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Abstract: The aim of this study was to observe direct and joint effects of three factors (genotypes,
ecological environmental conditions and the applied crop density) on the level of defoliation intensity
and yield. Three inbred lines (G) of maize (G1-L217RfC, G2-L335/99 and G3-L76B004) were used
in the study. The trials were performed in two years (Y) (Y1 = 2016 and Y2 = 2017) and in two
locations (L) (L1 and L2) under four ecological conditions of the year—location interaction (E1-E4)
and in two densities (D1 and D2) (50,000 and 65,000 plants hafl). Prior to tasselling, the following
five treatments of detasseling and defoliation (T) were applied: T1—control, no leaf removal only
detasseling, T2-T5—removal of tassels and top leaves (from one to four top leaves). The defoliation
treatments had the most pronounced effect on the yield reduction in G1 (T1-Tn+1 ... T5), p < 0.05.
The ecological conditions on yield variability were expressed under poor weather conditions (E3 and
E4), while lower densities were less favorable for the application of defoliation treatments. The result
of joint effects of factors was the lowest grain yield (896 kg/ha) in G3 in the variant E3D1 for T2 and
the highest grain yield (11,389 kg/ha) in G3 in the variant E2D2 for T1. The smallest effect of the
defoliation treatment was on the kernel row number (KRN).
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1. Introduction

The seed production of inbred lines and F; hybrids requires the removal of tassels
from the female parent. This removal prevents uncontrolled pollination, and then the
appropriate genetic background in the seed is provided by self-pollination or by effects
of anemophily [1,2] or by any other appropriate crossing. Detasseling is done prior to
full maturity of anthers, when the tassel has emerged out of the leaf sheath. Detasseling
is approached very carefully, it is performed either manually with a skilled labor [3,4],
since the base of the tassel is not visible, or mechanically. With more intensive defoliation,
there is greater certainty that the entire tassel would be removed. When knives cutters are
adjusted to remove the longer top portion of the plant, the variation in the stalk height
does not affect the success of detasseling. Regardless of manual or mechanical detasseling,
more intensive defoliation reduces the cost of control of the presence of tassel residues
on plants in the seed crop. However, more intensive defoliation can cause a decrease in
the grain yield [5-8]. The loss in the grain yield results in the lower income from the seed
production, which can nullify the savings achieved by the decreased defoliation intensity.

The intensity of defoliation in which there is no significant reduction in yield or the
occurrence of other side effects in inbred lines and their seeds can be designated as “safe”
(“harmless”) treatment (level) of defoliation. The terms “optimum leaf defoliation” and
“judicious defoliation” of maize plants have been used by Raza et al. [9]. These terms are
related to treatments that improve the nutrient uptake and do not reduce yield. Slower
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seed maturation can be one of the undesirable effects of defoliation. Modarres et al. [10]
stated that leafy-reduced maize inbred lines have a higher grain moisture content at harvest
than leafy inbreds.

Seed producers are interested in the increase of the intensity of defoliation, but only
up to a safe level. Effects of defoliation and the safe level of defoliation vary depending on
different factors, such as: genotype, environmental conditions, crop density, mode, timing
and intensity of defoliation. The results obtained in several studies dealing with the effects
of various factors on defoliation have been published [11-15].

In one of the initial studies within this field [16], the response of six maize (Zea mays L.)
inbreds was evaluated to 50% and 100% defoliation at the 14-leaf stage regarding grain
yields and yield components. Frascaroli et al. [17] studied the response of six inbred lines of
maize (B73, IABO78, Lo1016, L0964, Mo17 and Os420) to different defoliation treatments in
three environments. Raza et al. [9] investigated the effects of four-leaf excision treatments
(T1-0; Tp-2; T3-4 and T4-6 leaves excised from the top of maize plants) on grain yield of
maize through two-year field experiments. Shekoofa et al. [18] analyzed changes in yields
and yield components when all the leaves were removed from one side of the maize plants
in three hybrids in three plant densities.

The aim of this study was to establish the direct and combined joint effects of three
factors: genotypes (inbred lines), environment and applied cropping practices (crop den-
sity) on the safe level of defoliation, including quadruple interactions. These studies are
important for the management of seed production and improvement detasseling and
defoliation technology to prevent yield losses.

2. Materials and Methods
2.1. Plant Material and Field Experiment

Three maize inbred lines (G), designated as G1-L217RfC, G2-L335/99 and G3-L76B004,
were used in the study. Each inbred was derived at the Maize Research Institute, Zemun
Polje, Serbia. These inbreds are parental components of commercial hybrids. G1 is a female
component of the hybrids ZP 341, ZP 434 and ZP 360. G2 is a female component of the
hybrids ZP 555, ZP 606 and ZP 666, while G3 is a female component of the hybrids ZP 560
and ZP 600. These inbreds belong to the following heterotic groups: BSSS (G2, G3) and
Iowa Dent (G1).

