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Abstract

Sulfur application has a significant effect on the yield of oil bearing plants of the family
Brassicaceae, especially when the sulfur content of soil is low. Sulfur fertilization also affects
the value of plant raw materials, reflected by the concentrations of mineral and biologically
active compounds in biomass. The aim of this study was to determine the effect of sulfur appli-
cation to soil on the concentrations of copper, zinc and manganese in the root residues, straw
and oil cake of winter and spring rapeseed. A three-year (2005-2008) field experiment was con-
ducted at the Agricultural Experimentation Station in Balcyny (NE Poland).

In both spring and winter rapeseed, oil cake contained the highest levels of copper and
zine, followed by root residues and straw. The highest concentrations of manganese per kg
dry matter (DM) were found in the root residues of winter rapeseed and in the cake of spring
rapeseed. The concentrations of micronutrients (Cu, Zn, Mn) were slightly higher in the roots
of winter rapeseed, compared with spring rapeseed. Sulfur fertilization decreased copper levels
and increased manganese levels in the root residues of spring and winter rapeseed. Sulfur ap-
plication to soil increased zinc concentrations in winter rapeseed roots, and it had no significant
influence on the zinc content of spring rapeseed roots. Spring rapeseed straw contained consi-
derably higher levels of zinc and manganese than winter rapeseed straw. The copper content of
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straw was comparable in spring and winter rapeseed. Sulfur application to soil increased the
concentrations of zinc and manganese in winter rapeseed straw, and it had no significant effect
on the levels of those minerals in spring rapeseed straw. Spring rapeseed cake had a significan-
tly higher content of copper and zinc, compared with winter rapeseed cake. Manganese concen-
trations in the cake of spring and winter rapeseed were similar. Sulfur fertilization contributed
to a significant increase in the concentrations of zinc and manganese in winter rapeseed cake.
The manganese content of spring rapeseed cake decreased significantly in response to sulfur
fertilization, which had no effect on the concentrations of the other micronutrients.

Keywords: winter rapeseed, spring rapeseed, sulfur fertilization, micronutrient content, root
residues, straw, cake.

ZAWARTOSC MIEDZI, CYNKU I MANGANU W KORZENIACH, SLOMIE
I WYTLOKACH RZEPAKU (BRASSICA NAPUS L. SSP. OLEIFERA METZG)
W ZALEZNOSCI OD NAWOZENIA SIARKA

Abstrakt

Siarka odgrywa bardzo istotng role w plonowaniu roslin oleistych z rodziny Brassicaceae,
szczegolnie w przypadku niskiej jej zawartosci w glebie. Wplywa réowniez bardzo silnie na war-
tos¢ uzytkowa surowca mierzong koncentracja w biomasie zwigzkow mineralnych oraz biolo-
gicznie czynnych. Celem pracy byto okreslenie wptywu doglebowej aplikacji siarki na zawartosc¢
miedzi, cynku oraz manganu w resztkach korzeniowych, stomie oraz wyttokach rzepaku ozimego
i jarego. Material do badan uzyskano w $cistym doSwiadczeniu polowym realizowanym w pel-
nym 3-letnim cyklu badan (2005-2008) na polach do$§wiadczalnych w Balcynach.

