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1. INTRODUCTION 

Agriculture is facing higher challenges during the last century, particularly regarding to the 

perspective of a fast-growing population. To address the scary food crises, agriculture has to 

evolve to sustain the food and feed demand for humans and animals. Therefore, the global 

trend continuous and extensive research are being conducted on cereal crop production to 

enhance yield performance and grain quality parameters. In order to eliminate food crises in 

the future the expansion of agricultural land is necessary and, the selection of the best 

performing varieties, as well as the implementation of best agricultural practices. A 

multidisciplinary approach is needed to challenge the food security for the human population, 

starting with genetic improvements, sustainable arable land management and technology 

adoption. In order to mitigate any risk in a global approach and supply sustainable food for 

upcoming generation, priority in agriculture production is paramount (Fróna et al., 2019). 

Cereal are the most important crops for human diets (Laskowski et al., 2019), industrial 

processing and animal feeding (Wrigley, 2017). During the past 3 decades, the world highly 

produced cereal crops in this order: maize, rice, wheat, barley, sorghum and oat (Avena sativa 

L., Zea mays L., Oryza sativa L., Triticum aestivum L., Hordeum vulgare L., Sorghum bicolor 

L., and Avena sativa L.) (Ma et al., 2021). Oats has a significant role in globally crop 

production, where around 10 million hectares are planted in recent years. Oats in the livestock 

industry provide a crucial feed for animals which can be used in different forms such as hay, 

green, and concentrated form. While oat flour or food products produced from it have a rich 

nutritional value that provides a very useful food in human diet (Loskutov et al., 2021).   

According to Rhadari and Hoseini (2012), there are several environmental stresses involving 

salt, chilling, and drought stress which can have different effect on plant growth and 

production. The stress effect is usually identified as a reduction in plant growth and 

photosynthesis, and this stress is connected with alternation in nitrogen and carbon 

metabolism. Nowadays the essential environmental stress is drought stress, which affects 

agricultural yield and productivity worldwide. Under rigorous water stress circumstances 

caused by drought or high salinity, the process of growing stops completely in plants, and all 

the solutes will be accumulated in crop cells (Barnabás et al., 2008), as well as temperature 

stress (Porter and Gawith, 1999) and nutritional stress. Although plants can adjust to drought 
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stress by their physiological, morphological, and metabolic means (Rhadari and Hoseini, 

2012), external agronomic interventions are inevitable.  

Soil nutritional parameters due to climatic conditions are resulting in potential mineral matrix 

changes where the weather tolerant minerals are accumulated. Furthermore, soil fertility 

functions are being degraded, and reliance on external nutrient inputs is expected to increase. 

It has been frequently stated that, the soil characteristics are being modified by the climatic 

variability. Soil based parameters, such as carbon content, even it is hard to modify can be 

verified by the scale of climatology, while fast response due to climatic variation can be 

detected in soil erosion specifically in precipitation measurements (Gelybó et al., 2018). It 

seems that the soil quality has an implication for food security due to ecosystem management. 

The main factors for the air, water, and heat management of soil profile are hydraulic 

conductivity, water retention, and soil composition (Tehrani et al., 2025). However, 

researchers have confirmed that stress of the soil moisture affects the soil parameters and 

crop production (Mills et al., 2014). This implies that exogenous application of any form of 

fertilizers into the soil could have a great role in both improving soil productivity and cereals’ 

grain yield as well. 

Yield potential depends on many factors such as growing area, cultivars, climatic conditions, 

and it is moderated by other factors such as stress tolerance and diseases, water, nutrient 

supply, agrotechnical factors, and the type of genotypes, which are the major factors for plant 

height and grain yield (Karing et al., 1999). Furthermore, there can be significant differences 

in productivity among oat varieties (Forsberg and Reeves, 1995).  

According to Li et al. (2005), about twenty percent of crops worldwide are irrigated. Water 

is an essential factor for cereal growth and production, where the main way to have 

sustainable cereal production is to improve water use efficiency (Du et al., 2010) Plants’ 

water requirements are expressed in millimeters of water depth needed for evapotranspiration 

(Pereira and Alves, 2013). Water is the major factor for oat development from seed 

germination to the last phase development and maturity, where the main factor for lower crop 

productivity it is drought stress. Tahir et al. (2014) examined the effect of irrigation at 

different crop developmental phases of oats under different nitrogen (N) and phosphorus (P) 
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supply. They reported that irrigation intervals had a significant effect on number of tillers, 

tiller height, number of leaves, and green fodder yield.  

According to Sinclair and Rufty (2012), yield potential is associated with available water and 

nitrogen supply. Under high water stress, the oats response to nitrogen is small, and the yield 

potential is low. While the water quantity increased, the response to the nitrogen also 

increased. Water stress has a high impact on reducing crop productivity, which makes the 

water vital component for crop growth from seed germination to the maturation phase, where 

the accurate amount of water is a basic requirement for water and soil management practices 

to increase agricultural production (Zhang et al., 2024). Plant growth in soil is highly 

dependent on biotic and abiotic factors. The best results for yield productivity are influenced 

from the technological level, varieties, irrigation, nutrient supply and biofertilizer (Han et al., 

2006). In terms of nutrient supply sulfur has a crucial role in the formation of vitamins, 

cysteine, methionine, sulpholipids, and proteins. Furthermore, sulfur application can improve 

the plant’s growth and specifically the yield productivity (Narayan et al., 2023; Koireng et 

al., 2022). Generally, nutritional value and plant yield production are significantly influenced 

by the sulfur application (Aula et al., 2019). Generally, few studies have elucidated the 

response of oat to foliar nutrient supply. For example, nitrogen, sulfur and carbon in plant 

tissues as well as Mn, Ni, Ba, Ca, Cu, Fe, K, P, Mo, Na, Zn and Pb in oat grains were 

improved by foliar nutrient application compared to the control (Kutasy et al., 2023). 

Likewise forage nutritional values were optimized by biofertilizer application, making 

biofertilizers key in sustainable production of oat (Aguirre- Córdova et al., 2021). Overall, 

the interaction genetic factors and external factors climate conditions, nutrient supply of 

fertilization affected yield and quality of oats. To determine and clarify all of these factors, 

research was conducted where the influence of foliar fertilizers, environmental parameters 

and varietal divergences of spring oats were tested. Specific objectives were to:  

a) Evaluate the effect of sole and combined foliar treatment of silicon and sulfur on the 

physio-morphological parameters and yield of spring oat.  

b) Assess the impact of sole and combined foliar treatment of silicon and sulfur on the 

grain microelement and microelement concentration of spring oats.  