The three-replicate trail was set up according to the randomized complete block design
(RCBD) in 2016. The distance between replicates amounted to 1 m. The elementary plot
included three 5-m rows of plants with the inter-row distance of 70 cm. The size of the
elementary plot was 0.35 m?.

The studies were performed during two years (Y1 = 2016 and Y2 = 2017) in two loca-
tions in Serbia (L1 = Zemun Polje—44°52/00" N; 20°19'00” E and L2 = Parage—45°24'30" N,
19°24/07" E). The soil in L1 was degraded chernozem of the second class, while the soil in
L2 was calcareous chernozem of the first class. Soil analyses were performed by standard
methods for determining quality: soil pH in KCl was determined in a 1:2.5s0il-1 MKCl
suspension after a half-hour equilibration period; CaCO3; was determined by the method
Scheibler with a calcimeter; organic matter content was determined by Kotzmann’s method;
the Kjeldahl method was used to determine total N, while the content of available phos-
phorus (P,0s) and potassium (K,O) was established by the standard AL-method according
to Egner—Riehm (Table 1).

The trial was set up under rainfed conditions, so that the differences in ecological
conditions between years and locations would be as pronounced as possible. In such a way,
data were obtained for four year—location interactions: E1 (Y1L1), E2 (Y1L2), E3 (Y2L1)
and E4 (Y2L2). Inbred lines were tested in two densities (D): D1 = 50,000 plants ha—! and
D2 = 65,000 plants ha~!. Sowing was done in mid-April. The plant distance within the
row was adjusted to 28.57 and 21.98 cm in D1 and D2, respectively.

Standard cropping practices for maize were applied. Prior to tasseling, the follow-
ing five treatments of detasseling and defoliation (T) were applied: T1—control, no leaf
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removal, only detasseling, T2—removal of tassel and one top leaf, T3—removal of tassel
and two top leaves, T4—removal of tassel and three top leaves, T5—removal of tassel and
four top leaves (Table 2).

Table 1. Soil properties.

Soil Layer pH CaCO; OM (%) total N P,05 K;0

(cm) KCL H,0 (%) ° (%) mg/100 g mg/100 g
L1Y1 0-30 7.10 8.10 1.20 2.70 0.19 39.20 20.80
L1Y2 0-30 7.30 8.40 3.30 2.60 0.19 25.90 25.70
L2Y1 0-30 7.61 8.16 5.58 253 0.13 18.66 24.85
L2Y2 0-30 7.64 8.22 7.42 2.77 0.13 28.17 24.85

L1Y1—Zemun Polje/2016; L1Y2—Zemun Polje/2017; L2Y1—Parage/2016; L2Y2—Parage/2017.

Table 2. Treatment of detasseling and defoliation (T).

Treatment Removal of (Tassel + Top Leaf)
T1 T
T2 T+1TL
T3 T+2TL
T4 T+3TL
T5 T+4TL

T—Tassel, TL—Top leaf.

The removal of tassels and leaves was done by hand. All ears from the middle row
were used to measure the yield. Ears were harvested manually at the stage of full grain
maturity, whereby the grain yield was measured and the moisture content was determined
for each sample. Then, the grain yield of all variants in the trial was calculated to 14%
moisture. The moisture content was determined using a hygrometer (Perten instruments
AB, AM 5200-A, Sweden).

The sample of five ears of each variant (3(G) x 2(Y) x 2(L) x 2(D) x 5(T) = 120)
was drawn to determine the kernel row number (KRN), kernel number per row (KNR),
the ear length (EL), and kernel weight. The kernel row number (KRN) was measured by
counting the rows of kernels of each ear from the sample (five ears), KNR was established
by counting three rows of kernels from each ear from the sample, EL was determined by
measuring the length of five ears from each sample with a ruler (0-1000 mm), and the
kernel weight (KW) was established by counting 10 x 100 kernels and then by measuring
on the digital balance (Tehtnica ET 1111, max-1200.00/120.00 g, e-0.1 g, dd-0.1/0.01 g,
Serbia).

2.2. Precipitation and Temperature Data

The average temperature was lower in Y1 than in Y2 in both locations (by 0.8 °C
(19.40-20.2 °C) in L1 = Zemun Polje, and by 0.7 °C (18.1-18.8 °C) in L2-Parage). Y1 was
characterized by a higher amount of precipitation during the growing season of maize
(April-October) than Y2.

