. On the other
hand, Tarkowski [39] reports that rye, like other cereals, shows the greatest demand for water in the
period from booting (BBCH 41-49) to heading (BBCH 51-59). Chmura et al. [40] found that the water
requirement of spring cereals for their optimal growth is from 230 to 300 mm. In the research of
Dopka et al. [41], the highest yield of spring rye grain was obtained when the sum of atmospheric
precipitation during the vegetation period was 254.3 mm. In our own research, the highest yield of
spring rye grain (on average 3.315 t ha~!) was obtained in the vegetation season of 2011, when the sum
of precipitation was 414.6 mm (k = 1.3), and the months of April (36.2 mm), May (31.4 mm) and June
(52.9 mm) were characterized by an optimal rainfall distribution [10]. However, high atmospheric
precipitation in April, May and June in 2009 and 2010 adversely affected the yield of spring rye grain. It
was also found that the air temperature in the vegetation seasons of the presented experiment exceeded
the average temperature over several years [10]. Rymuza et al. [42] explained that air temperature
is the main factor affecting the rate of plant development, while the water factor affects the yielding
of cereals, especially in the critical period between the booting (BBCH 41-49) and heading stages
(BBCH 51-59).

The content and uptake of Mn and Zn as well as Cu uptake by the grain DM of spring rye were
most positive in the weather conditions that occurred in 2011 (rather wet). In the 2009 period (rather
dry), the weather conditions also had an important effect on favorable Cu accumulation and on Fe
content and uptake by the grain DM of spring rye. The concentration and uptake of microelements,
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except the Zn content, were smallest in 2010 (period rather wet) (Table 6). This may be due to the
very low precipitation in the stages of grain formation and ripening. In the study of Wozniak and
Stepniewska [14], the lowest content of Cu was also found in the grain harvested in the year with the
lowest rainfall and high air temperature. However, the content of Fe, Mn and Zn in the wheat grain in
the above-mentioned study was not significantly affected by weather conditions, in contrast to our
own results.

4. Conclusions

Based on the presented research and cited literature, we can recommend the use of N-S fertilization
for spring rye in the analyzed arable soils (Cambisols—sand 68%, silt 31%, clay 1% and pH from
5.6 to 5.8) in the described region of Poland. Field studies have shown that the application of S in
an amount of 40 kg ha™! for every N dose is beneficial for spring rye. It should be noted, however,
that the highest grain yield was obtained after the application of 90 kg N ha™! and 40 kg S ha™'.
This means that sulfur supplementation of NPK fertilization can be recommended as a method for the
agricultural biofortification of spring rye with Fe, Mn, Zn and Cu. In the presented experiment, it was
also shown that the tested features were significantly influenced by weather conditions, in particular
growing seasons.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/1/35/s1,
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the studied features of spring rye, for the preparation of Table 6 and Table S1, Table S2b: Results of statistical
calculations for the studied features of spring rye, for the preparation of Table 6 and Table S1, Table S3: Selyaninov’s
hydrothermal coefficient in the years 2009-2011 and the long-term average. Basic data for the preparation of the
Table 2. Table S4: Total rainfall (mm) in 2009-2011 and long-term average. Research Station in Zamos¢. Basic
data for the preparation of Table 2, Table S5: Air temperature (°C) in 20092011 and long-term average. Research
Station in Zamo$¢. Basic data for the preparation of Table 2.
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