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ORIGINAL ARTICLE
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Agriculture, České Budějovice, Czech Republic, 5Slovak University of Agriculture, Department of Agrochemistry and Plant
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Abstract
Due to continuous single nitrogen fertilization, we hypothesized a built-up deficiency of micronutrients in crops that would
limit plant growth and crop quality. In 2-year field experiments using urea-N fertilized grain maize (Zea mays L.), hybrid
KWS 2376 at 0, 120 and 240 kg N ha�1 crop uptake of Zn, Mn, Cu and Fe was studied at DC 32, DC 61 and in the grain
harvested. Micronutrient contents at DC 32 stage � 1st node (aboveground phytomass) and DC 61 � flowering (ear leaf)
were all at levels indicative of adequate micronutrient supply to the crop. At both sampling occasions the Fe:Zn and Fe:Mn
ratios were adequate implying that Fe did not inhibit the uptake of Zn and Mn. The application of nitrogen increased the Fe
content at the 1st sampling in both years; in the second year the same was also the case for the Zn content. Nitrogen
nutrition increased the contents of Mn and Fe at the 2nd sampling only in year 2; in the other treatments no changes were
observed in the micronutrient contents. Micronutrient correlations in the grain were discovered between Zn and Mn
contents and between Fe and Mn contents. In the second year the highest N-rate significantly increased the Fe and Zn
content of the grain compared with the lower rates of nitrogen fertilization. Grain yields were not affected by the rate of
nitrogen and ranged between 13.65 and 14.34 t ha�1 (1st year) and between 13.68 and 14.18 t ha�1 (2nd year). Nitrogen
fertilization did not reduce the content of micronutrients in the plant or grain of maize. It is evident that the continuous
single use of N fertilization so far has not resulted in a micronutrient deficiency of the plants limiting the nutrient density of
the grain or reducing its quality.

Keywords: Nitrogen fertilization, plants, grain, microelement content, Zea mays L.

Introduction

Deficiencies of micronutrients are a major global

health problem (Graham et al., 2001). Zinc defi-

ciency has been shown to be associated with in-

creased morbidity and mortality, in particular from

diarrhoea, possibly also from malaria, and also with

reduced child growth (Brown, 2003). Prolonged

manganese deficiency has been reported to produce

skeletal abnormalities, such as osteoporosis (Asling &

Hurley, 1963). There are inter-linkages between

copper deficiency and iron deficiency, and it has

been argued the globally high levels of anaemia might

be partially caused by copper deficiency (Sharp,

2004). Among the consequences of iron deficiency

are nutritional anaemia, lower resistance to infection,
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reduced learning abilities, stunted growth, fatigue

and reduced productivity (Welch 2002).

Grains such as maize (Zea mays L.) are used for

human and livestock nutrition. In Central Europe

most maize is utilized as livestock feedstuff (Lošák

et al., 2010). Micronutrients are of key importance in

feeding of animals (Prasad & Gowda, 2005), e.g. for

monogastrics such as pigs and poultry (Fisher,

2008). A low level of minerals in grains may increase

the cost of supplementation of minerals. Therefore,

the relationship between soil and plant should be

determined for sound decision (Demirkiran, 2009).

In the Czech Republic, maize is grown for grain

and silage on about 98,000 and 192,000 ha,

respectively of the country’s total arable land of

about 3.2 million ha (Lošák et al., 2010). Cultivation

of high-yielding quality crops including maize is

dependent on adequate and balanced nutrient ferti-

lization (Prokeš, 2008; Sahrawat et al., 2008). In this

respect nitrogen is of crucial importance (Gallais

et al., 2008; Berenguer et al., 2009) particularly in

raising yields and fodder production. Indeed under

conditions in the Czech Republic, nitrogen is often

the only nutrient which is supplied as a fertilizer,

crops in many cases being dependent on the natural

fertility of the soil as a source of other macronu-

trients � P, K, Ca, Mg, S (Lošák et al., 2006).

