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Abstract. Soybean is a crop of great importance for the economic, ecological and agronomic advantages it 
provides. In the context of climate change, soybean crop presents certain performance risks in non-irrigated 
systems, as a result of water and thermal stress. The present study evaluated the development of soybean plants 
based on the plant height parameter (PH, cm) in relation to sowing date and plant density. The study and field 
experiments were carried out within ARDS Lovrin. The soybean crop was sown in three different periods: E I 
(17.04.2025), E II (28.04.2025), E III (12.05.2025). Within each sowing time, five density variants were tested: 
45, 55, and 65 plants m⁻² with 25-cm row spacing (V1–V3), and 45 plants m⁻² with 60-cm and 80-cm row 
spacing (V4–V5). 15 experimental variants resulted, in three replications. Mann-Kendall Test indicated an 
increasing trend in the mean values of the PH parameter, p<0.001. ANOVA test (p<0.001) and Kruskal-Wallis 
test (p = 0.0019) indicated significant differences between the mean and median values. Dunn's Post Hoc test 
generated 105 comparative analyses between the experimental variants and resulted in 69 statistically 
significant differences, including five cases at the p<0.05 level (*), eight cases at the p<0.01 level (**), and 56 
cases at the p<0.001 level (***). In the multivariate analysis, the principal components (PC1, PC2) explained 
96.211% of the total variance and identified the correlation of the variants with the sowing times in relation to 
the plant height parameter. The cluster analysis grouped the variants based on similarity in relation to the 
values of the PH parameter (cm), under conditions of Coph.corr. = 0.879. The recorded results present scientific 
and practical importance, with utility for agricultural practice in optimizing technology in soybean cultivation. 
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INTRODUCTION 
Soybean is an important crop worldwide, serving as a major source of both food and feed through its high 

protein and oil content (Pagano and Miransari, 2016; Hamza et al., 2024; Rotundo et al., 2024). Globally, most 
soybean production is obtained in the United States, Brazil, and Argentina, which together account for 
approximately 75% of the world’s annual supply. Soybeans also represent the most widely traded agricultural 
commodity (Hamed et al., 2025). Within the European Union, Italy, France, and Romania have been the leading 
soybean-producing countries over the past decade (Popescu et al., 2024). 

Climate change has increasingly affected soybean cultivation, primarily through water stress, reduced 
productivity, and declines in both yield and product quality—all of which impact farm sustainability (Thomasz 
et al., 2024; Zhao et al., 2025). Significant spatiotemporal variability has also been observed in soybean cropping 
patterns in response to changing climatic conditions (Peng et al., 2025). 

Breeding programs and modern genetic techniques aim to improve soybean genotypes with respect to 
vegetative growth, stress tolerance, agronomic performance, yield, and grain quality (Vargas-Almendara et al., 
2024; Monfort et al., 2025). Agronomic practices have been reviewed and adapted to align with these new 
genotypes, as well as with specific soil and climatic conditions, in order to achieve high-performing soybean 
crops (e Silva et al., 2023; Zhong and Zhong, 2024; Gai et al., 2025). 

Soybean development has been studied in relation to sowing date, focusing on plant growth, crop 
development stages, and yield performance under diverse soil and climate conditions (Madias et al., 2021; 
Fordoński et al., 2023; Seo et al., 2024). 

Light interception, photosynthetic rate, and dry matter accumulation in soybean have been analyzed with 
respect to crop uniformity and plant density (Xu et al., 2021). The phenomenon of plant lodging has also been 
examined in relation to plant density within specific crop rotation systems (Wang et al., 2023), while density 
tolerance has been assessed using phenotyping and dynamic modeling techniques (Sun et al., 2025). 

Strong effects of sowing date and plant density on canopy structure, photosynthetic rate, and seed yield 
have been reported (Xu et al., 2024). Moreover, variable yield responses have been observed under different 
combinations of row spacing and plant density across varying temperature and humidity regimes (Carciochi et 
al., 2019; Prusiński and Nowicki, 2020). 

