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AbstrAct

The effectiveness of mineral fertilization can be improved through starter or band application. 
This technique reduces fertilizer doses (costs) and minimizes environmental risks. This paper 
presents the results of a 3-year study investigating the effects of a micro-granular starter fertil-
izer (MSF) applied in the seed zone on the micronutrient content and micronutrient uptake  
by the biomass of winter oilseed rape (Brassica napus L.) during the autumnal growth  
and after harvest. The study was carried out at the Agricultural Experiment Station in Bałcyny 
(NE Poland) in 2012-2015. During the autumnal growth, micronutrient concentrations  
(in particular Mn and Fe) were higher in the roots than in the leaf rosettes of winter oilseed 
rape. The application of the MSF in autumn increased the content of Cu, Zn and Fe but  
decreased Mn levels in rosettes. The application of the MSF during sowing increased the concen-
trations of Zn, Mn and Fe in roots. During the autumnal growth, the micronutrient uptake was 
estimated at 481.0 g Fe ha-1, 81.8 g Mn ha-1, 56.5 g Zn ha-1 and 7.7 g ha-1 Cu. The MSF improved 
the micronutrient uptake by winter oilseed rape in autumn. In post-harvest biomass, the highest 
Fe and Mn content was determined in roots, and the highest Cu and Zn concentrations were 
detected in seeds. The MSF increased the micronutrient content of seeds (Cu, Mn and Fe) and 
straw (Cu, Zn, Mn and Fe). In treatments where the NPK fertilizer was applied before sowing 
(at the standard or half the standard dose), the application of the MSF during sowing decreased 
Cu and Mn concentrations and increased the Zn and Fe content of post-harvest residues (roots). 
Micronutrient (Cu, Zn, Mn, Fe) uptake by seeds and straw was significantly higher under  
the influence of the MSF. The application of the MSF in autumn decreased the micronutrient 
uptake by the winter oilseed rape roots.
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INTRODUCTION 

In Europe, the average yield of winter oilseed rape reaches 3-4 Mg ha-1. 
Under favourable weather conditions, seed yields of 5 or even 6 Mg ha-1 are 
not uncommon in large-area farms that specialize in crop production (Rathke 
et al. 2006, Oleksy et al. 2018). From the physiological and morphological 
point of view, the yield potential of winter oilseed rape is achieved during 
the autumn growth. Plant density at harvest, the potential number of side 
branches and, indirectly, the number of siliques are highly influenced by 
weather conditions in autumn (JankOwski 2007, Oleksy et al. 2018). 

Winter oilseed rape plants that develop at least 6-9 rosette leaves with 
the maximum height of the shoot apical meristem of 2-3 cm are characteri- 
zed by the highest frost resistance. In autumn, roots should penetrate  
the entire arable layer of soil, and the root neck diameter should be at least 
5-8 mm (Muśnicki 1989). Plants with the above growth habit are not only 
most resistant to frost and variable temperatures, but they are also charac-
terized by high vigour in spring, they compete effectively against weeds and 
form a large number of flower buds and siliques, which are indicative of high 
yield potential.

The autumn growth of leaf rosettes in winter oilseed rape is influenced 
by the combined effects of all production factors, but in addition to the see- 
ding date and method, fertilization plays a key role in the development  
of rosettes (Budzyński 1986). The effectiveness of fertilization is determined 
by the availability of soil macronutrients and micronutrients. However, 
drought or sub-optimal soil pH can decrease the availability of soil nutrients 
even in the most fertile soils (GRzebisz, MusOlf 1999, Pająk, durak 2018). 
Granular fertilizers minimize nutrient loss and increase the availability  
of macronutrients and micronutrients in soil. Granular fertilizers are less 
susceptible to leaching into deeper soil layers, and dissolving granules are 
gradually absorbed by plants (ObRaniak, Gluba 2009).

Fertilizer broadcasting on the surface of soil is the most popular method 
of fertilizer application in agricultural practice. However, the uppermost soil 
layer dries up during drought and decreases the availability of nutrients for 
crops. Localized fertilization, where the fertilizer is placed in the seed zone, 
promotes nutrient uptake by crops (ValluRu et al. 2010, nkebiwe et al. 2016). 
This fertilization method is widely applied in the USA (heRGeRt et al. 2006). 
In Europe, it is generally referred to as starter or band application of fertili- 
zers (GünteR 2002).

