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Abstract: This research examined the effectiveness of zinc foliar fertilizers. Two winter wheat
varieties, GK Pilis and Zvezdana, were tested in a Zn-limited meadow chernozem soil. Crop yields
and chlorophyll concentrations of the leaves were examined in the growing seasons of 2020/2021
of favorable weather conditions and 2021/2022 of drought weather conditions. In the experiment,
three treatments were carried out with monozinc foliar fertilizer of a concentrated 12% (w/v) zinc
sulfate heptahydrate solution, and the fourth plot was designed as the untreated control. The first
monozinc treatment was applied at a dose of 1 L ha~! and the second monozinc treatment at a dose
of 2 L ha~!. These treatments were applied at tillering (BBCH 21-22). The third monozinc treatment
was applied at a dose of 1 L ha~! at tillering and flag leaf emergence (BBCH 21-22, BBCH 37).
Samples were taken several times in the vegetation period, and measurements were made using
different methods (SPAD, determination of total chlorophyll concentration from acetone solution)
before and after Zn treatments. In 2020/2021 of favorable weather conditions, the yield of Zvezdana
was 547 tha~! and that of Gk Pilis was 6.11 t ha™?, compared to 2021/2022 of drought weather
conditions, in which year the yield of Zvezdana was 3.14 t ha—! and that of Gk Pilis was 2.79 t ha—1.
Yields of both varieties increased with increasing NPK nutrient doses. In 2021/2022, even at nutrient
level D (NPK basal fertilizer and two-times N topdressing), we harvested on average twice as much
as in 2020/2021 at nutrient level A (N basal fertilizer and once N topdressing). No significant
effects were found between the foliar fertilizers in 2020/2021. In 2021/2022, Zn treatments, mainly
at four nutrient levels tended to increase the yields of both varieties. The first treatment resulted in a
grain yield reduction of 3% for GK Pilis, and the second treatment resulted in a grain yield reduction
of 1.2% for Zvezdana. After the second and third treatments, grain yield reductions were 0.1%-0.5%.
Although there was no significant difference in terms of the main averages, foliar fertilizer was found
to be effective in the second year. The relationship between chlorophyll and grain yield was found
to depend on the year and variety. A weak correlation (r = 0.33, p < 0.05) was found between the
total chlorophyll concentration in leaves for Zvezdana in 2021, and a medium correlation for GK
Pilis (r = 0.67, p < 0.05). Concerning grain yield and chlorophyll concentration, a strong correlation
(r=0.81, p < 0.05) was found for Zvezdana in 2022, and a weak correlation (r = 0.44, p < 0.05) for GK
Pilis. A strong correlation was found between the total leaf chlorophyll concentration and SPAD
index in both years (r = 0.81, p < 0.05)
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1. Introduction

Winter wheat (Triticum aestivum L.) is the second-most-commonly cultivated crop
worldwide [1]. The size of the area under cultivation in Hungary has long been approaching
1 million hectares per year, the yield exceeds 5 million tons per year, and the average yield
is around 5.5 tons/hectare [2]. The different varieties can achieve maximum yield only
when growing conditions are optimal for them [3]. In recent decades, the technology of
wheat cultivation has changed significantly, the amount of input materials has decreased,
and weather anomalies and stresses caused by climate change have affected the amount of
the crop to a great extent [4]. The main stresses include salt, drought, water excess, UV-B
radiation, cold, heat, pathogens, insects, and chemicals [5-7]. For wheat, the effects of
drought stress and heat stress are most significant. These two types of stress most often
occur at the same time [8,9]. Both biotic and abiotic stress factors affect the content and
efficiency of leaf photosynthetic pigments and/or their reciprocal ratio [10]. For example,
the assessment of leaf photosynthetic pigments is an important indicator of senescence
because the breakdown of leaf chlorophyll is associated with environmental stress [11].
Winter wheat is particularly sensitive to drought and heat stress, mostly during the period
of full flowering and grain filling [12]. During this period, the combined stress effect can
lead to a reduction in yield and deterioration of quality [13]. Leaf chlorophyll concentration
varies within wide limits (from 0.05 to 0.30% of fresh matter). The highest chlorophyll
concentration in plants occurs at the beginning of the flowering phase, and chlorophyll is
thought to be involved in the process of organogenesis [14].

Fertilization has economic benefits as well, since the proper fertilization of winter
wheat is one of the agrotechnical factors that influence the yield [15]. Therefore, it is
necessary to know the quantity and dynamics of the nutrients absorbed by the plant, the
influence of the crop previously grown in the area, the nutrient supply capacity of the soil,
and the cultivation goals [16]. The utilization of the fertilizer can be influenced by a number
of factors, including the efficiency of the nutrient that is crucial for increasing crop yield
and its quality that reduce the amount of fertilizer inputs and minimize the environmental
damages of the cultivated wheat variety [17]. Consequently, the selection of the appropriate
wheat variety for specific agroecological parameters is a basic variable for efficient and
economical wheat cultivation [18,19]. According to the nutrient uptake dynamics of wheat,
the plant takes up 90% of the nutrients needed for crop formation upon its emergence [20].

