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velimir.mladenov@polj.edu.rs (V.M.); borislav.banjac@polj.edu.rs (B.B.)

* Correspondence: jelena.ovuka@ifvcns.ns.ac.rs

Abstract: Climate change projections for the 21st century pose great threats to semi-arid regions,
impacting seed production and the quality of sunflowers. Crop yields are negatively affected by
climate variability, especially in the event of droughts during the crucial growth stages. Under-
standing the relationships between agrometeorological, genetic, and agronomic factors is crucial for
maintaining crop sustainability. Optimal sowing dates are an essential condition for maximizing
crop genetic potential, but challenges come from annual weather variations. This study analyzes
how sunflower genotypes respond to different sowing dates under climate change and focuses on
the conditions for obtaining maximum seed yields and favorable agronomic traits. From 2020 to
2022, the experiment featured six genotypes sown across four different dates at two-week intervals,
simulating seed sunflower production. The results obtained by ANOVA indicated that the seed yield
and oil yield were significantly affected by the sowing date, the genotype, and their interaction, with
coefficients of variation ranging from 7.6% for oil yield to 41.1% for seed yield. Besides seed yield
and oil yield, LDA biplot and Discriminant Functions confirmed that seed germination energy also
played a significant role in separating genotypes into clusters. A Visual Mixed Model showed that
shifting the optimal sowing date (mid-April) to early May allows a reduction in the number of days
the plants spend in critical growth stages, thereby escaping stressful conditions during pollination
and seed filling. The findings resulted, on average, in increased yields and improved seed quality,
which are the primary goals of seed production, but not in increased 1000-seed weight. Notably,
high temperatures during the critical sunflower growth stages negatively affected the measured
parameters of seed production. The increased precipitation during seed filling boosted the 1000-seed
mass and seed yield. Extended flowering reduced the growth rate and seed germination, but longer
seed filling increased the 1000-seed mass and seed yield. Our future breeding goals will be to create
genotypes with a shorter flowering period and an extended seed-filling period to better respond to
climate change.

Keywords: climate change; sunflower; inbred line; seed production; sowing date; germination;
seed yield; 1000-seed mass

1. Introduction

More frequent occurrences of extremely dry periods lead to soil moisture deficits [1].
The Intergovernmental Panel on Climate Change (IPCC) reported an increase in droughts
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in agricultural areas of the Mediterranean and Western/Central Europe. Additionally, the
predictions indicate that agricultural droughts will double with a temperature increase
of 1.5 ◦C [2]. Forecasts suggest that, by the end of the 21st century, semi-arid regions will
likely experience significant negative effects of climate change, which will impact seed
production, the quality of produced seeds [3], and the entire economy [4].

The sunflower is an adaptable field crop. The prospects of sunflower cultivation in Eu-
rope are closely linked to its capability to adjust to climate change. Sunflower adaptability
is ascribed to its well-developed root system that extends deeply into the soil, facilitating
efficient water absorption [5–7]. Considering its adaptability to various climatic condi-
tions, sunflower has been proposed as a global crop model for adaptation to different
environments [8,9]. However, the increasing frequency of climate change, particularly
droughts during critical phenophases, can lead to a significant reduction in sunflower
yield stability [10,11]. As reported by Donatelli et al. [12], a decline in sunflower yields
ranging from 10% to 30% is anticipated in Eastern Europe by the year 2030. Meanwhile,
ref. [13] a reduction in yields of up to 30% in Southeastern Europe is expected to occur by
2025, due to an increase in temperature of up to 2 ◦C. The same authors state that, despite
increased irrigation, sunflower yields are expected to decline by approximately 17% by
2050 compared to average yields from 2025. Sunflower hybrid seed production depends on
parental lines, crop management, and environmental influences, especially precipitation
and extreme temperatures during flowering, while the choice of sowing dates suitable
for each geographical region would mitigate the negative effects of these variables [14].
To ensure the sustainability of sunflower production under altered climatic conditions, it is
important to understand the complex interaction between agrometeorological conditions,
genetic attributes, and agronomic factors which can mitigate the negative impact of cli-
mate change [15]. In an attempt to increase sunflower yields, many farmers have recently
adjusted or even changed their agronomic practices, such as altering sowing dates [16].
Selecting the optimal sowing date for each genotype is a crucial decision in agricultural
production, especially when aiming to maximize genetic potential [17]. However, consider-
able variations in weather conditions from year to year make it challenging to determine
the optimal sowing date [18]. Early sowing can increase the risk of crop damage by frost,
while delayed sowing can result in shortening certain vegetation phases, which can affect
yield reduction [19]. In addition to sowing dates, genotypes play an important role in sun-
flower adaptation to environmental conditions and the achievement of stable yields [20,21].
Genotype adaptability and the response to various abiotic and biotic environmental factors
are very important characteristics [22,23] and are among the most important objectives of
sunflower breeding [24]. The development of genotypes characterized by a shorter vege-
tation period is therefore an approach to adapting sunflower production to warmer and
drier summers [25–27]. Consequently, combining breeding (developing early or mid-early
genotypes with stress tolerance) with strategic agronomic practices (optimal sowing dates)
can enhance the climate change resilience of sunflower production.

The primary aim of the research was to determine the most favorable conditions
for sunflower cultivation, namely optimal seed production and advantageous agronomic
characteristics, by examining how various sowing dates affect the response of various
genotypes of sunflowers to altered climatic conditions.

2. Materials and Methods
2.1. Experimental Design

The research was conducted at the experimental fields of the Institute of Field and
Vegetable Crops of Novi Sad, National Institute of the Republic of Serbia (IFVCNS), located
at Rimski šančevi (45◦19′44.3′′ N 19◦49′40.7′′ E), from 2020 to 2022. All genotypes were sown
on four different sowing dates, with a two-week interval between sowings: 15 April (SD1),
1 May (SD2), 15 May (SD3), and 1 June (SD4) (Table 1). The experiment consisted of three
sunflower isolations, which were the simulation of basic seed production (two isolations)
and the production of the first-generation certified seed (one isolation).
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Table 1. Plant material utilized in the experiment.

