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Abstract

Cereal cultivation is influenced by the interaction among genotype, climatic conditions,
and cultivation technology—factors that determine yield level, yield stability, and grain
quality. In the context of climatic variability, identifying efficient and sustainable cultivation
strategies is a priority for modern agriculture. This study aimed to investigate the effects of
sowing date, maize genotype, and growing-season environmental conditions on the stability
and quality of maize yield in a soybean-wheat-maize crop rotation. A field experiment
spanning five consecutive growing seasons (2021-2025) was conducted at the Agricultural
Research and Development Station Turda, Romania, using 11 early and semi-early maize
hybrids. Three sowing dates were established according to soil temperature: 6 °C (E I),
8 °C (EII), and 10 °C (E III). Analysis of variance indicated that year, sowing date and their
interaction (Y x S) exerted highly significant effects on grain yield and all quality traits
(p < 0.001), highlighting the substantial influence of interannual environmental variability.
Yield generally increased with higher soil temperature at sowing, with E III showing favor-
able productivity and comparatively stable performance across environments. Sowing at
10 °C also generally favored protein and oil accumulation, whereas fiber content showed no
consistent response among years. Overall, the results demonstrate that sowing time should
be assessed together with seasonal climatic conditions to support stable maize yield and
grain quality under variable environments.

Keywords: soil temperature; grain yield; grain composition; yield stability; climate variability

1. Introduction

Although variations in global temperature represent a natural phenomenon, the global
warming trend has intensified considerably since industrialization, mainly as a result of
intensified anthropogenic activities. This development has contributed to changes in precip-
itation patterns and the intensification of terrestrial droughts, with significant consequences
for food production. Without the implementation of appropriate crop adaptation strate-
gies, climate change is expected to adversely affect agricultural productivity [1]. Given
the central role of agriculture in global food security, the stability of crop production in
response to multiple influencing factors warrants investigation through multidisciplinary
approaches [2,3].

Sustainability 2026, 18, 11297

https://doi.org/10.3390/su182111297


https://crossmark.crossref.org/dialog?doi=10.3390/su182111297&domain=pdf&date_stamp=2026-11-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0425-6698
https://orcid.org/0000-0001-6632-3425
https://orcid.org/0000-0003-4543-9431
https://orcid.org/0009-0000-4324-5022
https://orcid.org/0000-0002-5979-3258
https://orcid.org/0000-0002-5416-1382
https://doi.org/10.3390/su182111297

Sustainability 2026, 18, 11297

2 0f19

The effects of climate change are evident and pose substantial risks to global agricultural
production, jeopardizing food security on a global scale [4]. Monitoring crop health,
growth and productivity is important for addressing global food production challenges
and supporting the development of long-term strategies for sustainable agriculture [5].

In the context of current climate variability, there is a growing interest in developing
approaches capable of accurately anticipating crop behavior, including estimates of crop
maturity and production potential under different climatic conditions [6]. Temperature
and precipitation significantly affect crop yield [7-9]. Insufficient precipitation can deplete
soil moisture reserves and adversely affect crop growth and development [10,11], while
temperature governs both the rate and duration of developmental stages in modern maize
hybrids [12].

Maize is a major contributor to global food and energy security [13], a role that has
become increasingly important in the context of mounting climate pressures, geopolitical
instability and environmental constraints [14]. Globally, maize is one of the most impor-
tant agricultural crops, playing a key role in ensuring food security and supporting the
agricultural economy. The United States is the world’s leading maize producer, with pro-
duction of 432.34 million tonnes, followed by China with 301.24 million tonnes, Brazil
with 141.00 million tonnes, Argentina with 63.00 million tonnes and the European Union
with 56.80 million tonnes [15,16]. The economic importance of this crop stems from its
wide range of uses, particularly in human and animal nutrition [17]. Furthermore, maize
serves as a significant raw material for the bioenergy industry. Its primary products and
derivatives include corn flour, starch, glucose syrup, corn oil, and bioethanol, as well as
various by-products resulting from processing, which are used in the food industry, en-
ergy production, and animal feed [18]. However, Zea mays L. is particularly vulnerable
to drought and heat stress associated with climate change [19,20], especially when these
stresses occur during grain filling and maturation [21].

Sowing maize at different dates aligns with the Sustainable Development Goals (SDGs)
of the United Nations” 2030 Agenda, contributing directly to the achievement of SDG
2—Zero Hunger (ending hunger, achieving food security and improved nutrition, and
promoting sustainable agriculture), SDG 12—Responsible Consumption and Production
(ensuring sustainable consumption and production patterns), and SDG 13—Climate Action
(taking urgent action to combat climate change and its impacts) [22]. Sowing date is a
major factor influencing maize yield and plays a crucial role in ensuring sustainable crop
production [23-25]. The use of different sowing dates is widely used to evaluate the effects
of temperature variability on crop development and productivity, with experimental studies
highlighting that varying the sowing period can significantly influence maize development
and yield [26,27].

For maize, a temperature of 8 °C is generally considered the lower base temperature
for crop development, whereas 34 °C is regarded as the upper threshold for identifying heat
stress events during the growing season [28]. Changing the sowing period is considered
an effective agronomic strategy and may offer several advantages, including reducing crop
exposure to thermal stress during flowering and grain filling and making more efficient use
of water available at the beginning of the growing season [29]. It is considered a simple
agronomic practice capable of enhancing various aspects of sustainability, particularly by
reducing reliance on external inputs required to manage biotic stressors [30].

Few studies in Romania have examined the optimal time for sowing maize; however,
according to the literature reviewed in [31], the minimum soil temperature required for
maize germination—under the climatic conditions of Romania—is reported to be between
6 °C and 10 °C. Given this, and considering the increasing emphasis placed on sowing maize
at the optimal time to avoid hydrothermal stress during the growing season, it becomes
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clear that studying maize performance at sowing dates corresponding to thermal thresholds
of 6,8, and 10 °C is essential.