Early and/or efficient nutrient remobilization is associated with higher concentrations
of desirable micronutrients such as Fe and Zn [21-23]. All nutrient deficiencies affected
chlorophyll concentration and generally increased reflectance in the visible (VIS) ranges
of 400-700 nm and infrared (IR) ranges of 700-1100 nm. Nitrogen deficiencies had the
most pronounced effect on chlorophyll concentration and reflectance [21]. In addition to
macroelements, the role of essential microelements cannot be neglected either, because the
lack of microelements can reduce the efficiency of fertilization. Their absence also reduces
the yield, increases the stress effect, and can result in susceptibility to pathogens [24,25].
The nutrients in the soil that can be absorbed by the roots depend on a wide range of
factors. They can bind to soil particles to varying degrees depending, for example, on
the clay content and chemical effect, and the physical condition of the soil (moisture
content, compaction, aeration) can also influence the amount of nutrients available and to
be absorbed by plants [26]. Foliar fertilizers or plant conditioners are not plant protection
agents but important supplements in the nutrient supply [27]. For some elements, plant
nutrition through the foliage is more efficient and economical under certain physiological
conditions [28]. In addition to basic fertilization with macroelements, foliar fertilization by
complex or individual elements is becoming increasingly important [29]. The use of foliar
fertilizers has become more and more common in intensive agricultural practices. Besides
macronutrients, micronutrients play a particularly important role in wheat cultivation [30].

Among trace elements, zinc (Zn) is an essential element, which is indispensable for the
life processes of living organisms. In wheat, zinc plays an important role in seed formation,
root growth, and in developing resistance to diseases. In recent decades, zinc deficiency
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in agricultural areas has been a serious problem [31]. It is an essential microelement for
plants, an important enzyme component, and an enzyme activator. For this reason, zinc
fertilization also contributes to the protection against diseases. The plant absorbs Zn?* ions
or its chelated form from the soil [32]. In our research, the effects of zinc foliar fertilizers on
the yield and chlorophyll concentration of two different maturity groups of winter wheat
in four different doses of fertilizers were investigated.

2. Materials and Methods
2.1. The Background of the Experiment

Field experiments were conducted in two consecutive seasons of 2020-2021 and
2021-2022 in the Applied Agronomy Research Station of the Institute of Agronomy of the
Hungarian University of Agriculture and Life Sciences (MATE), in Szeged-Othalom(46°17/29.6" N
20°05'17.3" E). The experiments conducted since 1998 were set up in a small plot in a random-
ized block design with monoculture fertilization, four nutrient levels, and four replications.
The nutrient levels were set up as follows: level A = 60 kg ha~! of nitrogen, no phosphorus,
and no potassium were used; level B = 90 kg ha~! of nitrogen, 30 kg ha—! of phosphorus,
and 30 kg ha~! of potassium were used; level C = 120 kg ha~! of nitrogen, 60 kg ha~! of
phosphorus, and 60 kg ha~! of potassium were used; and level D = 150 kg ha~! of nitrogen,
60 kg ha~! of phosphorus, and 60 kg ha™! of potassium were used. Autumn multinutrient
fertilizer was applied as a base fertilizer. Spring top-dressing fertilization was carried out
by hand in two stages, using ammonium nitrate. Doses for the adjustment of the required
nutrient levels are given in Table 1. Organic fertilizer was not applied in the experimental
site in the last 24 years.

Table 1. Doses and the date of application of NPK fertilizations in the growing seasons of 2020-2021
and 2021-2022.

Date of Treatments Name of Nutrient Level A Nutrient Level B Nutrient Level C Nutrient Level D
Treatments
autumn
1October 29 September 11 trient N:P:K = 30:0:0 N:P:K = 30:30:30 N:PK = 60:60:60 N:P:K = 60:60:60
2020 2021 .
fertilizer (NPK)
top-dressing
10 March 28 February fertilization 1. _ _ _ _
2021 2022 (ammonium N=30 N =60 N =60 N =60
nitrate)
top-dressing
26 April 2021  9May2oz2  ferfilizationdl N=0 N=0 N=0 N=30
(ammonium
nitrate)

In 2019, we carried out an extended soil test in the area (Table 2). The results
showed the soil characteristics for four nutrient levels in different soil depths. The
meadow chernozem soil had a humus content of 2.07%-2.32%, a slightly alkaline reac-
tion of pH =7.5-7.7, and a liquid limit between 39.9 and 43.15. Of the macroelements,
nitrogen was 11.9-17.44 mg kg~ !, phosphorus was 167-409 mg kg~!, potassium was
197.4-336.1 mg kg~ !, and zinc was 0.8-1.6 mg kg~!. The uptake of zinc by the plant
is strongly influenced by the liquid limit, pH value, and the amount of macroelements in
the soil [33,34]. The Zn content in the soil generally ranges between 10 and 300 mg kg ™!
with a global mean value of 50 mg kg~! [35]. The zinc content of the soil depends on
the amount of organic matter in the soil. Hungarian sandy soils have 30 mg kg ! zinc in
concentration, while in chernozem, the zinc content can reach 150 mg kg’1 [36]. Under
these conditions, the value of zinc was below the limit value, so in the experiment, foliar
treatments were designed to add microelement zinc.
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Table 2. The soil characteristics for four nutrient levels at different soil depths.

Nutrient
Level

pH Value

Liquid Limit

CaCO Humus
mm% 1 %

Zinc
mg kg1

Phosphorus
mg kg~!

Nitrogen
mg kg~!