Najwiecej miedzi oraz cynku, niezaleznie od formy rzepaku, zawieraly wytloki. Srednia,
koncentracje tego mikropierwiastka stwierdzono w resztkach korzeniowych, a najmniejszg —
w slomie. Najwiecej manganu w 1 kg suchej masy zawieraly resztki korzeniowe rzepaku ozi-
mego. Rzepak jary zawieral najwiecej manganu w wytlokach. Koncentracja mikropierwiastkow
(Cu, Zn, Mn) w korzeniach rzepaku ozimego byla nieznacznie wigksza niz u rzepaku jarego.
Nawozenie siarkg powodowalo zmniejszenie zawartosci miedzi oraz wzrost zawartosci manganu
w resztkach korzeniowych obu form rzepaku. Doglebowa aplikacja siarki powodowala wzrost
koncentracji cynku w korzeniach rzepaku ozimego, nie réznicujac istotnie jego zawartosci
w resztkach korzeniowych formy jarej rzepaku. Stoma rzepaku jarego zawierala znacznie wigcej
cynku i manganu w poréwnaniu z formg ozimg. Zawarto$¢ miedzi w stomie badanych gatunkow
byla na poréwnywalnym poziomie. Doglebowa aplikacja siarki powodowala wzrost zawartosci
cynku i manganu w slomie rzepaku ozimego, nie roznicujgc jego koncentracji w slomie formy
jarej. Wytloki rzepaku jarego zawieraly istotnie wiecej miedzi i cynku w poréwnaniu z rzepa-
kiem ozimym. Koncentracja manganu w wytlokach obu form rzepaku byla podobna. Nawozenie
siarkg rzepaku ozimego powodowalo istotny wzrost koncentracji cynku i manganu w wyttokach.
Nawozenie siarkg rzepaku jarego powodowalo istotne zmniejszenie zawartosci manganu w wy-
tlokach, nie réznicujgc w nich koncentracji pozostaltych mikropierwiastkow

Slowa kluczowe: rzepak ozimy, rzepak jary, nawozenie siarkg, zawartos¢ mikroelementow,
resztki korzeniowe, stoma, wytloki.

INTRODUCTION

Oil bearing plants of the family Brassicaceae are characterized by high
sulfur requirements, namely they need 15-20 kg of sulfur to produce 1 Mg
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of biomass (ZHAO et al. 1993). The yield-forming effect of sulfur is particu-
larly notable when winter rapeseed is grown in sulfur-deficient soil. Under
such conditions, even low rates of sulfur fertilizer can be highly effective
(McGraTH, ZHAO 1996, KrAUZE, Bowszys 2001, ZukaLovA et al. 2001ab, Pob-
LESNA 2004, JankowskI et al. 2008ab, WIELEBSKI 2008, 2011). Sulfur applied
to plants of the family Brassicaceae can considerably affect the quality of
raw products such as oil, fat-free seed residues and straw. Sulfur fertilizers
exert the strongest effect on the nutritional value of seeds, including con-
centrations of numerous biologically active compounds, mostly erucic acid in
oil and glucosinolates, fiber, tannins, polyphenols and phytic acid in fat-free
seed residues (RoTtkiewicz et al. 1996). Sulfur fertilization affects the uptake
of other nutrients, too. AHMAD et al. (1999), and McGratH and Zxao (1996)
demonstrated that sulfur deficiency inhibits the nitrogen uptake by plants,
thus suppressing their growth and development, indirectly modifying the
chemical composition of the main and side-line crops.

Sulfur fertilization may significantly influence the chemical composition
of postharvest residues of Brassicaceae species. These plants are grown on
a steadily larger acreage partly because of their economic importance as
food crops and energy crops and partly owing to their role in agricultural
ecosystems. It should be stressed that although the root residues and straw
of oil plants are a rich and often the major (in non-livestock farms) source
of soil micronutrients, the micronutrient content of postharvest residues of
oil crops still awaits more thorough investigations. Roots of winter rapeseed
accumulate large amounts of zinc (ca 21.6-48.3 mg kg?' d.m.) (WISNIOWSKA
-KieLian 2003). Root residues of spring rapeseed are also a valuable source
of zinc (148 mg kg d.m.) (Szczesior, OJczyk 2002). High levels of manganese
and zinc (10.65-14.28 and 6.15-8.68 mg kg' d.m., respectively) are found in
straw of winter rapeseed. The copper content in aerial parts of winter rape-
seed does not exceed 2.5 mg kg! d.m. (Spiak et al. 2007). It should be noted
that in winter rapeseed, the copper content is 1.6-fold higher in vegetative
organs than in seeds, and the concentrations of zinc and manganese in seeds
are four- and three-fold higher, respectively, than in straw. Spring rapeseed
straw contains high levels (34.6-37.2 mg kg! d.m.) of manganese (Krzywy,
Izewska 2007).