7 
 

c) Assess the effect of varieties on the physio-morphological parameters, yield, and 

grain microelement and microelement concentration of spring oats.  

d) Analyze the effects of growing year and different environmental conditions on the 

physio-morphological parameters, yield, and grain macroelement and microelement 

concentration of spring oat.  
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2. LITERATURE REVIEW 

2.1 The importance of oat production 

Oats have been involved in the food and feed industry for animals and human purposes for 

decades because of their health and nutritional benefits (Tosh and Miller, 2016). As a food, it 

has been shown to extend satiety, ameliorate blood glucose response, decrease the risk of 

cardiovascular diseases, hypocholesterolemia, and anticancer properties (Tosh and Miller, 

2016; Rasane et al., 2015). Oats are the most popular and widely used cereals for animals 

because of their unique nutritional value, which contains low energy content, high levels of 

protein, fiber, and minerals. Compared to other cereals, oats contain more protein. The value 

of amino acids has been indicated in ideal diets for horses, poultry, and swine (Rosentrater 

and Evers, 2018). According to Hareland and Manthey (2003), the first oatmeal was sold in 

the 19th century in United States of America, mostly it was recommended by pharmacies as 

a food for the infirm. Furthermore, the thermal oat processing develops an aroma and flavor 

that provides application in baked and cereal food products.  The flour from oats is utilized 

as an important ingredient in different food products. For the lactose intolerance people who 

cannot produce the lactase enzyme, they can use an oat milk drink. Furthermore, oats whole 

grain consumption has recently been considered to have several health advantages, such as 

anticancerous properties, hypocholesterolaemic, and is an appropriate food for celiac patients 

(Rasane et al., 2015) 

Oats originated from the Poaceae family that occurs at three ploidy levels, diploid, 

hexaploidy and tetraploid with seven chromosome numbers. The Avena genus was 

established in 17th century and contains around 70 species (Arendt and Zannini, 2013). The 

main types of oats produced in the world market are part of the hexaploidy species: white 

and red oats (Avena sativa L. and Avena byzantine C.), Ethiopian oats (Avena abyssinica), 

black oats (Avena strigosa), sterile oat (Avena sterilis), and naked oats (Avena nuda L) (Jones 

et al., 2024; Gorash et al., 2017). According to Kutasy et al., (2021), in Hungary, the winter 

and spring oat varieties that originated from Avena sativa L. are cultivated across the country. 

From winter oat varieties, the most cultivated are GK Arany and Mv Hópehely, while from 

spring oat varieties are Lota, Panna, Mv Ménes, GK Pillangó, and GK Kormorán. The main 

classification categories for Avena L. species are: cultivated, segetal and wild species. 
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Over the decades, cereals have always played a crucial role in ensuring human survival in 

first decades and later in the human diet. At the same time, cereal production has been 

accompanied by continuous stress from plant diseases, climate factors and agricultural 

practices. Plant producers and researches always have been trying to minimize or manage 

these stresses, which still remain a major factor in agricultural production. From the existing 

data even in prehistory and early history from the archaeological facts oats remain one of the 

most important cereals (Moore-Colyer, 1995).  

Global oat production in the last decade has ranged from 19.46 to 25.96 million metric tons 

(Figure1). 

  

Figure 1: Worldwide oat production from 2015/2016 – 2024/2025 (USDA Foreign 

Agricultural service) 

In 2023, Europe produced the largest amount of oats, accounting for 31% of total oat 

production globally, followed by Russia with 17%, Canada 16% and other countries with 

lower production. Furthermore, from 27 EU countries in 2024, Poland was the largest 

producer with 26% of total European production, followed by Finland 14% and Spain 13%, 

while the remaining 24 countries produced only 47% of total oat production in the EU. 

However, Hungary ranks 15th in Europe in oat production and contributes only 1% of total 

oat production in EU countries (Figure 2). 
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Figure 2: Worldwide oat production in 2023 (left) and EU leading oat producers in 2024 

(right) (US Department of Agriculture: Index Mundi) (Eurostat, 2024) 

Oat production in Hungary from the 1990s and the present time has had large fluctuations, 

where the highest production was achieved in 2004 with a total of 217376 t of oats produced 

in the country. The lowest production was recorded in the year 2022, with a total of only 

38387 t produced within that year. In fact, there has been a slight rise in oat production for 

2023 and 2024, recording 60583 t and 78635 t, respectively. Considering the extremely low 

production of oats in Hungary recent years, this gives a great opportunity for future research 

to determine the best oat varieties and agrotechnical production (Figure 3). 
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Figure 3: Hungarian oat production 1990-2024 (Hungarian Central Statistical Office) 
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higher yield compared with African countries. The average annual production was 13 million 
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kg ha−1 nitrogen application optimized oat photosynthesis traits, including stomatal 

conductance, SPAD, photosynthetic value, and LAI, while 80 kg ha−1 nitrogen application 

was recommended as suitable for oat production in agroecological zones with similar 

environmental conditions. Meanwhile, the sulfur interaction with different levels of 

fertilizers significantly increased the crop height (107.6 cm) (Mhmood and Mahmoud, 2021). 

Also, 120 kg ha-1 nitrogen application significantly improved the lengths of oat tiller for 22% 

as well as crop height for 36.9 cm compared to the control (Midha et al., 2015). According 

to Kaur and Goyal (2017), nitrogen significantly influenced the growth characteristics. 

Furthermore, phosphorus fertilization had an effect in the early season of oat growth (Mohr 

et al., 2007). Nitrogen application in split doses of 40 + 40 kg ha-1 had higher leaf area (64.1 

cm2) and plant height of 70.8 cm, while two-time management of 20 kg N ha-1 had higher 

photosynthetic rate of 11.6 mmol-2S-1, fresh weight of 16572 kg, and tiller number per plant 

of 6. The same report showed that at the booting stage, 18 kg N ha-1 had a maximum NDVI 

value of 0.68 compared to all other treatments (Shah et al., 2021). On the contrary, there was 

no response to nitrogen fertilization by top dressing in white oat when monitored temporarily 

by use of spectral indices, including NDVI and leaf chlorophyll index (Barbosa and de Faria, 

2020). The influence of nitrogen application on the oats LAI and SPAD measurements was 

evident, especially with increased rates (Panasiewicz et al., 2017). Fertilization with nitrogen 

at 80 kg ha-1 influenced the growth characteristics: crop height of 111.5 cm, leaf area of 36 

cm2, number of tillers per m2 of 204.4, panicle length of 43.0 cm, and grains per panicle of 

55.1 (Said et al., 2019). Jarecki et al. (2025) explained that the sewage sludge composts 

produced higher SPAD than park waste composts, albeit all fertilization treatments enhanced 

plant height. 

In terms of foliar application method, Alrubaiee et al. (2019) resulted that the urea or potash 

treatments influenced the tillers and spike number compared to untreated. In other aspects, 

foliar application of potassium at 3 g L-1 shortened the physiological maturity period to 126.5 

and 122.4 days, while the zero control resulted in 130.9 days, to reach physiological maturity 

(Ali et al., 2025). Similarly, application of NPK fertilizer at the concentration of 2 g L-1 

reduced the days to reach physiological maturity after planting from 125.6 to 120.3 days, and 

produced promising results in terms of plant height. Meanwhile, 1 g L-1 had better 

performance in terms of leaf area of 41.15 and 41.4 cm2 in both seasons, while both 
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concentrations 1 and 2 g L-1 produced considerably higher average chlorophyll content of 

28.88 and 27.83 SPAD units in the two seasons, respectively (Al-Bakri and Lehmood, 2024). 

Tobiasz-Salach et al. (2016) noted that the canopy architecture of oat is diversified by foliar 

fertilizers, exhibited by increased mean tip angel and leaf area index. Specifically, Basfoliar 

36 Extra produced the highest mean tip angle and leaf area index. Al-Sultani et al. (2023) 

demonstrated nano potassium to significantly improve chlorophyll index, crop height, flag 

leaf area, and tiller number. For example, a 2 g L-1 concentration had the highest SPAD mean 

of 55.3 compared to the control which had a SPAD of 51.1. Summary analyses of literature 

reveal the latest oat research tailored to enhancing productivity and nutrient use efficiency 

under climate change (Figure 4). 