2.3. Statistical Analysis of Data

The statistical analysis encompassed 360 data on the value of grain yield (3 genotypes
x 4 year—location interactions x 2 crop densities x 5 defoliation treatments x 3 replica-
tions), kernel row number, kernel number per row, 1000-kernel weight, and germination.
The analysis of variance (ANOVA), type Il sum of squares, was applied to estimate the
significance of main factors (G, E, D and T) and their interactions. The descriptive statistics
was used to describe basic features, including the mean, standard deviation, minimum,
maximum and the range of variants, within each factor. Factors, for which the significance
of differences between their variants in ANOVA were determined, were analyzed sepa-
rately. First, the data file was split into appropriate groups, and then the univariate analysis,
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with the grain yield as a dependent variable, was applied. Post hoc multiple comparisons
were done by the LSD test, for the significance level 0.05 and 0.01 [19]. Statistical analyses
were performed using the SPSS version 20 (IBM, Armonk, NY, USA).

3. Results
3.1. Effect of Genotype, Year, Location and Density on Grain Yield and Yield Components under
Different Detasseling Treatments

ANOVA showed that there were statistically significant differences among variants G,
E and D, as well as among treatments of defoliation (T) (Table 3). This points out that the
grain yield, morphological traits or yield components (KRN, KNR, EL, KW) significantly
depended on the intensity of defoliation, as well as on effects of defoliation that were
observed in this study [20]. The statistical significance obtained by the analysis of variance
justifies the choice of factorial variants and provides the meaning of the factorial analysis.

Table 3. Estimation of factor contribution to grain yield, kernel rows number, kernel number per
rows, ear length, 1000-kernel weight (ANOVA).

Source aGY b KRN ¢ KNR d EL ¢ KW
G 59.563 *** 195.323 *** 140.873 *** 10.932 *** 182.668 ***
E 2495.874 *** 525.427 *** 1311.885 *** 1103.954 *** 168.828 ***
D 5.146* 12.193 ** 37.046 *** 75.143 *** 24.831 ***
T 36.308 *** 0.285ns 52.773 *** 17.891 *** 676.697 **
GxE 121.272 *** 90.942 *** 54.693 *** 56.748 *** 52.095 ***
GxD 5.574 ** 4.085 * 3.506 * 4919 ** 5.215 **
GxT 1.596 ns 3.152 ** 1.844 ns 0.636 ns 3.307 **
ExD 4,552 ** 6.192 *** 1.189 ns 7.234 #** 2.203 ns
ExT 8.528 *** 0.883 ns 6.078 *** 5.160 *** 1.592 ns
DxT 0.789 ns 4.268 ** 1.731 ns 1918 ns 1.495 ns
GxExD 1.671 ns 2.344 * 0.632 ns 4.874 *** 1.588 ns
GxExXT 2.681 *** 0.832 ns 2.599 *** 2.869 *** 1.271ns
GxDxT 2.363 * 3.269 ** 2.228 * 0.882 ns 0.490 ns
ExDxT 3.154 ** 2.108 * 1.877 * 1.262 ns 2.061 *
GXxExDxT 1.653 * 1.940 * 1.291 ns 1.919 ** 1.583 *
Error 69,510,756.000 240 289,628.150
Total 12,261,433,404.000 360
Corrected Total  2,617,841,433.156 359

2 R Squared = 0.973 (Adjusted R Squared = 0.960); ® R Squared = 0.919 (Adjusted R Squared = 0.880);
¢ RSquared = 0.953 (Adjusted R Squared = 0.930), ¢ R Squared = 0.946 (Adjusted R Squared = 0.919);
€ R Squared = 0.854 (Adjusted R Squared = 0.781); KRN—kernel row number; KNR—kernel number per row;
EL—ear length; KW—1000-kernel weight; * The mean difference is significant at the 0.05 level, ** The mean
difference is significant at the 0.01 level, *** The mean difference is significant at the 0.001 level, ns—not significant.

High yields in the production of various crops are achieved by the selection of geno-
types with the greatest possible yield potential. The statistical significance of the G x T
interaction in ANOVA indicates that the most yielding inbred lines did not have the highest
grain yield in all treatments of defoliation.

The favorable production conditions (location, types of soil) and the application of
appropriate cropping practices are a prerequisite for achieving high grain yields [21].
However, based on the statistical significance of double interactions E x Tand D x T in
ANOVA, it is observed that the most favorable year—location interactions and cropping
practices did not always mean the highest grain yields in all defoliation treatments.