In comparison with fertilizers that are broadcast over the soil surface, 
starter fertilizers increase nutrient uptake and nutrient concentrations in 
biomass, improve initial vigour, increase growth rates, contribute to stand 
uniformity and increase biomass yield (su et al. 2015, abit et al. 2016). 

The objective of this study was to determine the effect of a micro-granu-
lated starter fertilizer (MSF) placed with the seeds of winter oilseed rape on 
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the content and uptake of micronutrients in rosette leaves and roots harvested 
in autumn, and in whole plants at the fully ripe stage.

MATERIALS AND METHODS

Experimental site 
The experiment was conducted in 2012-2015, at the Agricultural Exper-

iment Station in Bałcyny (53°35′46.4′′ N, 19°51′19.5′′ E, elevation of 137 m) 
in NE Poland. The station is owned by the University of Warmia and  
Mazury in Olsztyn. The experiment involved the following autumn fertiliza-
tion treatments: (i) 30 kg N ha-1, 35 kg P ha-1, 100 kg K ha-1 (NPK); (ii) 30 kg 
N ha-1, 35 kg P ha-1, 100 kg K ha-1 + 25 kg ha-1 micro-granulated starter  
fertilizer (NPK+MSF); (iii) 15 kg N ha-1, 17.5 kg P ha-1, 50 kg K ha-1 + 25 kg ha-1 
MSF (½ NPK + MSF), (iv) only 25 kg ha-1 MSF. NPK fertilizers were applied 
3-4 days before sowing and were mechanically incorporated into the soil  
to a depth of 5-8 cm. Nitrogen was applied in the form of ammonium nitrate 
(34% N), P was applied as enriched superphosphate (17% P), and K – as potash 
salt (60% K). The Physiostart® micro-granulated starter fertilizer with  
a granule diameter of 0.6-0.8 mm contained 8% N (N-NO3 only), 12% P, 10% 
Ca, 9% S and 2% Zn. It was distributed with the use of a precision seeder 
equipped with a fertilizer applicator. The fertilizer was placed in the imme-
diate vicinity of sown seeds.

In spring, all treatments were fertilized with 220 kg N ha-1 in two appli-
cations: 120 kg N ha-1 in the form of ammonium nitrate (34% N) and ammo-
nium sulfate (21% N and 24% S) at the beginning of the growing season, and 
100 kg N ha-1 in the form of ammonium nitrate (34% N) at the beginning  
of bud formation. 45 kg S ha-1 was applied with the first dose of N (ammonium 
sulfate, 21% N and 24% S).

Experimental design and crop management
The experiment followed a randomized complete block design with three 

replications. The plot size was 25.2 m2 (7.2 m × 3.5 m). Each year, the experi- 
ment was established on Haplic Luvisol soil originating from boulder clay 
(IUSS 2006). The content of Corg, plant-available P, K, Mg, , Cu, Zn, Mn, Fe, 
pH in 1 mol dm-3 KCl was determined in the 0-30 cm soil horizon before the 
experiment. Soil samples were collected from three horizons (0-30, 30-60 and 
60-90 cm) before the experiment to determine the content of mineral nitro-
gen (N-NH4 and N-NO3) – Table 1. The content of N-NH4 in the soil was  
determined colorimetrically with Nessler’s reagent, and N-NO3 levels were 
determined colorimetrically with phenoldisulfonic acid (Shimadzu UV-1201V 
spectrophotometer). Soil organic C was determined using the Kurmies’ modi- 
fied method (Shimadzu UV-1201V spectrophotometer, Shimadzu Corporation 
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Kyoto, Japan). Soil pH was measured using a digital pH meter with tem-
perature compensation (20°C) in deionized water and 1 mol dm-3 KCl at a 5:1 
ratio. Plant-available P and K were measured by the Egner-Riehm method 
(using 3.5 mol ammonium lactate acetic acid buffered to pH = 3.75 as ex-
tracting solution). Phosphorus was determined by the vanadium molybdate 
yellow colorimetric method (Shimadzu UV-1201V spectrophotometer, Shi-
madzu Corporation Kyoto, Japan), and K was determined by atomic emission 
spectrometry, AES (BWB Technologies UK Ltd. Flame Photometers). Magne-
sium was extracted with 0.01 M CaCl2 and determined by atomic  
absorption spectrophotometry, AAS (AAS1N, Carl Zeiss Jena, Germany). 
Micronutrients (Cu, Zn and Mn) were extracted with 1 M HCl and deter-
mined by AAS (AA-6800, Shimadzu Corporation Kyoto, Japan) after ex-
traction in 1 mol dm-3 HCl. The content of  was determined by nephelometry 
after extraction in acetate buffer (Shimadzu UV-1201V spectrophotometer, 
Shimadzu Corporation Kyoto, Japan).