No Genotype Vegetation
Duration Experimental Description

G1 HA-267
(A × B) Early Production of Basic Seed Category

The experiment consisted of two isolations to prevent the overlap of
flowering between different B-analogs on earlier and later dates. In one
isolation, SD1 and SD3 were sown, while in the other isolation, SD2 and
SD4 were sown. All inbred lines had varying vegetation durations to
avoid overlapping pollination of different B-analogous groups on the
same SD. Across all SDs, the row ratio was 6:2 (A:B).

G2 BG N 2 (PR)
(A × B) Medium-early

G3 IMI-AB-12 (PR)
(A × B) Late

G4 BG N 1 × SU RF 49
(A × Rf) Medium-early

Production of First-Generation Certified Seed Category
The experiment consisted of a single isolation encompassing all SDs.
The male component (Rf) was the same across all three hybrid
combinations. Across all SDs, the row ratio was 8:2 (A:Rf).

G5 BG N 2 (PR) × SU RF 49
(A × Rf) Medium-early

G6 BG N 4 × SU RF 49
(A × Rf) Medium-early

A—sterile analog (cms inbred line); B—fertile analog (inbred line); Rf—inbred line fertility restorer (male compo-
nent of hybrid); SD—sowing date.

The distance between the three isolations was 2 km, as prescribed by national regula-
tions. The experiment was conducted using a split-plot design with four replications, where
sowing dates served as the main plots within which different genotypes were sown. Sowing
was conducted mechanically in all isolations, using a specialized seeder—the Wintersteiger
Dynamic (4-row disc seeder)—with inter-row spacing of 70 cm and intra-row spacing of
11 cm. Thinning was performed at 22 cm during the stage of unfolding the first leaf pair.
All atypical plants (outcross) were removed during the bud stage, while fertile plants were
removed from the A-analog during the flowering stage. Sorghum was the preceding crop
on the experimental plots. During autumn, before winter plowing, the main soil macronu-
trients in the form of NPK (15:15:15) were applied to the soil at a rate of 220 kg ha−1, while
200 kg ha−1 of urea (N 46%) was added at pre-sowing. The plots were treated with her-
bicides after sowing and before sunflower emergence. An herbicide against narrow-leaf
weeds was applied post-emergence, while broad-leaf weeds were managed by manual
removal and inter-row cultivation. The individual plot size was 11 × 4.9 m = 50.6 m2 in the
experiment simulating basic seed production, and 11 × 6.3 m = 69.3 m2 in the experiment
simulating the first-generation certified seed production. According to the FAO/WRB
classification [28], the soil in the experimental plots is classified as slightly calcareous loamy
chernozem—Calcic Gleyic Chernozem (CH-cc.gl-lo).

2.2. Growing Season Conditions

The climate in the experimental area is characterized as moderate continental, with
seasonal variations in temperature and precipitation. Mean monthly temperatures and
precipitation totals for the vegetation period were collected at the Rimski Šančevi Me-
teorological Station, operated by the Republic Hydrometeorological Service of Serbia
(RHMZ) [29]. The obtained data are represented in a Walter climate diagram (Figure 1).

In 2020, the precipitation sum during the vegetation period (April to October) amounted
to 559.5 mm, which was 133.2 mm higher than the 56-year average. Regarding temper-
atures from April to June, no significant deviations from the multi-year averages were
observed, except that temperatures were slightly higher from July to October. The average
temperature in 2021 was 17.8 ◦C during the vegetation period, but significantly higher
temperatures than the multi-year average were recorded in June, July, and August 2021.
Additionally, the highest precipitation in the entire experiment was recorded in 2021. In
May 2022, dry weather predominated, with only 17.9 mm of precipitation, well below the
multi-year average, while the temperature remained around 19 ◦C, approximately 2 ◦C
above the multi-year average. The extreme drought recorded in 2022 was accompanied
by high temperatures during June, July, and August. The average temperatures during
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the summer months of 2022 deviated by more than 3.5 ◦C from the multi-year average of
about 21 ◦C.
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2.3. Observed Parameters of Sunflower Plants

During the vegetation period, the duration of critical phenophases was monitored
following the criteria outlined by Schneiter and Miller [30]. Additionally, average daily
temperatures (AT) and sum precipitation (SP) were monitored during flowering (R4-6)
and from the end of flowering to physiological maturity (R6-R9*). It is important to note
that the authors did not provide an explanation for the stage of physiological maturity;
therefore, in this study, it was denoted as R-9* (when the seed moisture content was below
14%). Under field conditions, sunflower head diameter (HD) and plant height (PH) were
measured using a measuring tape on a sample of 30 plants per plot at the full flowering
stage (R-5.8). Germination energy (GE) and seed germination (GR), as well as 1000-seed
mass (TSM), were analyzed in the accredited Seed Testing Laboratory of IFVCNS. TSM
was determined following the standard ISTA (International Seed Testing Association)
method. Six months after harvest, the produced seeds underwent a standard laboratory
germination test according to ISTA rules [31]. Seed yield (Y) was measured after manual
harvesting, with 30 sunflower heads per plot (excluding the outer rows to eliminate edge
effects). The obtained sunflower seed yield was recalculated to a 9% moisture content
and a planting density of 55,000 plants per hectare. Oil content in pure seed without
impurities (99% purity) was determined in the Laboratory for Chemical Analysis of the
Sunflower Department at IFVCNS. The oil content in pure seed was determined in all the
samples using the nuclear magnetic resonance (NMR) method according to Granlund and
Zimmerman [32], while oil yield (OY) was obtained as a result of seed yield and oil content
in pure seed.
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2.4. Statistical Analysis

The data were analyzed using a two-way analysis of variance (ANOVA) followed by
Duncan’s multiple range test. A Visual Mixed Model (VMM) was used to assess the effect
of weather conditions during the critical growth phases and the duration of those phases on
the examined seed production parameters at different sowing dates. Linear discriminant
analysis (LDA) was employed to form linear combinations of independent variables for the
purpose of discriminating between predefined groups while minimizing misclassification
error [33,34]. LDA was also utilized to identify which dependent variables contributed to
the classification [35]. Statistical analyses were performed using the statistical software
SPSS 17 [36], JMP Pro 14.0 [37], and JASP 0.18.1.0 [38].