 

Figure 4: Latest research direction on fertilization and oat production 

Note: Vosviewer analysis from literature extracted from web of science. 
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2.3 The influence of fertilizer application on oats grain yield and its components 

The productivity of oats is influenced by the fertilization type with direct effect on grain 

yield, or soil properties which in turn affect yield (Vasileva and Kostov, 2018). Several 

authors have reported results on the effect of foliar nutrient application, including sulfur. For 

example, foliar application of urea or potash in high amounts produced the highest harvest 

index compared to no treatment foliar application. In fact, in comparison to no fertilizer 

application, urea increased panicle number from 394.8 to 416.5, with 3.95 t ha-1 yield 

productivity (Alrubaiee et al., 2019). According to Ali et al. (2025), significant variation was 

in the number of panicles m-2 with varying rates of potassium application, with 3 g K L -1 

recording the highest panicle number (326.33 and 327.85 panicles m-2) in the two seasons 

compared to 308.70 and 302.58 panicles m-2 in the control. The same study showed that the 

highest yield of 5.8 and 6.2 t ha-1 was obtained at 3000 mg K L-1 compared to 4.3 and 5.0 t 

ha -1 in the control in the two seasons, respectively. Relatedly, Henrichsen et al. (2022) noted 

that nitrogen application at 78 kg ha-1 in the soybean/oat system produced a yield of 3 t ha-1. 

The study showed that linear expression of grain yield increases with increasing urea and 

liquid sources of fertilizer, though the acquisition costs could be a limiting factor for N-top® 

liquid source nitrogen, which is already validated. Also, a study by Devi et al. (2019) revealed 

a significant yield improvement due to nitrogen application as well as the number of oat 

spikelets, grain and m2 panicle. On the other hand, foliar spray of zinc improved yield and 

yield components, with 50 mg Zn L-1 producing grain yield of 6.24 and 6.06 t ha-1 in the two 

seasons (AlRawi and Abood, 2021). Tobiasz-Salach et al. (2016) reported increase in yield 

due to foliar fertilizer with the highest yield recorded under Basfoliar 36 Extra and Basfoliar 

12-4-6+S application, as well as positive effect on panicle grain number, panicle grain 

weight, and 1000 seeds weight.  In terms of sulfur and silicon application, Forgács et al. 

(2024) revealed that sulfur application recorded 590 spikes, silicon 462 spikes, sulfur + 

silicon had 492 spikes, and 533 in the control. According to Kutasy et al. (2021) silicon and 

sulfur treatments had higher yield though not significantly different from other treatments in 

year 2022 experiment, deviating from the results of year 2021 where significant differences 

were evident. 
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Based on soil application, Zhang et al. (2025) accentuated that optimal fertilizer rate of oat 

varies contingent on crop uptake capacity and field fertility condition. These are essential for 

understanding oat nutrient use efficiency improvement and fertilizer management in the field. 

A study by Mhmood and Mahmoud (2021) showed that 180 kg N ha-1 resulted in 3.7 t ha-1 

yield production. Similarly, Beltrán-Paz et al. (2024) revealed 49.2% yield improvement by 

138 kg ha−1 nitrogen application. May et al. (2020) explained that farmers aiming at higher 

yield started applying nitrogen in the 90 kg ha-1 amount to oat crops, though several 

researchers consistently did not follow the exact nitrogen rate application. A study by 

Ramadhan (2024) revealed that 280:180:200 and 210:135:150 kg NPK per hectare resulted 

in the highest yield and yield components of oats. However, the same study echoed that it is 

critical to follow fertilizer guidelines since both inadequate doses and increased fertilization 

do not necessarily boost oat productivity or output. In this regard, Lin et al. (2025) 

emphasized the need for maximum thresholds of nitrogen and phosphorus application. 

Earlier, Mohr et al. (2007) reported that a low and moderate nitrogen treatment significantly 

influences the yield, with optimum yield obtained at 100 kg N ha-1. However, increasing 

nitrogen treatment showed a lower individual grain mass and reduced grain fullness. Also, 

yield increased only in two out of six site years while KCl caused a small improvement in 

yield (88 kg ha-1), as well as kernel plumpness and kernel weight on soil rich in potassium. 

Qiao et al. (2024) reported in their study a significant yield improvement as a result of 

nitrogen application at optimal rates in the range of 90 and 180 kg ha-1 in three different 

phenological maturity stages: early, mid, and late for oat genotypes. Early maturing variety 

performed the best with 2.2 t ha-1 at N3 treatment, while the mid and late maturing oat had 

yields of 2.5 and 2.9 kg ha-1 under N4 treatment. The study emphasized that since late 

maturing oat coincided with the hot and rainy season, it was appropriate for planting in the 

dryland areas. A meta-analysis by Mao et al. (2025) confirmed a 36.2% oat yield increment 

due to fertilizer application, and established that balanced phosphorus, potassium, and 

nitrogen fertilization enhances grain yield irrespective of large spatial and temporal 

variations. A study by May (2017) showed that application of phosphorus constantly 

enhanced grain yield over 3 years at several sites by 3.4%, and decreased wild oat seed by 

0.5% in the harvested grain. Also, earlier, Mohr et al. (2007) demonstrated that potassium 

influences oat grain yield in some cases. A study by Ju et al. (2022) showed that nitrogen 
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application significantly influenced the oat yield components, while at the same time, 

increasing rates of fertilizer caused a reduction in yield. Meanwhile, grain weight was 

sustained as nitrogen level applied at GS50 increased, with a reduction recorded at earlier 

application, with no effect on the grain yield (McCabe and Burke, 2022). Koireng et al. 

(2022) confirmed the positive efficacy of 50% nitrogen from vermicompost and 50% 

inorganic nitrogen to sustain high seed yield in oat and chickpea intercrop. Another study 

showed that phosphorous fertilization increased the yield of early maturing variety Veli while 

reducing the 1000 grain weight of the varieties tested (Saastamoinen, 1998). Nutrient supply 

by fertigation showed the best grain yield performance with 5.6 t ha-1 under nitrogen rates of 

45 kg ha-1 and biomass yield of 20,731 kg ha-1 at 88 kg ha-1, respectively (Coelho et al., 

2019). Wojtacki et al. (2025) modelled the influence of climatic and agronomic 

characteristics on the grain yield of both hulless and hulled oat. Application of nitrogen at the 

rate of 60 kg ha-1 increased yield by 41% for hulless and 35% for hulled oat. While the 

application rate of 120 kg ha-1 influenced the yield by 11% in hulles and 13% for hulled oat. 

The report also showed a higher nitrogen use efficiency of one kilogram of nitrogen to 

produce 20 and 15 kg per grain in hulled and hulless oat. Application of chemical fertilizer 

(N90P90K90) improved yield by 19.3% (+0.93 t ha-1), which was the most effective among all 

the treatments evaluated. Additionally, nitrogen fertilization at 80 kg ha-1 had performance 

supremacy with 9.9 t ha-1 yield productivity (Karbivska, et al., 2025). Also, the yield 

components, panicle grain number, thousand grain weight, and grain weight were enhanced 

by both mineral and compost fertilizers (Jarecki et al., 2025).  