In terms of micronutrient supply, maize in the

Czech Republic is usually fertilized with zinc

(Fecenko & Ložek, 1996; Hossain et al., 2008;

Potarzycki & Grzebisz, 2009), the other micronu-

trients considered here (Mn, Cu, Fe) not normally

being supplied. In maize cultivation, Zn in particu-

lar has been recognized to stimulate plant growth,

the number of leaves, forage and grain production,

as well as increasing the total nitrogen and protein

contents of the grain (Decaro et al., 1983). A lack of

availability of this micronutrient is particularly

evident on high pH, calcareous, clay soils, low in

organic matter (Mengel & Kirkby, 2001). The

importance of the micronutrients in plant nutrition

should not be underestimated. As pointed out by

Marschner (1995), even though micronutrients are

present in the plant in only minute concentrations,

plant and crop growth is crucially dependent on an

adequate supply of all essential elements regardless

of the amounts in which they are required.

The four micronutrients in this study, Zn, Mn, Cu

and Fe, function in numerous ways in plant metabo-

lism with roles that are now reasonably well estab-

lished and have been reported in detail in the texts of

Bergmann (1992), Marschner (1995), Mengel and

Kirkby (2001) and the review paper of Kirkby and

Römheld (2004). All four of these micronutrients

activate particular enzyme systems and are closely

involved in various plant physiological processes. In

photosynthesis, for example, Mn plays a key role in

the water-splitting reaction to liberate electrons that

are transferred to photosystem II. Iron too is closely

involved in this process in its essential role in the

synthesis of chlorophyll. Similarly, copper is an

essential constituent of plastocyanin, the copper

protein which is a component of the electron trans-

port chain of photosystem I. A deficiency of any of

these micronutrients in crops can therefore induce

leaf chlorosis in the field. Such crops are character-

ized by a disturbance in photosynthetic activity, so

that carbon dioxide assimilation is restricted and

therefore also crop development (Marschner, 1995;

Mengel & Kirkby, 2001; Kirkby & Römheld, 2004).

More recent research has centred on the increasing

evidence that these micronutrients help to alleviate

crop stress caused by drought, chilling, high light

intensity and lack of other nutrients. These stresses

can result in oxidative damage from reactive oxygen

species (ROS) but the activity of these species can be

greatly depressed by the detoxifying activity of all

four micronutrients in their role as components of

superoxide dismutase (SOD) iso-enzymes. These

findings are of immediate current interest in crop

nutrition (Cakmak, 2000).

The interaction between nitrogen and micronu-

trients is not well understood with reports in

the literature inconsistent and relating mainly to

zinc. In the older literature high levels of nitrogen

are claimed to induce Cu deficiency (Reuther &

Labanauskas, 1966) and Zn deficiency (Camp,

1945). Explanations for Zn deficiency have included

increased growth rate with marginal supply of Zn;

change in soil solution pH due to different nitrogen

source; Zn retention in the roots as a N�Zn protein

complex (Ozanne, 1955). More recently evidence of

a nitrogen/zinc interaction has been forthcoming

from the observation that continuous use of high-

analysis nitrogenous fertilizers and intensive cultiva-

tion of high-yielding crop varieties is associated with

widespread Zn deficiency on a variety of soils (Verma

& Bhagat, 1990). The same authors have also

observed that the uptake of Zn by wheat on an

acid soil was increased by nitrogen supplied as

urea regardless of whether the soil was limed or

not.

The aim of the work reported here, a 2-year field

small-plot experiments with grain maize, was to

assess the impact of nitrogen rates on the content

of four micronutrients (Zn, Mn, Cu, Fe) in maize

biomass at the DC 32 (1st node) and DC 61

(flowering) stages and in the grain at harvest,

including quantification of the uptake of each of

these micronutrients from the soil.

544 T. Losak et al.
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Materials and methods

Experimental site and treatments

Two-year field small-plot experiments with grain

maize were established in 2008 and 2009 in co-

operation with the firm KWS OSIVA on medium

heavy humus cambisol in the locality of Suchohrdly

near Miroslav (Czech Republic, South Moravia, c.

50 km south of Brno, 48857?03.80ƒN and

16821?55.28ƒE, 272 m above sea level). This is a

maize production region with typical spells of

drought during vegetation. The average annual

temperatures in 2008/2009 were 10.5 and 10.4 8C,

respectively, and average annual precipitation was

respectively 495 and 623 mm. For the experiment

we intentionally selected a plot with a very high

supply of available nutrients in the soil according to

Mehlich III (mg kg�1): P�185, K � 420, Ca�

5400 and Mg�230), alkali soil reaction (pH/

CaCl2�7.7). The content of oxidable carbon was

determined by gravimetry and was very high � 6.6%.