Potassium mg

Depth
(cm)

0-25

25-50

0-25

25-50 0-25 25-50 0-25 25-50 0-25 25-50 0-25 25-50 0-25 25-50

A

7.53

7.55

39.9

42.5 6.15 6.48 2.24 224 16.9 12.7 258 230 231 187 143 118

7.65

7.72

39.5

41.2 10.4 113 2.15 2.07 16.3 125 239 197 217 167 1.29 1.00

7.67

7.72

40.2

43.1 10.6 119 2.20 2.14 17.4 119 287 201 352 214 1.30 0.82

B
C
D

7.54

7.63

40.5

43.1 6.76 5.86 2.33 2.3 17.2 12. 336 275 409 280 1.62 1.24

Both varieties were sown with a parcel sowing machine (Wintersteiger Plotman) on
the 18th of October in 2020 and the 19th of October in 2021. Before sowing, the fields were
ploughed at a soil depth of 30 cm, and the seedbed was pre-prepared with a combinator.

Plots of wheat were treated with fungicide (azoxystrobin) and insecticide (alpha-cypermethrin)
in a dose of 0.7 L per ha in the BBCH 24-26 growing stages in both years. In the growing
stages of wheat, BBCH 47-49 plots were treated with insecticide (gamma-cyhalothrin) in
doses of 0.08 L per ha. The first herbicide treatment was a pre-emergence treatment with
pendimethalin in October. The next treatment was carried out in the growing stage of
wheat in BBCH 21-25 with early post-emergence herbicide (bentazon). Irrigation was not
used in the experiment.

2.2. Treatments

In the experiment, 4 treatments were carried out as follows: a control treatment without
foliar fertilization and three treatments with monozinc foliar fertilization. Zinc foliar
fertilizer is an aqueous solution that contains concentrated zinc sulfate heptahydrate of 12%
(120 g Zn per L) in dissolved form. The application was carried out with a Wintersteiger
plot sprayer in three different doses in two growing stages of the wheat. The first monozinc
treatment was applied at a dose of 1 L ha~! and the second monozinc treatment at a
dose of 2 L ha ~!. These treatments were applied at tillering (BBCH 21-22). The third
monozinc treatment was applied at a dose of 1 L ha™! at tillering (BBCH 21-22) and flag
leaf emergence (BBCH 37) (Table 3). We tested two winter wheat varieties: Zvezdana, a
middle-aged variety, bred in Novi Sad, in winter of favorable weather conditions; Gk Pilis,
an early maturing winter wheat variety of high yield and good quality. These varieties
were investigated in different growing periods.

Table 3. The dates of the treatments used in the experiment according to stages of phenological
growth of GK Pilis and Zvezdana in the growing seasons of 2020-2021 and 2021-2022.

Nutrient
Level

Zn Treatment

Applied at
Tillering
(BBCH 21-22)

Applied at Flag
Leaf Elongation
(BBCH 37)

Treatments (L

ha—1 Doses) 2021

2022

A

control

Ist

9 April

8 April

2nd

9 April

8 April

3rd

NIENIEN

9 April + 11 May

9 April + 11 May

control

Ist

9 April

8 April

2nd

9 April

8 April

W W W W > >

3rd

SNIENIEN

9 April + 11 May

9 April + 11 May
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Table 3. Cont.
. Applied at Applied at Flag
N;j trleln t Zn Treatment "l;:eitlm];nts ()L Tillering Leaf Elongation 2021 2022
eve a 0% (BBCH 21-22) (BBCH 37)
C control 0 - - - -
C 1st 1 v 9 April 8 April
C 2nd 2 v 9 April 8 April
C 3rd 2x1 v v 9 April + 11 May 9 April + 11 May
D control - - - -
D 1st 1 v 9 April 8 April
D 2nd 2 v 9 April 8 April
D 3rd 2x1 v v 9 April + 11 May 9 April + 11 May
Harvesting was carried out with a Wintersteiger-type plot combine on the 9th of July
2021 and the 1st of July 2022 in the stage of late ripening. The wheat harvested by the
combine was collected in bags and the yield per plot was determined using a digital scale.
Figure 1 shows the average precipitation and temperature. The figure shows that the
area received much less precipitation in 2022 than in 2021. The distribution of precipitation
was unfavorable in the stage of emergence (October) and also in the stages of tillering and
ripening (March—June). Compared to 2021 (404 mm), 30% more precipitation fell in the
growing season than in 2022 (279.5 mm), which had a major impact on the development
of wheat.
25 100
90
= 20 80 §
£ 70 g
z 15 60 =
o —
s 50 Oé;
S 10 40 g
o -
3 30 £
o (]
5 20 =
10
0 0
Q&&
(,)Q/

s Vionthly mean temperature (C°) in 2020-2021 = Monthly mean temperature (C°) in 2021-2022

mmm Monthly mean temperature (C°) in 1991-2020 Monthly precipitation (mm) 2020-2021

e \lonthly precipitation (mm) 2021-2022 e \lonthly precipitation (mm) 1991-2020

Figure 1. Monthly precipitation and mean temperature in the growing seasons of 20202021, 2021-2022,
and in the last 20 years (1991-2020).