Against this background, this study aims to investigate the effects of sowing date and
climatic conditions on yield stability and grain quality in maize hybrids, with the goal
of identifying agronomic practices that can help crops adapt to climate variability while
supporting the principles of sustainable agriculture.

The study aims to evaluate how sowing date, in conjunction with growing-season
climatic factors, influences yield level and stability, as well as the main grain quality traits.
By highlighting the interactions between genotype, environmental conditions and crop
management practices, the research aims to provide a basis for effective and sustainable
cultivation strategies capable of reducing the risks associated with climate variability and
supporting stable yields and grain quality.

2. Materials and Methods
2.1. Biological Material

The experiment involved eleven maize hybrids belonging to the early and semi-early
maturity groups, as classified according to the FAO system [32]. The hybrids were supplied
by the Agricultural Research and Development Station (ARDS) Turda and selected based on
their suitability for cultivation under the agroclimatic conditions of the study area (Table 1).

Table 1. Maize hybrids included in the experiment during 2021-2025.

Maize Hybrids Maturity Group FAO
Turda 248 300
Turda 165 270
Turda 201 340
Turda Star 370
Turda 332 380
Turda 344 380
Turda 335 380
Turda 2020 380
Turda 380 380
Turda 350 360

Turda 59 360

Food and Agriculture Organization (FAO): the classification of hybrids based on the length of the
growing season and the degree of earliness; the 200-300 group includes early hybrids requiring a heat
unit sum (UTU) of 1001-1200 °C to reach maturity; the 300400 group includes mid-early hybrids
requiring a heat unit sum (UTU) of 1201-1400 °C to reach maturity.

2.2. Experimental Design

A multifactorial field experiment involving eleven maize hybrids was carried out at
the Agricultural Research and Development Station (ARDS) Turda, at a site located on the
Transylvanian Plateau, northwest of Turda, Cluj County, Romania (23°47" E, 46°35’ N, 427 m
above sea level). The experimental site is characterized by a chernozem soil, with a neutral
to slightly alkaline pH, medium-to-high humus content, good nitrogen and potassium
availability, and a moderate level of available phosphorus [33].

Relying on a specific calendar date for sowing does not guarantee that the soil tem-
perature will be the same each year, nor does it ensure that the minimum temperature
required for germination will be reached. According to meteorological data recorded in
Turda, temperatures close to the freezing point have been observed in April and May in
recent years; consequently, in some years, the temperature may be too low for sowing maize.
For this reason, soil temperature was used as a criterion for determining sowing time.
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The experimental design included three factors. Factor A was the sowing date, with
three levels determined based on the soil temperature recorded at the time of sowing; soil
temperature was measured at 8:00 a.m. for three consecutive days: E [—early sowing 6 °C
(12.04.2021, 14.04.2022, 21.04.2023, 11.04.2024, 23.04.2025); E II—optimum sowing 8 °C
(22.04.2021, 02.05.2022, 05.05.2023, 26.04.2024, 02.05.2025); and E IlI—late sowing 10 °C
(07.05.2021, 17.05.2022, 22.05.2023, 13.05.2024, 13.05.2025). Soil temperature was monitored
weekly as weather conditions became warmer and subsequently on a daily basis until the
temperature thresholds required for maize sowing (6, 8 and 10 °C) had been recorded for
three consecutive days. Measurements were taken manually at several points across the
experimental field using a thermometer capable of measuring soil temperature at a depth
of 10 cm. Factor B comprised eleven early and semi-early maize hybrids: Turda 248, Turda
165, Turda 201, Turda Star, Turda 332, Turda 344, Turda 335, Turda 2020, Turda 380, Turda
350 and Turda 59. Factor C represented the five experimental years, 2021, 2022, 2023, 2024
and 2025.

The experiment was established in a randomized complete block design with three
replications using 7 m? plots. Each hybrid was sown in two 5-m-long rows spaced
70 cm apart. The maize was sown at a depth of 6-7 cm. At sowing, the experimental
plots received 400 kg h~! NPK fertilizer (20:20:0). The crop was established at a density
of 70,000 plants ha=!. Winter wheat was used as the preceding crop within a soybean—
wheat-maize crop rotation. The same crop management practices were applied throughout
all five experimental years to maintain comparable experimental conditions. The study area
lacks an irrigation system; consequently, the maize was grown under rain-fed conditions,
relying exclusively on natural precipitation to meet its water requirements.

2.3. Climatic Conditions

According to the Koppen—Geiger classification, Romania has six climate types—BSk,
Cfa, Dfa, Dfb, Dfc, and ET—with the largest area, covering 147,000 km?, consisting of a
humid continental climate with warm summers (Dfb) [34], with four distinct seasons. The
experimental site falls within the Dfb climatic zone.

The thermal and precipitation regimes at Turda during the five experimental years
(2021-2025) are presented in Tables 2—4. The data indicate that the experimental period
was characterized by a predominantly warm thermal regime, accompanied by considerable
interannual variability in precipitation.

Table 2. Monthly and annual mean air temperatures at Turda during the 2021-2025 experimental period.

Temperature, Monthly Average (°C)

Year AM
I n  m IV v VI VII VII X X XI  XII
2021 06 14 33 78 141 198 227 197 150 97 44 09 99
2022 ~10 22 36 88 163 211 231 223 143 124 54 16 109
2023 28 05 63 88 154 190 218 221 190 140 52 12 114
2024 02 70 88 133 158 217 240 234 179 117 28 11 123
2025 03 -04 83 116 130 218 216 209 173 98 64 19 111
Multiannual 5. 50 44 100 150 180 198 195 152 98 40 —12 92
average

Values represent the monthly average air temperature (°C) recorded at Turda Meteorological Station
during the five experimental years (2021-2025); AM = annual average.
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Table 3. Monthly and annual precipitation totals at Turda during the experimental period 2021-2025.