The influence of sulfur fertilization on cereals has been studied by many researchers. The 

most important abiotic stresses for crop productivity are sulfur-dioxide (SO2) and drought 

(Li et al., 2022). However, the positive performance is attributed to sulfur due to its 

effectiveness, and its ability in the prevention of drought stress, chlorophyll synthesis, uptake 

of NPK, cysteine, and methionine amino acid compounds (Shah et al., 2022). Sulfur 

application significantly increased the number of spikelets with an average of 5.02 nodes, 

followed by sulfur and silicon combination, and only silicon by 4.7 and 4.8, respectively. In 

terms of a thousand kernel weight, although there were no considerable differences, silicon 

had a slightly higher value (35.3 g) compared to 33.9 g under sulfur and silicon combination, 

as compared to 34.4 g in the control (Forgács et al., 2024). Barczak et al. (2018) noted that 
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sulfur improves micronutrient uptake in oat and consequently grain yield. Generally, from 

the synthesis of the above literature, it is evident that there is scanty literature on the 

application of sulfur and silicon in oat production, making this a strong knowledge gap that 

this study bridges.  

2.4 The foliar fertilizers effectiveness on grain macronutrients and micronutrients 

content of wheat and oat 

Crop management practices, including fertilizer application, affect nutrient levels or 

concentrations in crop parts such as grains (Wortmann et al., 2018). According to Smith et 

al. (2017), phosphorous fertilizer improved magnesium by 4%, manganese by 75%, and 

phosphorus by 18%, and reduced copper and zinc by 22% and 26%, respectively, in wheat 

grain. On the other hand, increased nitrogen content at the onset of favorable conditions 

decreased potassium, calcium, magnesium, manganese, and zinc content. According to Wang 

et al. (2025), substitution of organic fertilizer by 15% improved wheat iron and zinc 

bioavailability and general nutritional quality without compromising yield. Also, the NPK 

foliar fertilization optimized grain content by 14.9%, NPK + copper by 13.0%, and NPK + 

copper + zinc + manganese improved copper and zinc in grain by 22.6% and 17.7%, 

respectively (Stepien et al., 2016). Svecnjak et al. (2013) analyzed the influence of nitrogen 

application on trace element content in wheat cultivars. Results showed an improvement of 

trace elements by 23.0%, 15.1%, 13.2%, 19.7%, 9.2%, 14.0% for cadmium, nickel, copper, 

manganese, zinc, and iron, respectively, while sodium was not affected by high nitrogen rates. 

Another study revealed that nitrogen fertilization (90 kg ha-1) reduced potassium, 

phosphorus, and calcium accumulation in the wheat grain with zero and 45 kg N ha-1, 

suggesting that farmyard manure influenced the decline of micronutrients over time 

(Shiwakoti et al., 2020). 

A number of studies have been undertaken on oats. Earlier, Mohr et al. (2007) established 

that potassium has an impact on oat grain quality in some cases. Also, a study by Pisulewska 

et al. (2009) showed that in the Akt variety, NPK dose improved magnesium and iron content 

with limited variations in oat grain concentration with iron, copper, zinc, and manganese 

between the Akt and Dukat varieties. Cultivar Akt was richer in mineral nutrients, especially 

potassium, phosphorus, magnesium, iron, calcium, and zinc, than cultivar Dukat. However, 
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the study generally showed a decrease in micronutrient grain content due to high doses of 

mineral fertilizer. Another study revealed that even though the sulfur requirement of oat is 

low, its impact on grain yield was positive, producing a yield increment of 7.8%, despite the 

absence of significant differences between fertilized and unfertilized treatments. 

Additionally, sulfur application improved copper and manganese content as well as all 

micronutrient uptake except iron. Conversely, nitrogen fertilization affected magnesium, 

calcium, and phosphorus of oats except potassium. Specifically, magnesium and calcium 

were high, while calcium was lower. Generally, the study showed variation in micronutrient 

concertation also depended on wetter and cooler year 2010 and warmer and drier year 2011. 

Also, earlier, Chalmers et al. (1998) measured a significant improvement in grain nitrogen 

content by 0.12% due to nitrogen fertilizer application at the rate of 40 kg N ha-1. A study by 

Barczak et al. (2018) presented the impact of sulfur on reducing the ratio of iron to 

manganese. From the literature reviewed, it’s evident that limited studies have explored the 

influence of sulfur and silicon on the micronutrient and macronutrient concentrations of oat 

and other related cereals.  

The global food production it is facing the climate change in the last century due to extreme 

temperatures and low precipitation, which are affecting the drought severity. The changes in 

environmental conditions and prolonged drought severity are influencing the food 

production, from the germination, vegetative phase, and the grain nutritional composition, 

which are forcing improvement in the agricultural strategies to have quantitative and 

qualitative production (Hakala et al., 2020). Sole or combined silicon and sulfur foliar 

treatment improved the grain production and quality of cereals specifically under drought 

conditions. From our experimental in spring oats we can have a better information through 

the foliar application of silicon and sulfur on the grain elemental composition. Sulfur has a 

significant role in the assimilation of nitrogen and as part of aminoacids, enzymes and protein 

composition. The dosage of sulfur through the redox and metabolic activity results as an 

important factor in the accumulation of chemical elements and utilization of nitrogen, 

phosphorus, and potassium as internal plant processes (Scherer., 2001; Mehmood et al., 

2021). Silicon element has a crucial role on the macroelement uptake. Scientific researchers 

have reported the role of silicon in the magnesium and phosphorus accumulation in tissues 

of the crops (Greger., 2018; Schaller., 2021). Specifically, under serious drought 
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environmental conditions, silicon increases the water content status in crops. From the 

scientific literature it has been showed that under the climatic conditions with optimal 

temperature and controlled irrigation, there were no significant phosphorus, magnesium, and 

calcium accumulation on the wheat grains (Schaller., 2021). 

2.5 Effect of genotypes on oat grain growth parameters, yield and quality  

Genetic variability of different genotypes of oat influences their performance under different 

agroecological zones. Midha et al. (2015) indicated a significant difference in growth 

parameters of oat varieties evaluated. Variety SKO-188 recorded the highest (129.4 cm) plant 

height compared to all varieties of oat tested, while variety OS-377 had the lowest plant 

height (90.8 cm). In terms of tiller number, varieties SKO-188 and JO-03-97 produced the 

maximum tillers per row length compared to varieties JHO-10-2, OL-125 (NC), UPO-10-1, 

and OS-377. Another study revealed that variety oat 11 had a lower number of panicles 

(394.9) compared to Shafaa variety which significantly had the highest panicle number 

(416.3), attributed to an increased number of tillers (Alrubaiee et al., 2019). Alrubaiee et al. 