2.3. Measurements with SPAD-502 Meter

Leaf chlorophyll concentration was measured with the SPAD-502-type chlorophyll
meter in the field, once a week after flag leaf elongation until maturity (Table 4). Chlorophyll
absorbs light of different wavelengths to different extents. Light absorption peaks in the
range of blue and red wavelengths. Since radiation extinction is low in the ranges of green
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and yellow, it is practically zero in the infrared range. It is therefore advisable to choose the
infrared range as a reference value and use either the blue or the red range for measurement.
The SPAD-502 device uses red light for measurement, as its absorption is not affected by the
carotene content of the leaf. The calculation is based on the ratio of the intensity of infrared
and red light passing through the leaf. This ratio is higher; more red light is absorbed in
the leaves of the plant, which is closely related to the chlorophyll concentration. Its value
can range from 0 to over 100 (Minolta Camera Co. Ltd., Osaka, Japan, 1989).

Table 4. Measurements with the SPAD-502 Plus Chlorophyll Meter and the date of sampling to
measure the chlorophyll concentration of the leaf.

. Number of 2021 2022
Sampling Measurements 2021 2022 GK Pilis-Zvezdana GK Pilis-Zvezdana
1 10 May 6 May BBCH 61-BBCH 65 BBCH 55-BBCH55
2 18 May 9 May BBCH 65-BBCH 65 BBCH 58-BBCH 58
3 26 May 16 May BBCH 65-BBCH 69 BBCH 59-BBCH 59
SPAD 4 1 June 23 May BBCH 71-BBCH 73 BBCH 65-BBCH 65
5 7 June 30 May BBCH 75-BBCH 75 BBCH 69-BBCH 69
6 14 June 6 June BBCH 77-BBCH 81 BBCH 77- BBCH 77
1 9 April 30 Marc BBCH 24-BBCH 24 BBCH 24-BBCH 24
Chlorophyll 2 25 April 26 April BBCH 49-BBCH 47 BBCH 49-BBCH 47
3 26 May 23 May BBCH 65-BBCH 69 BBCH 65-BBCH 65

2.4. UV Spectrophotometric Measurement of Chlorophyll Concentration

Leaf samples were collected immediately before treatments with foliar fertilizer, and
two weeks after the treatments. Chlorophyll concentrations were determined with spec-
trophotometry according to [37]. Samples of 0.2 g of each plant were mixed with 15 mL of
acetone of 80%. The crude extract was centrifuged at 1500 x g for 5 min. A stock solution of
acetone of 80% was used to read the absorbance at 663.2 nm and 646.8 nm with a Shimadzu
UV mini-Model 1240 spectrophotometer. The calibration curve formula using acetone
aqueous solution of 20% is as follows:

Chlorophyll a (Ca), pg mL = 12.25 A663.2-2.79 A646.8,
Chlorophyll b (Cb), ng mL = 21.50 A646.8-5.10 A663.2,

The concentrations of Chl a (Ca) and Chl b (Cb) were calculated with the above
equations for the different solvents, in which the concentrations of pigment are given
in pg/mL.

2.5. Statistics

Statistical data were evaluated with the four-factor MANOVA analysis of variance
using SPSS v.27 (SPSS). The probability level was p = 0.05 as accepted in agricultural practice.
Bivariate trait relationships were summarized with Pearson’s correlation.

3. Results
3.1. The Effect of Zn Treatments to Chlorophyll Concentration

Figure 2 shows the total leaf chlorophyll concentration by treatments and nutrient
levels (dates of sampling have been given in Table 3). In 2021-2022, the total leaf chlorophyll
concentration of Zvezdana was 0.8% and that of GK was 5% between the second and third
samplings. In 2021-2022, the difference was 0.4% for Zvezdana and 9.9% for GK Pilis. In
the vegetation period of 2021-2022, there was no significant difference between the varieties
except for GK Pilis.
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Total leaf chlorophyll concentration (ug gt FW)
(e)]
o

Aa

Aa Aa Aa Aa Aa Bb Bb

Zvezdana Gk Pilis Ns Zvezdana Gk Pilis

2021 2022

mSampling 2 ®Sampling 3

Figure 2. Total leaf chlorophyll concentration in the years of 2020-2021 and 2021-2022. The values
marked by the same letters in the same columns show no significant differences (Tukey test p < 0.05).
Significant differences between years are marked in capital letters and significant differences between
varieties are indicated in normal-sized letters.

Table Al in Appendix A shows the total leaf chlorophyll concentration in the years of
research. In 2021, the results of the third sampling show that the chlorophyll concentration
of nutrient D increased statistically significantly only in the third treatment. Treatments of
nutrient level C were most effective. A higher chlorophyll concentration of 38%-130% was
measured in the treated plots compared to the control plot. In 2022, the zinc treatment of
nutrient level B was most effective with a significantly higher chlorophyll concentration
than in the control plot at both sampling times (51%-80% at the second sampling time
and 21%—-40% at the third sampling time). Table A2 in Appendix A shows the total leaf
chlorophyll concentration of Zvezdana in the two years of the study. Significant differences
between the treatments were found only at nutrient level A after the second sampling in
the year of 2021. A higher chlorophyll concentration of 9%—45.5% was found in the control
plots than in the treated plots. At the same nutrient level, the result was not clear at the
third sampling, and the lowest chlorophyll concentration (145 ug g ~! FW) was found in the
control plot. In 2022, significant differences were found between the treatments at nutrient
levels B, C, and D, and with treatments having positive effects only at nutrient level D.
There was a difference of 31%—127% between the control and the treated plots after the
second sampling.