The content of available micronutrients in the soil

expressed in ppm and determined by extraction with

0.005 M DTPA (Lindsay & Norvell, 1978) was Zn

4.0 (high), Mn 25.3 (good), Cu 3.4 (high) and Fe

14.8 (good).

Nitrogen rates of 120 and 240 kg ha�1 (Table I)

were selected purposefully taking into account the

vulnerable area; according to Directive 108/2008

Coll. (the so-called nitrate directive) where the limit

for nitrogen fertilization for both silage and grain

maize is 260 kg N ha�1.

In terms of crop rotation in the experimental field,

in 2005�2007 the forecrops were winter wheat, silage

maize and spring wheat. All the straw from the two

wheat crops was left in the field and incorporated

into the soil in this way enriching the soil with an

important source of labile soil organic matter and

nutrients. In the autumn of 2005 the field was again

fertilized with 40 t ha�1 of farmyard manure.

Hybrid, establishment and treatments of experiments,

and plant sampling

In both years the grain maize hybrid KWS 2376

(FAO 340) was used after conventional pesticide

treatments and seeded at a rate of 74,100 seeds

ha�1. Seeds were sown on 18 April 2008 and 20

April 2009 with the accurate pneumatic sowing

machine Kverneland Accord Optima.

The experimental plots (randomized complete

block design of Latin square) were singled out

from the normal area. The plot measured 6�
30 m (8 rows 0.75 m apart). Prior to fertilization

soil N-min was measured (16 April 2008 and 17

April 2009) using either electrodes (N-NO3
�) or

colorimetric methods (N-NH4
�). The values ob-

tained for the 2 years being: 20 kg ha�1 (2008),

17 kg ha�1 (2009). Urea (46% N) was applied

manually into rows 10 cm from the seed and

harrowed into the soil to avoid N (ammonia) loss

via volatilization. Supplementary fertilization at the

stage of 5 leaves was carried out manually and

scattered over the soil surface. Table I shows the

individual treatments. Each variant included four

replications.

In both years weed control was carried out by

conventional chemical weed control. Sampling of

the biomass from 15 successive plants was con-

ducted over the whole length of the plot in the DC

32 (1st node � 18 June 2008 and 23 June 2009)

and DC 61 (flowering � 23 July 2008 and 23 July

2009) stages. At the first sampling the entire

aboveground biomass (phytomass) was taken; dur-

ing the 2nd sampling only the ear leaf. During

manual harvest (10 October 2008 and 12 October

2009) in the DC 89 stage (dry straw, yellow leaves),

15 cobs from each plot were taken for sampling

following yield measurements.

Biomass analysis

Plant and grain samples were dried at 60 8C to a

constant weight. After wet oxidation (HNO3�
H2O2) of the samples in a standard laboratory

microwave, micronutrient chemical analyses were

carried out using atomic absorption spectrometry

(AAS).

Statistical analysis

The data were statistically analysed by means of the

statistical program Statistica where we used the

variance analysis (ANOVA). Scheffé’s test at

pB0.05 was used to determine statistically signifi-

cant differences between the factors within methods

of subsequent tests. Correlations between the con-

tents of micronutrients at the 1st and 2nd sampling

of plants and grain were also expressed using

Pearson’s correlation coefficients (r).

Table I. Variants of experiment.

Doses of nitrogen in kg ha�1

Variant

No.

N fertilizers

levels

Before

sowing

Stage of the

5th leaf

1 N 0 0 0

2 N 1 120 0

3 N 2 120 120

Micronutrient uptake in grain maize (Zea mays L.) 545
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Results and discussion

Content of micronutrients in plants in stage DC 32

The micronutrient composition of phytomass of

maize plants sampled at the stage of the 1st node

(DC 32) is given in Table II.