Precipitation, Monthly Sum (mm)

Annual
Year
1 I 111 v \% VI VII VIII X X XI XII Sum
2021 27.0 16.4 27.3 38.4 80.8 45.0 1231 529 39.1 11.6 20.5 47.9 530.0
2022 10.9 54 8.3 42.5 82.9 41.8 25.2 946 1199 16.3 43.0 23.6 514.4
2023 427 27.1 10.8 30.5 33.2 1445 85.8 985 116.1 19.8 43.6 17.8 670.4
2024 4.8 9.2 37.7 388 60.7 362 493 36.7 64.2 144 19.2 18.5 389.7
2025 5.1 3.8 448 31.3 98.6 224 1503 252 50.9 56.4 52.0 1.6 542.7
Multiannual 5, 7 495 043 456 694 846 780 561 424 354 282 275 5324
average
Values represent the monthly precipitation totals (mm) recorded at Turda Meteorological Station
during the five experimental years (2021-2025).
Table 4. Annual air temperature and precipitation at Turda compared with the 65-year multiannual
averages during 2021-2025.
Temperature (°C) Precipitation (mm)
Year Annual 65-Year Deviation Chzaal;aif)t;ri- Annual 65-Year Deviation  Characterization
2021 9.9 9.2 0.7 Warm 530 531 -1 Normal
2022 10.9 9.2 1.7 Warm 514.4 532.5 -18.1 Normal
2023 11.4 9.2 2.2 Warm 670.4 532.4 138 Excessively wet
2024 12.3 9.2 3.1 Very warm 389.7 532.4 —-142.7 Excessively dry
2025 11.1 9.2 1.9 Warm 542.7 532.4 10.3 Normal
Average
2021-2025 11.1 9.2 1.9 Warm 529.4 532.1 =27 Normal

Deviations (°C; mm) represent the differences between the annual values recorded during the experi-
mental years and the corresponding 65-year multiannual averages.

Annual mean air temperatures during the experimental period ranged from 9.9 °C
in 2021 to 12.3 °C in 2024. All five years recorded values above the 65-year multiannual
average of 9.2 °C. The smallest positive deviation was observed in 2021 (+0.7 °C), whereas
the largest was recorded in 2024 (+3.1 °C). The annual average temperatures were 10.9 °C
in 2022, 11.4 °C in 2023 and 11.1 °C in 2025, corresponding to positive deviations of +1.7 °C,
+2.2 °C and +1.9 °C, respectively. These findings indicate that the entire experimental
period was warmer than the long-term reference conditions, with the most pronounced
thermal anomaly occurring in 2024.

The precipitation regime displayed a markedly different pattern. Annual precipitation
totals varied from 389.7 mm in 2024 to 670.4 mm in 2023. In 2021, the recorded total was
530.0 mm, which was very close to the corresponding 65-year reference value of 531.0 mm.
In 2022, the annual precipitation total decreased slightly to 514.4 mm, representing a devia-
tion of —18.1 mm from the 65-year average of 532.5 mm. The wettest year was 2023, when
670.4 mm of precipitation was recorded, exceeding the multiannual average by 138.0 mm.
In contrast, 2024 was the driest year of the experimental period, with only 389.7 mm, corre-
sponding to a negative deviation of 142.7 mm. In 2025, annual precipitation increased to
542.7 mm, exceeding the 65-year average by 10.3 mm and therefore remaining close to the
long-term reference.

When the five experimental years are considered together, the average annual air
temperature was approximately 11.1 °C, which was about 1.9 °C higher than the 65-year
multiannual average of 9.2 °C. This positive thermal anomaly was consistent throughout
the entire experimental period. In contrast, the average annual precipitation for 2021-2025
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was approximately 529.4 mm, compared with a corresponding multiannual average of
approximately 532.1 mm. Thus, the overall precipitation amount for the experimental
period was close to the long-term reference, although this similarity at the period level
masks substantial differences between individual years.

Monthly data further illustrate the variability in climatic conditions throughout the
experimental period. Higher-than-average temperatures occurred frequently during the
summer months, particularly in 2024, when July and August reached 24.0 °C and 23.4 °C,
respectively. In 2025, June was also notably warm, with an average temperature of 21.8 °C
compared with the 65-year average of 18.0 °C. The precipitation data show pronounced
contrasts between individual months and years. For example, July 2025 received 150.3 mm
of precipitation, whereas June of the same year recorded only 22.4 mm. Similarly, June 2023
recorded 144.5 mm, while May of the same year received only 33.2 mm.

Overall, the climatic conditions recorded at Turda during 2021-2025 indicate a consis-
tently warmer thermal regime relative to the 65-year reference period, while precipitation
was characterized primarily by strong interannual and monthly variability.

The study area, located in the Turda region, is not known to have atmospheric pollution
levels that would significantly affect the development, productivity, or quality of maize
crops. Consequently, atmospheric pollutant deposition through precipitation is not expected
to represent a major factor affecting the crop under the specific conditions of the study
area. Regarding thermal inversion phenomena and atmospheric conditions associated
with an intensified greenhouse effect, no specific data were identified for Turda that would
allow these phenomena to be characterized or their occurrence during the study period to
be confirmed.

2.4. Grain Yield Determination and Quality Analysis

After harvest, grain from each plot was weighed, and grain yield was calculated and
expressed per hectare. The measured grain yield values were subsequently adjusted to
the standard grain moisture content in order to ensure comparability among experimental
variants and years. The resulting values were used for the statistical analysis of grain yield.

Grain quality analyses were performed for samples collected over four consecutive
growing seasons (2021-2024). For each experimental variant, a representative grain sample
of 300 g was collected after harvest and subjected to laboratory analysis. The grain samples
were analyzed using spectrophotometers (NIR Tango (Bruker Optik GmbH, Ettlingen
Germany) and a Gerhardt Analytical Systems device (Gerhardt, Konigswinter, Germany)).
The analyses focused on three major grain quality parameters: protein, fiber, and oil content.
The NIR measurements were performed using the appropriate calibration procedures for
maize grain. The resulting values were then used to quantify the effects of year and sowing
date on grain chemical composition. Because grain quality measurements were available
for only four years, the statistical analysis of quality parameters was performed using the
common dataset for 2021-2024.