3.2. Results of SPAD Tests

SPAD test results were compared with the results of our simultaneous chlorophyll
measurements at the time of flag leaf emergence (BBCH 65-69). Sampling times are shown
in Table 4. A positive correlation was found between the total leaf chlorophyll concentration
and SPAD index in both years (r = 0.81, p < 0.05), as seen in Figures 3 and 4.
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SPAD index

SPAD index

70

65

60

55

50

45

40

70

65

60

55

50

45

40

y =0.3232x + 3.601
R? = 0.6606

50 100 150 200 250
Total leaf chlorophyll concentration (ug g-tFW )

Figure 3. Correlation between SPAD and total leaf chlorophyll concentration at the time of flag leaf
emergence (BBCH 65-69) in 2020-2021.

y=0:0161x+49.693
R?=0.6745

50 100 150 200 250
Total leaf chlorophyll concentration (ug g lFW )

Figure 4. Correlation between SPAD and total leaf chlorophyll concentration at the time of flag leaf
emergence (BBCH 65) in 2021-2022.

We compared the results of SPAD tests in both years. The difference between the
two measurements is noticeable. Figure 5 shows the minimum value for both varieties
measured in the first measurement and the maximum value in the fourth measurement
in 2021. Table 4 shows the sampling dates. The difference between the two varieties was
2.4-2.9%. The minimum value in the first measurement and the maximum value in the
third measurement showed a difference of 0.4-1.1% in 2022 (Figure 6). The values of GK
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65

60

55

50

SPAD index

45

40

65

60

Ul
(O}

SPAD index
(0]
(o)

45

40

Pilis were highest in both years, except for the values in the last measurement. In the
fifth and sixth measurements, the values of Pilis decreased, showing a difference of 7.4%
between varieties in the year of 2021 and a difference of 2.5% in the year of 2022.

2021

60.43

60.00

53.09
51.46

1 2 3 4 5 6

Number of measurements

@ /7vezdana ==@==GK Pilis

Figure 5. Comparison of SPAD values in 2021.

53.61

53.28 52.40

46.86

1 2 3 4 5 6

Number of measurements

-=@==/vezdana ==@==GK Pilis

Figure 6. Comparison of SPAD values in 2022.
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3.3. Effects of Different Nutrient Levels and Foliar Fertilizer Treatments on Crop Yield

In 2021, significant differences were found in the yields between the varieties of
Zvezdana (5.47 t ha—!) and Gk Pilis (6.11 t ha=1) compared to 2022, when the differences
were smaller than in 2021 (Zvezdana 3.14 t ha~!, Gk Pilis 2.79 t ha~!. No significant
difference in yields was found between the two years (Figure 7).

B b

Yield (t ha™)

2021 2022

m Zvezdana m Gk Pilis

Figure 7. Crop yields by the averages of treatments and fertilizer doses in comparison of the
two studied varieties in 2021 and in 2022. The same letters in the same columns show no significant
difference (Tukey test p < 0.05). Significant differences between years are marked in capital letters
and significant differences between varieties are indicated in normal-sized letters.

Figure 8 shows the relationship between yields and higher fertilizer doses. The lowest
yield was measured at nutrient level A (Zvezdana 4.42 t ha~!, GK Pilis 4.49 t ha—!). The
yield of both varieties increased with the rise in doses of the fertilizer. While Zvezdana
increased to a lesser extent (6.7%, 34.4%, 53%), the yield of GK Pilis increased to a greater
extent (19%, 60%, 65.4%). Significant differences were obtained between the two higher
(C, D) and the two lower (A, B) nutrient levels, but the expected increase in yields could
still be observed. In 2022, even at nutrient level D, we harvested on average twice as much
as in 2021 at nutrient level A. In 2022, even at nutrient level D, we harvested on average
twice as much as in 2021 at nutrient level A. Nutrients could not be utilized, as shown by
the smaller differences in yields between nutrient levels B, C, and D (Zvezdana: 58%, 70%,
44%; GK Pilis: 23%, 53.6%, 28.7%).

8.00
7.00
6.00

A a AB b Bc Bec
5.00
A a Bb BCc B
4.00
3.00
2.00
1.00
A B c D A B C D

Yield (t ha™t)

0.00

2021 2022

B Zvezdana MGk Pilis

Figure 8. Effect of nutrient levels on crop yields by treatments in comparison of the two studied
varieties in 2021 and in 2022. The same letters in the same columns show no significant differences
(Tukey test p < 0.05). Significant differences between varieties are marked in capital letters and
significant differences between nutrient levels are indicated in normal-sized letters.
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No significant effects between the foliar fertilizers were found for the main averages
(Figure 9) in 2021. The first treatment resulted in a grain yield reduction of 3% for GK
Pilis and the second treatment in a grain yield reduction of 1.2% for Zvezdana. After the
second and third treatments, grain yield reductions were 0.1-0.5%. Although there was
no significant difference in terms of the main averages, foliar fertilizer was found to be
effective in the second year.
8.00 Aa Aa Aa Aa
7.00
6.00
- A a Aa Aa Aa
T 5.00
=
£ 4.00
=)
[
= 3.00
2.00
1.00
0.00
2nd 3rd 2nd 3rd

control 1st

control 1st

2021 2022

B Zvezdana M GK Pilis

Figure 9. Effects of Zn treatments on crop yields by the averages of fertilizer doses in comparison
of the two studied varieties in 2021 and in 2022. The same letters in the same columns show no
significant differences (Tukey test p < 0.05). Significant differences between varieties are marked in
capital letters and significant differences between Zn treatments are indicated in normal-sized letters.