(2019) showed the Shafaa variety has a superior performance in terms of tillers and spike 

numbers. The Carlup cultivar exhibited the shortest time of 126.40 and 122.38 days to reach 

physiological maturity in both seasons, respectively (Ali et al., 2025). Al-Bakri and Lehmood 

(2024) reported for physiological maturity, compared to the other two cultivars, cultivar 

Carolup reached maturity early in 125.9 and 119.2 days, and also had the best performance 

with a 1.34 m of crop height during the first season, and the highest leaf area of 39.4 cm2 

during the next season. On the other hands, cultivar Hamel had the best performance, 

including chlorophyll of 29.3 and 28.9 SPAD in both seasons. Al-Sultani et al. (2023) 

reported similarity of tiller numbers for Oat 11 and Jouda oat cultivars. However, for some 

measurements, such as flag leaf area, index of chlorophyll, and plant height, cultivar Jouda 

showed significantly the highest values compared to other cultivars. Meanwhile, the plant 

height of spring oat significantly varied across genotypes, with overall height ranging from 

59.1 to 100.8 cm (Djaman et al., 2018).  

In terms of yield, Ali et al. (2025) revealed that the highest grain number per panicle of 58.05 

and 55.30 were recorded in Carlup and Genzania cultivar, while cultivar Hamel resulted in 

the grain number per panicle of 50.13 and 50.76 across the two seasons. Similarly, the same 
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study showed that the highest grain yield of 5.86 and 5.39 t ha-1 was recorded in Carlup and 

Genzania cultivars, while cultivar Hamel had the lowest yield of 5.04 and 5.16 tons ha-1 

across the two cultivation years. Correspondingly, Al-Rawi and Abood (2021) demonstrated 

a significant difference in the traits of the varieties tested. The highest grain yield and 

biological yield of 6.3 and 6.2 tons ha-1 and 16.4 and 16.3 tons ha-1 were reported in the 

Genzania cultivar. Meanwhile, the interaction between cultivars and the application of zinc 

and potassium significantly improved all the tested traits. Conversely, the thousand grain 

weight was higher (45.4 g) in the Shafaaa variety compared to 41.1 g in the oat 11 variety, 

attributed to genetic variations. The same study echoed that the interaction of variety × year 

× fertilizer is essential for fertilizer uptake and efficiency (Kebede et al., 2024).  Also, a three-

way interaction of the studied factors exhibited a significant improvement in yield. In the 

first season, the combination of variety Genzania + 50 mg Zn L-1 + 3000 nm K performed 

the best (8.3 t ha-1) grain yield, while in the second season, the highest (7.4 t ha-1) grain yield 

resulted for the variety Hamel combined with 50 mg Zn L-1 + 6000 nm K (Al-Rawi and 

Abood, 2021). In contrast, earlier, Pisulewska et al. (2009) showed no significant effects in 

grain yield for the assessed cultivars Dukat and Akt. However, earlier, Ren et al. (2007) noted 

that there is an opportunity to harvest different crops in a year from the new oat lines that are 

sown in both summer and spring. Djaman et al. (2018) revealed significant variation in the 

grain yield among the 28 genotypes attributed to year and genotype effect. The genotypes 

that had the best performance were G23, G20, G2, G1, and G19, with a mean yield of more 

than 4.8 t ha-1, while G27, G17, G3, and G13 had the least performance. Neupane et al. (2025) 

assessed drought severity effects on two oat genotypes, Hayden and Ajay, and results showed 

Hayden to have a higher yield than Ajay. Another finding established an interaction 

environment × genotype impact for the measured parameters apart from the number of seeds 

per panicle. Multidimensional preference analysis showed SA060123 had outstanding 

performance for yield and 'Minstrel' for harvest index, respectively. (Ma et al., 2017).  

2.6 Effect of environmental factors on the growth, yield and grain quality of oat 

The abiotic components that limit crop production are drought stress, high temperatures, low 

precipitation, and high salinity. These environmental, climatic, and abiotic stresses cause 

different physiological and biochemical reactions in plants, which should be adapted by 
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plants to continue to exist (Seki et al., 2003). Drought from the abiotic stress influences 

mostly germination rates, initial development of the seedling, plant growth, yield, and 

productivity (Oliveira et al., 2020). Oats, wheat, and barley belong to different taxonomies, 

but they share agronomic and physiological similarities such as responsiveness to stress. 

Furthermore, the ability of oat varieties to adapt to the environmental conditions depends on 

several factors, including stress duration, intensity, timing and recurrence (Sadras et al., 

2017). Water is the major factor for oat development from seed germination to the last phase 

of development and maturity, where drought conditions highly influence the crop production 

globally. A sufficient amount of water at different crop development stages can optimize and 

increase the effectiveness of metabolic processes in crop cells and better use of mineral 

nutrients from crops (Jemal et al. 2019).  

Physiological mechanisms play a crucial role in protecting the plant from harsh 

environmental conditions. Drought has a serious effect on crop cultivation significantly 

affecting growth, resulting in wilted leaves, yellowing, chlorosis, and stunting. Furthermore, 

drought conditions can affect the photosynthetic organs, metabolic function, structure and 

function of cells, decrease nutrition absorption rate, decrease transportation rate, reduce plant 

quality, inhibit plant growth, and plant death (Xie et al., 2021). Screening and estimation of 

different cultivars under abiotic stresses, such as drought, based on physiological factors, are 

the main evidence of oats improvement (Song et al., 2025). Furthermore, changing the 

soluble sugar and protein concentration in the plant cell fluid concentration will be increased, 

the osmotic potential will be decreased to stimulate absorption of water, preserve cell 

outgrowth, and to provide cell metabolism and growth (Xie et al. 2021). Sugar plays a vital 

role in osmotic protection in plants under moderate stress environment conditions as part of 

reactive oxygen species (Wang et al., 2026). Control of osmotic potential in crops promotes 

cell development and contributes to crop growth under drought conditions (Keshavarz et al., 

2016). 

Serious drought conditions damage the cells in those crops, which directly appear on the 

leaves color (Farooq et al., 2009). Furthermore, different varieties under the same conditions 

of drought stress have different resistance, where some can show late symptoms of injuries 

such as wilting or leaf curling and yellowing (Xie et al. 2021). The relative water content 
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results in the available water deficit in the crops under serious drought conditions, which are 

reflected in physiological phases. Furthermore, the relative water content is often considered 

an effective and comprehensive indicator for discovering crop drought resistance (Neupane 

et al., 2025). Therefore, the response of oats (Avena sativa L.) to drought conditions is 

essential for the management of dryland and irrigation processes. Oats, in comparison to 

other cereals, are sensitive to drought stress during the period of anthesis and grain fill 

(Ehrler, 1969). Mao et al. (2025) explained that a comprehensive understanding of climatic 

variables and edaphic factors is necessary for the implementation of region-specific 

agronomic interventions, including fertilizer recommendations. Additionally, the interaction 

between the environment × genotype, including the severity and duration of drought, is 

critical for the identification of oat lines with high adaptation to varying conditions (Neupane 

et al., 2025). Hakala et al. (2020) noted that at the crop cultivation time, precipitation and 

temperature patterns are the potential determinants of yield. Oats cultivation and grain are 

affected by temperature conditions, though comprehensive investigations are required to 

ascertain the extent of the effect of varying temperatures on grain development. The study 

also recommended the determination of the optimum temperature that produces potential 

yield (Ko et al., 2022).  

