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Abstract. Sunflower is one of the leading oilseed crops in Ukraine, and the stability 
of its yield is of important economic and food importance. In conditions of increasing 
climate variability, the need for quantitative analysis of the influence of agrotechnical 
and meteorological factors on the development of the yield is becoming more urgent. 
The purpose of the study was to quantitatively assess the role of agrotechnical and 
climatic factors in the development of sunflower yield using statistical analysis 
methods. The empirical basis of the study was data for 2007-2024, including 
sunflower yield indicators, levels of mineral and organic fertilisers, and meteorological 
characteristics (soil temperature in May, precipitation, air moisture saturation deficit, 
Selyaninov hydrothermal coefficient, wind speed, number of clear days during the 
growing season). The study used descriptive statistics, the Shapiro-Wilk test, Pearson 
and Spearman correlation analysis, and multivariate linear regression. The results of 
the study showed that the average yield level for the period was 25.65 q/ha with a 
standard deviation of 5.91 q/ha. The most stable and statistically significant effect on 
sunflower yield was the level of mineral fertiliser application, for which a moderately 
strong positive relationship was recorded (r = 0.656). Among meteorological factors, 
the most noticeable positive relationship was found for wind speed (r = 0.512). The 
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INTRODUCTION
Sunflower has traditionally occupied the place of one 
of the leading oilseed crops of Ukraine, acting as a 
strategic resource for domestic consumption and ex-
port potential of the country. Its role as a key compo-
nent of the world agricultural market has led to special 
attention of researchers to the stability of yield, since 
any fluctuations in production volumes had a direct 
impact on economic security and food stability. In cur-
rent conditions of climatic instability, there has been 
an increase in the importance of both agrotechnical 
and meteorological factors, which together deter-
mined the dynamics of yield development and caused 
interannual variability in crop productivity.

Scientific studies have confirmed the complex 
nature of yield development under the influence of 
a complex of factors. In particular, D. Baranskyi (2024) 
substantiated that the temperature regime and 
the level of moisture supply acted in close interac-
tion with soil cultivation systems, which determined 
the final productivity of the crop. In turn, J. Beteri et 
al.  (2024) established that dynamic changes in air 
temperature and precipitation significantly adjusted 
the suitability of certain periods for the sowing cam-
paign. The researchers also proved that the ecolog-
ical parameters of the environment determined the 
limits of the potential yield level that the crop could 
approach under optimal conditions. Additionally, the 
study by F. Zabel et al.  (2025) highlighted the role of 
solar insolation and mineral nutrition systems as fac-
tors that minimised the negative effects of climatic 
stresses. The importance of weather conditions as the 
main determinant of interannual yield variation has 
been extensively analysed in a number of interna-
tional studies based on multi-year climate series. For 
example, S.  Majumder & C.M.  Mason  (2025) focused 
on the analysis of historical data, which allowed them 
to identify a high predictive potential of temperature 
indicators precisely during critical phases of sunflow-
er vegetation. Furthermore, C.O.  Joseph  et al.  (2025) 
demonstrated that the amount of precipitation during 
the growing season was the main limiting factor, ex-
plaining up to 60% of yield variability in arid regions. 
These scientific results indicated the need for deeper 
integration of agrometeorological trends in the model 
for estimating future productivity.

Along with natural factors, the scientific communi-
ty has actively investigated the role of anthropogenic 
and technological influences. The study by M. Zalai et 
al.  (2025) showed that the negative effect of meteor-
ological anomalies could be partially offset by the in-
troduction of precise fertilisation systems. Moreover, 
E. Partal  (2022) emphasised that the choice of tillage 
method directly modified the impact of precipitation 
on the water regime, creating a complex system of in-
teraction between the agronomist’s management de-
cisions and the forces of nature. Thus, crop formation 
was considered not as a linear process, but as the result 
of the synergy of many variables. For the agricultural 
sector of Ukraine, this issue has become particularly 
acute. S.M. Shakalii & Ye.I. Kulyk (2025) stated in their 
study that the agroclimatic conditions of the last dec-
ade were characterised by a steady trend towards an 
increase in average annual temperatures and a shift in 
the zones of comfortable cultivation of oilseeds.

In view of the above, there was an objective need 
to conduct a comprehensive quantitative analysis of 
the impact of agrotechnical and meteorological factors 
on sunflower yield. The use of advanced statistical and 
econometric tools allowed considering the problem of 
multicollinearity of indicators, which previously often 
became an obstacle to obtaining reliable models. The 
use of distribution testing methods and regression anal-
ysis provided the opportunity not only to identify the 
most influential factors, but also to assess the degree 
of their contribution to the overall result. The purpose 
of this study was to assess the impact of agrotechnical 
and meteorological factors on sunflower yield based on 
statistical analysis of empirical data over a long period. 