We marked the significance between varieties with a capital letter and between treat-
ments with a normal letter. Significant differences between varieties are marked in capital
letters and significant differences between treatments are indicated in normal-sized letters
and with a sign *.

Table 5 shows the total grain yield and the interactions between treatments and
nutrient levels in the two years under challenge. The effectiveness of the applied dose
depends on the nutrient levels and varieties. As shown, individual nutrient levels were not
significantly influenced by the treatments in any year. Only nutrient level C of Zvezdana
shows that zinc treatments resulted in yields 2.2%—6.2% higher than the control plot in 2021.
All nutrient levels of Zvezdana resulted in higher grain yields compared to the untreated
control (from 5.3%-9.2%) in 2022. In the same year, except for nutrient level D of GK Pilis,
smaller yields were found in the untreated plots (6.9%—-18.1%).

Statistical values of correlation show that the relationship between chlorophyll and
grain yield depended on the year and variety. Figure 10 shows a weak correlation (r = 0.33,
p < 0.05) between the total chlorophyll concentration of leaves for Zvezdana in the year
of 2021, and a medium correlation for GK Pilis (r = 0.67, p < 0.05) (Figure 11). In the
year of 2022, a strong correlation (r = 0.81, p < 0.05) was found for Zvezdana (Figure 12),
and a weak correlation for GK Pilis (r = 0.44, p < 0.05) with grain yield and chlorophyll
concentration (Figure 13).
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Table 5. The effects of Zn fertilization and four nutrient levels on the yield in the years of 2020/2021

and 2021/2022.
. . Control (t 1st Treatment 2nd Treatment 3rd Treatment
Growing Season Genotype Nutrient Level ha-1) (t ha-1) (t ha-1) (t ha-1)
A 449 AaA* 441 aaA* 448 aaA* 431 aaA*
B 4.83 aaA* 4.70 aabA * 476 aaA * 4.62 aaA*
Zvezdana
C 5.75 aaA* 5.88 abA * 6.11 bbA * 6.03 abA *
021 D 6.76 abA * 6.81 acA* 6.60 abA * 6.89 abA *
A 458 aaA * 4.35aaA* 440 aaA* 4.61 aaA*
B 5.38 aaA * 5.18 abA * 5.61 abB * 5.27 abB *
GK Pilis
C 7.01 abB * 7.15acB* 7.15acB* 7.38 acB *
D 7.72 abB * 7,25 acA* 7.22 acB* 749 acA*
A 1.95 aaA 2.38 aaA * 2.28 aaA * 2.15aaA*
B 3.31 abA 3.53 abA * 3.43 abA * 3.63 abA *
Zvezdana
C 3.62 abA 3.66 abA * 3.85abA * 3.78 abA *
D 2.88 acA 3.12 abA * 3.34 abA * 3.35abA *
2022
A 1.99 aaA 2.09 aaA * 2.04 aaA * 2.14 aaA *
B 2.64 abB 2.70 abB * 2.79 abB * 2.74 aaB *
GK Pilis
C 3.35 acA 3.69 acA* 3.63 acA* 3.47 abA *
D 3.03 abcA 3.09 acA* 2.82 abA * 2.47 aaB*
The same letters in the same columns show no significant differences (Tukey test p < 0.05).
Zvezdana 2020-2021 y = -0.0024x + 6.2929
R2=0.1146
10
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8
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5 5 . ‘ . .“.."...“.;"..". ....... .
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Total leaf chlorophyll concentration (ug g *FW )

Figure 10. Regression between total leaf chlorophyll concentration and yield for Zvezdana
(2020/2021).
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Figure 11. Regression between total leaf chlorophyll concentration and yield for GK Pilis (2020/2021).
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Figure 12. Regression between total leaf chlorophyll concentration and yield for Zvezdana
(2021/2022).

GK Pilis 2021-2022 et onoes

45

°
3.5 L] g o ) .
25

1.5

Grain yield (t ha™?)
N
o

0.5

0 50 100 150 200 250 300
Total leaf chlorophyll concentration (ug g™*FW )

Figure 13. Regression between total leaf chlorophyll concentration and yield for GK Pilis (2021/2022).
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4. Discussion

Marquard and Tipton [38] found a significant correlation between chlorophyll con-
centration and SPAD values for several maize hybrids. A high correlation was also found
between N concentration and SPAD index by Tian et al. and Uchino et al. [39,40]. Glynn [41]
compared the SPAD values of total chlorophyll and carotenoid content, leaf N content, and
leaf photosynthetic efficiency of Sycamore (Acer pseudoplatanus), English Oak (Quercus
robur), and European Beech (Fagus sylvatica). He found high correlations for all parame-
ters, except between total chlorophyll concentration and SPAD, regardless of varieties. Our
results showed a moderate correlation between the total chlorophyll concentration of the
cultivars and the SPAD index in the same stages of growth of wheat (BBCH 65-69) in both
years studied. The values were suitable to determine the ripening of the cultivars. The
values of SPAD increased with the rate of plant and leaf growth and they began to decrease
at maturity, just as was found by Kandel [42], who had the same results in the study of
maize (Zea Mays). Our measurements also supported Ilze [43], who used a SPAD device to
determine the ripeness of winter wheat. During his tests, he measured the maximum values
obtained with SPAD at the end of the period of winter wheat flowering. The measurements
were carried out from May to June. In these two months, there was a total of 81 mm of
precipitation in 2021, and 59.5 mm in 2022. Much less rain fell in both areas compared to
the averages of the last 30 years (137 mm). The lowest values were observed on the first
measurement date (51.46; 52.9) and the highest values on the fourth measurement date
(60.43; 58.93) for Zvezdana in both years. Also, GK Pilis had the lowest SPAD value on
the first measurement date in both years (44.57; 44.77) and the highest in the third year
(53; 53.61). All measurements were carried out in the flowering stage of BBCH 61-65 for
both cultivars.