In each year of the study, the previous crop was winter triticale  
(×Triticosecale Wittm. ex A. Camus.). Winter rapeseed hybrid cv. SY Kolumb 
(canola type) was sown between 17 and 20 August at 33 pure live seeds m-2 
and inter-row spacing of 45 cm. A growth regulator (37.5 g ha-1 paclobutrazol 
and 75 g ha-1 difenoconazole) were applied at the 4-6 leaf stage. Weeds were 
controlled with 832.5 g ha-1 metazachlor and 207.5 g ha-1 quinmerac after 
sowing. The following insecticides were applied four times in spring:  
the organophosphate insecticide chlorpyrifos at 288 g ha-1, the neonicotinoid 
insecticide acetamiprid at 24 g ha-1, and two pyrethroid insecticides – del-
tamethrin at 5 g ha-1, and alpha-cypermethrin at 12 g ha-1. Pathogens were 
controlled with dimoxystrobin at 100 g ha-1 and boscalid at 100 g ha-1 at the 
flowering declining stage (BBCH 65). Winter oilseed rape was harvested at 
physiological maturity (BBCH 89) with a small-plot harvester (mid-July). 

Table 1 
Chemical properties of the analyzed soil

Years pH
  

(1
 m

ol
 d

m
-3
 K

C
l)

Corg  
(%)

N-NO3 
(mg kg-1)

N-NH4 
(mg kg-1)

Available macronutrients and micronutrients 
(mg kg-1)

I† II III I II III P K Mg SO2
4  

– Cu Zn Mn Fe

2012/ 
/2013 5.52 0.89 9.88 4.77 1.98 2.67 1.73 1.53 60.1 110.1 71 8.3 2.8 18.6 191 2380

2013/ 
/2014 6.08 1.08 9.71 7.41 5.40 1.57 1.02 1.50 77.2 212.4 62 7.5 2.0 17.9 189 2200

2014/ 
/2015 6.36 0.89 4.19 0.29 3.35 5.05 0.75 1.52 71.5 98.9 90 11.1 3.8 21.6 198 2450

† soil horizon: I – 0-30 cm; II – 31-60 cm; III – 61-90 cm
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Plant analysis
Leaf rosettes were sampled before the end of the growing season  

(75 days after sowing (DAS) during the seedling stage in 2012/2013, 81 DAS 
in 2012/2013, and 90 DAS in 2014/2015) in a random sample of 20 plants 
from each treatment. The sampled plants (aerial rosette parts and roots) 
were dried at a temp. of 70°C for 72 h (Binder drying oven, Germany) to  
determine their dry matter content. Immediately before threshing (332 DAS 
in 2012/2013, 318 DAS in 2013/2014, and 322 DAS in 2014/2015), 20 mature 
plants were randomly sampled from every treatment. Root weight was deter-
mined immediately after harvest at three random points in each plot. Soil 
was sampled into a steel cylinder measuring 22.57 cm in diameter and 30 cm 
in length. Soil and root samples were rinsed with water in a 1 mm mesh 
sieve. The dry matter content of roots was determined by drying at a tem-
perature of 70°C for 72 h (Binder drying oven, Germany).

Chemical composition of plants 
The micronutrient content of plants was determined on a dry weight basis. 

Dried plants were ground in a laboratory mill (GM 300, Retsch, Germany). 
The content of Cu, Zn, Mn and Fe was determined by Flame-AAS (Shimadzu 
UV-1201V spectrophotometer, Shimadzu Corporation Kyoto, Japan). The nutrient 
uptake was calculated from plant biomass (DM) and nutrient content.

Statistical analysis
Data were analyzed by ANOVA, and treatment means were compared 

with the Duncan’s test at a probability level of 0.05 using Statistica 13 PL 
(TIBCO Software Inc. 2017). Years and autumn fertilization were the fixed 
effects, and replication was the random effect.