LITERATURE REVIEW
Based on the analysis of the current state of the ag-
ricultural market, I.V. Chekhova (2022) highlighted the 
specifics of the functioning of the oilseed market in 
Ukraine, argued the need to improve the state agrari-
an policy to support the diversification of production, 
expand the range of products, and stimulate producers 
to grow various oilseeds. The study by O.V.  Sydiakina 
& V.V. Hamajunova (2023) was devoted to the analysis 
of the current state and prospects of sunflower seed 
production. The researchers considered the key factors 

multicollinearity test using the variance inflation coefficient confirmed the correctness of the model, since the 
values for most variables did not exceed 4, and the maximum indicator was 5.17 for mineral fertilisers. The 
analysis emphasised the key role of agrotechnical management, since the influence of factors such as Selyaninov 
hydrothermal coefficient (r = 0.083) and moisture deficit (r = 0.092) turned out to be weak within the paired analysis. 
The practical value of the results lies in the possibility of using the developed regression models to predict 
sunflower productivity and optimise mineral nutrition systems in order to minimise risks caused by adverse 
meteorological factors

Keywords: agrometeorological indicators; Selyaninov hydrothermal coefficient; multicollinearity; correlation 
analysis; linear regression; variance inflation factor
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affecting the efficiency of seed production and out-
line the areas of development of the industry based 
on contemporary scientific and practical achievements. 
K. Vasylkovska et al.  (2022) investigated the dynamics 
of sunflower production in Ukraine and the world for 
the period 2000-2021 in the context of global climate 
change. The study emphasised that due to the adapta-
tion of technologies and the selection of drought-re-
sistant hybrids, the average yield in Ukraine increased 
by 2.5 times, which allowed the country to remain the 
world leader in sunflower oil exports despite adverse 
climatic challenges.

P.  Debaeke  et al.  (2023) developed and evaluated 
methods for predicting sunflower yields at the field 
level using a combination of remote sensing (satel-
lite imagery) and statistical modelling. The paper by 
K. Amankulova et al. (2023) explored methods for accu-
rately estimating future sunflower yields. The research-
ers used remote sensing data to analyse vegetation in-
dices in combination with phenological phases of plant 
development, which allowed creating reliable statisti-
cal models for predicting agricultural land productivity. 
The study by Z. Song et al.  (2023) was devoted to the 
development of a method for automatic recognition of 
sunflower growth phases using deep learning technol-
ogies and multispectral images from unmanned aerial 
vehicles. The results of the study, tested on multi-year 
data, demonstrated the high efficiency of the approach 
for the needs of precision agriculture, providing farmers 
with operational information for making crop manage-
ment decisions.

The study by V. Hnatiienko & H. Hnatiienko (2024) 
was devoted to the development of an intelligent sys-
tem for accurate assessment of future yields within the 
framework of digital agronomy. The study analysed the 
methods of machine learning, deep learning, and com-
puter vision applied to the processing of satellite data 
and other multivariate indicators. R. Karan et al. (2024) 
examined the application of artificial intelligence meth-
ods for yield prediction and early detection of oilseed 
diseases in the agriculture of the state of Tamil Nadu (In-
dia). The researchers proposed an AI-based model that 
combines agronomic, meteorological, and historical data 
to improve the accuracy of yield predictions and timely 
detection of plant diseases. It was shown that the use 
of machine learning can significantly improve the deci-
sion-making process of farmers, contribute to increas-
ing productivity, reducing crop losses, and sustainable 
development of the agricultural sector of the region.

The study by M.A. Jabed & M.A.A. Murad (2024) was 
devoted to a comprehensive review of modern machine 
learning and deep learning approaches for crop yield 
forecasting, with a detailed analysis of the algorithms 
used, data sources (climatic, soil, remote sensing, etc.) 
and model performance indicators. The paper by S. Tha-
vareesan  et al.  (2025) investigated the application of 
various machine learning methods to accurately predict 

crop yields in South Asian countries using historical 
data on yields, weather factors (rainfall, temperature) 
and pesticide use; the researchers compared the per-
formance of regressor models, highlighting the poten-
tial of machine learning to support decision-making in 
agriculture and resource planning.

Recent research in the agricultural sector demon-
strated the increasing use of regularisation methods 
(Lasso, Ridge, Elastic Net) in yield forecasting models 
and agricultural indicators, which allows improving the 
generalisation of estimates and reducing the impact of 
multicollinearity between variables. Z. Qiu (2022) pro-
posed an algorithm for forecasting the gross domestic 
product of China’s agricultural sector based on the Elas-
tic Net method for working with multivariate economic 
data. The researchers analysed the impact of various 
macroeconomic and agricultural indicators on the dy-
namics of agricultural gross domestic product, reduced 
the problem of multicollinearity between variables, and 
improved the accuracy of forecasting. N. Acir (2025) ap-
plied regularised regression models (Ridge, Lasso, Elas-
tic Net) to develop a model for predicting soil fertility in 
semi-arid agroecosystems based on limited data.