The objective of this study was to evaluate the variation in soybean plant height in relation to sowing time 
and plant density, row spacing and seed density/m2 at sowing, under non-irrigated crop conditions. 
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MATERIAL AND METHODS 
The study was carried out at the Agricultural Research and Development Station (ARDS) Lovrin during 

the 2024–2025 agricultural year on soybean (Glycine max L.) crop. The research was conducted within the 
framework of the ADER 1.4.1 Project. 

The experimental site is characterized by chernozem soil of medium fertility. Prior to sowing, the land 
was prepared through plowing, disc harrowing, and combinator operations to ensure a suitable seedbed for 
uniform germination. “IRIS TD”, an early soybean variety developed at Agricultural Research and Development 
Station (ARDS) Turda, was used as the biological material in this study. 

Soybean was sown at three different dates: 
• E I – April 17, 2025; 
• E II – April 28, 2025; 
• E III – May 12, 2025. 

Within each sowing date, five plant density variants were established: 
• V1 – 45 plants/m², 25 cm row spacing; 
• V2 – 55 plants/m², 25 cm row spacing; 
• V3 – 65 plants/m², 25 cm row spacing; 
• V4 – 45 plants/m², 60 cm row spacing; 
• V5 – 45 plants/m², 80 cm row spacing. 

This design resulted in a total of 15 experimental variants, each replicated three times. 
The crop was managed according to the standard soybean cultivation technology recommended for the 

region. The experiment was conducted under non-irrigated (rainfed) conditions. Climatic data for the 
experimental period were recorded by the ARDS Lovrin Meteorological Station and are presented in Table 1. 

 
Table 1. Climatic conditions at the study location 

Month/Decade 
2025 

Average air 
temperature 

Sum of  
temperature 

Average relative air 
humidity Precipitation 

(°C) (°C) (%) (mm) 

April/I 7.4 76.9 67 1.8 

Arpil/II 14.7 138.6 64 12.2 

April/III 17.1 202.1 66 8.8 

Monthly average/amount 13.8 - 66 22.8 

May/I 16.3 163.0 66 25.2 

May/II 12.9 129.2 66 20.0 

May/III 16.3 179.2 75 22.0 

Monthly average/amount 15.2 - 69 67.2 

June/I 23.4 234.5 48 15.2 

Juune/II 22.5 226 61 8.2 

June/III 25.0 295.8 56 30 

Monthly average/amount 25 - 55 53.4 

July/I 23.9 238.64 48 15.2 

July/II 22.5 223.6 61 8.2 

July/III 25.2 350.3 56 30 

Monthly average/amount 23.9 - 55 53.4 

August/I 23.9 230.6 44 0.0 

August/II 25.6 256.3 42 3.0 

August/III 21.4 284.7 51 18.6 

Monthly average/amount 23.6 - 48 29.4 

September/I 24 179.9 44 4.6 

September/II 19.9 139.2 68 20.4 

 
Plant height (PH, cm) was evaluated under the experimental conditions. At physiological maturity, plant 
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samples (10 plants) were randomly collected from each variant and replication. In the laboratory, plant height 
was measured on the workbench using a tape measure with an accuracy of ±0.5 mm. 

The experimental data were recorded by variant and replication, then processed mathematically and 
statistically in accordance with the study objectives. Data analysis and graph generation were performed using 
Microsoft Excel, PAST software (Hammer et al., 2001), JASP software (2022), and Mathematica software 
(2024). 

 
RESULTS AND DISCUSSION 
Soybean plant height, as influenced by sowing date and experimental variant, ranged from 43.90 ± 0.17 

cm (E I V3) to 51.50 ± 0.36 cm (E III V5). Within each sowing date, plant height varied as follows: E I: 43.90 ± 
0.17 cm to 46.00 ± 0.27 cm, E II: 45.50 ± 0.67 cm to 48.30 ± 0.67 cm, E III: 49.50 ± 0.35 cm to 51.50 ± 0.36 cm. 