RESULTS AND DISCUSSION

Micronutrient uptake by winter oilseed rape in autumn
The average weight of a B. napus seed ranges from 3 mg to 6 mg, which 

potentially limits the seed’s nutrient reserves. Minerals such as K, P, S, Mg, 
Fe, Mn and Zn are accumulated mainly in unfolded cotyledons, and the seed 
coat is abundant in Ca, Cu, Mo and B (eGGeRt, VOn wiRén 2013). Minerals 
are rapidly transported from cotyledons to roots to initiate root development, 
whereas nutrients accumulated in the seed coat are released and probably 
again taken up by growing roots (zhaO et al. 2012). Localized fertilizer place-
ment increases nutrient concentrations, stimulates plant growth, leads to 
changes in root morphology and structure, and improves the uptake of water 
and dissolved minerals by roots (nosalewicz 2013). According to weichMann 
(1998), the micronutrient content of rosettes in stage BBCH 30 should  
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approximate: Mn – 30-140 mg kg-1, Cu – 4.0-6.2 mg kg-1, Zn – 30-38 mg kg-1, 
Fe – 60-80 mg kg-1. In the Polish region of Wielkopolska, the application  
of the NPK fertilizer before sowing increased the micronutrient content of 
leaf rosettes in stage BBCH 30 by: 8.3 mg Zn kg-1, 7.7 mg Mn kg-1 and  
1.1 mg Cu kg-1 (szczePaniak et al. 2015). 

In the present study, the Cu content of rosette leaves was the highest 
(5.3 mg kg-1 DM) in the NPK+MSF treatment, whereas the remaining ferti- 
lization methods (NPK, ½ NPK + MSF, MSF) decreased the Cu content of 
rosette leaves by 0.8-0.9 mg kg-1 DM. The Zn content of rosette leaves was 
significantly the highest (38.7-39.7 mg kg-1 DM) after the application of MSF, 
regardless of the NPK dose. In MSF treatments, the Mn content of rosette 
leaves was lowered by 4.0-7.3 mg kg-1 DM, and it decreased with a drop  
in the NPK dose. The Fe content of rosette leaves increased by  
21.6-83.1 mg kg-1 DM in response to MSF, and the observed that the increase 
was proportional to a decrease in the NPK dose (Table 2).

In autumn, the Zn (39.3 mg kg-1) and Mn (72.4 mg kg-1) content of roots 
was the highest in the NPK+MSF treatment. Roots accumulated the highest 
amounts of Fe (518-520 mg kg-1 DM) in response to MSF, irrespective of the 
NPK dose (Table 2).

In our study, the nutrient uptake in autumn was estimated at 6.6 g Cu 
ha-1, 51.3 g Zn ha-1, 73.0 g Mn ha-1 and 464.0 g Fe ha-1. Approximately 68-79% 
of these micronutrients were accumulated in the aerial part of rapeseed ro-
settes (Figure 1). 

Table 2
The influence of autumn fertilization on the micronutrient (mg kg-1 DM)  

content of winter oilseed rape plants in autumn across years

Nutrient
Fertilization†

NPK NPK + MSF ½ NPK + MSF MSF
Leaf rosette

Cu 4.5b 5.3a 4.4b 4.5b

Zn 35.7b 38.7a 39.7a 39.6a

Mn 55.6a 51.6b 49.6bc 48.3c

Fe 263.1d 284.7c 315.9b 346.2a

Roots
Cu 4.6 4.7 4.9 4.9
Zn 33.2b 39.3a 33.2b 28.8c

Mn 53.6c 72.4a 60.5b 53.7c

Fe 389.6b 519.7a 519.5a 517.8a

† NPK: 30 kg N ha-1, 35 kg P ha-1, 100 kg K ha-1; NPK + MSF: 30 kg N ha-1, 35 kg P ha-1,  
100 kg K ha-1 + 25 kg ha-1 MSF; ½ NPK + MSF: 15 kg N ha-1, 17.5 kg P ha-1, 50 kg K ha-1 +  
+ 25 kg ha-1 MSF; MSF: 25 kg ha-1 MSF;
Means with the same letters do not differ significantly at P ≤ 0.05 in the Duncan’s test;
MSF – micro-granulated starter fertilizer.
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In the Polish region of Wielkopolska, the NPK fertilizer applied to the 
soil surface increased the content of Mn by 3.4 mg kg-1, Zn – by 3.9 mg kg-1, 
Cu by 2.0 mg kg-1, and decreased the content of Fe by 78 mg kg-1 in rosettes 
(BBCH 30) relative to the control (unfertilized) treatment (GaJ 2011).