3. Results and Discussion
3.1. Factor Share in the Variation of All Examined Traits

Consistent variation in climatic conditions throughout the sunflower growing season
has major consequences on seed yield and other crucial agronomic traits, directly impacting
the genotype–environment interaction. To properly analyze the obtained results, it is im-
portant to consider the fact that different climatic conditions prevailed during the execution
of the experiment. The results of ANOVA as well as factor analysis of variation of all
examined parameters are presented in Table 2 as percentages of the sum of squares (SS%).

Table 2. Two-way ANOVA for head diameter, plant height, germination energy, seed germination,
1000-seed mass, seed yield, and oil yield in sunflower genotypes, planted on four sowing dates over
three years.

Source of Variation Traits
2020 2021 2022

df F SS% df F SS% df F SS%

Sowing date (SD)
Genotype (G)

SD × G
HD

3 49.32 ** 42 3 45.25 ** 27 3 10.60 ** 10
5 12.66 ** 19 5 41.26 ** 41 5 27.13 ** 40
15 9.23 ** 39 15 10.65 ** 32 15 11.33 ** 50

Sowing date (SD)
Genotype (G)

SD × G
PH

3 29.61 ** 7 3 110.48 ** 32 3 29.33 ** 12
5 204.52 ** 75 5 89.26 ** 43 5 110.20 ** 74
15 16.44 ** 18 15 17.361 ** 25 15 6.89 ** 14

Sowing date (SD)
Genotype (G)

SD × G
GE

3 5.61 ** 6 3 24.71 ** 7 3 116.94 ** 17
5 42.34 ** 67 5 155.05 ** 76 5 172.45 ** 42
15 5.71 ** 27 15 11.59 ** 17 15 55.10 ** 41

Sowing date (SD)
Genotype (G)

SD × G
GR

3 3.22 * 5 3 50.73 ** 13 3 151.44 ** 19
5 31.88 ** 65 5 158.53 ** 64 5 169.28 ** 36
15 4.97 ** 31 15 19.2 ** 23 15 70.59 ** 45

Sowing date (SD)
Genotype (G)

SD × G
TSM

3 22.14 ** 24 3 20.17 ** 11 3 38.02 ** 7
5 25.96 ** 47 5 64.71 ** 63 5 228.61 ** 66
15 5.35 ** 29 15 8.83 ** 26 15 31.12 ** 27

Sowing date (SD)
Genotype (G)

SD × G
Y

3 10.04 ** 5 3 11.62 ** 6 3 36.24 ** 6
5 53.13 ** 42 5 95.89 ** 74 5 261.40 ** 75
15 22.05 ** 53 15 8.72 ** 20 15 21.55 ** 19

Sowing date (SD)
Genotype (G)

SD × G
OY

3 13.66 ** 7 3 5.44 ** 3 3 52.92 ** 8
5 45.18 ** 39 5 86.83 ** 76 5 269.29 ** 71
15 20.73 ** 54 15 7.96 ** 21 15 27.08 ** 21

HD—head diameter, PH—plant height, GE—germination energy, GR—germination, TSM—1000-seed mass,
Y—seed yield, OY—oil yield; Significance of the difference tested at a significance level of p < 0.05 *: statistically
significant difference; p < 0.01 **: statistically highly significant difference.

Statistically highly significant effects on the variation of all examined parameters
were observed for all factors across all years of the study, as corroborated by the ANOVA
results. The percentage of the sum of squares has indicated variation in the sunflower
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HD throughout the experiment. In 2020, the SD (42%) had the most substantial impact
on sunflower HD, while the interaction between SD and genotype (G) (39%) also had a
significant effect, which is in accordance with the findings of Faramarzi and Khorshidi [39].
In 2021, G became the dominant factor (41%), while the interaction between SD and G
(32%) and SD itself (27%) also exerted significant, but comparatively lower effects. In 2022,
the interaction between SD and G (50%) had the most substantial impact, with G (40%)
and SD (10%) remaining significant factors, but with smaller contributions. Plant height
is a genetically determined trait [9], but it is also influenced by growing conditions, as
confirmed in the studies conducted by Partal [40] and Babec [41]. Factor analysis of the
variation of PH, expressed as a percentage of the sum of squares, also revealed changes
across the years of the study. In 2020, G (75%) had the most significant impact on PH, while
the interaction between SD and G (18%) also had a significant but notably smaller effect.
In 2021, G (43%) had the most substantial impact, SD (32%) closely followed G, and the
interaction between them (25%) exhibited a small but meaningful effect. In 2022, a similar
pattern emerged as compared to 2020. The factors influencing the variation in seed quality
(GE and GR), expressed as a percentage of the sum of squares, indicate that G was the most
influential factor during 2020 and 2021, while the interaction between SD and G had the
greatest impact during 2022. The influence of SD remained consistently lower than other
factors throughout the years of the study, but it remained statistically highly significant.