A review of the literature has shown that signifi-
cant progress has been made in the application of cut-
ting-edge technologies and methods for predicting the 
yield of oilseed crops, particularly sunflowers. The re-
searchers were actively using remote sensing, machine 
learning, and statistical models to more accurately pre-
dict yields considering factors such as climate change, 
agronomic conditions, and technological adaptations. 
However, issues such as multicollinearity among vari-
ables and data limitations still restrict the accuracy of 
forecasts. Thus, this literature review demonstrates the 
importance of further improving yield forecasting meth-
ods for effective agricultural production management.

MATERIALS AND METHODS
The object of the study was the processes of sunflower 
yield development within the Vinnytsia Oblast, Ukraine. 
The choice of this region as a geographical coverage 
was conditioned by its key role in the agricultural sector 
of the state and its location in the Forest-Steppe zone, 
which was the most representative for analysing the 
impact of climate change on oilseed crops. Vinnytsia 
Oblast was characterised by a transition from sufficient 
to risky moisture, which enabled the most complete 
assessment of the sensitivity of modern sunflower hy-
brids to fluctuations in hydrothermal indicators. The 
empirical basis of the study was annual statistical and 
meteorological data for the period 2007-2024. The in-
itial boundary of the study  (2007) was determined by 
the availability and integrity of data, and it was from 
this year that a full array of open data was available.

Paired linear regression was used to analyse the 
relationship between sunflower yield and individu-
al agro- and meteorological factors, which allowed  
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assessing the area and strength of the influence of each 
explanatory variable separately. The research data on 
agro-factors was obtained from the website of the Main 
Department of Statistics in Vinnytsia Oblast of Ukraine 
(State Statistics Service of Ukraine, n.d.), and about me-
teorological factors – from the Sectoral State Archive 
of Hydrometeorological Observation Materials of the 
State Emergency Service of Ukraine (n.d.) for the period 
2007-2024 and covered each year of the study in the in-
terval from May to September (tables of meteorological 
observations are not publicly available). The covered 
18-year cycle provided the necessary climatic variabil-
ity, including a representative sample of weather ex-
tremes (droughts, temperature anomalies), which was 
important for high-quality modelling of the crop re-
sponse to external stimuli. From a statistical standpoint, 
such a sample size (n = 18) was sufficient to confirm the 
normality of the distribution of variables according to 
the Shapiro-Wilk criterion and ensure high reliability 
of the obtained correlation and regression coefficients.

In this study, eight independent variables were 
used to model sunflower yield, covering both agro-
nomic and meteorological factors. Agronomic factors 
included the amount of applied mineral and organic 
fertilisers in kg/ha, which were direct indicators of the 
level of agrotechnical support of crops and significantly 
affected the stability and development of plants, con-
tributing to an increase in yield under the conditions 
of their balanced application. Meteorological factors 
included: soil surface temperature in May (soil_5), since 
thermal dynamics determine the rate of crop develop-
ment and the passage of vegetation phases; average 
wind speed (wind), which can affect transpiration, mois-
ture evaporation, and the spread of diseases and pol-
len; air moisture saturation deficit (saturation_deficit), 
which characterised atmospheric dryness and affects 
the water balance of plants; the total number of clear 
days (clear_days), which reflected the solar insolation 
necessary for photosynthesis; and the hydrothermal co-
efficient (HTC), which generally characterised the ratio 
of heat and moisture and was a critical indicator of the 
favourableness of meteorological conditions for crop 
growth and development. The choice of these indica-
tors was substantiated by their key role in shaping sun-
flower yield. The involvement of both agro- and mete-
orological factors provided a comprehensive approach 
to yield forecasting, as it considered both controllable 
(technological) and uncontrollable (natural) compo-
nents of agricultural production.

The months of May, June, July, August, and Septem-
ber were chosen for meteorological observations, as 
they were the most representative of the growing sea-
son of sunflower. During this period, weather conditions 
had the maximum impact on the growth, development 
and yield of the crop. One of the key meteorological 
indicators included in the analysis was the HTC, which 
was used to assess the moisture content of an area  

during the growing season of agricultural crops. HTC 
was calculated using the Selyaninov equation:

HTC = 10⋅∑𝑃𝑃𝑃𝑃
∑𝑇𝑇𝑇𝑇

  ,                             (1)

where ∑P – the sum of precipitation (mm) for the peri-
od when the average daily temperature exceeds +10°C, 
and ∑T – the sum of average daily air temperatures (°C) 
for the same period.