In the current study, iron (365-521 g ha-1) was the most highly accumu-
lated micronutrient in autumn in each year of the study. The autumn uptake 
of Mn, Zn and Cu was 6-fold, 9-fold and 71-fold lower, respectively, in com-
parison with Fe uptake (Table 3). In all analyzed seasons, MSF had a posi-
tive influence on the micronutrient uptake by winter oilseed rape plants 
during the autumn growth period. The nutrient uptake was particularly high 
in treatments where MSF was combined with the NPK fertilizer applied 
pre-sowing (NPK+MSF). The micronutrient uptake in autumn was deter-
mined at 481.0 g Fe ha-1, 81.8 g Mn ha-1, 56.5 g Zn ha-1 and 7.7 g ha-1 Cu 
(Table 3).

Fig. 1. Nutrient uptake by winter oilseed rape plants in autumn across years  
(average values for different autumn fertilization methods)

Table 3 
The influence of autumn fertilization on the micronutrient (g ha-1) uptake  

by winter oilseed rape plants (rosettes + roots) in autumn across years

Nutrient
Fertilization

NPK NPK + MSF ½ NPK + MSF MSF
Cu 5.7b 7.7a 6.4b 6.4b

Zn 44.0b 56.5a 53.9a 51.5ab

Mn 68.9 81.8 73.6 68.6
Fe 364.6b 481.0a 498.7a 520.9a

∑ 483.2b 627.0a 632.5a 647.4a

explanations as in Table 2
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Micronutrient content of harvested biomass 
In spring, the biomass of healthy winter oilseed rape plants should reach 

1.5-2.5 Mg ha-1 DM. Between the initiation of plant growth in spring and 
maturation, plant biomass increases to 14-18 Mg ha-1 DM (JankOwski 2007). 
The uptake and accumulation of micronutrients in different plant organs 
(roots, shoots, seeds) is determined by the humus content of soil, microbial 
activity in the rhizosphere, soil pH, soil moisture (hänsch, Mendel 2009) and 
fertilization (JankOwski et al. 2014). 

In winter oilseed rape, the highest Cu and Zn levels are noted in seeds, mod-
erate Cu and Zn concentrations are noted in root residues, whereas straw is least 
abundant in the above micronutrients. In the post-harvest residues, roots are 
characterized by the highest Mn content (46.4 mg kg-1 DM). In oil cake and 
straw, Mn levels were lower by 8.6 and 36.2 mg kg-1 DM, respectively (JankOwski 
et al. 2014). Seeds accumulated 8.6-9.4 mg kg-1 DM of B and 69.3-74.9 mg kg-1 
DM of Fe (JankOwski et al. 2016). In rapeseed straw, Fe concentration was  
1.7-fold lower and B content was 1.6-fold higher than in seeds (bOwszys 2001).

In the present study, iron was the most highly accumulated micronutri-
ent in seeds (92 mg kg-1 DM on average). The Zn and Mn content of seeds 
was 2-fold and 3-fold lower, respectively, compared with Fe. Copper was the 
least accumulated nutrient in seeds (3.5 g kg-1 DM). Seeds were most abun-
dant in Cu and Zn. The highest content Fe was noted in roots. Roots con-
tained 4 times more Mn and 4 times more Fe than seeds (Table 4). 

The application of the NPK fertilizer increased the micronutrient content 
of seeds (szczePaniak et al. 2017). In a study by szczePaniak et al. (2017),  
the application of 27 kg N ha-1, 30 kg P ha-1 and 149 kg K ha-1 before sowing 
increased the concentration of Zn by 3.0 mg kg-1, Mn – by 4.7 mg kg-1 and  
Cu – by 0.19 mg kg-1 relative to the unfertilized treatment. 