The graphical distribution of soybean plant height (PH, cm) across all experimental variants (from E I V1 
to E III V5) is illustrated in Figure 1. 

 
Figure 1. Soybean plants height, graphic representation 

 
The Mann–Kendall test indicated a statistically significant increasing trend in the data series of average 

soybean plant height (PH, cm), under statistically reliable conditions (S = 82, Z = 4.0134, p < 0.001). 
The linear regression model (Ordinary Least Squares Regression, OLSR) confirmed this trend, showing 

the distribution of PH values with statistically significant parameters presented in Table 2, and their graphical 
representation illustrated in Figure 2. 

 
Table 2. Statistical parameters, OLSR, soybean plant height 

Statistical Parameters Statistical parameter values 

Slope a: 0.5184 Std. error a: 0.0533 

t: 9.7324 p (slope): 2.46E-07 

Intercept b: 43.3950 Std. error b: 0.4843 

95% bootstrapped confidence intervals (N=1999):    

Slope a: (0.40824, 0.60779)   

Intercept b: (42.602, 44.503)   

Correlation:    

r: 0.9377   

r2: 0.8793   

t: 9.7324   

p (uncorr.): 2.46E-07   

Permutation p: 0.0001   
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The ANOVA test applied to the OLSR model also demonstrated statistical significance (p < 0.001). The 
analysis of residuals indicated a normal distribution, confirming the adequacy and validity of the regression 
model. 
 

 
Figure 2. Linear fit plot, plant height in soybean on experimental trials 

 
The variation of the PH parameter was analyzed depending on the density of soybean plants (plt/m2) and 

the distance between plant rows (cm) by quadratic regression. 
The result was Equation (1), which described the variation of the PH parameter in relation to Pd (x – axis) 

and the distance between rows Rs (y – axis), under conditions of R2 = 0.997, F = 802.463, p<0.001. The 
graphical distribution of PH values in relation to Pd and Rs is presented in Figure 3. 

 
      (1) 

 
where:    PH  – plant height (cm); 

x – Pd – plant density (plt/m2); 
y – Rs – row spacing (cm); 
a, b, c, d, e, f – coefficients of the equation (1); 
a= -0.00611111; b= 0.00017748; c= 1.32775933; d= 1.17122943; e= -0.02622148; f= 0 

 
 

 
 

 
(a) (b) 

Figure 3. Graphical representation of the PH variation in soybeans, in relation to Pd (x – axis) and Ps (y - axis) 
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The ANOVA test (for equality of means) showed significant differences between the mean values for the 
soybean plant height parameter, in relation to the experimental variants, Table 3. The Kruskal-Wallis test (test 
for equal medians) also confirmed the existence of significant differences between the median values for the 
soybean plant height parameter, with H (chi2) = 12.5, Hc (tie corrected) = 12.52, p = 0.0019. 
 

Table 3. ANOVA Test results 

Statiatical parameters Sum of sqrs df Mean square F p (same) 

Between groups: 83.1140 2 41.5570 202.900 5.62E-10 

Within groups: 2.4579 12 0.2048   

Total: 85.5718 14 1.00E-05   

Components of variance (only for random effects):      

Var(group): 8.2704 Var(error): 0.2048 ICC: 0.9758 

omega2: 0.9642     

Levene´s test for homogeneity of variance, from means p (same): 0.9220    

Levene´s test, from medians p (same): 0.9247    

Welch F test in the case of unequal variances: F=182.3, df=7.902, p=2.442E-07 

Bayes factor: 1.794E07 (decisive evidence for unequal means) 

 
Based on the differences between the mean and median values of the PH parameters in soybean plants, 

statistically confirmed, the Post hoc test was applied, with the results in Table 4. 
 