The aim of this study was to determine the effect of sulfur application to
soil on the concentrations of micronutrients (copper, zinc and manganese) in
root residues, straw and cake of winter and spring rapeseed.

MATERIAL AND METHODS

The experiment was conducted at the Agricultural Experimentation
Station in Balcyny (N = 53°35'49", E = 19°51'20.3"), in 2005-2008. The expe-
rimental variables were:
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primary variable — crop plant: winter rapeseed, spring rapeseed;

secondary variable — rate of sulfur fertilizer applied to soil: (+S) winter
rapeseed — 60 kg ha'l, spring rapeseed — 40 kg ha’, (-S) control — no sulfur
fertilization.

The experiment had a split-plot design with three replications. The plot
size was 18 m2 Each year, the experiment was established on grey-brown
podsolic soil developed from light loam, of good wheat complex. The soil had
a slightly acid pH of 5.75-6.39 in 1 M KCl, medium copper and manganese
content, and medium to high zinc content (Table 1). The preceding crop was
spring barley grown after spring wheat (first and second growing season) or
after winter wheat (third growing season).

Table 1
Soil conditions (2005-2008)
Specification Growing season
2005/2006 | 2006/2007 | 2007/2008
Soil type grey-brown podsolic soil
Soil texture group light loam
Soil quality class NMa | 1a | 1
Soil suitability for agriculture good wheat complex
Organic carbon content of soil (%) 1.47 1.75 1.57
Soil pH (1 M KCI) 6.39 6.08 5.75
Concentrations of available nutrients (mg kg soil)

-P 107 85 143

-K 104 133 104

- Mg 103 85 51

-S 163 140 144

—-8-S0, 25 10 10

—Cu 4.4 2.7 2.8

—Zn 23.1 11.1 10.9

— Mn 230 180 235

Winter rapeseed was fertilized pre-sowing with 30 kg N hal, 22 kg ha’!
P and 166 kg ha' K. In spring, nitrogen was applied in three split doses:
120 (52.50* + 67.50) kg ha! before lateral branch development (BBCH 20),
80 kg ha! at inflorescence emergence (BBCH 50). Spring rapeseed was fer-
tilized pre-sowing with 70 (35%+35) kg N ha, 17 kg ha! P and 100 kg ha™!
K. At inflorescence emergence (BBCH 50), supplemental nitrogen was ap-
plied at 30 kg ha'l. Boron was sprayed over leaves of winter rapeseed plants
(BBCH 53) at 43.75 g hal, as aqueous solution of Solubor DF. Phosphorus
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was applied to soil as triple superphosphate, potassium — as 60% potash
salt, sulfur — as ammonium sulfate (¥), nitrogen — as ammonium nitrate
(treatments without sulfur fertilization) or ammonium sulfate (*) and am-
monium nitrate (treatments with sulfur fertilization).

Winter rapeseed cv. Californium was SOWnN in the first week or in the
middle of August, at the density of 90 germinating seeds per 1 m? of plot

area. Spring rapeseed cv. Hunter was SOwn in the first week or in the mid-
dle of April, at the density of 140 germinating seeds per 1 m? of plot area.
Both winter and spring rapeseeds were dressed with thiamethoxam, meta-
laxyl-M and fludioxonil. The inter-row spacing was approximately 19 cm.

Dicotyledonous weeds were controlled with metazachlor and quinmerac,
at 1 166 g ha' and 290.5 g ha! in winter rapeseed, and at 999 g ha'! and
249 g ha' in spring rapeseed. In the winter rapeseed plantation, haloxyfop-R
was applied at 52 g ha! at the stage of 4-6 leaves unfolded (BBCH 14-16).

In the first growing season, pest control required four and six insecticide
treatments in winter and spring rapeseed fields, respectively. In the second
and third growing season, high pest infestation coincided with a period of
high pest susceptibility of spring rapeseed. Therefore, only one insecticide
treatment was carried out in winter rapeseed, and four to six in spring rape-
seed plots. Chemical control of plant pathogens was necessary only in winter
rapeseed, and it involved the use of 100 g ha! dimoxystrobin and 100 g ha™!
boscalid at the stage of flower fading: most petals fallen (BBCH 66-67).