Variation in weather conditions was reported to result in yield variations, with the 2012 

season recording the highest yield of 4 t ha-1 attributed to high precipitation levels that 

coincided with the grain filling period (Barczak et al., 2018). Also, Ali et al. (2025) showed 

the highest yield of 5.2 and 6.2 t ha-1 across the two seasons. Higher oat yield was reported 

during the early grain filling period when precipitation was high, while a decrease in yield 

was reported with temperature above 28 ℃ during anthesis, suggesting the need for oat 

varieties tolerant to heat stress (Hakala et al., 2020). Also, during the growth period, elevated 

temperature caused a reduction in the yield of early maturing variety Veli since this variety 

was adapted to cool climatic conditions (Saastamoinen, 1998). Petrova et al. (2024) analyzed 

climate factors and weather patterns affecting oat yield for the period 2014-2021 in Yakutia. 

Results showed a reduction in oat yields and all yield components, such as panicle length, 

1000 grain weight, among others due to climate change, in particular active warming and 

reduced precipitation. A simulation by Tang et al. (2022) revealed a reduction in soluble sugar 

content and dry matter yield and an improved concentration of zinc, sodium, magnesium, 
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sulfur, phosphorus, calcium, manganese, iron, and copper in oat due to an increase in 

temperature. A case study by Sharma et al. (2023) showed precipitation didn’t significantly 

affect yield, while one degree increase in minimum temperature and maximum temperature 

reduced yield by 5% and 4%, respectively. Ko et al. (2022) affirmed that temperature at the 

grain filling stage has a predominant effect on the yield potential. Temperature changes cause 

an increase or decrease in the weight of dry seeds, length of dry seeds, number of dry seeds, 

and other yield decreases, and moreover, high temperature causes senescence and substantial 

loss in grain productivity of oat. This same study showed that environmental signals elucidate 

oat panicle variable expressivity and spikelet shape variation. For drought effect, Neupane et 

al. (2025) showed that moderate and severe drought decreased grain yield by 23 % and 41% 

as compared to the experimental units receiving adequate moisture. Specifically, under all 

drought levels, variety Hayden recorded higher water use efficiency, relative water content, 

and grain yield, while variety Ajay had higher panicle number, tiller number, and root to 

shoot ratio; however, these parameters did not improve leaf hydration and yield under 

drought stress. From a physiological point of view, temperature increasing decreased spikelet 

shape development, shoot dry weight, total chlorophyll, and increased activation of MDA, 

antioxidant enzyme, and soluble sugars (Ko et al., 2022). Although oat responds to abiotic 

stress by undergoing both physiological and morphological changes, studies involving high 

altitude are still limited (Jinqiu et al., 2021). 

The relationship between different agronomic parameters has been documented differently. 

Ju et al. (2022) indicated an interaction in stomatal conductance, transpiration rate, 

photosynthesis rate, stomatal limit amount, intercellular carbon dioxide content, water-use 

efficiency, panicle length, leaf area index, 1000-kernel weight, and weight of grains per 

panicle. Forgács et al. (2024) showed an interaction for 1000-kernel weight and yield, as well 

as number of spikelets and number of nodes. May et al (2017) revealed that panicles per plant 

as a yield component explained the yield increase arising from nitrogen application. Neupane 

et al. (2025) revealed a strong correlation in yield components such as seed weight and 

panicle number, compared to physiological characteristics such as chlorophyll development 

index, soil, plant analysis and relative water content. Shah et al. (2021) showed a positive 

interaction (R2 = 0.80) between yield and NDVI at booting and tillering stages. Coelho et al. 

(2019) reported that NDVI was strongly correlated (> 0.85) for yield and cultivation 
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parameters in white oats. Specifically, NDVI was correlated with leaf area index, height, 

panicles (m2), grain weight, grain number per panicle, biomass yield, and grain yield. 

Analysis of the nexus between different agronomic traits provides insights into assimilate 

partitioning in oat.  

2.7 The silicon treatment method to mitigate environmental stresses on crops  

Silicon application significantly influenced the crops to decrease the biotic and abiotic 

stresses, such as salt, drought, nutrient, freezing, and radiation damage (Wang et al., 2021). 

In this sense, silicon resulted in great performance in reducing the serious drought conditions 

in wheat cultivars (Gong et al. 2005). Studies clearly indicate the influence of silicon 

application in enhancing the crop resistance mechanisms under serious drought conditions, 

this is due to an antioxidant effect on reducing the oxidative plant stress (Gunes et al., 2007). 

Interestingly, wheat cultivars with high silicon accumulation ability showed higher silicon 

content in their shoots, there were no significant differences in cultivation period under 

serious drought conditions (Thorne et al., 2021). In comparison, silicon resulted in great 

drought stress reduction in the tomato and canola, which are characterized by low silicon 

content. (Wang et al., 2021).Furthermore, the silicon plant content did not affect the drought 

stress reduction in plants (Katz., 2014). However, silicon influence and benefits in crops are 

different among the species, varieties, and the cultivation environmental parameters (Wang 

et al., 2021). 

In spite of silicon application, the element is not essential for plant cultivation, but it has a 

high impact during the crop growth, specifically under serious drought conditions. (Coskun 

et al., 2016). In wheat cultivars, it improved the seed germination (Hameed et al., 2021). It 

could probably have been attributed to the increased antioxidant defense and decreased 

oxidative stress induced by Si (Hasanuzzaman et al., 2019). The silicon application resulted 

in improvement of biomass and yield in several plant species under serious drought 

conditions (Chen et al., 2011). This effect improved the total root length, crop height, number 

of tillers, dry matter, and panicle length (Emam et al., 2014). Furthermore, silico resulted in 

spikelet sterility reduction and rice yield improvement (Chen et al. 2011).  
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Exogenous silicon treatment to wheat improved the total stomata conductance, 

photosynthetic rate, and antioxidant defense (Shaw et al., 2025). It suggested that silicon-

based treatment under the serious drought conditions influenced the roots growth and water 

transportation (Thorne et al., 2021).  Therefore, the silicon positive results on the physiology 

parameters, yield, and grain nutritional content indicate the importance of silicon application 

in the spring oats cultivars under serious drought conditions.  
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3. MATERIAL AND METHODS 

3.1 Soil Parameters and the Experimental Location 

The spring oat experiment was set up during the spring and summer seasons for three 

consecutive years from 2022 to 2024. The experimental location was set up in Hungary at a 

part of land for experimental purposes of the Debrecen University with geographic 

coordinates 47°55ʹ19ʺ north latitude and 21°59ʹ87ʺ east longitude. At the beginning of 

March, before the first experimental sowing year in 2022, soil analysis was conducted, and 

the samples were carried out in 10 different soil layers with a depth interval of 20 cm for each 

layer. The first layer was 20 cm, and the last layer was 200 cm. All the collected soil samples 

were analyzed at Debrecen University in the Agricultural Laboratory Centre. The laboratory 

is accredited by the National Accreditation Board of Hungary.  

Soil pH was measured in KCl, and in the first layer (0-20 cm) the measured pH was almost 

neutral (6.93), while in all the other layers it was slightly alkaline. KA represents the Arany 

plasticity index type, which was between 45 and 49, representing a medium loam soil texture. 