The Selininov HTC reflects the complex influence 
of precipitation and temperature on soil water balance 
and crop development. The normality of the distribu-
tion of the studied variables was checked using the 
S.S. Shapiro & M.B. Wilk (1965) test and QQ-plots (Hu 
& Yu, 2016). The Shapiro-Wilk test determined the W 
statistic by the equation:

𝑊𝑊𝑊𝑊 =
�∑𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥(𝑖𝑖𝑖𝑖)�

2

∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)2
  ,                            (2)

where x(i) – observations ordered in ascending order, 
xi – variable value, x ̄ – average value, ai – coefficients 
calculated based on the covariances of the normal dis-
tribution.

The p-value for a test determined the probability 
of observing this or a more extreme W-statistic, assum-
ing the data were normally distributed. If the p-value 
>0.05, the null hypothesis of normality was not reject-
ed. For all indicators, the p-value exceeded the signifi-
cance level of 0.05, which formally allowed the use of 
parametric analysis methods, in particular the Pearson 
correlation coefficient:

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = ∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)
�∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)2 ∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)2

  ,                     (3)

where xi and yi – observations for variables X and Y, x ̄ 
and ȳ – their average values.

Furthermore, given the small sample size (n = 18) 
and possible marginal effects, to increase the stability 
of the results, the Spearman correlation coefficient was 
additionally used, which was calculated using the ranks 
of the variables:

𝜌𝜌𝜌𝜌 = 1 − 6∑𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
2

𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛2−1)
  ,                           (4)

where di
 = R(xi) - R(yi) – difference in the ranks of obser-

vations for each pair of variables.
Comparison of the results obtained using both co-

efficients allowed assessing the reliability of the iden-
tified relationships between sunflower yield and agro- 
and meteorological factors. To quantitatively assess the 
impact of agro- and meteorological factors on sunflow-
er yield, a classical linear regression model was used:

ŷ = β0
 + ∑iβixi,                            (5)

where ̂y – predicted yield, β0 – free term, βi – coefficients 
for traits, xi – values of independent variables (agro- 
and meteorological factors).
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The feasibility of using classical linear regres-
sion was substantiated by the results of multicolline-
arity analysis using the variance inflation factor (VIF) 
(O’Brien, 2007). For each explanatory variable Xi VIF was 
calculated using the equation:

VIF𝑖𝑖𝑖𝑖 = 1
1−𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖

2  ,                             (6)

where Rj
2 – coefficient of determination when regress-

ing a variable Xi on all other variables.
All calculations and visualisations were performed 

using Jupyter Notebook (Python 3). A significance level 
of p < 0.05 was used throughout the study.

RESULTS AND DISCUSSION
The trends in sunflower yield in the Vinnytsia Oblast 
from 2007 to 2024 were examined. Figure 1 shows a 
generally upward but unstable dynamics of sunflower 
yield in Vinnytsia Oblast in 2007-2024. In 2007-2012, 
the yield was relatively low and fluctuated within 
approximately 14-22  q/ha, which may indicate less  

intensive cultivation technologies and higher depend-
ence on weather conditions. Starting from 2013, there 
has been a sharp increase in yield (over 30 q/ha), af-
ter which a period of increased but variable values 
was established. In 2013-2019, the yield was mainly 
maintained at the level of 27-34 q/ha with a maximum 
around 2019, which may be a result of a combina-
tion of favourable meteorological conditions, the use 
of advanced hybrids and optimisation of the fertiliser 
system. However, noticeable decreases in yield were 
recorded in 2020 and 2022, which were likely associat-
ed with adverse weather conditions or stress factors in 
agricultural production. In 2023-2024, a partial recov-
ery of yield was observed, but the level remains lower 
than the peak values of the previous period, which em-
phasised the high sensitivity of the crop to agro- and 
meteorological factors. In general, the dynamics indi-
cate a long-term increase in sunflower productivity in 
the region with significant fluctuations, which justifies 
the feasibility of quantitative analysis of the impact of 
agrotechnical and climatic factors on yield.

Source: compiled by the authors

Figure 1. Dynamics of changes in sunflower yield in Vinnytsia Oblast from 2007 to 2024
Source: compiled by the authors based on State Statistics Service of Ukraine (n.d.)

The data in Table  1 were consistent with the 
graph of sunflower yield dynamics in Vinnytsia Oblast 
for 2007-2024. The average yield level is 25.65 q/ha, 
which corresponds to the predominance of values in 
the range of 25-30 q/ha on the graph in the second 
half of the period under study. The standard deviation 
of 5.91 q/ha indicates moderate annual fluctuations in 
yield, which are clearly manifested in the form of sepa-
rate sharp declines and rises of the curve (in particular, 

a minimum of 14.1 q/ha at the beginning of the period 
and a maximum of 34.4 q/ha in 2019). The negative 
value of the asymmetry coefficient (Skew = -0.47) indi-
cates a weak left-sided asymmetry of the distribution. 
The negative coefficient of kurtosis (Kurtosis = -0.88) 
reflects the absence of sharply expressed peak values 
and confirms the uniform nature of yield fluctuations. 
Table  1 presented statistical characteristics of sun-
flower yield.