2.5. Data Analysis

Statistical analyses were conducted separately for grain yield and grain quality parame-
ters. Grain yield data from the five-year experimental period (2021-2025) were analyzed by
analysis of variance (ANOVA) [35] using PoliFact 2015 statistical software. The statistical
model included year as a factor with five levels (2021, 2022, 2023, 2024 and 2025) and
sowing date as a factor with three levels corresponding to soil temperatures of 6 °C, 8 °C and
10 °C. The interaction between year and sowing date was also considered in the analysis.
Grain yield stability across three sowing dates (E I, E I and E III) was investigated over five
consecutive years (2021-2025) using a regression approach based on environmental indices,
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following the methodology described in [36]. Mean grain yield was calculated for each
sowing date across the five years, while the annual environmental index was determined as
the difference between the mean grain yield of the three sowing dates in a given year and
the overall mean grain yield across all sowing dates and years.

The environmental index was used as the independent variable (L_j), and grain yield
recorded at each sowing date in each year was used as the dependent variable. Separate
linear regressions were fitted for the three sowing dates, resulting in three regression lines
describing the relationship between grain yield and the environmental index.

In addition, the yield performance of the 11 maize hybrids (Turda 248, Turda 165,
Turda 201, Turda Star, Turda 332, Turda 344, Turda 335, Turda 2020, Turda 380, Turda 350,
Turda 59) was evaluated across the three sowing dates. For each hybrid and sowing date,
mean grain yield was calculated from the annual yield values recorded over the five-year
study period. The results were graphically represented by plotting grain yield against the
environmental indices, allowing visual comparison of yield patterns across the three sowing
dates and among the tested hybrids.

For grain quality, the same statistical approach was applied to the four-year dataset
(2021-2024). In this case, year had four levels, while sowing time had three levels (6 °C, 8 °C,
and 10 °C). Separate analyses were performed for protein, fiber, and oil content. Statistical
significance was assessed according to the criteria implemented in the POLIFACT 2015
software. Correlation analyses were conducted to assess the relationships between grain
yield and quality traits using data from the four years with available quality measurements
(2021-2024). The analysis included grain yield, protein, fiber and oil content. This analysis
quantified the strength and direction of associations among these variables across the
experimental dataset. These analyses were performed using PAST 5 statistical software.

In addition to correlation analysis, linear discriminant analysis (LDA) was performed
using PAST 5 to evaluate the ability of the measured variables to discriminate among the ex-
perimental groups. The LDA was conducted using the common dataset from the 2021-2024
growing seasons and incorporated the measured grain yield and quality characteristics
(protein, fiber, and oil content). The analysis was used to examine the multivariate separa-
tion of the experimental observations according to the considered experimental groups and
to identify the variables contributing most to their discrimination.

3. Results

The ANOVA revealed highly significant effects of experimental year, sowing date and
their interaction (Y x S) on maize yield and all investigated quality traits (p < 0.001). The
effect of year was particularly pronounced for yield (F = 29,424 ***), indicating a strong
influence of interannual environmental variability on crop productivity (Table 5). Sowing
date also significantly affected yield (F = 515 ***), protein (F = 26 ***), oil (F = 22 ***) and
fiber (F = 39 ***). The significant Y x S interaction for yield (F = 64 ***) and quality traits
(protein: F = 172 ***; oil: F = 46 ***; fiber: F = 36 ***) indicates that the response to sowing
date varied considerably among experimental years (Table 6). The results indicate that
hybrid—both as an individual factor and through its interactions with the year and the
sowing date—significantly influenced both maize grain yield and quality; this highlights
the importance of selecting hybrids adapted to specific soil and climatic conditions, as well
as optimizing cultivation technology to achieve stable, high-quality yields (Tables 5 and 6).

The effect of soil temperature at sowing on maize yield varied significantly among
years, as demonstrated by the significant Year x Sowing date interaction (F = 64 ***). The
three sowing dates were defined according to soil temperature at sowing: EI at 6 °C, E Il at
8 °C (control), and E III at 10 °C.
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Table 5. Summary of the ANOVA showing the effects of experimental year, sowing date, and their
interaction on maize yield.

L. Yield
Source of Variation kg ha~!
F df SS MS

Year (Y) 29,424 *** 4 138,137,600 34,534,410
Sowing date (E) 515 *** 2 8,055,814 4,027,907

Year x Sowing date (Y x E) 64 *** 8 4,013,983 501,748
Hybrid 789 *** 10 432,953,700 43,295,370

Year x Hybrid (Y x H) 145 *** 40 317,370,000 7,934,249

Sowing date x Hybrid (E x H) 171 *** 20 12,469,930 623,496
Year x Sowing date x Hybrid (Y x E x H) 23 *** 80 102,145,400 1,276,817

The symbol *** indicates significant differences compared with the control at p < 0.001; F = calculated
F statistic, df = degrees of freedom, SS = sum of squares, MS = mean square.

Table 6. Summary of the ANOVA showing the effects of experimental year, sowing date, and their
interaction on maize quality.

Source of Variation Pr(?)tem (0)11 Fl:’ er
% % %
F af  SS MS F df SS MS F af  SS MS
2973
Year (Y) 3 1892 631 68 3 097 032 69** 3 098 033
Sowing date (E) 26%* 2 017 009 22* 2 030 015 39* 2 013 007
Year X(f’{ozvg;g date  jopms g 337 056  46* 6 184 031  36* 6 037 0.6
Hybrid 1488 4y sor 281 77 0 11ea 116 0B 10 787 079
Yea(rYxxHé’g’“d 973 30 1446 o048 %% 30 1241 041 e02* 30 467 016
ﬁ?ﬁ?ﬁg(%aieﬁ) 1392 0 77 039 29 20 e 033 442 20 228 o011
YearxSowingdatex 1172 o 4798 gp9 830y a305 055 448*% 60 695 012

Hybrid (Y x E x H)

Ex

b2

The symbol *** indicates significant differences compared with the control at p < 0.001, F = calculated
F statistic, df = degrees of freedom, SS = sum of squares, MS = mean square.