Table 4. Post Hoc Test results 

Experimental Trials Mean 
Difference 

95% CI for Mean 
Difference Statiatical safety parameters 

Lower Upper t 
ptukey 

p Sig 

E I V1 

E I V2 -1.000 -2.849 0.849 -1.993 0.787 ns 

E I V3 0.433 -1.415 2.282 0.864 1.000 ns 

E I V4 -0.433 -2.282 1.415 -0.864 1.000 ns 

E I V5 -0.267 -2.115 1.582 -0.532 1.000 ns 

E II V1 -2.267 -4.115 -0.418 -4.518 0.006 ** 

E II V2 -2.467 -4.315 -0.618 -4.917 0.002 ** 

E II V3 -2.900 -4.749 -1.051 -5.780 < .001 *** 

E II V4 -1.967 -3.815 -0.118 -3.920 0.029 * 

E II V5 -2.900 -4.749 -1.051 -5.780 < .001 *** 

E III V1 -5.633 -7.482 -3.785 -11.228 < .001 *** 

E III V2 -6.267 -8.115 -4.418 -12.491 < .001 *** 

E III V3 -5.433 -7.282 -3.585 -10.830 < .001 *** 

E III V4 -6.167 -8.015 -4.318 -12.292 < .001 *** 

E III V5 -6.367 -8.215 -4.518 -12.690 < .001 *** 

E I V2 

E I 1V3 1.433 -0.415 3.282 2.857 0.271 ns 

E I V4 0.567 -1.282 2.415 1.129 0.997 ns 

E I V5 0.733 -1.115 2.582 1.462 0.973 ns 

E II V1 -1.267 -3.115 0.582 -2.525 0.454 ns 

E II V2 -1.467 -3.315 0.382 -2.923 0.242 ns 

E II V3 -1.900 -3.749 -0.051 -3.787 0.039 * 

E II V4 -0.967 -2.815 0.882 -1.927 0.822 ns 

E II V5 -1.900 -3.749 -0.051 -3.787 0.039 * 
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E III V1 -4.633 -6.482 -2.785 -9.235 < .001 *** 