The statistical significance of triple interactions G x D x Tand E x D x T in ANOVA,
as well as the statistical significance of quadruple G x E x D x T interaction in ANOVA,
indicate that, in addition to the direct effects of individual factors on grain yields in various
defoliation treatments, their combined effects also played a significant role.

The ANOVA results suggest that it is possible to reduce grain yield losses during
defoliation by applying individual variants and by combining variants G, E and D. At the
same time, the determination of an individual factor and a combination of factors that
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provide a significant reduction in yield losses during defoliation is very important for seed
producers.

In plant breeding, the type of a relationship among yield components is important in
order to develop genotypes with high genetic potential [22].

Grain yield can be equal with different contributions of individual yield compo-
nents [23,24]. The importance of all individual factors on KNR, EL and KW was determined
by the analysis of variance of morphological seed traits [25-27]. The trait KRN stood out,
as defoliation treatments had no significant effects on the variation of mean values in this
study.

The interaction of factors was also present in the variation of morphological traits.
Double, triple and quadruple interactions with the factor T did not show statistical signif-
icance. The double interactions G x T and D x T had the least impact on the formation
of KNR, El and KW. This points to the fact that attention should be paid to the selection
of seed material and cropping practices in the process of crop sowing, due to the large
variable possibilities of factor actions (Table 1).

3.2. Seed Yield in Trial Variants

The lowest seed grain (896 kg/ha) in the trial was detected in G3 in the variant E3D1
for T2, while the highest one (11,389 kg/ha) was recorded in the same genotype in the
variant E2D2 for T1 (Table 4). This result indicates a low stability of G3 seed yields in
various variants and treatments, but also the possibility to remove relatively small leaf mass,
which can lead to a significant reduction in yield. According to data, G3 responded with
a large reduction in grain yield in the adverse unfavorable year of 2017 compared to the
genotypes G1 and G2. The reason for this may be that G3 has a longer growing season that
the remaining two inbred lines, thus grain filling in this inbred under conditions of drought
in 2017 ceased earlier than in G1 and G2. The first year of investigation (Y1 = 2016) was
more favorable for maize production than the second one (Y2 =2017) (Figure 1). whereby
in both years, maize had more available moisture for the growth and development in
L2 than in L1. Thus, in Y1, the precipitation sum in L1 and L2 amounted to 498 and
537 mm, respectively, while the corresponding sums for Y2 were 349 and 356 mm. The
range (max-min) of all variants tested in the trial amounted to 10.493 kg /ha. The average
yield of all trial variants was 5175.684 kg /ha, with a standard deviation of 2671.737 kg/ha
and a coefficient of variation of 51.62%.
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Figure 1. (a) Temperature and precipitation data in 2016 (Y1) and 2017 (Y2) in the location of Zemun Polje (L1); (b)
Temperature and precipitation data in 2016 (Y1) and 2017 (Y2) in location of Parage (L2).

3.3. Descriptive Statistics and Mean Differences of Studied Factors and Defoliation Treatments

According to values obtained for G (Table 5), the highest, i.e., lowest grain yield (5549.4
and 4791.3 kg/ha, respectively) were recorded in G2 and G3, respectively. Differences
among average yields of all genotypes were very significant (Table 6).
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Table 4. Average yield (kg/ha) of three maize inbreed lines grown in four year-location interactions
in two densities for five defoliation treatments.

T
G E D

T1 T2 T3 T4 T5

D1 6487 5848 5587 5717 5145

El D2 6468 6836 6158 6863 5840

D1 7149 7776 7035 6829 5777

E2 D2 8579 8455 8196 7216 6132

Gl D1 3614 3876 3735 4069 3092

E3 D2 3559 4292 3758 3732 2967

D1 4444 319 3686 3525 3473

E4 D2 4460 3445 3522 3239 3673

D1 7463 7312 7619 7483 6096

El D2 7089 6519 6855 7656 6158

D1 9670 8537 9064 8789 7997

E2 D2 9566 9839 10,000 8311 7297

G2 D1 4022 3808 4305 2899 3233

E3 D2 3531 3676 3238 4027 2866

D1 2795 3452 2546 2284 2582

E4 D2 2050 2259 2810 3826 2444

D1 6464 6125 6660 6537 5561

El D2 6612 6161 6383 5203 6220

D1 10,338 9320 9464 9005 8329

E2 D2 11,389 9704 10,812 9215 7668

G3 D1 1154 896 1236 1145 1074

E3 D2 1067 1055 1729 1147 958

D1 1547 3038 2316 2329 2125

E4 D2 1852 2338 2800 2808 1870

G: Genotype (G1-, G2-, G3-), E: Year-location interaction (E1—ZemunPolje 2016, E2—Parage 2016, E3—Zemun
Polje 2017, E4—Parage 2017), D: Density (D1—50,000 plants/ha, D2—65,000 plants/ha), T: Treatment of defoliation
(T1—control, detasseling, T2—detasseling + 1 leaf, T3—detasseling + 2 leaves, T4—detasseling + 3 leaves, T5—
detasseling + 4 leaves).