Metrics Mean Std. Min. Max. Skew. Kurt.

Yield 25.65 5.91 14.1 34.4 -0.47 -0.88

Table 1. Statistical characteristics of sunflower yield, q/ha
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Thus, descriptive statistics and the shape of the 
time series indicate the absence of extreme outliers 
and the relatively stable nature of yield variation in 
the period under study. In order to correctly select fur-
ther statistical methods of analysis, the assumption of 

normality of the distribution of the studied indicators 
was additionally checked. Table 2 showed the results 
of testing the normality of the distribution of variables 
using the Shapiro-Wilk criterion for agro- and meteor-
ological factors.

Source: compiled by the authors

Variable W_statistic p_value
yield 0.942 0.312

mineral 0.942 0.310
organic 0.950 0.418
soil_5 0.915 0.106

saturation_deficit 0.948 0.393
HTC 0.952 0.458
wind 0.945 0.353

clear_days 0.917 0.117

Table 2. Shapiro-Wilk normality test results for yield, agro- and meteorological variables

For all variables, the p-values exceed the signif-
icance level of 0.05, which means there is no statis-
tical reason to reject the null hypothesis of normal  

distribution. Figure  2 shows QQ-plots of the assess-
ment of the normality of the distribution of the re-
search variables.

Figure 2. Visual assessment of the normality of the distribution of agro- and meteorological factors using QQ-plot
Source: compiled by the authors

The presented QQ-plots for agro- and meteorolog-
ical variables allow visually assessing the correspond-
ence of their empirical distributions to the theoretical 
normal distribution and logically complement the re-
sults of the Shapiro-Wilk test. QQ-plots for the variables 
mineral, organic, soil_5, saturation_deficit, wind, and 
clear_days generally demonstrated a linear arrange-
ment of points without significant systematic deviations 
from the theoretical straight line. Minor deviations at 
the extreme quantiles, in particular for meteorological 
factors, may be conditioned by the small sample size 

(n  =  18) and variability of weather conditions. Simul-
taneously, the central parts of the distributions are in 
good agreement with the normal law, which confirms 
the acceptability of the assumption of normality and 
the possibility of using parametric methods of analysis.

Considering the results of checking the normali-
ty of the distribution of variables and visual analysis 
of QQ graphs, to further assess the relationship be-
tween sunflower yield and agro- and meteorological 
factors, correlation analysis was applied using both 
the Pearson coefficient and the Spearman coefficient, 
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which allows comparing linear and rank dependen-
cies between indicators. Table  3 displays the values 
of the Pearson and Spearman correlation coefficients  

between sunflower yield and agro- and meteorological 
factors, which allows assessing both linear and mono-
tonic relationships.

Source: compiled by the authors

Variable Pearson Spearman
mineral 0.656 0.632
organic 0.074 0.102
soil_5 -0.190 -0.068

saturation_deficit 0.092 0.066
HTC 0.083 0.035
wind 0.512 0.569

clear_days 0.081 -0.043

Table 3. Value of Pearson and Spearman correlation coefficients between sunflower yield  
and agro- and meteorological factors

The most pronounced and stable relationship with 
sunflower yield was recorded for mineral fertilisers 
(r  =  0.656; ρ  =  0.632), which indicates a moderately 
strong positive and predominantly linear dependence. 
A moderate positive relationship was also observed for 
the wind indicator (r = 0.512; ρ = 0.569), and a slightly 
higher value of the Spearman coefficient indicates a 
monotonic, but not strictly linear nature of the influ-
ence. Other agro- and meteorological factors demon-
strated weak or absent pairwise correlations with yield, 
which indicates their indirect influence or manifes-
tation in interaction with other variables. The weak 
negative correlation of soil temperature in May does 
not allow drawing unambiguous conclusions within 

the framework of the pairwise analysis. In general, the 
closeness of the values of the Pearson and Spearman 
coefficients confirmed the absence of significant non-
linearities and justified the feasibility of further multi-
variate regression analysis. Since pairwise correlation 
analysis reflects only two-dimensional relationships 
between indicators and does not consider the possi-
ble interdependence of explanatory variables, the next 
stage of the study was to assess the level of multicol-
linearity between agro- and meteorological factors. For 
this, the VIF was used, which helped to identify hidden 
linear dependencies between regressors and assess the 
feasibility of their simultaneous inclusion in the multi-
variate regression model (Table 4).