Harvest was carried out in two stages, at processing maturity. Winter
rapeseed was swathed (cutting height of 8 cm) at the end of June or in mid-
July. Spring rapeseed reached maturity in the first half of August.

The organic carbon content of soil was determined according to the
research protocol of the Chemical and Agricultural Research Laboratory,
SCHR PB 24, second edition of 21 June 2004. The available nutrient
content and soil pH were determined in the plough layer, in accordance
with the Polish Standards: PN ISO 10390:1997 (pH), PN-R-04023:1996
(phosphorus), PN-R-04022/Az1:2002 (potassium), PN-R-04020:1994 (magne-
sium), PN-92/R-04017 (copper), PN-92/R-04016 (zinc), and PN-93/R-04019
(manganese). The content of total sulfur and sulfate sulfur was calcula-
ted according to the research protocol of the Chemical and Agricultural
Research Laboratory, SCHR PB 27 second edition of 21 June 2004 and
SCHR PB 26, second edition of 21 June 2004.

The concentrations of copper, zinc and manganese were estimated in the
dry matter of root residues (roots + stubble), straw and cake of winter and
spring rapeseed. Samples for chemical analysis (roots + stubble, straw, and
seeds) were collected at harvest. Root and stubble samples were collected
with soil, by drilling to the depth of 30 cm with a steel cylinder (diameter
— 22.57 cm, area — ca 400 cm?). The samples were washed under running
water in a 1 mm mesh sieve. Seeds were cold-pressed in a laboratory press
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with a pressing capacity of ca 50 kg h. The oil content of cake ranged from
127 g kg! d.m. (winter rapeseed) to 129 g kg! d.m. (spring rapeseed). Dried
samples of roots + stubble, straw and cake were ground in a laboratory mill.
The concentrations of copper, zinc and manganese in biomass were deter-
mined by atomic absorption spectometry (AAS). The chemical properties of
soil and the micronutrient content of plant material were analyzed in the
Chemical and Agricultural Research Laboratory in Olsztyn.

The results of chemical analyses were processed by Anova in accordan-
ce with the experimental method. Mean values from every treatment were
compared by the Tukey’s test. LSD values were calculated at a 5% error rate.

RESULTS AND DISCUSSION

The application of sulfur fertilizers (ammonium sulfate) to winter and
spring rapeseed had no significant effect on changes in the pH of the plough
layer, which in turn were largely dependent on the form of rapeseed (Table 2).
On average (means from three years), the pH of soil tended to increase under
winter rapeseed and to decrease under spring rapeseed (Tables 1 and 2).

Table 2
Soil pH (1 M KC) after rapeseed harvest
Growing season
Mean
Crop plant 2005/2006 2006/2007 2007/2008
+S -S +S -S +S -S +S -S
Winter rapeseed 6.44 | 654 | 6.16 | 6.05 5.76 5.76 | 6.12+0.21 | 6.11+0.21
Spring rapeseed 6.06 | 6.23 5.87 | 5.89 5.44 | 5.38 | 5.79+0.22 | 5.83+0.22

The root dry weight of spring rapeseed in the plough layer (0-30 cm)
was higher (by ca 12% on average) than that of winter rapeseed. The yields
of straw and oil cake per ha were considerably higher (by 67% and over
four-fold, respectively) by winter rapeseed than spring rapeseed. Sulfur fer-
tilization had no significant effect on the yields of root residues and straw
from winter and spring rapeseed. Sulfur application to soil resulted in a
significant decrease in the yield of winter rapeseed cake per ha, and it had
no significant effect on the yield of spring rapeseed cake (Figure 1).