Table 5. Descriptive statistics for the genotype, the year-location interaction, crop density and the
defoliation treatment.

Yield (kg/ha)
Factor  Variant N

Mean s? Minimum Maximum Range

Gl 120 5186.3 2,941,798.427 2446 8676 6230

G G2 120 5549.4 7,036,759.979 1672 10,806 9134
G3 120 4791.3 11,730,172.849 189 11,794 11,605

El 90 6437.6 697,323.256 4832 8656 3824

E2 90 8582.0 1,946,069.211 5049 11,794 6745

E E3 90 2792.0 1,683,089.706 189 5720 5531
E4 90 2891.2 720,879.826 1272 4791 3519

D1 180 5111.3 6,802,029.6465 189 11,648 11,459

D D2 180 5240.0 7,814,456.155 645 11,794 11,149
T1 72 5473.7 9,284,806.394 772 11,794 11,022

T2 72 5323.6 7,478,895.490 189 10,806 10,617

T T3 72 5396.4 7,911,992.660 1041 11,090 10,049
T4 72 5160.7 6,579,607.793 645 9883 9238

T5 72 4524.1 5,023,261.711 811 8947 8136

G: Genotype (G1-, G2-, G3-), E: Year-location interaction (E1—Zemun Polje 2016, E2—Parage 2016, E3—Zemun
Polje 2017, E4—Parage 2017), D: Density (D1—50.000 plants ha—!, D2—65,000 plants ha~!), T: Treatment of
defoliation (T1—control, detasseling, T2—detasseling + 1 leaf, T3—detasseling + 2 leaves, T4—detasseling +
3 leaves, T5—detasseling + 4 leaves); N—samples size; S2—variance.

It is interesting that the most yielding genotype was characterized by higher yield
stability than the least yielding genotype, based on values of their standard deviations. The
lowest standard deviation and the smallest range of variation were detected in G2.
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Table 6. Differences in mean yield (kg/ha) of genotypes.
Gn Gm Gn-Gm Sig. Standard Error
Gl G2 —363 ** 0.000
G3 394 ** 0.000 69.488
G2 G3 758 ** 0.000

G: Genotype (G1-, G2-, G3-), Gn—first column of factor G; Gm—second column of factor G; Gn-Gm—
differences between the mean values of the factors; ** LSD significant at the 0.01 level.

Based on the E values (Table 5), the highest (8582 kg/ha), i.e., lowest (2792 kg/ha)
grain yield was recorded in E2, i.e., E3, respectively. There was a significant difference
among all year-location interactions, except between E3 and E4 (Table 7).

Table 7. Differences in mean yield (kg/ha) over the year-location interactions.

En Em En-Em Sig. Standard Error
E2 —2144 ** 0.000

El E3 3645 ** 0.000
E4 3546 ** 0.000

o E3 5789 0.000 80226
E4 5690 ** 0.000

E3 E4 -99 0.218

E: Year-location interaction (E1—Zemun Polje 2016, E2—Parage 2016, E3—Zemun Polje 2017, E4—Parage 2017);
En—first column of factor E; Em—second column of factor E; En—Em—differences between the mean values of
the factors; ** LSD significant at the 0.01 level.

This result points out that producers of hybrid maize seeds can expect a significant
variation in yields under rainfed conditions [28-31]. Significantly lower yields obtained in
E3 and E4 than in E1 and E2 are a consequence of unfavorable weather conditions for maize
production in 2017 than in 2016. The second production year lacked sufficient amounts of
precipitation for obtaining higher yields. The sum of precipitation from April to October
amounted to 349 and 356 mm in E3 and E4, respectively. The significant differences between
E1 and E2 suggest that very different yield can be achieved in different locations during the
same year. One of the interesting results is that the smallest yield deviation (835.06 kg/ha)
was recorded under conditions of E1, in which the second highest yield (6437.6 kg/ha) was
obtained. This leads to a conclusion that the certain year—location interactions contribute to
the establishment of yield stability over all observed factors, i.e., they reduce their effects,
in conjunction with management systems and plant populations [32-35].