Table 4. Value of the VIF for agro- and meteorological factors
Variable VIF
soil_5 1.602

organic 1.784
HTC 2.384

clear_days 2.665
saturation_deficit 3.863

wind 5.08
mineral 5.17

Source: compiled by the authors

The values of the VIF indicate the absence of crit-
ical multicollinearity between agro- and meteorologi-
cal factors. Most variables are characterised by a low 
or moderate level of interdependence (VIF < 4), which 
confirms their independent contribution to the model. 
For wind and mineral fertilisers, the VIF threshold val-
ues (≈ 5) were recorded, which indicate moderate mul-
ticollinearity, but do not exceed the permissible thresh-
olds, enabling the use the least squares method. The 
results obtained confirm the correctness of the mod-
el specification and the feasibility of using the least 
squares method, providing the possibility of reliable 
interpretation of the influence of individual agro- and 
meteorological factors on sunflower yield. The applied 
approach preserves the transparency of the model and 

creates the basis for a well-founded economic and ag-
ronomic interpretation of the obtained estimates. The 
linear regression equation describes the average im-
pact of agro- and meteorological factors on sunflower 
yield, assuming other variables are fixed:

yield = 25.65 + 5.13*mineral -
- 0.81*organic + 0.42*soil_5 -

- 0.18*saturation_deficit-0.24*HTC -
- 0.11*wind - 1.93*clear_days.                (7)

Analysis of equation (7) and data in Table 5 iden-
tified key patterns in the development of crop produc-
tivity. The most statistically significant positive contri-
bution to yield was made by the application of mineral 
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fertilisers (p = 0.03), where an increase in the rate of fer-
tilisers per unit lead to an increase in yield by 5.13 q/ha.  

This confirmed the critical role of nutrition intensifica-
tion as the main factor in stabilising production.

Coefficient Value Standard error p-value
mineral 5.134 2.811 0.031
organic 0.810 1.651 0.354
soil_5 0.422 1.560 0.084

saturation_deficit -0.183 2.433 0.413
HTC -0.243 1.910 0.144
wind -0.115 2.785 0.024

clear_days -1.932 2.014 0.361

Figure 3. Linear relationship between sunflower yield and agro- and meteorological factors (pair analysis)
Source: compiled by the authors

Table 5. Statistical parameters of the multiple linear regression model

Note: coefficient of determination R2 = 0.683
Source: compiled by the authors

High statistical significance was demonstrated by 
the indicator (p  =  0.02). The negative coefficient for 
this parameter indicates the depressive effect of ex-
cessive wind activity, which may be associated with 
increased transpiration and the risks of crop drying in 
critical phases. The positive coefficient of soil temper-
ature in May (p = 0.08) at the level of statistical trend 
confirms the importance of the thermal regime for the 
emergence of seedlings and the formation of the root 
system. Negative coefficients for moisture deficit, HTC, 
and number of clear days reflect the complex nature of 
plant response to hydrothermal stresses. In particular, 
the negative impact of a large number of clear days 

may indicate the risks of temperature stress and exces-
sive solar insolation. In general, the obtained model 
with a high degree of probability (R2 = 0.68) describes 
the dominant role of agrotechnical factors, which are 
the main lever of yield management against the back-
ground of changing climatic conditions of the region. 
Figure 3 shows paired scatter plots and linear regres-
sion lines between sunflower yield and selected factors. 
The presented visualisation clearly reflects the nature 
of the relationship between sunflower yield and indi-
vidual agro- and meteorological factors and is in good 
agreement with the results of correlation and regres-
sion analyses.



The influence of agro- and meteorological factors on sunflower yield

Scientific Horizons, 2026, Vol. 29, No. 1

74

The most pronounced positive linear dependence 
was observed for mineral fertilisers: the regression 
line has a pronounced increasing slope, and the con-
fidence interval was relatively narrow in the central 
range of values, which indicates a stable and signifi-
cant impact of this factor on yield. A positive trend is 
also observed for the wind indicator, but with a greater 
scatter of points, which indicates a moderate and con-
textual nature of its impact. The dependence of yield 
on organic fertilisers and the number of clear days is 
weak: the regression lines are almost horizontal, and 
the confidence intervals are wide, which indicates the 
absence of a clearly pronounced linear effect within 
the paired analysis. A similar situation was observed for 
the accumulation deficit, where the variation in yield 
largely overlaps the possible trend. Soil temperature in 
May was characterised by a weak negative trend, which 
may reflect a decrease in yield due to excessive soil 
warming in the early stages of vegetation, however, the 
significant scatter of observations does not allow inter-
preting this effect as dominant.In general, the graphs 
confirm that mineral nutrition was the main factor with 
a linear effect on sunflower yield, while meteorological 
factors mainly modify this effect and manifest them-
selves weaker or nonlinearly, which justifies the need 
for multifactorial analysis.