The variation in TSM was observed, while G played the most significant role in
the variation of TSM in all years of the experiment. However, other factors (SD and the
interaction between SD and G) also exhibited a statistically significant effect, as confirmed
by Krstić et al. [42]. Environmental conditions, genotype, and applied agronomic practices
have a substantial impact on seed and oil yield variation, as reported by Ion et al. [43],
Kvashin et al. [44], and Radić et al. [45]. Furthermore, different factors exhibited varying
effects on Y and OY during different years of the study. In 2020, the interaction between SD
and G contributed the most to Y variation (53%) and OY variation (54%), whereas G had
a greater contribution to variation in 2021 (74% for Y and 76% for OY) and in 2022 (75%
for Y and 71% for OY). The impact of SD as a factor on Y and OY ranged from 3% to 8%
depending on the year and was statistically significant, with the highest value observed in
2022 as the driest year. From 2017 to 2019, Crnobarac et al. [46] conducted an experiment on
the same research location and confirmed that sowing date, genotype, and their interaction
significantly influenced seed and oil yield, which aligns with the findings of other authors,
such as Balalić et al. [17].

3.2. The Influence of the Sowing Date on the Observed Traits of Sunflower Plants through Different
Growing Seasons

It is crucial to identify and use agronomic traits directly linked to seed yield for
selection criteria [47]. Values of the analyzed traits presented in Table 3 show a significant
variation across different SDs throughout all years of the research. Due to substantial
variability in sunflower traits, the IFVCNS collection of inbred sunflower lines is a valuable
source of breeding material for responding to climate change [48]. Sunflower seed yield,
reliant on components like 1000-seed mass and oil content, directly affects the yield per
unit area [49]. Sunflowers typically show stability and result in high yields under variable
weather conditions, even in unfavorable seasons [50] such as the season of 2022.

The results obtained in 2020 confirm that delaying SD results in smaller HD. Fur-
thermore, sowing delay leads to a reduction in TSM, Y, and OY, as corroborated by other
authors, such as Oshundiya et al. [51]. Sowing date had a highly statistically significant
impact on seed yield variation, as noted by Partal [40]. On average, the highest Y in his
study was achieved with the earliest SD (early April at the Fundulea, Romania location).
Ozturk et al. [52] emphasized that delaying sowing by 10 to 20 days leads to a decrease
in yield and yield components. The same authors mentioned that sunflower genotypes
with shorter vegetation periods achieved the highest yields and agronomic traits and are
recommended for regions with short growing seasons and higher altitudes. This indicates
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that the optimal sowing time (SD1) was crucial for achieving higher Y and increased PH,
which is in accordance with the findings of Balalić [53].

Table 3. Duncan’s Post Hoc test for genotype comparisons across different sowing dates for head
diameter, plant height, germination energy, seed germination, 1000-seed mass, seed yield, and oil
yield during three years of research located at Rimski šančevi, Serbia.

Factor HD
(cm)

PH
(cm)

GE
(%)

GR
(%)

TSM
(g)

Y
(kg ha−1)

OY
(kg ha−1)

2020

Sowing date
(SD)

SD1 18.4 a 128 b 78 a 82 ab 65.4 a 2045 a 734 a

SD2 17.8 b 128 b 74 b 79 b 59.2 b 1679 b 565 b

SD3 16.9 c 129 b 80 a 85 a 58.8 bc 1766 b 606 b

SD4 16.0 d 139 a 79 a 82 ab 56.7 c 1743 b 605 b

Genotype
(G)

G1 18.2 a 134 b 60 e 66 d 66.5 a 2279 a 810 a

G2 17.5 bc 118 cd 73 d 78 c 55.2 c 1329 c 424 d

G3 17.6 b 163 a 84 b 89 ab 60.6 b 1323 c 500 c

G4 16.5 d 136 b 83 b 86 b 62.4 b 2401 a 827 a

G5 16.8 d 116 d 89 a 92 a 62.0 b 1745 b 636 b

G6 17.0 cd 120 c 78 c 81 c 53.1 c 1773 b 568 bc

2021

Sowing date
(SD)

SD1 15.7 c 92 d 77 c 81 c 63.7 b 1648 c 637 b

SD2 15.4 c 103 c 82 b 86 b 62.3 bc 1890 b 705 a

SD3 17.2 b 110 b 86 a 91 a 66.9 a 1931 b 710 a

SD4 17.8 a 116 a 87 a 91 a 61.2 c 2135 a 767 a

Genotype
(G)

G1 14.6 d 109 b 58 c 67 c 71.1 a 2136 b 808 b

G2 17.9 a 93 c 81 b 86 b 60.6 d 837 d 302 e

G3 15.7 c 122 a 82 b 85 b 62.5 c 1631 c 654 cd

G4 16.7 b 107 b 93 a 96 a 65.4 b 2976 a 1106 a

G5 18.1 a 93 c 91 a 94 a 66.2 b 1745 c 632 d

G6 16.3 b 109 b 93 a 95 a 55.4 e 2083 b 725 c

2022

Sowing date
(SD)

SD1 17.4 c 115 a 75 b 83 b 66.2 a 1938 c 713 c

SD2 18.4 ab 114 a 77 a 80 a 62.4 b 2475 a 930 a

SD3 18.1 b 108 b 62 c 68 d 59.8 c 2110 b 783 b

SD4 18.8 a 103 c 69 c 73 c 60.2 c 1876 c 653 d

Genotype
(G)

G1 16.2 d 117 b 60 e 70 c 66.0 bc 2090 c 744 d

G2 18.1 c 94 d 75 c 81 b 45.8 e 844 e 302 f

G3 19.0 ab 123 a 60 e 63 d 59.1 d 1398 d 568 e

G4 17.8 c 123 a 80 b 83 b 70.5 a 3363 a 1278 a

G5 19.6 a 93 d 84 a 87 a 66.7 b 2494 b 916 b

G6 18.4 bc 111 c 65 d 71 c 64.9 c 2409 b 810 c

Average
(GS)

2020 17.3 131 78 82 60.0 1808 628
2021 16.5 105 83 87 63.5 1901 705
2022 18.2 110 71 76 62.2 2100 770

CV% 10.4 17.3 18.7 16.1 12.8 41.1 7.6

Standard deviation 1.80 19.98 14.43 13.11 7.93 796.70 2.74

GS—growing season; different letters denote values that distinguish statistically significantly among the four
sowing dates and among the six genotypes, while the same letters indicate values between which there are no
statistically significant differences between sowing dates and genotypes; CV—coefficient of variation.