The CaCO3 amount in the top soil layers are lower, ranging from 0.52-1.97 while in subsoil 

layers reached a higher percentage, which showed the calcic horizon availability. The first 

layer (0-20 cm) is characterized with a good humus content 2.89%, while in the other layers 

the humus content was decreasing. In the second layer (20-40 cm) it reached 2.89% and in 

the last layer (180-200 cm) it was 0.41%. Phosphorus showed the highest concentration in 

the 0-120 cm soil profile, with the greatest P2O5 (AL) content detected in the first layer (0-

20cm), reaching 1538 mg kg-1. Potassium levels were relatively high in the first two layers 

(0-40 cm), ranging from 638 to 586 mg kg-1. The NO3- (KCl) concentration ranged from 82.2 

to 31.6 mg kg-1 in the topsoil layers, while the highest nitrate concentration was recorded the 

100-120 cm depth, where it reached 144 mg kg-1 (Table 1). According to WRB (2022) soil 

system classification and compared to our analysis the land area in our experiment is Haplic 

Chernozem soil with Calcic Chernozem. The nutrient availability, uptake, and the root 

development capacity are well developed in our soil experiment, because spring oat roots 

mostly grow in the first three layers (0-60 cm) depth, and under the serious drought 

conditions, the maximum root growth can reach the (100-120 cm) layers. 
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Table 1: The soil parameters in the spring oat cultivation area (2022, Debrecen Hungary). 

 

Soil parameters at the 

experimental station 

Soil profile Layers (cm) 
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pH (KCl) 6.93 7.46 7.51 7.56 7.55 7.59 7.60 7.73 7.74 7.76 

KA 45 52 52 53 53 56 54 51 50 49 

Soluble Salts (%) 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.05 0.04 0.04 

CaCO3 % 0.52 1.45 1.97 2.07 1.86 2.48 2.80 2.90 3.00 3.11 

Humus (%) 2.89 2.87 2.63 2.44 2.37 2.55 1.22 0.741 0.445 0.407 

P2O5 (AL) (mg kg−1) 1538 1149 1020 390 321 954 229 161 105 97.5 

K2O (AL) (mg kg−1) 638 586 366 315 103 421 146 97.8 92.1 87.5 

NO3
¯ (KCl) (mg kg−1) 82.2 53.4 48.5 36.5 31.6 144 98.8 82.5 66.5 54.6 

Na (Al) (mg kg−1) 73.7 68.6 66.9 52.1 50.4 107 99.3 91.3 87.7 86.3 

Mg (KCl) (mg kg−1) 552 463 352 324 269 584 694 664 540 450 

S (KCl) (mg kg−1) 14.1 7.31 3.69 3.38 2.43 4.60 47.8 39.6 36.4 32.6 

Mn (EDTA) (mg kg−1) 25.4 25.2 21.7 15.6 13.2 17.6 15.4 10.2 9.36 7.96 

Zn (EDTA) (mg kg−1) 2.77 2.24 1.84 1.36 1.21 2.19 1.21 1.13 0.851 0.726 

Cu (EDTA) (mg kg−1) 1.27 1.15 1.03 0.967 0.952 1.09 0.555 0.533 0.345 0.297 

Soluble Si (mg kg−1) 35.8 28.0 23.0 6.65 5.66 14.8 3.96 3.18 3.74 3.09 

Note: KCl: potassium-chloride; KA: Arany-type plasticity; AL: ammonium lactate-soluble; soluble; 

EDTA: Ethylenediaminetetraacetic acid. 

3.2. Characterization of the crop years in the experimental years (Debrecen, 2022-2024) 

The experimental area of the Debrecen University measured the precipitation and 

temperature on a daily basis for the experiment part, and all of the data were given by the 

Observatory Centre for Agrometeorological Precision Farming R&D Services, FAFSE, at the 

University of Debrecen in Hungary.  

The cultivation period of spring oats extends from March to July, while precipitation and 

temperature showed high variation both within and between growing seasons (Figure 5). The 

2022 season the temperature was lower during the germination 5.2 ℃, compared to the 2023 

and 2024 seasons, with an average of 7.5-10 ℃, respectively. Precipitation during the 
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cultivation period also showed substantial differences both within and between growing 

seasons. The 2022 year was characterized by serious drought conditions while the lowest 

precipitation rate was detected during the March period with a total mean of 3.5 mm during 

that period. The cultivation season of 2023 was characterized by the best climatic conditions, 

where the highest amount of precipitation was during June, with a total average of 122.5 mm. 

The spring oats had a sufficient precipitation amount for their development at the final 

growing phenological phases. Furthermore, the climatic conditions during the 2024 

cultivation seasons were highly variable during all the months. The highest precipitation was 

during the May period, which was significantly higher compared to the 2022 and 2023 

growing seasons with a total higher average of 57.5% and 23.5%, respectively. 

 

Figure 5: The monthly sum of precipitation and monthly mean of temperature during 

cultivation period for spring oats (Debrecen, 2022-2024). 
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The Pálfai Drought Index (PaDI) was calculated to measure the water scarcity of the 

cultivation years for our experiment. Based on the Pálfai and Herceg (2012) the PaDi index 

is measured following these steps: 

𝑷𝒂𝑫𝑰𝟎 =

[∑ 𝑻𝒊
𝒂𝒖𝒈
𝒊=𝒂𝒑𝒓 ]

𝟓
∗ 𝟏𝟎𝟎

𝒄 + ∑ (𝑷𝒊 ∗ 𝒘𝒊)
𝒔𝒆𝒑𝒕
𝒊=𝒐𝒄𝒕

 

• 𝐏𝐚𝐃𝐈𝟎 represent the base drought index, which it is expressed in (°C 100 mm−1). 

• 𝐓𝐢 represent the average monthly temperature for five months in a row April to August 

(°C). 

• 𝐏𝐢 referes to the total monthly precipitation measured from October to September 

(mm). 

• 𝐰𝐢 represent monthly weighting factor to calculate the PaDi index. The 𝐰𝐢 values are 

as followed for calculated months: 0.1 for October; 0.4 for Novemnber – December; 

0.5 for January – April; 0.8 for May; 1.2 for June; 1.6 for July; 0.9 for August and 0.1 

for September. 

• c present a constant value which is equal to 10 mm. 

The drought index corrections factors (k1, k2, k3) it is calculated as it is presented bellow: 

a) 𝒌𝟏 represent temperature correction factor 

𝒌𝟏 =
(𝑻𝒋𝒖𝒏 + 𝑻𝒋𝒖𝒍 + 𝑻𝒂𝒖𝒈) 𝟑⁄

(𝑻𝒋𝒖𝒏 + 𝑻𝒋𝒖𝒍 + 𝑻𝒂𝒖𝒈) 𝟑⁄
 

• 𝑻𝒋𝒖𝒏 + 𝑻𝒋𝒖𝒍 + 𝑻𝒂𝒖𝒈 presenting annual temperature average for the June-August (°C). 