E III V2 -5.267 -7.115 -3.418 -10.498 < .001 *** 

E III V3 -4.433 -6.282 -2.585 -8.837 < .001 *** 

E III V4 -5.167 -7.015 -3.318 -10.298 < .001 *** 

E III V5 -5.367 -7.215 -3.518 -10.697 < .001 *** 

E I V3 

E I V4 -0.867 -2.715 0.982 -1.727 0.908 ns 

E I V5 -0.700 -2.549 1.149 -1.395 0.981 ns 

E II V1 -2.700 -4.549 -0.851 -5.382 < .001 *** 

E II V2 -2.900 -4.749 -1.051 -5.780 < .001 *** 

E II V3 -3.333 -5.182 -1.485 -6.644 < .001 *** 

E II V4 -2.400 -4.249 -0.551 -4.784 0.003 ** 

E II V5 -3.333 -5.182 -1.485 -6.644 < .001 *** 

E III V1 -6.067 -7.915 -4.218 -12.092 < .001 *** 

E III V2 -6.700 -8.549 -4.851 -13.355 < .001 *** 

E III V3 -5.867 -7.715 -4.018 -11.694 < .001 *** 

E III V4 -6.600 -8.449 -4.751 -13.155 < .001 *** 

E III V5 -6.800 -8.649 -4.951 -13.554 < .001 *** 

E I V4 

E I V5 0.167 -1.682 2.015 0.332 1.000 ns 

E II V1 -1.833 -3.682 0.015 -3.654 0.054 ns 

E II V2 -2.033 -3.882 -0.185 -4.053 0.021 * 

E II V3 -2.467 -4.315 -0.618 -4.917 0.002 ** 

E II V4 -1.533 -3.382 0.315 -3.056 0.189 ns 

E II V5 -2.467 -4.315 -0.618 -4.917 0.002 ** 

E III V1 -5.200 -7.049 -3.351 -10.365 < .001 *** 

E III V2 -5.833 -7.682 -3.985 -11.627 < .001 *** 

E III V3 -5.000 -6.849 -3.151 -9.966 < .001 *** 

E III V4 -5.733 -7.582 -3.885 -11.428 < .001 *** 

E III V5 -5.933 -7.782 -4.085 -11.826 < .001 *** 

E I V5 

E II V1 -2.000 -3.849 -0.151 -3.986 0.024 * 

E II V2 -2.200 -4.049 -0.351 -4.385 0.009 ** 

E II V3 -2.633 -4.482 -0.785 -5.249 < .001 *** 

E II V4 -1.700 -3.549 0.149 -3.388 0.097 ns 

E II V5 -2.633 -4.482 -0.785 -5.249 < .001 *** 

E III V1 -5.367 -7.215 -3.518 -10.697 < .001 *** 

E III V2 -6.000 -7.849 -4.151 -11.959 < .001 *** 

E III V3 -5.167 -7.015 -3.318 -10.298 < .001 *** 

E III V4 -5.900 -7.749 -4.051 -11.760 < .001 *** 

E III V5 -6.100 -7.949 -4.251 -12.159 < .001 *** 

E II V1 

E II V2 -0.200 -2.049 1.649 -0.399 1.000 ns 

E II V3 -0.633 -2.482 1.215 -1.262 0.992 ns 

E II V4 0.300 -1.549 2.149 0.598 1.000 ns 

E II V5 -0.633 -2.482 1.215 -1.262 0.992 ns 

E III V1 -3.367 -5.215 -1.518 -6.711 < .001 *** 

E III V2 -4.000 -5.849 -2.151 -7.973 < .001 *** 

E III V3 -3.167 -5.015 -1.318 -6.312 < .001 *** 

E III V4 -3.900 -5.749 -2.051 -7.774 < .001 *** 



Life Science and Sustainable Development-Journal  https://www.lssd-journal.com   
____________________________________________________________________________________________________ 

____________________________________________________________________________________________________ 
 
LSSD Vol. 6, no. 2, 2025                                                                                                        https://doi.org/10.58509/57yq7a07
         
   
 