In our study, the micronutrient (Cu, Mn and Fe) content of seeds was 
the highest in treatments were MSF was combined with half the standard 
NPK dose. The application of MSF increased the micronutrient content in 
straw, but the magnitude of that effect was determined by the NPK dose 
applied pre-sowing. The application of NPK decreased the content of Cu  
and Zn (NPK+MSF and ½NPK+MSF) and increased the content of Fe  
(NPK+MSF) in straw. In roots, the content of Cu, Zn and Fe was higher, 
whereas the content of Mn was lower in response to MSF (regardless of the 
NPK dose) – Table 4.

In a study by spiak et al. (2007), the accumulation of Cu, Zn and Mn was 
higher in seeds (76%) than in straw (24%). Copper was accumulated mainly in 
the straw (62%), whereas seeds were most abundant in Zn (81%) and Mn (76%).

In our study, micronutrients were accumulated mainly in straw (44%) 
and roots (37%), and to a much lesser extent in seeds (19%) – Table 5.  
Copper and Zn were accumulated mostly in seeds (44-67%) and in straw  
(22-43%). Manganese was accumulated mostly in straw (52%) and seeds 
(29%), and Fe – in straw (45%) and roots (42%) – Figure 2.
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szczePaniak et al. (2017) demonstrated that the application of NPK fer-
tilizer before sowing increased the micronutrient uptake by winter oilseed 
rape plants by 80.3 g Zn ha-1, 73.7 g Mn ha-1 and 6.3 g Cu ha-1 relative to 
unfertilized plants. 

Table 4
The influence of autumn fertilization on the micronutrient (mg kg-1 DM) content  

of the harvested biomass of winter oilseed rape (BBCH 89) across years

Nutrient
Fertilization

NPK NPK + MSF ½ NPK + MSF MSF
Seeds

Cu 3.2d 3.6b 3.7a 3.4c

Zn 41.7 42.6 40.1 41.7
Mn 27.8b 27.1b 30.5a 26.9b

Fe 87.6c 93.1b 103.5a 83.9c

Straw
Cu 2.5b 2.6b 1.9c 2.7a

Zn 9.2b 9.4b 9.4b 10.6a

Mn 26.9 57.9 28.2 23.5
Fe 205.6c 294.0a 272.4b 97.5d

Roots
Cu 3.0a 3.0a 2.9a 2.6b

Zn 16.3c 21.3a 21.3a 17.4b

Mn 52.7a 48.3b 50.5ab 47.5b

Fe 765.6c 806.9b 903.5a 658.3d

explanations as in Table 2

Fig. 2. Nutrient uptake by winter oilseed rape plants in harvested biomass across years  
(average values for different autumn fertilization methods)
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The micronutrient content (Cu, Zn, Mn, Fe) of seeds was significantly 
higher in response to MSF application, irrespective of the NPK dose.  
The application of MSF without NPK increased the accumulation of N, Mg, 
Ca and Zn in straw. The content of the remaining nutrients was significantly 
higher in MSF treatments with a standard dose of NPK (Cu, Mn, Fe).  
The uptake of the remaining micronutrients by roots was highest in treat-
ments with standard NPK fertilization without MSF. The application of MSF 
decreased micronutrient uptake by 17-22% (Table 5).

The overall micronutrient uptake by winter oilseed rape plants was 
higher in MSF treatments, in particular when the full dose of NPK fertilizer 
was applied pre-sowing (Table 5). In our study, MSF exerted varied effects  
of the nutrient uptake by the roots, straw and seeds of winter oilseed rape. 
Regardless of the NPK dose, MSF significantly increased the levels of Cu, 
Zn, Mn and Fe in seeds. The application of MSF stimulated the accumula-
tion of micronutrients in straw, and the magnitude of that effect was deter-
mined by the dose of NPK applied pre-sowing. In roots, the accumulation  
of most nutrients was reduced in MSF treatments (Table 5).