Based on D values (Table 3), the higher yield (5240.0 kg/ha) was obtained with
the higher density (D2) and vice versa the lower density (D1) with the lower yield
(6111.3 kg/ha). The crop density affects the habitat and the assimilation surface of individ-
ual plants. A high sowing density shades the crop canopy, reduces the light transmittance
within a population and accelerates leaf senescence, all of which affect photosynthesis of
maize and both the accumulation and the distribution of substances and limit the grain
development [36-38]. Considering the above stated, it should not be forgotten that the
D x E interaction was significant. The range of variation in both sowing densities was
equal (11,459 kg/ha). The obtained results on D (Table 3) indicate that in order to obtain
higher yields in the seed production of maize inbred lines, the denser sowing should be
preformed.

Concerning the T variants, the highest average yield (5473.7 kg/ha) was achieved
in the variant T1, and the lowest (4524.1 kg/ha) in the variant T5 (Table 3). Pereira [39]
considered that the reduction in the assimilation leaf area during defoliation was the main
cause of the yield reduction. Compared to the control (T1), significantly lower yields were
obtained in T4 and T5 (Table 8).
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Table 8. Differences in mean yield (kg/ha) for defoliation treatments.

Tn Tm Tn-Tm Sig. Standard Error
T2 150 0.095

T1 T3 77 0.389
T4 313 ** 0.001
T5 950 ** 0.000
T3 —72 0.418

T2 T4 162 0.071 89.695
T5 799 ** 0.000

T3 T4 235 ** 0.009
T5 872 ** 0.000

T4 T5 636 ** 0.000

T: Treatment of defoliation (T1—control, detasseling, T2—detasseling + 1 leaf, T3—detasseling + 2 leaves, T4—
detasseling + 3 leaves, T5—detasseling + 4 leaves); Tn—first column of factor T; Tm—second column of factor T;
Tn-Tm—differences between the mean values of the factors; ** LSD Significant at the 0.01 level.

The largest reduction in the assimilation leaf area was in the variant T5, in which four
leaves were removed, hence it is logical that the lowest grain yield was obtained in the
defoliation treatment. Allometry is clearly observed with the frequency as a response of
plants to the compensation attributed to variations in plant populations [40]. Vasilas and
Seif [16] estimated that 50% defoliation at the 14-leaf stage reduced grain yields of maize
inbreds by 2.5-17.0%. In this study, mean values of grain yields in T2 and T3 were similar
and did not differ significantly from the control treatment, so it can be concluded that the
removal of one or two leaves represented the safe intensity of defoliation. This statement is
in agreement with the conclusion drawn by Raza et al. [9] that excision of two leaves from
the top of maize plants significantly improved the light interception to lower strata leaves
and accelerated the biomass partitioning to maize kernels. The standard deviation of the
grain yield in this study decreased with the increased defoliation intensity.

3.4. Joint Effects of Studied Factors on the Yield Loss in Different Defoliation Treatments

In regard to the seed production of maize inbred lines, it is important to know the
effects of individual factors on grain yields and yield losses in different defoliation treat-
ments (Table S1). Nevertheless, it should be borne in mind that factors are not expressed
each for itself, but they are inter-related, which is in accordance with the conclusions made
by other authors [41,42].

According to all individual genotype x year-location interaction (Table 9), G3 in E1,
as well as G2 and G3 in E3, did not have a significant loss of grain yield in any defoliation
treatment.

On the contrary, G1 in E4 had a significant yield loss in all defoliation treatments.
It is noticeable that the levels of safe defoliation in the same year—location interaction
varied over observed genotypes, but also these levels for the same genotype differed in
dependence on E. This suggests that seed producers have the ability to reduce yield losses
by producing inbred lines in a particular year-location interaction in the defoliation variant.
At the same time, it is important that these conditions provide achieving high yields of the
inbred line (Tables S2 and S3).

The last analysis in this study refers to the dissection of the quadruple G X E x D x T
interaction. It was observed that there was a wide range of joint effects of G, E and D on
grain yield losses in different defoliation treatments (Table 10).

Effects observed for individual factors can be greatly altered in quadruple interactions.
For example, although a higher crop density D2 was found to reduce losses due to defolia-
tion, by observing actual values of yield losses due to defoliation over locations, quite the
opposite effect or the neutral effect of crop density, can be observed (Table S4). For instance,
yield losses of G1 in E2 are greater in D2 than in D1, in absolute values and significance.
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Table 9. Joint effect of genotype x year-location interaction on yield losses (kg/ha) in different
defoliation treatments.