Comparing the results of the two years, a difference was found in the average of
treatments and nutrient levels between the two tested varieties. For Zvezdana, differences
of 3%-10% were found in the two years. For GK Pilis, the results were very similar in
2021 and in 2022. The growth in the vegetation period of the year under study was mainly
influenced by weather factors, which were statistically confirmed during the evaluation.
In the year 2020-2021, the temperature and precipitation distribution were both favorable
after sowing. The average temperatures in October and November were 12.5-5.70 °C, and
the total precipitation in the two months was 111.3 mm. Leaf emergence was uniform;
nothing hindered the utilization of the fertilizer applied in the fall. On the other hand, at
the time of leaf emergence at the end of October in the year 2021-2022, the temperature was
10.4-6.2 °C and only 47.5 mm of precipitation fell, which was almost half of the 30-year
average (82 mm). Treatments and sampling were carried out in March, May, and June
in both years. In 2021, 30 mm of rain fell in March and April, and 70 mm in May. In
2022, 0.5 mm of rain fell in March, 35 mm in April, and 38.1 mm in May, significantly
less precipitation compared not only to 2021 but also to the 30-year average in the region
(30 mm, 31 mm, 61 mm). As a result, it can be concluded that in the growing season of
2021/2022, there was an extreme drought, which is also reflected in the yield. Our findings
confirmed the results of Debreczeni and Debreczeni B. [44], who found that the lack of
water in the reproductive phase caused large crop losses. In addition, several other studies
such as Agoston and Pep6 [18] proved that the variety used significantly determined the
yield. Arendas et al. [45] concluded that the quantitative and qualitative parameters of
the crop were primarily determined by the biological-genetic properties of the cultivated
varieties and by the nutrient supply capacity of the soil. Therefore, it makes sense to
determine the quantitative and qualitative values of the nutrient supply not only for the
plant culture but also for the variety. The yield of the varieties studied was found to be
different in both years. While GK Pilis performed better in 2021, Zvezdana performed
better in 2022, which shows Zvezdana’s better adaptability.

In Hungary, Pollhammerné [46] conducted successful experiments with copper and
zinc fertilization in order to improve the quality of winter wheat. Pecznik [47] also used
copper and zinc compounds in his experiments and proved their beneficial effect on quality.
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Rose and others [48] investigated the effect of the basic zinc carbonate complex on winter
wheat. Their experiments proved that zinc positively influenced both the yield and the
quality parameters of winter wheat. In Turkey, the studies of [lknur [49] showed that the
administration of increased doses of zinc had a favorable effect on the content parameters
of wheat, and its bakery values improved especially. A similar result was obtained by
Peck et al. [50]. In their research, they found that zinc foliar fertilization influenced the
amount of wheat protein. Thorne [51] concluded that although phosphates act against the
solubility of zinc in the soil, it is doubtful that the Zn deficiency could be explained by
direct Zn precipitation by phosphates.

Correlations were found between yield and chlorophyll for years and cultivars. In
2021, the correlation was low in both cases. In 2022, we obtained small to medium corre-
lations. Recent studies suggest that the diffusive limitation through stomatal closure and
the nonstomatal limitation (such as oxidative damage to chloroplast) are responsible for
the decline in photosynthesis under the stress of drought [52]. In the study of different
drought-tolerant durum wheats, it was proved that the relative chlorophyll concentration
of the tested variety decreased in the later stages of ontogenesis as a result of drought [53].
Several authors have found that chlorophyll synthesis depends on mineral nutrition [54,55].
Several other studies have shown that the presence of N delays the ageing process of
leaves [56,57]. High N levels can delay senescence [58-61], as the sink demand may be sat-
isfied to a higher extent from stored inorganic or organic nitrogen, allowing higher levels of
ongoing photosynthesis. Comparing the results of two years, we examined the chlorophyll
concentration of GK Pilis and Zvezdana. First, we compared the results of the second and
third sampling times. In both years, four weeks elapsed between the two measurements. In
all cases, the chlorophyll concentration in the plant increased as the vegetation progressed.
It was also noticeable that the chlorophyll concentration of Zvezdana was higher in both
years. Compared to the first year, the chlorophyll concentration decreased by 3.7% for
Zvezdana and 9% for GK Pilis. Measurements were taken on 25 April and 26 May 2021,
and the average rainfall was 30.4 and 70.6 mm, respectively. In 2022, sampling took place
on 26 April and 23 May, and the average rainfall was between 35 mm and 38.1 mm. As a
comparison, the average amount of precipitation in the last twenty years was around 36
mm and 61 mm in these months. The average total chlorophyll concentration suggests that
GK Pilis was more sensitive to less precipitation.