The obtained results of the quantitative analysis 
of the influence of agro- and meteorological factors 
on sunflower yield in Vinnytsia Oblast are consistent 
with contemporary studies on the role of agrotechni-
cal factors under climatic conditions. The most stable 
and statistically significant positive relationship was 
found between sunflower yield and the level of min-
eral fertiliser application, which was confirmed by both 
correlation analysis (r = 0.656, ρ = 0.632) and linear re-
gression results. Similar conclusions were obtained in 
studies by M.J. Mokgolo et al. (2024) and M. Furmanets 
& Y.  Furmanets  (2025), who showed that adequate 
mineral nutrition significantly increases sunflower 
productivity regardless of variations in weather condi-
tions, especially in areas of risky farming. In particular, 
according to M.J. Mokgolo et al.  (2024), the combined 
use of organic and mineral fertilisers increased yield 
by 38.9%. Furthermore, the weak or statistically insig-
nificant pairwise relationship between yield and organ-
ic fertilisers obtained in this study is consistent with 
the findings E. Partal (2022), who noted the prolonged 
and contextual nature of their impact, depending on 
the timing of application, soil conditions, and interac-
tion with other agrotechnical measures. The significant 
influence of meteorological conditions on sunflower 
productivity was further confirmed in the multi-year 
study by F.G. Anton et al. (2025), conducted across nine 
counties of Romania in 2022-2024. The researchers es-
tablished that the year factor had a statistically highly 
significant effect on seed yield (F = 1397.87, p < 0.001). 
This confirmed that even under conditions of applied  

agrotechnical measures, extreme heat and moisture 
deficit during the growing season can critically reduce 
sunflower yield, which was consistent with the pattern 
of weak but negative relationship between tempera-
ture and yield identified in this study. In the context 
of projected climate change, the findings of J.  Junk et 
al.  (2024) were particularly relevant: based on pheno-
logical modelling of winter oilseed rape the research-
ers showed that rising temperatures accelerate crop 
development and introduce new agroclimatic risks.

Among meteorological factors, the most noticea-
ble positive relationship with yield was demonstrated 
by average wind speed. Similar results were present-
ed by H. Gürkan (2023) and V. Georgieva et al.  (2024), 
who showed that moderate wind regime can contrib-
ute to the development of a favourable microclimate 
for crops. Simultaneously, significant scatter of data 
indicates the contextual nature of this influence and 
its dependence on the combination with temperature 
and hydrothermal conditions. The results obtained 
regarding meteorological factors are also consistent 
with the study by J.  Beteri  et al.  (2024), who showed 
a strong positive relationship between precipitation 
and sunflower productivity for Tanzanian conditions 
(r ≈ 0.65 - 0.75) and a negative effect of high temper-
atures (r ≈ − 0.60…−0.77). These numerical indicators 
confirmed that it is rain and water supply (similar to 
the Selyaninov hydrothermal coefficient and moisture 
deficit) that are more important for the establishment 
of favourable conditions for sunflower growth, while 
high temperatures during critical phases of develop-
ment can have a restraining effect.

Weak pairwise correlations between yield and such 
indicators as the number of clear days, air moisture 
saturation deficit, and hydrothermal coefficient do not 
contradict the literature data. C.O. Joseph et al. (2025) 
emphasised that climatic factors usually affect pro-
ductivity not in isolation, but through interaction with 
each other and with agrotechnical factors, which lim-
its the possibilities of pairwise analysis. The results 
obtained also correspond to the general conclusions 
regarding the increasing sensitivity of sunflower to 
climatic fluctuations, given by D. Baranskyi (2024) and 
F.  Zabel  et al.  (2025). Similarly to these studies, the 
Vinnytsia Oblast is characterised by noticeable inter-
annual fluctuations in yield against the background of 
a general increase in its average level. Compared to 
approaches based on machine learning methods (Cve-
jić et al. , 2023; Seck et al. , 2025; Nazir et al. , 2025), the 
linear regression used in this research has a lower pre-
dictive potential, but provides high interpretability of 
the results. This allows for clear identification of key 
influencing factors and is important for agro-economic 
analysis and practical recommendations.

In general, the results of the study confirmed that 
sunflower yield is formed under the influence of a com-
plex interaction of agrotechnical and meteorological 
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factors, with mineral nutrition playing a leading role 
under conditions of increasing climatic variability. Sta-
tistical analysis highlighted the critical importance of 
the hydrothermal regime and wind load, which sig-
nificantly adjusted crop productivity within the For-
est-Steppe zone. It was found that the stabilisation of 
yields during periods of weather anomalies is achieved 
mainly by intensification of nutrition systems, which 
eliminates part of the risks of product shortages. The 
results obtained emphasise the need to transition to 
adaptive cultivation technologies that consider not 
only standard agricultural applications, but also the dy-
namics of local meteorological indicators.