Table 5
The influence of autumn fertilization on micronutrient (g ha-1 DM) uptake  

by winter oilseed rape plants (89 BBCH) across years

Nutrient
Fertilization

NPK NPK + MSF ½ NPK + MSF MSF
Seeds

Cu 16.3c 19.3a 19.6a 18.3b

Zn 210.4c 231.1a 210.7c 219.3ab

Mn 140.0b 147.3b 160.4a 142.3b

Fe 439.2c 503.8b 541.2a 443.7c

∑ 806.0b 901.4a 932.0a 823.5b

Straw
Cu 16.9c 20.9a 14.6d 19.7b

Zn 62.2c 75.0ab 70.6b 77.6a

Mn 182.8b 482.8a 212.4b 173.1b

Fe 1391.7c 2353.1a 2056.9b 722.6d

∑ 1653.7c 2931.8a 2354.6b 993.0d

Roots
Cu 7.2a 5.5b 5.1c 5.0c

Zn 39.1a 38.1a 37.1a 33.6b

Mn 126.8a 87.3b 87.1b 90.8b

Fe 1857.2a 1456.2b 1560.3b 1256.9c

∑ 2030.3a 1587.1b 1689.5b 1587.1c

explanations as in Table 2
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CONCLUSIONS

1. The application of MSF in autumn increased the content of Cu, Zn 
and Fe and decreased the concentration of Mn in the leaf rosettes of winter 
oilseed rape. The application of MSF during sowing increased Zn, Mn and Fe 
levels in roots before winter dormancy. The observed changes in the micro-
nutrient content of rosettes and roots in autumn were influenced by the dose 
of the NPK fertilizer applied to the soil surface.

2. MSF improved the micronutrient uptake by winter oilseed rape plants 
in autumn.

3. MSF increased micronutrient concentrations in the seeds (Cu, Mn and 
Fe) and straw (Cu, Zn, Mn and Fe) of winter oilseed rape. In the treatments 
where the NPK fertilizer was applied before sowing (at the standard or half 
the standard dose), the application of MSF during sowing decreased Cu and 
Mn concentrations and increased the Zn and Fe content of roots. 

4. The seeds and straw of winter oilseed rape accumulated significantly 
more micronutrients (Cu, Zn, Mn and Fe) in response to MSF. The applica-
tion of MSF in autumn decreased micronutrient uptake by roots by approxi-
mately 17-22%.

ACKNOWLEDGMENTS

We would like to thank Dr. Andrzej Kosecki and Andrzej Kerner, Eng. 
from the Agricultural Experiment Station in Bałcyny for assistance in per-
forming the field experiment

REFERENCES
abit M.J.M., weatheRs k., aRnall D.b. 2016. Evaluating the impact of starter fertilizer on winter 

canola grown in Oklahoma. Int. J. Agron., 3: 1-8. http://dx.doi.org/10.1155/2016/7513486
Bowszys T. 2001. The influence of boron fertilization on winter oilseed rape (Brassica napus L.) 

and red amaranth (Amaranthus cruentus L.). UWM Olsztyn, Rozpr. Monogr., UWM Olsztyn,  
42: 1-75. (in Polish)

Budzyński W. 1986. The influence of selected production factors on the overwintering and yield 
of double-zero winter oilseed rape. Acta Acad. Agricult. Tech. Olst., Agricult., 41: 1-56. (in Polish)

eGGeRt k., VOn wiRén n. 2013. Dynamics and partitioning of the ionome in seeds and germina-
ting seedlings of winter oilseed rape. Metallomics, 5(9): 1316-1325.

GaJ R. 2011. Effect of diversified phosphorus and potassium fertilization on plant nutrition  
at the stage of initial main shoot development and the yield and oil content in the seeds  
of winter rapeseed. Acta Sci. Pol., Agricultura, 10(4): 57-68. 

GRzebisz w., MusOlf R. 1999. Influence of potassium stress and simulated water stress during 
prolongation stage of growth on the yield and nutrient uptake by spring rape. Rośl. Oleiste – 
Oilseed Crop., 20(2): 495-502. (in Polish)

GünteR J. 2002. Should banded fertilizers be recommended in agricultural practice? Mais, 1: 12-15.  
(in German)

hänsch r., Mendel r.r. 2009. Physiological functions of mineral micronutrients (Cu, Zn, Mn, 
Fe, Ni, Mo, B, Cl). Curr. Opin. Plant Biol., 12: 259-266.



460

hergert g.w., wortMann c.s., Ferguson r.B., shaPiro c.a., shaver t.M. 2006. Using starter 
fertilizers for corn, grain sorghum, and soybeans. NebGuide G361. University of Nebraska, 
Lincoln.

IUSS Working Group WRB 2006. World Reference Base for Soil Resources. 2nd Ed. Rome, World 
Soil Resources Reports No. 103. FAO, 132.