34 

E III V5 -4.100 -5.949 -2.251 -8.172 < .001 *** 

E II V2 

E II V3 -0.433 -2.282 1.415 -0.864 1.000 ns 

E II V4 0.500 -1.349 2.349 0.997 0.999 ns 

E II V5 -0.433 -2.282 1.415 -0.864 1.000 ns 

E III V1 -3.167 -5.015 -1.318 -6.312 < .001 *** 

E III V2 -3.800 -5.649 -1.951 -7.574 < .001 *** 

E III V3 -2.967 -4.815 -1.118 -5.913 < .001 *** 

E III V4 -3.700 -5.549 -1.851 -7.375 < .001 *** 

E III V5 -3.900 -5.749 -2.051 -7.774 < .001 *** 

E II V3 

E II V4 0.933 -0.915 2.782 1.860 0.854 ns 

E II V5 6.148×10-15 -1.849 1.849 1.225×10-14 1.000 ns 

E III V1 -2.733 -4.582 -0.885 -5.448 < .001 *** 

E III V2 -3.367 -5.215 -1.518 -6.711 < .001 *** 

E III V3 -2.533 -4.382 -0.685 -5.049 0.002 ** 

E III V4 -3.267 -5.115 -1.418 -6.511 < .001 *** 

E III V5 -3.467 -5.315 -1.618 -6.910 < .001 *** 

E II V4 

E II V5 -0.933 -2.782 0.915 -1.860 0.854 ns 

E III V1 -3.667 -5.515 -1.818 -7.308 < .001 *** 

E III V2 -4.300 -6.149 -2.451 -8.571 < .001 *** 

E III V3 -3.467 -5.315 -1.618 -6.910 < .001 *** 

E III V4 -4.200 -6.049 -2.351 -8.372 < .001 *** 

E III V5 -4.400 -6.249 -2.551 -8.770 < .001 *** 

E II V5 

E III V1 -2.733 -4.582 -0.885 -5.448 < .001 *** 

E III V2 -3.367 -5.215 -1.518 -6.711 < .001 *** 

E III V3 -2.533 -4.382 -0.685 -5.049 0.002 ** 

E III V4 -3.267 -5.115 -1.418 -6.511 < .001 *** 

E III V5 -3.467 -5.315 -1.618 -6.910 < .001 *** 

E III V1 

E III V2 -0.633 -2.482 1.215 -1.262 0.992 ns 

E III V3 0.200 -1.649 2.049 0.399 1.000 ns 

E III V4 -0.533 -2.382 1.315 -1.063 0.999 ns 

E III V5 -0.733 -2.582 1.115 -1.462 0.973 ns 

E III V2 

E III V3 0.833 -1.015 2.682 1.661 0.929 ns 

E III V4 0.100 -1.749 1.949 0.199 1.000 ns 

E III V5 -0.100 -1.949 1.749 -0.199 1.000 ns 

E III V3 
E III V4 -0.733 -2.582 1.115 -1.462 0.973 ns 

E III V5 -0.933 -2.782 0.915 -1.860 0.854 ns 

E III V4 E III V5 -0.200 -2.049 1.649 -0.399 1.000 ns 

Notes: * significance at the p<0.05 level; ** significance at the p<0.01 level; *** significance at the p<0.001 
level; ns – no statistical significance 
 

The Post Hoc test was applied to compare the experimental data across the three sowing periods (E I, E II, 
E III) and the five density–spacing variants (V1–V5) within each sowing period, resulting in a total of 105 
pairwise comparisons (SE = 0.502; SE – Standard Error). 

Based on the results presented in Table 4, 69 statistically significant differences were identified: five at 
the p < 0.05 level (*), eight at the p < 0.01 level (**), and 56 at the p < 0.001 level (***). 

In 36 comparisons, the differences were not statistically significant (p > 0.05; ns – not significant). 
The multivariate analysis (PCA) revealed clear correlations between the experimental variants (V1–V5) 

and sowing periods (E I–E III) in relation to soybean plant height (PH). The distribution and grouping of these 
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relationships are illustrated in Figure 4. 
 

 
Figure 4. PCA diagram with the distribution of variants in relation to soybean sowing times 

 
Component PC1 explained 66.356% of variance, and PC2 explained 29.855% of variance. Variant V5 

was positioned intermediately between E III and E II, and variant V2 was positioned intermediately between E 
III and E I. Variants V1, V3 and V4 were positioned independently of the sowing times. 

The score recorded by the variants in relation to the principal components is presented in Table 5, and the 
loading values of the sowing periods (as factors) in the principal components are presented in Table 6. 
 

Table 5. Variant score in Principal Components 

 PC 1 PC 2 PC 3 

V1 -0.6406 -0.9058 0.0613 

V2 1.4366 0.3599 0.5340 

V3 -2.0685 0.2230 0.1351 

V4 1.0103 -0.9634 -0.3434 

V5 0.2623 1.2863 -0.3869 

 

Table 6. Factor loadings in the Principal Components 

 PC 1 PC 2 PC 3 

E I 0.6836 0.0987 0.7232 

E II -0.3636 0.9052 0.2202 

E III 0.6329 0.4135 -0.6546 

 
The cluster analysis of the experimental trials (E I, E II, E III; V1–V5) grouped the variants according to 

their similarity in plant height (PH, cm) values, with a cophenetic correlation coefficient (Coph.corr.) of 0.879, 
indicating a high degree of clustering reliability (Figure 5). 

The analysis revealed the formation of three distinct clusters corresponding to the three sowing periods (E 
I, E II, E III), in which sowing time acted as the primary discriminating factor. Within each cluster, subclusters 
were formed based on the similarity among the density–spacing variants (V1–V5), considered as a secondary 
factor. 