According to Abbas et al. [54], crop production is significantly affected by the duration
of vegetation—a factor closely intertwined with environmental conditions, particularly
temperature—and agronomic practices. Additionally, genotype selection and sowing time
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play pivotal roles in determining crop production outcomes, as highlighted in the research
of these authors. The research confirms that dry periods in critical growth phases can be
avoided by shortening the sunflower phenophase due to delayed sowing, which results
in higher-quality seeds, as observed in 2021. In the same year, delay in sowing noticeably
led to larger heads with increased PH and a higher Y and OY, simultaneously. This result
indicates the adaptability of plants to weather conditions where plants are able to achieve
higher yields and maintain their quality regardless of weather conditions, which is of great
interest to seed companies. During 2022, sowing delay resulted in shorter PH, in line
with Partal [40], but also lower seed vigor and GR, as confirmed by Rezadust et al. [55].
A smaller TSM and a larger HD suggest limited plant adaptation to dry conditions, while
Škorić [56] suggested that increasing sunflower head diameter beyond optimal measures
for a genotype can lead to a reduction in 1000-seed mass. Significantly higher Y and OY
during SD2 and SD3 suggest that plants with a faster progression through phenophases
better tolerate stressful conditions and adapt more quickly. The extremely dry conditions
observed in July 2022 [57] confirm that sunflowers can, to some extent, tolerate this type
of climate change, adapt, and achieve high yields but not necessarily high seed quality, as
also confirmed by Alqudah et al. [58]. Research conducted by Soriano et al. [59] indicated
that early sunflower sowing in the Mediterranean environments increased yields, while
more recent studies carried out in the same region confirmed that moving the sowing
date several weeks later is the most effective strategy in terms of seed production [18].
Changing the sowing date can thus be a sustainable production management strategy in
different regions.

3.3. The Behavior and Influence of Different Genotypes of Sunflower on the Observed Traits during
Different Vegetation Seasons

An important indicator of data dispersion is the coefficient of variation [60], which
ranged from 7.6% for OY to 41.1% for Y in this study, which is largely significant variability
between Gs. Genotype G1 exhibited the highest average HD (18.2 cm) during the year
2020, while G4 (16.5 cm) displayed the lowest value. However, in the following two
years (2021 and 2022), G1 had the lowest average value among the studied years, with
G5 achieving the highest values for the observed trait. Statistically highly significant
differences in HD among different genotypes were confirmed by Duncan’s test (Table 3).
Additionally, other researchers reported similar findings [61–63]. The latest genotype,
G3, had the highest average PH value throughout all years of the study (163 cm, 122 cm,
123 cm, respectively), while G5 had the lowest value (116 cm, 93 cm, 93 cm, respectively).
The results confirm that genotypes with longer vegetation periods tend to have a more
robust habitus. The advantage of shorter genotypes lies in their higher resistance to
lodging, particularly in regions frequented by strong winds. Additionally, cultivation is
easier, and water requirements for seed production are lower in later phenophases, such
as during harvesting [53]. Genotypes G4, G5, and G6 consistently achieved better results
in terms of GE and GR compared to self-pollinating inbred lines. This can be attributed
to their hybrid origin and heterosis effect. Genotype significantly influences seed quality
variation, as reported by Mrd̄a et al. [64] and Krstić et al. [65]. Genotype G5 (91%) stood
out and demonstrated the highest seed quality throughout all years of the study. Sunflower
genotypes analysis showed that G1 consistently achieved the highest TSM, 67.9 g on
average, while G2 had the lowest mean TSM (53.9 g) in all years of the study. The results
indicate genetic variability among different sunflower genotypes in terms of the 1000-seed
mass. Genotypes representing hybrid combinations, such as G4, generally achieved higher
yield components compared to self-pollinating lines. Yield components, such as 1000-seed
mass, play a crucial role in determining seed and oil yields [66]. During 2022, G4 achieved
the highest average Y (3363 kg ha−1) and OY (1278 kg ha−1), while the self-pollinating
inbred line G2 consistently had the lowest Y and OY throughout all years of the study.
Genotype G1 (the earliest G) emerged as the most productive in terms of Y and OY among
the self-pollinating inbred lines.
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3.4. Interpretation of the Interaction between Genotype and Sowing Date through Linear
Discriminant Analysis (LDA)

To identify genotypes ideal for production, researchers must evaluate a wide range
of genotypes under varying environmental conditions over multiple years due to the dif-
ferential responses of genotypes to environmental conditions and genotype–environment
interactions [60]. Linear discriminant analysis allows for the construction of linear combina-
tions of independent variables in such a way that the misclassification error is minimized,
as outlined by Babić and Babić [67]. The authors note that the first three Discriminant
Functions (DFs) collectively encompass 100% of the variance, indicating that the smallest
misclassification error occurs when the dataset is divided into four groups. Table 4 illus-
trates that the overall variability among Gs at all SDs can be described using five DFs. Based
on the F-test, it was determined that the variance (eigenvalue) is statistically significant
for the first four DFs during the SD1. The first DF accounts for 51.02% of the variability,
and with the addition of the other DFs, this value increases to 84.17%, 94.97%, and 99.85%.
Similarly, for SD2, SD3, and SD4, four DFs also exhibit statistically significant influence,
albeit with slightly different relationships among the DFs. Statistically significant values
of Wilk’s lambda (WL), Pillai’s trace (PT), Hotelling–Lawley (HL), and Roy’s max root
(RMR) indicate that G groups have significantly diverged in all four cases, meaning that
the means of G groups significantly differed in all SDs. Statistically significant WL and PT
values revealed differences in the physical attributes of sunflower genotypes, as noted by
Çetin et al. [7]. The authors also emphasize that the effect size of the function depends on
the square of the canonical correlation value.