In 2021, maize yield increased from 9275 kg ha=! at 6 °C (E ) to 10,521 kg ha~! at 8 °C
(E II), reaching 10,602 kg ha~! at 10 °C (E III). Compared with the 8 °C control, sowing
at 6 °C resulted in an 11.8% reduction in yield, whereas sowing at 10 °C resulted in only
a 0.8% increase. The small difference between E III and E II indicates that increasing soil
temperature from 8 to 10 °C did not provide a statistically significant yield advantage under
the environmental conditions of 2021 (Table 7).

In 2022, the response to soil temperature was more pronounced. Yield increased
from 6006 kg ha=! at 6 °C to 6804 kg ha~! at 8 °C and reached 7648 kg ha~! at 10 °C
(Table 7). Relative to the control, sowing at 6 °C reduced yield by 11.7%, while sowing at
10 °C increased yield by 12.4%. In 2022, delaying sowing until the soil reached 10 °C was
associated with a substantial increase in maize yield.

In 2023, the response differed from that observed in the other years. The highest yield
was recorded at 6 °C (E I), reaching 9119 kg ha~!, compared with 8912 kg ha~! at 8 °C and
8888 kg ha~! at 10 °C (Table 7). Thus, the yield advantage of sowing at 6 °C over the 8 °C
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control was approximately 2.3%, while sowing at 10 °C resulted in a negligible reduction of
0.3%. This contrasting response suggests that the effect of soil temperature at sowing was
strongly dependent on the environmental conditions prevailing during the growing season.

Table 7. Differences in grain yield among maize hybrids sown at different dates.

Sowing Time Sowing Time EII EI EIII

001 Yield (kg ha™1) 10,521 9275 10,602
Significance Ct. 000 ns

2022 Yield (kg ha™!) 6804 6006 7648
Significance Ct. 000 o

2023 Yield (kg ha™1) 8912 9119 8888
Significance Ct. ** ns

2004 Yield (kg ha™1) 7000 6492 7884
Significance Ct. 000 i

2095 Yield (kg ha™1) 11,524 10,853 11,881
Significance Ct. 000 ot

The symbols ** and *** indicate significant differences compared with the control at p < 0.01 and
p <0.001, respectively; ns = not significant; E I = early sowing at 6 °C (12.04.2021, 14.04.2022,
21.04.2023, 11.04.2024, 23.04.2025); E II = optimum sowing at 8 °C (22.04.2021, 02.05.2022, 05.05.2023,
26.04.2024, 02.05.2025); and E III = late sowing at 10 °C (07.05.2021, 17.05.2022, 22.05.2023, 13.05.2024,
13.05.2025); Ct. = control.

In 2024, yield increased markedly with increasing soil temperature at sowing, from
6492 kg ha=! at 6 °C to 7000 kg ha~! at 8 °C and 7884 kg ha~! at 10 °C. Compared with the
control, sowing at 6 °C reduced yield by 7.3%, whereas sowing at 10 °C increased yield
by 12.6%. A similar, although less pronounced, pattern was observed in 2025, when yield
increased from 10,853 kg ha™! at 6 °C to 11,524 kg ha~! at 8 °C and 11,881 kg ha™! at 10 °C.
Relative to the control, these differences corresponded to a 5.8% reduction at 6 °C and a
3.1% increase at 10 °C. Overall, sowing at 6 °C generally resulted in lower maize yield than
sowing at 8 °C, whereas sowing at 10 °C generally provided the highest yield. The exception
was 2023, when the highest yield was obtained at 6 °C and the differences among the three
sowing temperatures were relatively small (Table 7).

Table 8 shows that soil temperature at sowing affected maize grain quality, with
responses varying across years and quality traits. Using sowing at 8 °C (E II) as the
control, sowing at 6 °C (E I) generally resulted in lower protein, oil and fiber contents in
2021, whereas sowing at 10 °C (E III) increased all three quality parameters. In 2022, the
response was different, and sowing at 6 °C resulted in the highest protein and oil contents,
while sowing at 10 °C mainly increased fiber content. In 2023, differences in protein and oil
contents among sowing temperatures were relatively small, whereas fiber content increased
progressively as soil temperature increased. In 2024, sowing at 10 °C produced the highest
protein and oil contents, while fiber content decreased compared with the 8 °C control.

Overall, the results indicate that the effect of soil temperature at sowing on maize grain
quality was strongly dependent on the growing season. Sowing at 10 °C tended to favor
protein and oil accumulation, particularly in 2021 and 2024, while the response at 6 °C
was more variable and associated with increased protein and oil contents in 2022. These
results suggest that grain quality depended on both sowing temperature and subsequent
growing-season conditions. These findings are consistent with the significant Year x Sowing
date interaction observed for protein, oil and fiber contents in the analysis of variance.
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Table 8. Differences in grain quality among maize hybrids sown at different dates.
Year Sowing Protein Content (%) Oil Content (%) Fiber Content (%)
Time % Significance % Significance % Significance
EII (8 °C) 7.07 Ct. 3.58 Ct. 2.59 Ct.
2021 EI(6°C) 6.81 000 3.19 000 2.48 00
EIIT (10 °C) 7.27 ok 4.04 ok 2.74 ok
EII (8 °C) 7.24 Ct. 3.18 Ct. 2.87 Ct.
2022 EI(6°C) 8.13 e 3.63 o 2.5 000
EIII (10 °C) 7.02 000 3.01 0 293 ns.
EII (8 °C) 7.24 Ct. 3.28 Ct. 2.44 Ct.
2023 EI(6°C) 7.17 ns. 3.39 ns. 2.53 *
EIII (10 °C) 7.13 0 3.36 ns. 2.58 o
EII (8 °C) 8.62 Ct. 3.5 Ct. 2.34 Ct.
2024 EI(6°C) 8.61 ns. 3.5 ns. 237 ns.
EIII (10 °C) 9.38 . 3.96 e 222 00

The symbols * and *** indicate significant differences compared with the control at p < 0.05 and
p < 0.001, respectively; ns = not significant; E I, E II, and E III = three sowing dates defined by
soil temperature.