Maize is a zinc-intensive plant with a high zinc

demand (Mengel & Kirkby, 2001). The Zn content

(Table II) ranged between 52 and 60 mg kg�1 and

between 48 and 57 mg kg�1 in 2008 and 2009,

respectively. These values may be considered ade-

quate for this crop (sufficiency range 21�70 mg

kg�1 in maize leaves; Mengel & Kirkby, 2001) but

are not high. After the application of the highest

rate of N (240 kg N ha�1) the Zn content

increased significantly only in the second year as

compared with the non-fertilized control. These

findings are in accord with the conclusions of

Karimian (1995), who in a greenhouse experiment

with maize growing on highly calcareous soils, with

three rates of nitrogen (0, 75, and 150 mg kg�1)

also reported that the application of N increased

the Zn concentration and its uptake, and did not

confirm the findings of Camp (1945) and Ozanne

(1955) that high levels of nitrogen induce zinc

deficiency.

Lockman (1969) discovered that the content of

manganese in the maize plants 30�45 days after

emergence was adequate, i.e. 50�160 mg kg�1. In

our experiment the content of manganese (Table II)

was not significantly affected by nitrogen fertilization

in the two years and ranged between 63 and 68 mg

kg�1 and between 80�98 mg kg�1 in 2008 and

2009, respectively. The contents of Mn were ade-

quate for this growth stage and ranged between 40

and 100 mg kg�1, as reported by Bergmann (1992).

Still, in the second year of the experiment the Mn

content tended to increase with the rate of applied

nitrogen (Table II).

Various explanations have been proposed as to the

interaction between nitrogen and copper in plant

nutrition. Increasing levels of N may increase the

requirement for Cu due to increased growth. In this

respect nitrogen fertilization linearly increases the

Cu content of shoots. But high N levels may also

inhibit translocation of Cu (Mills & Benton Jones,

1996). In our experiments (Table II) nitrogen

nutrition did not change the copper content and

ranged closely within 6.7�7.0 (2008) and 7.4�7.6

(2009) (mg kg�1). Nan and Cheng (2001) reported

that the average content of Cu in stems in the mature

stage was 5.40 mg kg�1. In their experiments with

liquid swine manure, Berenguer et al. (2008) dis-

covered that Cu and Zn concentrations in whole

maize plants and grain during the last 2 year of the

experiment were lower than threshold values for

animal and human ingestion (30 mg Cu kg�1 and

500�1300 mg Zn kg�1).

Maize is very susceptible to iron chlorosis (Wirén

et al., 1994). For the micronutrients and for iron in

particular, this is likely to be of special relevance on

high pH calcareous soils, which are renowned for so-

called ‘‘lime induced chlorosis’’ (Marschner, 1995).

In terms of response to Fe deficiency, maize as a

member of the Graminaceae is classified as a Strategy

II plant. In these species Fe acquisition under Fe

deficiency stress conditions is characterized by the

release of phytosiderophores from the roots followed

by the mobilization of FeIII via chelation and the

uptake of FeIII phytosiderophores by a high-affinity

transport system in the plasma membrane of the root

cells (Marschner & Römheld, 1994). Phytosidero-

phores are also able to form chelates with Zn, Cu and

Mn and therefore also mobilize these nutrients which

can then be taken up from calcareous soils (Treeby

et al., 1989). Nitrogen rates had a positive effect on

the content of Fe in plants in both years (Table II). In

2008 the content of Fe increased significantly in

treatment N 1 (607 mg kg�1) compared with

N 0 (454 mg kg�1). In 2009 treatment N 2

(472 mg kg�1) was significant as compared to N 1

(373 mg kg�1) and N 0 (362 mg kg�1). At the

highest N fertilization level the maize biomass was

sampled shortly after supplementary urea fertilization

during vegetation and it can therefore be assumed

that most of the nitrogen from the fertilizer had not

yet undergone nitrification and occurred in ammoni-

um form. Uptake of ammonium N results in acid-

ification of the rhizosphere which in turn increases the

solubility and uptake of micronutrients (Mengel &

Kirkby, 2001). This explanation may account for the

increased contents of Zn, Mn and Fe in treatment N 2

in 2009.

Table II. Content of micronutrients in plants in stage DC 32

(mg kg�1 in dry matter).

Year 2008

Variant

No.