Table 4. Significance and percentage share of each Discriminant Function describing the variability
of sunflower genotypes in four sowing dates.

SD1 SD2 SD3 SD4

DF Eigenvalue Cum
Percent Prob > F Eigenvalue Cum

Percent Prob > F Eigenvalue Cum
Percent Prob > F Eigenvalue Cum

Percent Prob > F

DF1 9.51 51.02 <0.0001 * 4.08 43.33 <0.0001 * 6.46 64.85 <0.0001 * 3.77 51.95 <0.0001 *
DF2 6.18 84.17 <0.0001 * 2.64 71.33 <0.0001 * 2.29 87.84 <0.0001 * 2.29 83.52 <0.0001 *
DF3 2.01 94.97 <0.0001 * 2.01 92.68 <0.0001 * 0.88 96.63 <0.0001 * 0.80 94.60 <0.0001 *
DF4 0.91 99.85 <0.0001 * 0.68 99.93 <0.0001 * 0.32 99.88 0.0155 * 0.35 99.46 0.005 *
DF5 0.03 100.00 0.63 0.01 100.00 0.94 0.01 100.00 0.8563 0.04 100.00 0.4829

Test <0.0001 * <0.0001 * <0.0001 * <0.0001 *
WL <0.0001 * <0.0001 * <0.0001 * <0.0001 *
PT <0.0001 * <0.0001 * <0.0001 * <0.0001 *
HL <0.0001 * <0.0001 * <0.0001 * <0.0001 *

RMR <0.0001 * <0.0001 * <0.0001 * <0.0001 *

DF—Discriminant Function; * indicates significant differences were found at p = 0.05.

Insight into Table 5 shows absolute values of standardized coefficients (AVSK), which
indicate the influence of dependent variables on DFs. With the assistance of AVSK, we
analyzed the dependent variables (examined traits) that had the greatest impact on the
variability of sunflower Gs across different SDs (highlighted in green). It was noted that Y
and OY were the most significant parameters affecting G variability. Additionally, GE and
GR were important parameters in differentiating Gs, although not primarily in the first DF,
across all SDs. In their research, Krstić et al. [68] also stated that seed yield was statistically
the most significant parameter influencing genotype variability, with the linoleic-type
inbred lines achieving a higher yield than the herbicide-tolerant inbred lines.

LDA can be visualized through a biplot graph representing dimensions that maximize
the separation among genotypes, as emphasized by Farcuh et al. [35]. In Figure 2, based on
the length of vectors (dependent variables) in the biplots for the four SDs, it can be seen
that the most substantial influence on the first and second DFs aligns with the AVSK values
from Table 5. Notably, G4, G5, and G6 formed clusters closest to Y for the first, second,
and fourth SDs (Figure 2a,b,d). In the SD2, G4 and G6 formed one cluster, while G3 and
G1 constituted another cluster (Figure 2b). Genotypic cluster G4 was closer to Y in the
third sowing date (Figure 2c). G5 and G6 grouped together in the third and last sowing
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dates. Genotypes G1 and G3 were consistently closest to Y across all SDs. In addition
to Y and OY, GE and GR significantly influenced G separation into groups in the third
sowing date (Figure 2c). Besides Y and OY, GE also played a significant role in separating
G into groups in the last sowing date (Figure 2d), thereby confirming the AVSK values.
Based on the angles formed by the vectors in the LDA biplots relative to each other, it is
evident that Y and OY were negatively correlated in all four SDs, contrary to the findings
of Markulj-Kulundžić et al. [21], who reported a positive correlation between these two
parameters. In the first, second, and fourth SDs (Figure 2a,b,d), Y was positively correlated
with GE, while a positive correlation was found between Y and GR in SD3 (Figure 2c). Oil
yield was positively correlated with PH in the first, third, and fourth SDs (Figure 2a,c,d),
except for SD2, where a positive correlation was detected between OY and TSM (Figure 2b).
By examining the angles formed by the LDA biplot vectors, we also confirmed that a
negative correlation existed between HD and TSM in SD1, which aligns with the findings
of Škorić [56].

Table 5. Absolute values of the standardized coefficients that the dependent variables have in the
Discri-minant Functions by sowing dates. In each DF, the dependent variables that have the greatest
in-fluence on the variability of genotypes in that DF are marked in dark green. Variables marked
in light green have high influence, variables marked in yellow have moderate influence, variables
marked in orange have low influence, and variables marked in red have lowest influence on the
variability of genotypes.