The Eberhart-Russell regression analysis revealed differences in maize adaptation
patterns to environmental variability among the three soil temperatures at sowing (Figure 1).

13,000
12,000 2025
11,000 ki
= 10,000 V
<9000 2024 7 *
2 8000 2022
~ 7000
6000
5000
-3000 -2000 -1000 0 1000 2000 3000
Environment indices
eE] @eEIl e EIII

Figure 1. Yield stability in maize as affected by sowing date. E I, E II and E III represent the
first, second and third sowing dates, respectively. Yield is expressed in kg ha~!. Environmental
indices (0 = normal environmental conditions; positive values = favourable conditions; negative
values = unfavourable conditions).

The environmental index differentiated unfavorable environments (negative values)
from favorable environments (positive values), with 2022 and 2024 representing unfavorable
environments and 2021 and 2025 representing favorable environments. The regression
coefficient (b;) provides an indication of the response of each sowing treatment to changes
in environmental productivity. EI (6 °C) and EII (8 °C) showed regression coefficients close
to unity, indicating relatively broad adaptation across environments. E III (10 °C) exhibited
a regression coefficient below unity (b; ~ 0.91), indicating a lower sensitivity of yield to
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environmental improvement and, consequently, a tendency towards better adaptation to
less favorable environments.

Importantly, E IIl maintained the highest regression line across the environmental index
range, indicating a superior mean yield compared with E I and E II under both unfavorable
and favorable environmental conditions. The 10 °C sowing treatment combined a high
yield level with a relatively low response to environmental variation. According to the
Eberhart-Russell model, this response pattern suggests good adaptation and yield stability,
particularly under less favorable environmental conditions.

Differences in grain yield among maize hybrids and sowing dates were observed over
the five-year study period. Several hybrids, particularly Turda 350, Turda 59 and Turda
335, exhibited comparatively high yield values at certain sowing dates. Among the sowing
dates, the third treatment (E III) showed the highest average grain yield and was therefore
the most favorable for grain yield under the experimental conditions (Figure 2).

Yield (kg ha™!)
[+
o
[=]
<]

8000

7500

7000

6500

6000
—-600 —400 -200 0 200 400 600

Environment indices

» Turda 248 « Turda 165 Turda 201 Turda Star e Turda 332 » Turda 344
e Turda 335 e Turda 2020 ¢ Turda 380 e Turda 350 e Turda59

Figure 2. Yield stability in maize hybrids as affected by sowing date. E I, E II and E III represent
the first, second and third sowing dates, respectively. Yield is expressed in kg ha~!. Environmental
indices (0 = normal environmental conditions; positive values = favourable conditions; negative
values = unfavourable conditions).

Despite variations in precipitation over the five years analyzed, sowing at the first
sowing date (E I) resulted in yields exceeding 6000 kg ha~?!, even under limited-moisture
conditions and moderate fertilization. The use of hybrids with a longer growing season
may contribute to more efficient use of climatic resources and higher yield potential when
combined with an appropriate sowing date. Thus, optimizing sowing time and selecting
suitable hybrids represent sustainable strategies for increasing productivity and achieving
yields above 10,000 kg ha=1.

The LDA indicated that variability in maize yield and quality indicators was determined
primarily by the specific pedoclimatic conditions of the growing year and, to a lesser extent,
by soil temperature at sowing (Figure 3).

The first discriminant axis, which explains 94.4% of the total variation, clearly separates
the favorable years (2021 and 2023) from the unfavorable years (2022 and 2024), with the
treatments from the favorable years being associated with the direction of the Yield vector.
This result confirms the predominant role of environmental conditions during the growing
season in determining yield performance. The differentiation among sowing temperatures
of 6 °C, 8 °C, and 10 °C is reflected mainly by Axis 2, which explains only 2.4% of the
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variation, suggesting a smaller effect compared with the influence of the growing year. The
different positions of treatments E I, E II, and E III across years also indicate the possible
existence of an interaction between sowing temperature and the climatic conditions of the
respective growing year.

4.2%

.
.

Axis 2

= 2021 o 2022
Yiel 41
= 2023 e & 2024
E III
o
— E III
-
E III Fiber E II E II
- Protein o Q
-75 -60 ™ m 3-30 -1.5 Oil 1.5 3.0 a8 o
= EI En Em .
EI =
—2 -
-3 4 EIl
o
_4 e
Axis 1: 94.4%

Figure 3. Linear discriminant analysis (LDA) of four growing seasons (2021, 2022, 2023, 2024). E1
represents sowing at 6 °C, E Il represents sowing at 8 °C, and E III represents sowing at 10 °C.

The Pearson correlation analysis revealed a negative association between yield and pro-
tein content, whereas yield was positively correlated with oil and fiber contents (Figure 4).
A particularly strong negative correlation was observed between protein and fiber contents,
indicating that higher protein levels were closely associated with lower fiber levels.

= 2 2
S 2
- & 3 =
Correlation
1
Protein l
0.333
@ & |~

Figure 4. Correlation matrix showing Pearson’s correlation coefficients between grain quality traits
(protein, oil, and fiber) and maize yield. Positive correlations are indicated by warmer colors, and
negative correlations by cooler colors, while the intensity of color reflects the strength of the association.
Correlations were considered statistically significant at p < 0.05.
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4. Discussion

Sowing date is a key agronomic factor influencing the productivity of agricultural
crops, as it determines the environmental conditions under which plants undergo the
main stages of their growth cycle. Selecting the optimal date for sowing allows for the
synchronization of plant development phases with periods that are favorable in terms of
temperature and moisture, thereby facilitating a more effective utilization of water, light and
nutrient resources. Adjusting the sowing date can affect crop phenology and the timing of
critical developmental stages—particularly flowering and grain filling—thereby influencing
the extent to which plants are exposed to high temperatures and water stress [37,38].