The postharvest biomass of winter and spring rapeseed (root residues,
straw and cake) differed considerably with respect to the concentrations of
micronutrients (Cu, Zn, Mn) — Figure 2. In the biomass of winter and spring
rapeseed, the cake was the richest source of copper and zinc, followed by
root residues and straw. Manganese concentrations in the postharvest resi-
dues of winter and spring rapeseed were different. Winter rapeseed contai-
ned the largest amounts of manganese in root residues (46.4 mg kg! d.m.).
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Fig. 1. Effect of sulfur fertilization on the biomass yield of winter and spring rapeseed in 2005-2008

The manganese content of cake and straw was lower by 8.6 and
36.2 mg kg! d.m., respectively. In spring rapeseed, manganese concentra-
tions were the highest in cake (40.8 mg kg! d.m.), and lower in root residues
(36.1 mg kg'! d.m.) and straw (20.9 mg kg?! d.m.) — Figure 2.

In the study by Gonbpek and FiLipEk-Mazur (2003), roots of winter rape-
seed accumulated considerable amounts of zinc (ca 21.6-48.3 mg kg d.m.).
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Fig. 2. Concentrations of copper, zinc and manganese in the root residues (roots + stubble),
straw and cake of winter and spring rapeseed (means for crops), 2005-2008

Szczesior and OJczyk (2002) also demonstrated that roots of spring oil plants
contained mostly zinc; the highest zinc concentrations (148 mg kg! d.m.)
were determined in spring rapeseed roots, followed by roots of Indian mu-
stard (123 mg kg! d.m.) and white mustard (110 mg kg! d.m.). The post-
harvest residues (roots + stubble) of spring oil crops are also a valuable
source of manganese. In the study by Szczesior and OJczyk (2002), root resi-
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dues of white mustard were characterized by the highest manganese concen-
trations (124 mg kg! d.m.). The manganese content in roots of Indian mu-
stard and spring rapeseed were by around 27% and 44% lower, respectively.
The copper content of the root residues of winter rapeseed determined by
GonpEK and FiLipEK-MaZUR (2003) was 2.6-3.1 mg kg! d.m., whereas SzczE-
BIoT and OJczyk (2002) reported that the copper content of spring rapeseed
roots reached 3.0-3.5 mg kg! d.m.
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Fig. 3. Concentrations of copper, zinc and manganese in the root residues (roots + stubble),
straw and cake of winter and spring rapeseed (means for sulfur fertilization), 2005-2008
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The analysis of the data presented in Figure 3 shows that sulfur ferti-
lization had no significant effect on copper concentrations in roots of winter
and spring rapeseed. Sulfur application to soil caused a significant (14%)
increase in zinc concentrations in roots of winter rapeseed, having no si-
gnificant influence on the zinc content of spring rapeseed roots (Figure 4).
Manganese content per kg root d.m. increased (by ca. 21% on average) in re-
sponse to sulfur fertilization in both winter and spring rapeseed (Figures 3).

Cu content (mg kg")
Zn content (mg kg™)

winter I spring +5% winter I spring +S*
rapeseed rapeseed rapeseed rapeseed

60.0 - LSD: n.s.

Mn content (mg kg™)

* (+S) sulfur fertilization
(=S) control

winter spring
rapeseed rapeseed

Fig. 4. Effect of sulfur fertilization on the concentrations of copper, zinc and manganese in
the root residues (roots + stubble) of winter and spring rapeseed (interaction: crop - sulfur
fertilization), 2005-2008