SD1 HD PH GE GR TSM Y OY

DF1 0.14 0.79 1.01 0.10 0.21 4.52 4.86

DF2 0.41 0.79 0.02 0.32 0.27 3.67 2.32

DF3 0.17 0.50 0.28 0.11 0.17 3.19 3.44

DF4 0.63 0.80 0.48 0.16 0.87 0.86 0.71

DF5 0.46 0.32 1.89 1.91 0.11 1.06 1.09

SD2 HD PH GE GR TSM Y OY

DF1 1.00 0.76 1.84 0.97 0.25 4.14 4.30

DF2 0.64 0.38 0.07 0.40 0.29 4.65 3.66

DF3 0.03 0.82 0.41 0.05 0.09 4.89 5.13

DF4 0.05 0.14 1.03 0.89 1.04 1.01 0.91

DF5 0.29 0.01 2.15 2.33 0.04 0.61 0.93

SD3 HD PH GE GR TSM Y OY

DF1 0.35 1.30 0.27 0.56 0.64 4.93 5.21

DF2 0.35 0.23 3.02 3.10 0.14 2.36 1.52

DF3 0.23 0.04 2.34 1.99 0.24 2.46 2.08

DF4 0.44 0.22 0.43 0.86 0.09 4.31 4.43

DF5 0.24 0.18 0.41 0.00 0.94 0.74 1.30

SD4 HD PH GE GR TSM Y OY

DF1 0.37 0.08 1.21 1.28 0.49 3.03 2.33

DF2 0.26 1.17 1.63 0.71 0.18 1.06 1.63

DF3 0.16 0.26 1.66 0.96 0.77 2.31 1.94

DF4 0.53 0.62 2.85 2.43 0.22 2.01 2.50

DF5 0.24 0.07 2.84 3.04 0.47 2.16 2.71

DF—Discriminant Function, SD—sowing date, HD—head diameter, PH—plant height, GE—germination energy,
GR—germination, TSM—1000-seed mass, Y—seed yield, OY—oil yield.
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Figure 2. Linear discriminant analysis (LDA). (a) Interaction of genotype and first sowing date;
(b) interaction of genotype and second sowing date; (c) interaction of genotype and third sowing
date; (d) interaction of genotype and fourth sowing date. Biplot graphs where two dimensions
(Canonical1, i.e., DF1, and Canonical2, i.e., DF2) provide maximum separation of genotypes into
groups based on dependent variables in the experiment. Around the center of each group (+sign),
there is a circle representing the 95% confidence interval. These circles do not overlap when groups
differ significantly from each other statistically. If the circles overlap, it indicates that those genotypes
form one cluster. Genotype G1 is marked with red circles; genotype G2 is marked with green crosses;
genotype G3 is marked with blue diamonds; genotype G4 is marked with orange letter X; genotype
G5 is marked with green triangles; genotype G6 is marked with purple letter Y.

Considering the positions of the genotypes in the LDA biplot in terms of seed produc-
tion parameters (GR, TSM, Y), the most optimal conditions for attaining the maximum TSM
values were observed during SD1, with the exception of G4, which achieved the maximum
TSM values during SD3. Seed yield, as a multifaceted parameter, demonstrated the most
favorable conditions for achieving maximum values among G1, G2, and G5 during SD3,
whereas the maximum TSM values of G3, G4, and G6 were observed during both SD2
and SD1. The most conducive conditions for maximum seed quality of G3, G4, G5, and
G6 were evident during SD2, while they were evident slightly later (SD3) for the earliest
genotype G1, and during the earliest sowing date (SD1) for G2. Increasing the adaptability
of plant species through breeding (new genotypes, wild relatives), agronomic practices
(sowing time, planting density), and shifting towards cultivation in different regions can
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partially mitigate the negative impact of climate change [69–72]. The results emphasize the
importance of sunflower adaptability through variations in sowing dates, i.e., changing
production conditions, and highlight the need for a careful approach in choosing the sow-
ing time suitable for a specific genotype, in accordance with specific weather conditions
and sustainable production goals. According to Riveira et al. [73], descriptive multivariate
analyses showed that a later sowing date resulted in increased seed germination and faster
seed dormancy release during storage in all genotypes. The results of the previous authors
suggest that the sowing date can be managed to obtain higher seed germination and faster
seed dormancy release in sunflower production. Crnobarac et al. [46] also reported that, on
average, the highest seed yield was obtained when sowing was carried out at the end of
April and the beginning of May. The same author states that short-vegetation hybrids, on
average, achieved the highest seed yield during sowing in mid-May, which is consistent
with this study, where G1 achieved the best Y by sowing in the same period.

3.5. The Influence of Weather Conditions during Critical Growth Phases of Sunflowers on
Measured Parameters of Seed Production Depending on Sowing Dates

Understanding sunflowers’ response to extreme climatic conditions is one of the key
objectives in the breeding and development of more adaptable sunflower genotypes, as well
as the implementation of environmental adaptation measures [74]. Genotype adaptability
to sowing dates may vary depending on the annual conditions, with different effects
on the examined parameters. Determining the critical periods is of high importance for
production planning and modeling sunflower yields to optimize crop utilization by utilizing
favorable climatic conditions during the growing season [75]. A Visual Mixed Model
(VMM) was employed so as to ensure the impact of climate conditions during the critical
sunflower phenophases and to gain a more precise understanding of genotype–sowing
date interactions. Also, we conducted a one-factor ANOVA to examine the impact of GS
on the parameters of seed production. ANOVA results confirmed the influence of GS on
the parameters of seed production (F = 18.005, p < 0.01 for GR; F = 4.505, p < 0.05 for TSM;
F = 3.190, p < 0.05 for Y). The average values of the measured parameters are represented
by the black bold line on average for all growing seasons, depending on the sowing date,
weather conditions during the critical phenophases, and their duration.

3.5.1. Germination (GR)

Climate change affects plant production, thereby impacting the vitality (germination)
of produced seeds [65,76]. Increased average daily temperatures during flowering (over
23.7 ◦C) and seed filling (over 19.8 ◦C) negatively affected germination (Figure 3). Precipi-
tation did not have an impact during the critical sunflower phases. Furthermore, a longer
flowering period (flowering period over 10 days) was associated with lower germination,
suggesting that prolonged exposure to stress during the flowering phase results in reduced
germination of produced seeds. However, this phenomenon was not confirmed during
seed filling. Similar results to the LDA biplot were analyzed by VMM, confirming that the
optimal conditions for achieving maximum germination rates were attained during the
second sowing date.