The effect of soil temperature at sowing on maize yield varied considerably among
experimental years, indicating that yield responses were influenced by growing-season
conditions. In 2021, 2022, and 2024, increasing soil temperature from 6 °C to 10 °C was
associated with higher yields, with the trend being more pronounced in 2022 and 2024. In
contrast, in 2023, the earliest sowing date resulted in a slightly higher yield, differing from
the trends observed in the other years. This finding is consistent with Zou et al. [39] who
reported that early sowing can increase yield by extending the period during which the
crop benefits from favorable growing conditions. A more consistent response was observed
in 2025, when yield increased with soil temperature at sowing, although differences among
treatments remained moderate. This interannual variability may also reflect differences
in hybrid genetic characteristics that contribute to yield variation [23,40]. The results
obtained during the 2021-2025 period underscore the importance of optimizing the maize
sowing date as a potential adaptation strategy for sustainable yield under variable climatic
conditions. The year-to-year differences indicate that the benefits of adjusting the sowing
date depend on the specific conditions of each season, rather than following a uniform
pattern. From a sustainability perspective, identifying sowing windows that favor high
yields under contrasting climatic conditions can help farmers adapt their crop management
to climatic variability and enhance the stability of maize yield.

These results highlight that the productive response of maize to soil temperature at the
time of sowing is not constant, but is strongly dependent on the pedoclimatic conditions
that characterize the growing season; according to [41], combined heat and drought stress,
which generally manifests concurrently, led to an 18.75% reduction in maize yield, this
proving more harmful than drought or heat stress taken in isolation [42]. Sowing maize at
a specific time—in order to capitalize on peak precipitation and an optimal sum of thermal
units required by hybrids with high yield potential—can contribute to the development of
more resilient and sustainable agricultural production systems, in line with the principles
of sustainable development promoted by the United Nations” 2030 Agenda. The general
trend of obtaining higher yields when sowing in heated soil, observed in most years,
can be associated with more favorable conditions for germination, emergence and crop
establishment. Previous studies have shown that the effects of sowing dates on maize yield
depend on the interaction between climatic conditions, hybrid characteristics, and other
crop management practices [43,44]. At the same time, the different response observed in
2023 suggests that, under certain environmental conditions, earlier sowing can maintain
or even favor the productive potential of the crop. Therefore, the establishment of the
optimal sowing time must be analyzed in relation to the climatic conditions specific to each
season and not exclusively based on the soil temperature at the time of the establishment of
the crop. Maize is a crop with a high water demand, particularly during the grain-filling
stage; consequently, there is a direct relationship between maize yield and the amount
of precipitation recorded in July [45]. The variability in precipitation [46] during this
period—which encompasses the development of reproductive organs through the onset of
grain filling—contributed to higher average yields in 2021, 2023, and 2025.
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The results obtained over the five-year study period (Figure 2) revealed differences in
grain yield among maize hybrids and sowing dates, highlighting the importance of both
genotype selection and sowing time in optimizing crop productivity. Among the hybrids
evaluated, Turda 350, Turda 59, and Turda 335 showed comparatively high yield values at
specific sowing dates, suggesting that their productive performance may depend on the
interaction between genetic potential and environmental conditions.

The results indicate that soil temperature at sowing influenced the qualitative compo-
sition of maize kernels, in contrast to other studies, which showed that protein, fat and fiber
contents were not significantly influenced by the sowing date [47], but the intensity and
direction of response varied more depending on the crop year. Sowing at 10 °C (E III) was
generally associated with higher protein and oil accumulations, particularly in the years
2021 and 2024, while the response at 6 °C (E I) was more variable, with higher protein
and oil content values in 2022. In the case of fibres, the dynamics were less constant, with
different responses being observed from one year to the next. The results of other studies
showed that in the years when the water available to plants was higher and the oil content
increased, water being a critical element in changing the oil content of grains [48]. These
variations highlight the fact that the influence of temperature at sowing on grain quality
cannot be interpreted independently of the environmental conditions of the period after
sowing. In this sense, the significant interaction of Year x Sowing era identified by analysis
of variance confirms that the response of quality parameters was dependent on the specific
conditions of each crop year.

The results of the regression analysis revealed a differentiated response of the maize
crop to variations in environmental conditions, as a function of soil temperature at the
time of sowing. Although existing scientific studies suggest that in the context of future
climate change warming environmental conditions could favor an earlier sowing date for
maize in Europe [44], the results of our study highlight a trend that differs from these
projections. This variability confirms the important influence of environmental conditions
on the expression of the productive potential of the crop, with some studies indicating that
a delayed sowing date can influence certain phases of development, with the reduction in
negative effects of high temperatures during the stage of occurrence of silking and potentially
increasing the yield of maize [49,50].

The relatively high grain yields recorded for the Turda 350 and Turda 59 hybrids in
this study can be analyzed in terms of their yield potential and adaptation to growing
conditions in Romania; they may be considered for cultivation within a sustainable agri-
cultural system that relies primarily on natural rainfall and involves limited fertilization.
Furthermore, refs. [51,52] reported high productivity and relatively good yield stability
for these hybrids under contrasting climatic conditions. Nevertheless, the performance of
each hybrid must be evaluated in relation to the sowing date and the annual variability
of environmental conditions, as their yield potential may not manifest consistently across
different growing environments.

The regression coefficients for the 6 °C (E I) and 8 °C (E II) sowing variants were
close to 1, indicating a relatively proportional yield response to changes in environmental
favorability and suggesting broader adaptability. In the case of maize sown at 10 °C, the
regression coefficient below unity (bi = 0.91) suggests a lower variation in production
relative to changes in environmental favorability, in contrast to those stated by ref. [53] who
recorded a lower grain yield in the case of delayed sowing.