N

fertilizers

levels Zn Mn Cu Fe

Fe:

Zn

Fe:

Mn

1 N 0 52 a 63 a 6.7 a 454 a 8.7 7.2

2 N 1 60 a 68 a 7.0 a 607 b 10.1 8.9

3 N 2 57 a 63 a 6.8 a 521 ab 9.1 8.3

Year 2009

1 N 0 48 a 80 a 7.4 a 362 a 7.5 4.5

2 N 1 50 ab 92 a 7.6 a 373 a 7.5 4.1

3 N 2 57 b 98 a 7.6 a 472 b 8.3 4.8

Values in the same column with different letters are significantly

different in each year at pB0.05.

546 T. Losak et al.
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The results of these analyses confirmed the con-

clusions (Borges et al., 2009) that maize plants

accumulate nutrients in the aboveground parts as

follows: Zn�Mn�Cu.

Zinc uptake can be inhibited by a high iron and

copper content of plants (Bergmann, 1992) indicat-

ing the importance of inter-relationships among

nutrient contents in maize. Blasl and Mayr (1978)

reported the importance of the Fe:Zn ratio suggest-

ing an optimum of about 5 with limits of 3�15. In

our experiment (Table II) the Fe:Zn ratio between

years ranged between 8.7 and 10.1 and 7.5 and 8.3,

respectively.

On the basis of their analyses of 20 maize hybrids

Kovacevic et al. (2004) also reported that the Fe:Mn

ratio ranged between 2.40 and 5.79. In our experi-

ment (Table II) the Fe:Mn ratio in 2008/2009 was

7.2�8.9 and 4.1�4.8, respectively. These results

suggest that Fe did not inhibit the uptake of Zn

and Mn.

Between-years significant differences were de-

tected in the contents of micronutrients in the

same treatments in the following cases: Mn, Cu

(treatment 1); Mn, Fe (treatment 2); Mn, Cu

(treatment 3). A positive correlation was discovered

between the contents of Fe and Zn (r�0.708; pB

0.001), and between the contents of Cu and Mn (r�
0.666; pB0.001).

Content of micronutrients in plants in stage DC 61

At the flowering stage (DC 61), i.e. 93�95 days after

emergence, only the ear-leaf was sampled and not

the entire aboveground biomass.

It has earlier been shown that the maximum

accumulation of Cu, Mn and Zn is obtained 100

days after emergence, i.e. in the second half of the

grain-filling period (Borges et al., 2009) which

corresponds well with our results with the Mn and

Cu contents at the 2nd sampling (Tables II and III).

The Zn uptake however was reduced in both years

and in the first year Fe uptake was also reduced as

compared with the first sampling, probably on the

basis of the so-called dilution effect (Mengel &

Kirkby, 2001).

In the first year no differences among the treat-

ments were detected in the contents of Cu, Fe, Mn

and Zn (Table III). Hence the application of nitro-

gen did not significantly affect the contents of

micronutrients in the biomass. Our results confirm

studies by Ogunlela et al. (1988) that increased N

supply and plant density had no influence on the

concentrations of Cu, Fe, Mn and Zn in the ear leaf

of maize (Zea mays L.).

Our observed contents of Zn correspond well with

other reports by Kovacevic et al. (2004) and

Geraldson et al. (1973) (Table III).

The concentration of Mn often increases with

ageing (Mengel & Kirkby, 2001) and this was

confirmed by our results (Table II against

Table III). In the second year the content of Mn

increased after fertilization with the highest rate of

nitrogen compared with the other rates. In a pot

experiment with maize Soliman et al. (1992) dis-

covered that manganese uptake tended to be higher

as the amounts of N applied increased (100-200-

400 mg N kg�1). Tong et al. (1997) also reported

that ammonium-fed plants may acidify the rhizo-

sphere and thus increase the availability of Mn in

calcareous alkaline soils. In both years the amounts

of Mn (Table III) were higher than 28.5�62.2 mg

kg�1; these are values reported by Kovacevic et al.

(2004) for the silking stage. However, leaf samples in

our experiment were taken at a later growth stage

and due to the maximal accumulation of Mn at the

time of sampling, the values in both years are

adequate (93�114 mg kg�1).