Spiak et al. (2007) reported that 1 kg d.m. of winter rapeseed straw
contained 2.4-2.7 mg Cu, 6.2-8.7 mg Zn and 10.7-14.3 mg Mn. The straw of
spring rapeseed is a rich source of manganese, whose content ranges from
34.6 to 37.2 mg kg! d.m. Krzywy and IzEwska (2007) reported that the zinc
and copper content of spring rapeseed straw reached 4.0-4.4 mg kg! d.m.
and 27.9-41.9 mg kg'! d.m., respectively. In our study, the straw of winter
and spring rapeseed contained primarily manganese (8.3-21.4 mg kg! d.m.)
and zinc (4.7-11.6 mg kg! d.m.) — Figure 5. Spring rapeseed straw was a
richer source of zinc and manganese than winter rapeseed straw. The con-
centrations of these minerals were over twofold higher in the straw of spring
rapeseed than winter rapeseed. The copper content of straw was comparable
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in winter and spring rapeseed (2.0-2.4 mg kg! d.m.), and the noted differen-
ces were within the margin of error (Figure 2). Sulfur fertilization had no
significant effect on copper concentrations in the straw of winter and spring
rapeseed (Figure 3). Sulfur application to soil contributed to a substantial
increase in the zinc and manganese levels in straw of winter rapeseed (by
23% and 46%, respectively), but it had no significant effect on the concentra-
tions of those micronutrients in straw of spring rapeseed (Figure 5).

The fat-free seed residues of oil plants are a rich source of iron.
The cake of spring oil-bearing crops (spring rapeseed, Indian mustard) con-
tains higher levels of iron (138-266 and 133-162 mg kg! d.m.), compared
with winter rapeseed (111-175 mg mg kg d.m.). The concentrations of zinc
and manganese in cake of winter rapeseed are similar (37-64 mg Zn and
41-63 Mn mg kg d.m.) (Banaszkiewicz 1998, KaLEMBASA, ApaMiAk 2010). Fat
-free seed residues of spring rapeseed are a richer source of manganese
(52-61 mg kg! d.m.) than of zinc (37-43 mg kg! d.m.) (BeLL et al. 1999).
The copper content of fat-free seed residues was comparable in winter and
spring rapeseed (ca 4.3-6.1 mg kg?! d.m.). The cake of mustards contains
higher concentrations of copper (by ca 35-57% on average) than the cake of
rapeseed (Banaszkiewicz 1998, BELL et al. 1999, KaLEMBAsA, ApaMiak 2010).
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In the present study, the cake of winter rapeseed contained the following
amounts of copper, zinc and manganese: 3.8, 42.3 and 37.8 mg kg! d.m.,
respectively. The cake of spring rapeseed contained significantly higher con-
centrations of copper (by 1.4 mg kg! d.m.) and zinc (by 13.1 mg kg?! d.m.)
than the cake of winter rapeseed. Manganese levels in the cake of spring
and winter rapeseed were similar (37.8-40.8 mg kg! d.m.) — Figure 2. Sulfur
fertilization contributed to a significant increase in the concentrations of
zinc and manganese in winter rapeseed cake. Sulfur application to soil con-
siderably decreased the manganese content of spring rapeseed cake (by
24%), having no effect on the concentrations of copper and zinc (Figure 6).
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Fig. 6. Effect of sulfur fertilization on the concentrations of copper, zinc and manganese in the
cake of winter and spring rapeseed (interaction: crop - sulfur fertilization), 2005-2008

CONCLUSIONS

1. In both spring and winter rapeseed, oil cake contained the highest
levels of copper and zinc, followed by root residues and straw. The highest
concentrations of manganese were found in the root residues of winter rape-
seed and in the cake of spring rapeseed.

2. The concentrations of micronutrients were higher in roots of winter
rapeseed than in roots of spring rapeseed. Sulfur fertilization decreased
copper levels and increased manganese levels in the root residues of spring
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and winter rapeseed, whereas zinc concentrations increased only in winter
rapeseed roots.

3. Spring rapeseed straw contained considerably higher levels of zinc
and manganese than winter rapeseed straw. The copper content of straw
was comparable in spring and winter rapeseed. Sulfur application to soil in-
creased the concentrations of zinc and manganese in winter rapeseed straw,
but it had no significant effect on the levels of these minerals in spring ra-
peseed straw.

4. Spring rapeseed cake had a significantly higher content of copper and
zinc than winter rapeseed cake. Manganese concentrations in the cake of
spring and winter rapeseed were similar. Sulfur fertilization contributed to
a significant increase in the concentrations of zinc and manganese in winter
rapeseed cake. The manganese content of spring rapeseed cake decreased
significantly in response to sulfur fertilization.
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