3.5.2. 1000-Seed Mass (TSM)

1000-seed mass is of great importance for sunflower germination [17]. Unfavorable
weather conditions during seed filling can lead to differences in seed size and consequently,
1000-seed mass [77,78]. However, Krstić et al. [42] emphasized that the genotype sig-
nificantly influences the variation in 1000-seed mass. Average daily temperatures and
precipitation during flowering did not affect TSM. Notably, an increase in average daily
temperatures during seed filling led to a decrease in TSM (19.8 ◦C), whereas increased
precipitation during this critical phase resulted in an increase in the measured parameter
(181 mm). The duration of the flowering period had an impact on the variability of TSM
during flowering, but not during seed filling. A longer flowering period (over 10 days) was
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associated with a higher TSM. On average, optimal conditions for achieving maximum
TSM values were attained during the first sowing date, with a decrease observed in later
sowings (Figure 4).
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Figure 3. Visual Mixed Model (VMM). (a) The influence of average daily temperature during
flowering on GR depending on sowing dates; (b) the influence of average daily temperature during
seed filling on GR depending on sowing dates; (c) the influence of sum of precipitation during
flowering on GR depending on sowing dates; (d) the influence of sum of precipitation during seed
filling on GR depending on sowing dates; (e) the influence of number of flowering days on GR
depending on sowing dates; (f) the influence of number days of seed filling on GR depending on
sowing dates. AT R5-R6—average daily temperature during flowering; AT R6-R9*—average daily
temperature during seed filling; SP R5-R6—sum of precipitation during flowering; SP R6-R9*—sum
of precipitation during seed filling; ND R5-R6—number of flowering days; ND R6-R9*—number of
days of seed filling; GS—growing season; GR—seed germination.

3.5.3. Seed Yield (Y)

The effects of drought stress on sunflower productivity [15] were not uniform across all
growth phases. The timing of flowering and seed filling in sunflower production is critical
for the development of strategies for successful crop adaptation to climate change [50,79,80],
and the number of days in the growing season [81]. Increased average daily temperatures
during flowering (over 23.7 ◦C) and seed filling (over 19.8 ◦C) led to a reduction in seed
yields across all sowing dates (Figure 5). Conversely, increased precipitation during flow-
ering (over 30 mm) had a negative impact on seed yield, possibly affecting bee activity
and, consequently, the success of pollination [14]. However, seed yield also increased
with increased precipitation during seed filling (over 181 mm). The duration of the flow-
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ering period did not influence the seed yield, but the length of seed filling did, with a
positive effect of increased seed filling duration (over 46 days) on seed yield. Average
daily temperatures and soil moisture levels during seed filling are crucial in seed yield
formation [81,82]. Increased precipitation during the seed-filling phase leads to higher
seed yields [77]. Exposure to a deficit of precipitation during flowering (leading to pollen
vitality loss) and seed filling, the most critical phases, results in reduced sunflower yield by
up to 50%, as well as decreasing seed quality [58,83–85], as confirmed by the findings of
this study. On average, the optimal conditions for achieving maximum seed yields were
attained when sowing was conducted on the second sowing date.
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Figure 4. Visual Mixed Model (VMM). (a) The influence of average daily temperature during
flowering on TSM depending on sowing dates; (b) the influence of average daily temperature during
seed filling on TSM depending on sowing dates; (c) the influence of sum of precipitation during
flowering on TSM depending on sowing dates; (d) the influence of sum of precipitation during seed
filling on TSM depending on sowing dates; (e) the influence of number of flowering days on TSM
depending on sowing dates; (f) the influence of number days of seed filling on TSM depending on
sowing dates. AT R5-R6—average daily temperature during flowering; AT R6-R9*—average daily
temperature during seed filling; SP R5-R6—sum of precipitation during flowering; SP R6-R9*—sum
of precipitation during seed filling; ND R5-R6—number of flowering days; ND R6-R9*—number of
days of seed filling; GS—growing season; GR—seed germination.
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Figure 5. Visual Mixed Model (VMM). (a) The influence of average daily temperature during
flowering on Y depending on sowing dates; (b) the influence of average daily temperature during
seed filling on Y depending on sowing dates; (c) the influence of sum of precipitation during flowering
on Y depending on sowing dates; (d) the influence of sum of precipitation during seed filling on
Y depending on sowing dates; (e) the influence of number of flowering days on Y depending on
sowing dates; (f) the influence of number days of seed filling on Y depending on sowing dates. AT
R5-R6—average daily temperature during flowering; AT R6-R9*—average daily temperature during
seed filling; SP R5-R6—sum of precipitation during flowering; SP R6-R9*—sum of precipitation
during seed filling; ND R5-R6—number of flowering days; ND R6-R9*—number of days of seed
filling; GS—growing season; GR—seed germination.

One of the most critical factors for sunflower yield stability is sufficient precipitation
during the critical period of seed filling [86]. Under the assumption that extreme droughts
will become more frequent, it is expected that the number of days from sowing to flowering
and from sowing to maturity will significantly decrease in the future, due to the anticipated
higher air temperatures and the cumulative effect of temperatures in years such as 2022.
Understanding these relationships can assist agricultural producers and seed producers
in optimizing the production process, achieving high yields, and obtaining high-quality
seeds, which is the goal of every seed production.

4. Conclusions

Climate change significantly impacts cultivated crops, disrupting yield stability and
the quality of produced seeds. Adapting sunflower cultivation to climate variations is
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crucial for successful sunflower growth in Europe. Our findings demonstrate that both
the sowing time and genotype significantly affected the measured parameters across all
years of the study, as confirmed by ANOVA results. Morphological traits (HD and PH)
partially increased with the postponement of the sowing date. VMM showed that shifting
the optimal sowing date (mid-April) to early May allows for a reduced number of days
plants spend in critical phases. Plants are thereby enabled to avoid stressful conditions
during pollination and seed filling. The findings resulted, on average, in increased Y, OY,
and improved seed quality (GE and GR), which is the main goal of seed production. On
the other hand, increased 1000-seed weight was not observed. High temperatures during
the critical sunflower growth stages negatively affected the examined parameters of seed
production (GR, TSM, and Y). Conversely, increased precipitation during seed filling led
to increased TSM and Y. A longer flowering period led to decreased GR, suggesting that
prolonged stress during this period may negatively impact GR, while a longer seed-filling
period led to increased TSM and Y. The obtained results of the research open the possibility
of further research and the development of stress-resistant sunflower genotypes. The main
future breeding goal will be to create genotypes with a shorter flowering period, and an
extended seed-filling period, which respond to climate change better.
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