Mills and Benton Jones (1996) described the

potential synergism and antagonism of N�Cu. In

both years the content of Cu (Table III) varied

within a close range of 6.1�8.2 mg kg�1 and was not

affected by nitrogen rates. Jurkovic et al. (2006)

reported that in maize the mean ear-leaf concentra-

tions were 14.1 mg kg�1. Copper is taken up by the

plant in only very small quantities since the Cu

concentration in most plant species is low and in the

range of 5 to 20 mg/g dry matter (Mengel & Kirkby

2001).

Likewise the content of Fe (Table III) increased

with a high N fertilization (526 mg kg�1) compared

with zero N fertilization (265 mg kg�1). Kovacevic

et al. (2004) stated that 20 maize (Zea mays L.)

Table III. Content of micronutrients in plants in stage DC 61

(mg kg-1 in dry matter).

Year 2008

Variant

No.

N

fertilizer

levels Zn Mn Cu Fe

Fe:

Zn

Fe:

Mn

1 N 0 42 a 93 a 7.7 a 288 a 6.9 3.1

2 N 1 47 a 103 a 6.1 a 304 a 6.5 3.0

3 N 2 40 a 95 a 7.1 a 297 a 7.4 3.1

Year 2009

1 N 0 31 a 104 a 7.4 a 265 a 8.5 2.5

2 N 1 36 a 103 a 7.4 a 336 ab 9.3 3.3

3 N 2 34 a 114 b 8.2 a 526 b 15.5 4.6

Values in the same column with different letters are significantly

different in each year at pB0.05.
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hybrids were grown under field conditions of Eastern

Croatia in a period of 2 years. Considerable differ-

ences in mean ear-leaf Fe contents at the silking

stage were found ranging from 137 to 222 mg kg�1

for the Fe content. Mean ratios among nutrients

were at acceptable levels: 7.6 (Fe:Zn) and 3.72

(Fe:Mn).

In the first year the Fe:Zn ratio ranged closely

within 6.5�7.4 (Table III). In the second year the

Fe:Zn ratio became considerably wider with rates of

nitrogen or increasing content of Fe in the leaves

(8.5�9.3�15.5), but the ratio was within the limit of

3�15 reported by Blasl and Mayr (1978). In both

years the Fe:Mn ratio ranged only between 2.5 and

4.6. Both ratios corresponded with data given by

Kovacevic et al. (2004) i.e. 7.4�7.8 (Fe:Zn) and

2.86�4.58 (Fe:Mn). The mean values of the nutri-

tional relationships were supposed to be acceptable

or optimal according to suggestions by Trier and

Bergmann (1974) and Takkar et al. (1976).

Between years differences were achieved in the

contents of micronutrients in the following cases

Mn, Zn (N 0); Fe, Zn (N 1); Cu, Fe, Mn, (N 2). A

correlation (r�0.559; pB0.001) was discovered

between the contents of Fe and Mn.

Content of micronutrients in grain

In the first year no differences were detected in the

contents of Cu, Fe, Mn and Zn in the grain

(Table IV). In the second year the content of Zn

increased with the highest rate of nitrogen (240 kg N

ha�1) as compared to a lower nitrogen rate (120 kg

N ha�1). In their 3-year experiments with maize

Hossain et al. (2008) reported that the average

content of zinc in grain was 16.5�27 mg kg�1; these

data fully correspond with our results.

The contents of Mn differed in dependence on the

year (Table IV). While in the first year its content

ranged between 0.8 and 1.0 mg kg�1, in 2009 it

ranged between 3.3 and 3.7 mg kg�1. Orosz et al.

(2009) reported that the average content of Mn in

sweet corn (Zea mays conv. saccharata) was 1.2 mg

kg�1 and these data correspond with our results.

According to Gorsline et al. (1964), Mn accumula-

tion is genetically controlled; however, it is probable

that the interaction genotype�environment also plays

an important role.

In both years the Cu content was balanced (Ta-

ble IV) and ranged closely between 0.3 and 0.6 mg

kg�1. Orosz et al. (2009) reported higher contents of

Cu in maize grain and that with increasing rates of

NPK the content of Cu decreased. When cultivating

maize in a nutrient solution (full strength Hoagland

solution�Cu) Nan and Cheng (2001) found that the

Cu content in grain in the mature stage ranged

between 3.60 and 4.53 mg kg�1. Mantovi et al.

(2003) reported a lower content of Cu in grain.