The highest level of similarity at the experiment level was observed within cluster E III, between variants 
E III V2 and E III V4, and between E III V2 and E III V5, both with a Similarity and Distance Index (SDI) = 
0.41. 

!"#

!"##

!"###

$%

$C
$'

$E

$)

*'+I *C+) *C+I *%+) *%+I *I+) I+) %+I %+)

-.%"/00+')012

*I+P

*I+0

*I+'

I+'

I+0

I+P

%+C

%+)

%+4

-
.
C"
/C
P+
4)
)1
2



Life Science and Sustainable Development-Journal  https://www.lssd-journal.com   
____________________________________________________________________________________________________ 

____________________________________________________________________________________________________ 
 
LSSD Vol. 6, no. 2, 2025                                                                                                        https://doi.org/10.58509/57yq7a07
         
   
 

36 

In cluster E II, a strong similarity was found between variants E II V1 and E II V5 (SDI = 1.12), while in 
cluster E I, the closest relationship was recorded between E I V1 and E I V3 (SDI = 0.75). The complete set of 
Similarity and Distance Index (SDI) values is presented in Table 7. 

 

 
Figure 5. Cluster diagram 

 
Table 7. SDI values for experimental variants in soybean, in relation to PH parameter 

 E I V1 E I V2 E I V3 E I V4 E I V5 E II V1 E II V2 E II V3 E II V4 E II V5 E III V1 E III V2 E III V3 E III V4 E III V5 

E I V1  1.87 0.75 0.83 0.79 4.00 4.42 5.45 3.73 5.08 9.77 10.90 9.49 10.71 11.11 

E I V2 1.87  2.58 1.37 1.46 2.22 2.99 3.91 2.76 3.33 8.06 9.18 7.71 8.97 9.39 

E I V3 0.75 2.58  1.53 1.34 4.74 5.17 6.12 4.42 5.82 10.52 11.64 10.23 11.45 11.85 

E I V4 0.83 1.37 1.53  0.64 3.31 3.77 4.67 2.93 4.35 9.02 10.14 8.76 9.95 10.35 

E I V5 0.79 1.46 1.34 0.64  3.50 4.20 4.81 3.40 4.57 9.30 10.40 8.98 10.22 10.59 

E II V1 4.00 2.22 4.74 3.31 3.50  1.84 2.10 2.20 1.12 5.86 6.96 5.50 6.77 7.17 

E II V2 4.42 2.99 5.17 3.77 4.20 1.84  3.30 2.03 1.99 5.74 6.92 5.59 6.67 7.20 

E II V3 5.45 3.91 6.12 4.67 4.81 2.10 3.30  2.83 1.61 4.98 5.94 4.71 5.86 6.05 

E II V4 3.73 2.76 4.42 2.93 3.40 2.20 2.03 2.83  2.56 6.56 7.66 6.49 7.50 7.87 

E II V5 5.08 3.33 5.82 4.35 4.57 1.12 1.99 1.61 2.56  4.75 5.85 4.42 5.66 6.06 

E III V1 9.77 8.06 10.52 9.02 9.30 5.86 5.74 4.98 6.56 4.75  1.18 0.92 0.95 1.50 

E III V2 10.90 9.18 11.64 10.14 10.40 6.96 6.92 5.94 7.66 5.85 1.18  1.66 0.41 0.41 

E III V3 9.49 7.71 10.23 8.76 8.98 5.50 5.59 4.71 6.49 4.42 0.92 1.66  1.42 1.90 

E III V4 10.71 8.97 11.45 9.95 10.22 6.77 6.67 5.86 7.50 5.66 0.95 0.41 1.42  0.81 

E III V5 11.11 9.39 11.85 10.35 10.59 7.17 7.20 6.05 7.87 6.06 1.50 0.41 1.90 0.81  

 
The canopy structure of soybean crops plays a key role in the photosynthetic process and in yield 

formation, being influenced not only by intrinsic plant factors (genetic background) but also by environmental 
and technological conditions and their interactions (He et al., 2024; Xu et al., 2024; Li et al., 2025). 