CONCLUSIONS
The conducted study quantitatively assessed the im-
pact of agrotechnical and agrometeorological factors 
on sunflower yield in Vinnytsia Oblast for 2007-2024 
and established the nature and strength of the relation-
ship between the variables under consideration. The 
normality test using the Shapiro-Wilk test confirmed 
the absence of statistically significant deviations from 
normal distribution for all variables (p > 0.05), which 
justified the use of parametric analysis methods. Multi-
collinearity analysis using VIF did not reveal any critical 
violations: VIF values for most variables did not exceed 
4, which confirmed the independent contribution of 
each factor to the model. Correlation analysis revealed 
that the most stable and statistically significant rela-
tionship with yield was characteristic of mineral fertil-
isers (r = 0.656; ρ = 0.632), which showed a moderately 
strong positive linear relationship. A moderate positive 
relationship was also recorded for the average wind 
speed indicator (r = 0.512; ρ = 0.569).

Other meteorological factors – the number of clear 
days, air humidity deficit, and the Selyaninov hydrother-
mal coefficient – demonstrated weak or indirect pair-
wise relationships with yield, which was consistent with 

the literature data on the predominantly nonlinear and 
interdependent nature of the influence of climatic fac-
tors. The constructed regression model demonstrated 
high predictive ability, describing 68% of the variability 
of yield was conditioned by the selected set of factors. 
Analysis of regression coefficients confirmed the lead-
ing role of mineral nutrition (p = 0.03): an increase in 
the rate of mineral fertiliser application per unit was 
accompanied by a statistically significant increase in 
crop productivity. A probable negative contribution was 
recorded for the wind regime indicator (p = 0.02): ex-
cessive wind activity was associated with a decrease 
in yield due to increased transpiration and the risks of 
crop drying out in critical phases of development.

Thus, sunflower yield was developed under the 
complex influence of controlled agrotechnical and 
uncontrolled meteorological factors, with the level 
of mineral nutrition playing a decisive role. The ob-
tained regression equations can be used to predict 
sunflower productivity and optimise nutrition systems 
to minimise the risks of climate variability. Prospects 
for further research are related to expanding the geo-
graphical coverage of the sample, including nonlinear 
and regularised models (Lasso, Ridge, Elastic Net), and 
analysing interactions between factors to more fully 
consider the complex nature of crop development in a 
changing climate.
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Анотація. Соняшник є однією з провідних олійних культур України, а стабільність його врожайності має 
важливе економічне та продовольче значення. В умовах посилення кліматичної мінливості актуалізується 
потреба в кількісному аналізі впливу агротехнічних і метеорологічних факторів на формування врожаю. 
Метою дослідження була кількісна оцінка ролі агротехнічних і кліматичних чинників у формуванні урожайності 
соняшника з використанням статистичних методів аналізу. Емпіричну базу дослідження становили дані за 
2007-2024 рр., що включали показники урожайності соняшника, рівні внесення мінеральних і органічних 
добрив, а також метеорологічні характеристики (температура ґрунту у травні, кількість опадів, дефіцит 
насичення повітря вологою, гідротермічний коефіцієнт Селянінова, швидкість вітру, кількість ясних днів у 
вегетаційний період). У роботі застосовано описову статистику, критерій Шапіро-Вілка, кореляційний аналіз 
Пірсона і Спірмена, а також багатофакторну лінійну регресію. Результати дослідження свідчили, що середній 
рівень урожайності за період становив 25,65 ц/га зі стандартним відхиленням 5,91 ц/га. Найбільш стабільний 
і статистично значущий вплив на урожайність соняшника мав рівень внесення мінеральних добрив, для 
якого зафіксовано помірно сильний позитивний зв’язок (r = 0,656). Серед метеофакторів найбільш помітний 
позитивний зв’язок виявлено для швидкості вітру (r = 0,512). Перевірка на мультиколінеарність за допомогою 
коефіцієнта інфляції дисперсії підтвердила коректність моделі, оскільки значення для більшості змінних не 
перевищували 4, а максимальний показник склав 5,17 для мінеральних добрив. Аналіз підкреслив ключову 
роль агротехнічного управління, оскільки вплив таких факторів, як гідротермічний коефіцієнт Селянінова 
(r  =  0,083) та дефіцит вологи (r  =  0,092), виявився слабким у межах парного аналізу. Практична цінність 
результатів полягає у можливості використання розроблених регресійних моделей для прогнозування 
продуктивності соняшника та оптимізації систем мінерального живлення з метою мінімізації ризиків, 
зумовлених несприятливими метеорологічними чинниками
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кореляційний аналіз; лінійна регресія; коефіцієнт інфляції дисперсії
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