The treatments had different effects on the four nutrient levels in both years. In
most cases, treatments either had no effect on chlorophyll content or reduced it. The
results did not confirm that zinc treatments of different doses had significantly positive or
negative effects on the total chlorophyll concentration of winter wheat in the years of the
study. However, the results showed that the treatments exerted different effects at different
fertilizer doses, and differences were also observed between varieties. In order to be able to
find more conclusive evidence about the interaction of zinc and macroelements, the vintage
effect and the chlorophyll concentration must be compared over a period of several years.
We were lucky in the experiment because the average rainfall in the two years of research
was different; thus, the vegetation of a normal and an extreme year could be compared, but
this fact prevents us from drawing clear conclusions.

5. Conclusions

Foliar fertilizers containing trace elements can play an important role in modern
agricultural practices, because they have been shown to have positive impacts on crop
physiology and productivity. Although micronutrient supplementation has already been
investigated, the results are still unique in long-term and monocultural experiments.

Some important findings are summarized below:

e  The two varieties reacted differently to different weather conditions in terms of chloro-
phyll concentration and the amount of crop yield. This result has practical relevance,
as this is an important consideration for farmers to select the optimal wheat variety.
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In the dry year of 2021/2022, Zvezdana produced higher yields after zinc treatment.
Zinc treatments had different effects on the four nutrient levels in the experiment.

o  The effectiveness of the foliar Zn treatment also depends on the nutrient levels
and varieties.

e  Further studies are needed to draw more conclusions about the interactions between
the variables.

e  Analytical measurements have confirmed the effectiveness of SPAD to measure chloro-
phyll concentrations.

e  This is confirmed by the strong correlation between the results. Since measurement
with SPAD is a faster and cheaper way to determine chlorophyll content, it can be
used in some cases instead of analytical tests.

e  The correlation between yields and chlorophyll content was higher in the dry year of
2021/2022 than in the year of 2020/2021 of favorable weather conditions.
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Appendix A

Table A1. The total leaf chlorophyll concentration of GK Pilis in the vegetation periods of 2020-2021
and 2021-2022.

Growing Season Nutrient Level Zn Treatment Second Sampling (ug g1 FW) Third Sampling (ug g~1 FW)
control 147 aA * 159 aA
1st 160 aA 201 aA
2nd 125 aA 158 aA
3rd 111 aA 152 aA
control 177 aA 273 aB
1st 179 aA 266 aB
2nd 159 aA 150 aA
3rd 202 aBC 224 aB
2020/2021 control 183 aA 94 aA
1st 182 aA 129 bA
2nd 142 aA 217 cA
3rd 143 aAB 140 bdA
control 178 abA 173 aA
1st 193 abA 144 aA
2nd 174 aA 157 aA

3rd 218 bC 199 aA
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Table Al. Cont.

Growing Season Nutrient Level Zn Treatment Second Sampling (ug g1 FW) Third Sampling (ug g~1 FW)

control 113 aAB 126 aA

A 1st 178 bAB 152 aA

2nd 186 bcA 122 aA

3rd 214 bdcA 117 aA

control 80 aA 125 aA
B 1st 138 bA 175 bAB
2nd 148 bcAB 152 abA
3rd 121 abcB 151 abA

2021/2022 control 124 abAB 193 aB
c 1st 184 bB 100 bC

2nd 113 aB 192 aB

3rd 150 abB 212 aB

control 157 abB 204 aB

D 1st 140 abAB 196 aB

2nd 183 acA 195 aB

3rd 141 abB 222 aB

* Means marked by the same letters in the same columns show no significant difference (Tukey test p < 0.05).
Significant differences between nutrient levels are marked in capital letters and significant differences between
treatments are indicated in normal-sized letters.

Table A2. Total leaf chlorophyll concentration of Zvezdana in the vegetation periods of 2020-2021
and 2021-2022.

Growing Season Nutrient Level Zn Treatment Second Sampling (ug g—1 FW) Third Sampling (ug g—1 FW)
control 183 aA * 145 aA
A 1st 126 bA 151 aA
2nd 132 abA 166 aA
3rd 167 abA 151 aA
control 155 aA 294 aB
B 1st 228 aB 277 aA
2nd 226 aB 264 aA
3rd 179 aA 334 aB
2021 control 179 aA 179 aA
c Ist 175 aAB 184 aA
2nd 189 aAB 191 aB
3rd 158 aA 192 aA
control 179 aA 170 aAB
D 1st 206 aB 155 aA
2nd 190 aAB 147.85 aAB
3rd 170.08 aA 218 aAB
control 158 aA 121 aA
A Ist 109 aA 176 aA
2nd 164 aA 151 aA
3rd 133 aA 138 aA
control 164 aA 231 aB
B 1st 108 bA 180 abA
2nd 105 bB 118 bA
3rd 102 bA 160 abA
2022 control 138 aA 203 aAB
c Ist 151 aB 101 bB
2nd 182 aA 153 abA
3rd 145 aA 125 bAB
control 118 aA 232 aB
D 1st 156 aB 144 bAB
2nd 164 aA 130 bA
3rd 270 bB 224 aB

* Means marked by the same letters in the same columns show no significant difference (Tukey test p < 0.05).
Significant differences between nutrient levels are marked in capital letters and significant differences between
treatments are indicated in normal-sized letters.
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