JankOwski k. 2007. Habitat, agrotechnical and economic conditions of winter rapeseed produc-
tion for consumption and energy purposes. UWM Olsztyn, Rozpr. Monogr., 131: 1-174. (in Polish)

jankowski k.j., kijewski Ł., skwierawska M., krzeBietke s., Mackiewicz-walec e. 2014. The effect 
of sulfur fertilization on the concentrations of copper, zinc and manganese in the roots, 
straw and cake of rapeseed (Brassica napus L. ssp. oleifera Metzg). J. Elem., 19(2): 433-446.

jankowski k.j., sokólski M., duBis B., krzeBietke s., Żarczyński P., hulanicki P., hulanicki P.s. 
2016. Yield and quality of winter oilseed rape (Brassica napus L.) seeds in response to foliar 
application of boron. Agr. Food Sci., 25: 164-176.

Muśnicki c. 1989. Botanical and agricultural characteristics of winter oilseed rape and rapeseed 
yields under variable weather conditions and in different production systems. Rocz. A.R.  
w Poznaniu. Rozprawy Naukowe, 191: 1-154. (in Polish)

nkeBiwe P.M., weinMann M., Bar-tal a., Müller t. 2016. Fertilizer placement to improve crop 
nutrient acquisition and yield: A review and meta-analysis. Field Crops Res., 196: 389-401.

nosalewicz a. 2013. Effect of localized soil fertilization and compaction on water and nutrients 
uptake by maize. Acta Agroph., Monographiae, 1-103. (in Polish)

ObRaniak a., Gluba t. 2009. Granulation as a method of reducing surface water contamination 
with artificial fertilizers. Inż. Apar. Chem., 4: 87-88. (in Polish)

oleksy a., zając t., kliMek-koPyra a., Pustkowiak h., jankowski k. 2018. Relative siliques  
position in a crop layer as an indicator of yield and quality in winter rape. Pak. J. Agri. Sci. 
DOI: 10.21162/PAKJAS/18.5050

Pająk s., durak t. 2018. Plant reactions at anatomy, physiological and molecular level for global 
changing environment. Pol. J. Sustain. Dev., 22(1): 83-88. (in Polish)

rathke g.w., Behrens t., diePenBrock w. 2006. Integrated nitrogen management strategies to 
improve seed yield, oil content and nitrogen efficiency of winter oilseed rape (Brassica napus 
L.): a review. Agric. Ecosyst. Environ., 117: 80-108.

sPiak z., Piszcz u., zBroszczyk t. 2007. Disposition of nutrients in seeds and straw of selected 
winter rape cultivars. Part I. Macronutrients. Zesz. Nauk. Uniw. Przyr. we Wrocławiu,  
553: 93-106.

su w., liu B., liu X., li X., ren t., cong r., lu j. 2015. Effect of depth of fertilizer banded-placement 
on growth, nutrient uptake and yield of oilseed rape (Brassica napus L.). Eur. J. Agron.,  
62: 38-45.

szczePaniak w., grzeBisz w., BarŁog P., Przygocka-cyna k. 2017. Mineral composition of winter 
oilseed rape (Brassica napus L.) seeds as a tool for oil yield prognosis. J. Cent. Eur. Agr., 
18(1): 196-213. 

szczePaniak w., grzeBisz w., Potarzycki j., Łukowiak r., Przygocka-cyna k. 2015. Nutritional 
status of winter oilseed rape in cardinal stages of growth as the yield indicator. Plant Soil 
Environ., 61: 291-296.

TIBCO Software Inc. 2017. Statistica (data analysis software system), version 13. www.statsoft.com. 
valluru r., vadez v., hash c.t, karanaM P. 2010. A minute P application contributes to a better 

establishment of pearl millet (Pennisetum glaucum (L.) R. Br.) seedling in P deficient soils. 
Soil Use Manag., 26: 36-43.

weichMann w. 1998. World fertilizer use manual. Paris, IFA.
zhaO z.k., wu l.k., nian f.z., DinG G.D., shi t.X., zhanG D.D., shi l., Xu f.s., MenG J.l. 2012. 

Dissecting quantitative trait loci for boron efficiency across multiple environments in Brassica 
napus. PLoS ONE, 7(9): e45215. https://doi.org/10.1371/journal.pone.0045215