T1-Tm
G Tm
1 B2 B3 E4
T2 135 —252 497 1132 #*
T3 605 ** 248 ~160 848 **
Gl T4 187 841 * _314 1070 **
T5 985 ** 1909 ** 557 * 879 *+
T 361 430 35 —433
e 40 86 5 —256
G2 T4 —294 1068 ** 314 633
T5 1149 1971 ** 727 —90
™ 394 1352 135 —9gg
T3 16 726 —372 859 *
G3 T4 668 1754 ~36 —869*
T5 647 2865 ** 95 —208

G: Genotype (G1-, G2-, G3-), E: Year-location interaction (E1—Zemun Polje 2016, E2—Parage 2016, E3—Zemun
Polje 2017, E4—Parage 2017); T: Treatment of defoliation (T1—control, detasseling, T2—detasseling + 1 leaf,
T3—detasseling + 2 leaves, T4—detasseling + 3 leaves, T5—detasseling + 4 leaves); Tm—column of factor T2, T3,
T4, T5; T1-Tm—differences between the mean values of the factors.* The mean difference is significant at the
0.05 level, ** The mean difference is significant at the 0.01 level.

Table 10. Joint effect of genotype, year-location interaction and crop density on yield losses (kg/ha)
in different defoliation treatments.

T1-Tm
E Tm G1 G2 G3
D1 D2 D1 D2 D1 D2
T 639 * —368 151 570 338 450
T3 900 ** 310 —155 235 ~19 228
El T4 770 ** —395 —20 —567 —73 1409
T5 1342 % 627 * 1367 ** 931 902 391
T —627 123 1133 * —273 1018 1685 **
T3 114 383 606 434 875 577
E2 T4 320 1363 ** 880 * 1256 1333%  2174%
T5 1372% 2446  1673*  2269%  2010** 3721 *
T —262 _733 % 214 —145 258 12
T3 —121 ~199 —282 293 ) —662
E3 T4 455 ~173 1123 —496 9 —79
T5 522 592 ** 789 665 80 109
T 1248%  1016* —657 * 209  —1491*  —485
T3 757 * 938 * 249 —760 —769* —948
E4 T4 918 ** 1221 ** 511 1776  —782% —956
T5 971 ** 787 213 —394 —578 —17

G: Genotype (G1-, G2-, G3-), E: Year-location interaction (E1—ZemunPolje 2016, E2—Parage 2016, E3—
ZemunPolje 2017, E4—Parage 2017), D: Density (D1—50,000 plants/ha, D2—65,000 plants/ha), Tm: Treatment
of defoliation (T1—control, detasseling, T2—detasseling + 1 leaf, T3—detasseling + 2 leaves, T4—detasseling +
3 leaves, T5—detasseling + 4 leaves); T1-Tm—the differences between the mean values of the factors; * The mean
difference is significant at the 0.05 level, ** The mean difference is significant at the 0.01 level.

Gl in E4 for D1 had very significant losses in all defoliation treatments including
the largest ones (1248 kg) at the weakest defoliation intensity (T2). G3 under the same
ecological conditions (E4) and the same density (D1) had no losses in any treatment, and in
T2 there was a significant increase in the yield by 1491 kg/ha.

Interestingly, T4 and T5, very significantly reduced the yield in relation to T1, but
did not express significance in the yield reduction in 14 and 13 out of 24 interactions,
respectively.
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Numerous patterns of these most complex interactions represent a chance for seed
producers to reduce yield losses due to defoliation. At that, one should be very careful,
because the selection of the appropriate combinations of factors for the most intensive
safe level of defoliation has to be such as to provide high crop yields. G3E1D2 in T5 and
G2E2D2 in T4 are the examples for such interactions for safe defoliation.

3.5. Effects of Defoliation on Morphological and Physiological Traits of Ears and Kernels

The maize yield depends on the morphological properties of kernels and ears, as
well as on their stability and the relationship with environmental conditions [43,44]. The
kernel row number, kernel number per row and the ear length are some of properties
of yield components, the variability of which leads to a decrease or increase in total and
kernel weight [45,46]. The results show that when these traits were expressed, different
interactions occurred to different extents due to actions of factors (Table S5). The actions
of genotypes, ecological factors, treatments and their interactions significantly affected
variations in KNR and EL. With regard to the increase of quantitative values of KNR and
EL, the variation in all GT combinations under the effects of E1 and E2 was significant. KNR
and EL gradually increased from G1 to G3. This linearity repeated up to the T4 treatment.
The application of the T5 treatment changed effects of factors, first of all, ecological impacts
(E), and therewith the direction of changes of means (Figure 2). The climate changes are
most noticeable in temperature oscillations, which lead to the change in the duration of the
growing season, which greatly affects the environment, genetic and physiological processes
and the limitation of effects of yield components [47].
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Figure 2. Effects of genotypes (G), Year—location interaction (E) and defoliation (T) on the kernel row number (KRN),
number of kernels per row (KNR), the ear length and variability of means by the application of ANOVA. ** Significant at
the 0.01 level; * significant at the 0.05 level, without asterisks—not significant.