Plant height in soybean is considered a key agronomic trait, directly affecting yield formation and overall 
crop performance (Ling et al., 2025). Previous studies have analyzed the genetic determination of this trait, 
highlighting the influence of both genetic and environmental interactions on height variability (Yang et al., 
2021). 
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In the present study, the average soybean plant height varied significantly among sowing dates, ranging 
from 44.89 cm (E I) to 47.13 cm (E II) and 50.61 cm (E III). Within each sowing period, variation among the 
density–spacing variants was relatively small: 

• E I: PH ranged from 44.20 cm (V3) to 45.63 cm (V2); 
• E II: PH ranged from 46.60 cm (V4) to 47.53 cm (V3, V5); 
• E III: PH ranged from 50.07 cm (V3) to 51.00 cm (V5). 
Figure 2 shows that the smallest plant heights were observed in soybeans sown in mid-April, while the 

tallest plants occurred in late-sown soybeans in May. 
It is well established that plant density influences height growth in many crops (Postma et al., 2021; 

Djaman et al., 2022; Miao et al., 2024). In soybean, plants exhibit plasticity in both height and branching, 
depending on density (Carciochi et al., 2019; Yoshihira et al., 2023; Xu et al., 2024). The observed increase in 
height under higher plant densities is commonly interpreted as a photomorphogenic response to competition for 
light (Xiao et al., 2006; Nagashima and Hikosaka, 2011). Several mathematical models have been developed to 
describe the relationships between crop growth and environmental factors such as light, water, and nutrients, 
with the aim of optimizing cultivation technologies (Boldea and Sala, 2010; Lu et al., 2024; Peng et al., 2025). 

The Dunn’s Post Hoc test revealed significant differences in 69 pairwise comparisons. The E III sowing 
period produced the highest PH values, followed by E II and E I, respectively. Variants from E III (V1–V5) 
consistently showed an advantage over the other experimental combinations. 

The multivariate analysis (PCA) highlighted the interaction between sowing time and density–spacing 
variant (E × V) as a key factor influencing plant height. The PCA diagram showed strong associations between E 
III × V2 and E III × V5 with higher PH values, while V1, V3, and V4 displayed independent positioning, 
indicating weaker correlations. 

Finally, the cluster analysis identified the levels of similarity among experimental variants based on PH 
values, confirming the grouping patterns described by the PCA and reinforcing the influence of sowing time as 
the primary discriminating factor. 
 

CONCLUSIONS 
The interaction between sowing time (E I, E II, E III) and experimental variants (V1–V5) resulted in clear 

variation in soybean plant height under the study conditions. Sowing time had a significantly greater influence 
on plant height than the differences among plant density variants. The highest values for plant height were 
consistently recorded for the E III sowing period, across all variants, compared with E II and E I. 

Under non-irrigated conditions, average plant height ranged from 44.89 cm (E I) to 50.61 cm (E III), with 
an intermediate mean of 47.13 cm for E II. Within each sowing period, plant density did not cause statistically 
significant differences in plant height. 

According to the ANOVA and Kruskal–Wallis tests, statistically significant differences were observed 
between mean and median values. The Dunn’s Post Hoc test generated 105 pairwise comparisons, of which 69 
showed statistical significance: five at p < 0.05 (*), eight at p < 0.01 (**), and fifty-six at p < 0.001 (***). 

The principal component analysis (PCA) revealed strong correlations between sowing time and plant 
density variants with respect to plant height, with the first two components explaining a substantial proportion of 
the total variance. Cluster analysis confirmed the similarity levels among density variants within each sowing 
period. 

These results hold both scientific and practical relevance for optimizing soybean cultivation technologies 
under rainfed (non-irrigated) conditions, emphasizing plant height as an important agronomic trait linked to grain 
yield formation and overall crop performance. 
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