The results for E I are consistent with findings from similar studies, which show that
when sowing occurs earlier, the coefficient of variation is higher, indicating an unstable
period with lower yields [54,55], particularly due to the fact that variability in climatic
conditions has caused early-sown maize to be exposed to lower temperatures [56].
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A relevant element for the interpretation of the results is the superior positioning of the
regression line corresponding to the E III variant over the entire range of the environmental
index. This distribution indicates that sowing at a soil temperature of 10 °C was associated
with higher mean production values in both unfavorable and favorable environments. By
simultaneously relating the level of production to the regression coefficient, the results
suggest that this variant combined high productive potential with relatively little variation in
response to changes in environmental conditions. Overall, the behaviour observed for E I1I
indicates a favourable adaptation to paedoclimatic conditions characterised by a variability
of the environment, with a particular advantage in situations where vegetation conditions
are less favourable.

Linear discriminant analysis (LDA) indicated that differences among experimental
variants in grain yield and major quality traits were largely associated with climatic condi-
tions during the respective growing seasons. Although maize is a light- and heat-demanding
crop, prolonged exposure to temperatures above 35 °C can impair plant development, par-
ticularly during flowering and grain filling, leading to substantial yield reductions [57].
During flowering, drought [58,59] and high temperatures [60,61] can significantly affect the
reproductive process of corn by reducing pollen fertility, which causes significant produc-
tion losses and decreased crop yield. Although the maize plants were exposed to periods of
limited rainfall and high temperatures—including heatwaves during critical developmental
stages—the hybrids maintained a good level of yield, likely due to soil water reserves and
their adaptation to local climatic conditions, as reflected in their genetic background; how-
ever, the lack of physiological measurements limits the ability to confirm the mechanisms
underlying the observed tolerance to these stress conditions.

Compared with crop year, soil temperature at sowing contributed substantially less
to the differentiation of experimental variants, with its effect primarily reflected along
the second discriminant axis, which explained 2.4% of the total variability. Nevertheless,
previous studies have shown that exposure to low temperatures triggers physiological and
biochemical changes in plants that contribute to long-term stress acclimation [62].

However, the different distributions of treatments E I, E II, and E III across the years
analyzed suggest that crop responses to soil temperature at sowing are not constant, but
may vary according to the pedoclimatic conditions specific to each season, the choice of
the best time for planting being important for crop productivity, since planting dates are
influenced by temperature [63].

Optimizing the timing of maize sowing represents a potential adaptation strategy
for sustainable production, given increasingly pronounced climatic variability. By corre-
lating soil temperature thresholds with soil water reserves, farmers can better align the
crop establishment phase with prevailing thermal conditions, which may improve both
germination and subsequent plant development. Identifying sowing windows that ensure
satisfactory yield and grain quality—regardless of the specific growing season—can con-
tribute to greater production resilience under variable climatic conditions. Furthermore,
considering both yield and grain quality—including protein, oil, and fiber content—can
facilitate more efficient use of agricultural land and production resources.

Pearson correlation analysis revealed distinct relationships between production and
the main quality indicators analyzed. Maize grain yield showed a negative correlation
with protein content, while the positive relationships identified with oil and fiber content
suggest a favourable association between productivity and these parameters. At the same
time, the strong negative correlation between protein and fiber content indicates an inverse
relationship between the two components, with higher protein content values being associ-
ated with lower fiber levels, according to the data presented by [64], but in contrast to the
results presented by [65]. These results highlight the existence of important interrelation-

https://doi.org/10.3390/su182111297


https://doi.org/10.3390/su182111297

Sustainability 2026, 18, 11297

16 of 19

ships between the yield and chemical composition of grains, which can contribute to the
characterization of the crop response under the experimental conditions analyzed. This
relationship could be the result of factor interaction, as [66] also state that improper sowing
data impacts crude protein and starch accumulation.

A major limitation of this study is that the experiment was conducted at a single loca-
tion; therefore, the influence of site-specific pedoclimatic conditions cannot be completely
separated from the effect of the sowing date. In this context, extending research to additional
locations would allow for a more robust assessment of the interaction between sowing time
and pedoclimatic conditions. Also, the achievement of different soil temperatures occurs at
distinct calendar times, which makes it difficult to delimit the actual effect of the sowing
temperature from the influence of the climatic conditions specific to the period in which
it was reached. An additional limitation is represented by the predominant evaluation of
production and quality indicators, without the inclusion of detailed physiological determi-
nations, such as emergence dynamics, biomass accumulation, root system development
or water use efficiency. The inclusion of these parameters in future research could con-
tribute to a better understanding of the physiological mechanisms by which the sowing
date influences the development and productivity of maize cultivation.

5. Conclusions

The five-year evaluation showed that the maize yield response to sowing date was
strongly influenced by growing-season conditions. In most years, higher soil temperatures at
sowing were associated with increased grain yield, although the magnitude of this response
varied across years. Among the treatments, E III (10 °C soil temperature) was associated
with favorable yields and a relatively stable response across environments. These findings
suggest that the yield response to sowing time depends not only on soil temperature at
sowing but also on environmental conditions during subsequent crop development.

Sowing maize from the last ten days of April to the second ten days of May (E II and
E III) yielded the best results in terms of production, as it allowed for the partial avoidance
of drought periods during the reproductive phases and facilitated more effective use of the
hybrids” productive potential.

Grain quality parameters also varied according to both sowing time and experimental
year. The 10 °C treatment generally favored protein and oil accumulation, whereas fiber
content showed no consistent response across the experimental years. The significant Year x
Sowing Time interaction and the results of the discriminant analysis confirmed that annual
environmental variation played an important role in determining differences in both yield
and grain quality. The observed relationships among yield, protein, oil and fiber contents
further indicate that changes in grain productivity may be associated with shifts in its
chemical composition.

Overall, the findings suggest that sowing decisions should account for both soil tem-
perature at sowing and subsequent growing-season conditions. Under the conditions of
this study, sowing at a soil temperature of 10 °C was associated with favorable yield perfor-
mance, relatively high stability, and improvements in selected grain quality traits. However,
this temperature should not be regarded as a universally optimal sowing threshold, as the
response may vary with environmental conditions.
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