Similarly the content of Fe in maize grain was

significantly higher with a rate of N 2 (21.4 mg

kg�1) as compared with N 1 (17.1 mg kg�1) and N

0 (17.5 mg kg�1). The trends discovered in both

plant samplings in 2009 were also confirmed for

grain. According to Orosz et al. (2009), the average

content of Fe in grain was 2.4 mg kg�1, and this is

considerably lower than our results, however, these

were in sweet corn (Zea mays conv. saccharata).

Between years, differences were observed in the

contents of micronutrients in grain in the following

cases: Fe, Mn (zero N); Fe, Mn, Zn (120 kg N

ha�1); Fe, Mn, Zn (240 kg N ha�1). A positive

correlation (r�0.646; pB0.001) was detected be-

tween the contents of Zn and Mn and a negative

correlation (r��0.831; pB0.001) between the

contents of Fe and Mn. Horvatic et al. (1999)

describe that the correlation between particular

microelements during grain maturation was positive

and significant.

Uptake of micronutrients by grain

In order to detect the uptake of micronutrients by

grain it is necessary to know the grain yields

(converted to 14% moisture). The yields were

affected neither by the year or by the rate of nitrogen.

It can be assumed that in very fertile soils (with a

very high supply of available macronutrients) and

sufficient supply of primary, easily hydrolysable

organic substances, the plants were supplied with

nitrogen from the process of mineralization during

vegetation. In treatments 1�2�3 in the first year the

range of yields was 13.65�14.34�14.12 t ha�1. In

the second year the results were similar and ranged

from 13.68 to 14.18 to 14.09 t ha�1 (Lošák et al.

2010).

Table IV. Content of micronutrients in grain (mg kg�1 in dry

matter).

Year 2008

Variant

No.

N fertilizer

levels Zn Mn Cu Fe

1 N 0 15.8 a 1.0 a 0.4 a 34.5 a

2 N 1 17.4 a 0.9 a 0.3 a 35.0 a

3 N 2 17.0 a 0.8 a 0.4 a 34.1 a

Year 2009

1 N 0 22.2 ab 3.3 a 0.5 a 17.5 a

2 N 1 19.4 a 3.3 a 0.5 a 17.1 a

3 N 2 23.8 b 3.7 a 0.6 a 21.4 b

Values in the same column with different letters are significantly

different in each year at pB0.05.
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The level of micronutrients taken up by the grain

(g ha�1) was calculated by multiplying grain yields

(t ha�1) by the content of micronutrients in the

grain (mg kg�1). In both years the uptake of Zn and

Fe by grain (Table V) was within the range of

hundreds of grams. These results confirmed the

high demands of maize for zinc and iron with

uptakes in the following order Fe�Zn�Mn�Cu.

Borges et al. (2009) reported that the total amount

of nutrients required to produce one ton of corn is:

0.019 to 0.02 kg Cu; 0.042 to 0.046 kg Mn; 0.100

to 0.194 kg Zn. In agreement with our findings, but

not taking Fe into account, maize plants were found

to accumulate nutrients in the aboveground parts as

follows: Zn�Mn�Cu.

Although the contents of micronutrients (Zn, Mn,

Cu, Fe) in the soil of the experimental site were

adequate or high, possible restriction in their uptake

might be expected because of the soil properties of

the experimental site. The main reasons for this are:

the high content of available macronutrients (antag-

onism between P�Zn), mutual antagonism between

the micronutrients (Fe�Zn, Fe�Mn), and particu-

larly the high soil reaction (pH �7.7).

Nitrogen fertilization on highly fertile soil of high

pH did not influence the grain yield in either year and

did not reduce the uptake and concentration of

micronutrients by maize plants or grain. The content

of Cu, Fe, Mn and Zn in phytomass and the ratio

Fe:Zn and Fe:Mn were adequate for the plants of

maize. Iron and zinc are the most accumulated

micronutrients in the aboveground matter of the

maize hybrid studied, followed by manganese and

copper, which is the least absorbed micronutrient.

The application of fertilizers containing micronutri-

ents (particularly Zn and Fe) to maize can be

recommended if their levels in the soil or plants are

low, taking into account the macronutrient supply in

the soil (P) and the soil reaction (pH).
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