The 1000-kernel weight under the effects of genotypes, ecological conditions and
defoliation treatments did not vary significantly. The largest kernel weight was obtained
in the combination of G2E3 factors in the defoliation variants of T1, T3 and T4 (Figure 3).
Studies indicate that 1000-kernel weight is more stable across environment and different
levels of plant competition than other yield components [48].
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Figure 3. Effects of genotypes (G), Year-location interaction (E) and defoliation (T) on 1000-kernel weight (KW), seed
germination (GR) and variations in means by the application of ANOVA, ns—non significant.

Component (14.51%)

Two most important factors affecting the variability of morphological traits and
grain yield were singled out by the factorial analysis. The PCA analysis shows that two
components represented 88.84% of the variation obtained (Figure 4a). According to the
distribution of means, two groups of properties were differentiated: KNR, KRN EL and
GY on one hand and KW on the other. As much as 75.33% of variability of morphological
traits was influenced by the applied T1, T2, T3 and T4 defoliation treatments. By observing
the distribution of regression factor score values (Figure 4b) of the research variant of
defoliation, it was determined that most of the coefficients were located on the right side of
the diagram as well as the component matrix of morphological properties (Figure 4b). It
can be concluded that the first component was a set of cropping practices that determined
the formation of morphological properties and yield. The second factor affected KW with
14.51% and high negative regression score values. The significant loss of KW occurred
when four leaves (T5) were removed in the process of defoliation.
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Figure 4. (a) Plot of principal component analysis of the variables in the study concerning the effects of the detasseling
and kernel properties (KRN, KNR, El, KW) and grain yield (GY). KRN-kernel row number, KNR—kernel number per row,
EL—ear length, KW—1000-kernel weight; (b) regression factor score of principal comment analysis of the detasseling and
kernel properties (KRN, KNR, El, KW).
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4. Conclusions

The genotype, the year—location interaction and the crop density expressed charac-
teristic direct effects and a wide spectrum of joint effects on the grain yield loss of maize
inbred lines in different defoliation treatments. The genotype productivity was not related
to yield losses during defoliation. It is more likely that the level of losses was predomi-
nantly affected by the architecture and morphological traits of genotypes, physiological
processes, etc. Environmental conditions, especially those related to rainfall, were more
unfavorable for the maize production in 2017 than in 2016, which resulted in significantly
lower yields obtained in E3 and E4 than in E1 and E2. The rank of genotypes by yields
(G2—5549.4 kg /ha, G1—5186.3 kg /ha and G3—4791.3 kg) deviated, to some extent, from
the rank of genotypes by yield stability, based on values of their coefficients of variation
(G1—33.07%, G2—47.80% and G3—71.48%). The increase of the defoliation intensity was
less reflected upon the reduction of grain yields in absolute values (kg/ha) under unfavor-
able than under more favorable environmental conditions, which is logical, considering
that grain yields under these conditions were lower. The higher the crop density was, the
lower the yield losses during defoliation were, whereby it is important that higher seed
yields can be obtained at higher densities. The joint effects of observed factors pointed
out to numerous possibilities to reduce yield losses during defoliation. From the practical
point of view, only those joint effects of the genotype, the year-location interaction and
the crop densities that simultaneously provide high crop yields are important for the
reduction of losses due to defoliation. Based on obtained results, the highest yields at
very intensive but safe levels of defoliation (T5 and T4) were achieved under favorable
conditions in terms of sufficient water supply of plants (2016) and in higher sowing density
(65,000 pants ha~?) for the genotype G3 on degraded chernozem (location of Zemun Polje),
and for the genotype G2 on calcareous chernozem (location of Parage). The loss of the leaf
area to a certain critical point favored the formation of the kernel row number, number of
kernels per row, as well as 1000-kernel weight, after which all the traits were decreased.
In the physiological process of germ maturation, the leaf area did not significantly affect
quality up to the point of overcoming the “safe” removal of leaves, which was more than
four leaves in these trails.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agriculture11060509/s1, Table S1: Effect of genotype on differences grain yield between
treatments of defoliation, Table S2: Effect of year on differences grain yield between treatments of
defoliation, Table S3: Effect of location on differences grain yield between treatments of defoliation,
Table S4: Effect of density on differences grain yield between treatments of defoliation, Table S5:
Effect of treatments of defoliation on differences physical propertis of maize hybrid seed.
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