• 𝑻𝒋𝒖𝒏, 𝑻𝒋𝒖𝒍, 𝑻𝒂𝒖𝒈 refering to 30 years average temperature (1991-2020) for June-

August for period in (°C). 

b) 𝒌𝟐 represents correction factor for precipitation 

𝒌𝟐 = √
𝟐 ∗ 𝑷𝒔𝒖𝒎𝒎𝒆𝒓

𝒎𝒊𝒏

𝑴𝑰𝑵(𝑷𝒋𝒖𝒏, 𝑷𝒋𝒖𝒍, 𝑷𝒂𝒖𝒈) + 𝑷𝒔𝒖𝒎𝒎𝒆𝒓

𝒎𝒊𝒏

𝟒

 

• 𝑷𝒔𝒖𝒎𝒎𝒆𝒓

𝒎𝒊𝒏
 refering to the lowest value from 30-years (1991-2020) precipitation sum 

of three summer months (June, July, August) in (mm). 
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• 𝑴𝑰𝑵(𝑷𝒋𝒖𝒏, 𝑷𝒋𝒖𝒍, 𝑷𝒂𝒖𝒈) representing the lowest value from annual precipitation sum 

of three summer months (June, July, August) in (mm). 

c) 𝒌𝟑 refereing the correction factor, for the precipitation circumstances of the previous 

period 

𝒌𝟑 = √
𝑷

𝑷𝟑𝟔𝒎

𝒏

 

• n present reduction factor, 3.0 on the plain area, on hilly or higher territories is 5.0 

value. 

• 𝑷 refering to mean of multi-annual precipitation sum for period October-September 

in (mm). 

• 𝑷𝟑𝟔𝒎 presenting mean precipitation sum for period October-September for previous 

three years in (mm). 

𝑷𝟑𝟔𝒎 = ∑ 𝑷𝒊/𝟑𝟔

(𝒚𝒆𝒂𝒓)𝑺𝒆𝒑𝒕

𝒊=(𝒚𝒆𝒂𝒓−𝟑)𝑶𝒄𝒕

 

• 𝑷𝒊 refering to monthly precipitation sum in (mm). 

PaDi index calculation in (°C 100 mm−1) 

𝑷𝒂𝑫𝑰 = 𝑷𝒂𝑫𝑰𝟎 ∗ 𝒌𝟏 ∗ 𝒌𝟐 ∗ 𝒌𝟑 

3.3 Evaluation of the Drought Severity in the Experimental Years Based on Pálfai 

Drought Index 

Pálfai drought index (PaDI) shows a numerical value during the growing seasons, which is a 

key indicator for the drought evaluation. For its calculation, hydrological years from October 

to September have been used, specifically the total monthly precipitation and temperature 

during the growing seasons. Drought evaluation involves many parameters, and for the best 

interpretation, the total precipitation of the experimental year and the previous three years 

are taken into consideration as a correction factor for the drought severity determination. 

PaDi index values (Table 2) show the drought intensity based on the monthly mean 

precipitation intensity during the experimental years. From Tables 2 and 3 we can determine 
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the drought intensity. Based on the Pálfai Drought Index from the experimental seasons the 

year 2022, was identified a serious drought year, followed by the year 2024 as a moderate 

drought condition, while the season 2023 was characterized by mild drought conditions. 

Table 2: PaDi index calculated data for the three cultivation years in Debrecen Hungary 

(2022-2024). 

Year 
P36 months 

(mm) 

Monthly 

Average P 

for Previous 

36 Months 

(mm) 

Sum of 

Precipitation 

April-August 

(mm) 

MIN 

(Pjun,Pjul,Paug) 

(mm) 

PaDI0 

(°C 100 mm-1) 

PaDI 

(°C 100 mm-1) 

2022 1519.7 42.2 160.9 10.5 8.75 11.6 

2023 1567.3 43.5 359.8 35.9 3.76 4.3 

2024 1761.7 48.9 282.2 17.0 5.19 6.5 

Note: P36 months - precipitation sum for period October-September for previous 36 months; 

MIN(Pjun,Pjul,Paug) - the lowest precipitation from the sum of summer months: June, July, 

August.  

Table 3: Classification of the drought intensity based on Pálfai Drought Index (Pálfai and 

Herceg, 2012) 

PaDI 

°C 100 mm−1 
Drought Classification 

<4 Droughtless 

4-6 Mild 

6-8 Moderate 

8-10 Medium 

10-15 Serious 

15-30 Very serious 

>30 Extreme 

3.4 The design and treatment of the spring oat experiment 

The spring oat field experiment was established on small plots measuring 3x4 m (12 m2), 

using a randomized complete block design (RBCD) (Figure 6). Eight varieties were sown in 

3 m wide adjacent strips. Four treatments were arranged within four consecutive blocks, each 



32 
 

containing three replications. The experiment has eight varieties, four treatments and three 

replications in total 96 plots. To maintain crop rotation, the experimental site within the 

Experimental Garden was relocated each year. The forecrops were wheat (2022), bean (2023) 

and soybean (2024). The number of seeds were 550 seeds for square meter, and they were 

sowed in five centimeters depths in 18th March 2022, 7th March 2023 and 6th March 2024. 

NPK nutrients were applied as follows: N5P10K30 kg ha−1 in October 2021 and N55 kg ha-1 in 

March 2022; N55 kg ha-1 in March 2023; 2024). In the 2023 season, lodging occurred in some 

parts of our experiment due to favorable soil nutrient supply and optimal environmental 

conditions, including adequate water availability and legume preceding crops.  

 

Figure 6: Schematic representation of the experimental map 
Note: Sz 1=margin 1, Sz2=margin 2 



33 
 

The analyzed spring oat (Avena sativa L) varieties were selected Hungarian varieties with 

promising productibility: Mv Kengyel, Lota, Mv Ménes, Panna, Mv Pehely, GK Kormorán, 

Mv Szellő, GK Pillangó. 

The foliar treatments were in four blocks, where the first one was control (without fertilizer), 

the second block consisted of silicon foliar fertilization 0.5 L ha-1, the third block was a sulfur 

fertilization 0.5 L ha-1, and the fourth block was a combined silicon plus sulfur application 

0.5 + 5.0 L ha-1. The foliar nutrient applications were at the 300 L ha-1 spraying volume and 

the foliar chemical compositions were: 

• Sulfur: Jello Fluid commercial name with a chemical composition of high sulfur 

content in the lignosulfonate formulation 1000 g L-1 SO3, 30 g L-1 N, 30 g L-1 MgO, 

27 g L-1 B, 0.003 g L-1 Mo 

• Silicon: Optysil commercial name with a chemical composition of high content of 

silicon 200 g SiO2 L
-1. 

With the foliar treatments were used a nonionic adjuvant containing 60% dioctyl-

sulfosuccinate sodium salt at a concentration of 0.025%. 

The spring oats were treated in three different phenological phases BBCH13 – three leaves 

unfolded, BBCH39 – flag leaf and BBCH73 – early milk phenological stages. 

The plant protection was applied uniformly throughout the experiment. For the seed dressing 

tebuconazole was used, and for the pest control we applied lambda cyhalothrin in the amount 

of 150 mL ha−1 at the end of tillering and end of flowering phases (BBCH29 and BBCH69). 

The pest control was specifically against the Oulema melanopus (spring oat leaf beetle). 

3.5 Field measurements and data collection 

Leaf area index (LAI) and normalized difference vegetative index (NDVI) data were 

collected from the selected spring oat leaves. Leaf area index (LAI) was determined using a 

LAI-2000 Plant Canopy Analyzer (LI-COR, Lincoln, NE, USA) operated in single-sensor 

mode, with both above- and below-canopy measurements taken using the same LAI-2050 

optical sensor. For each plot, two above-canopy and eight below-canopy readings were 
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recorded. The eight below-canopy measurements were averaged to obtain a representative 

LAI value for each plot.  

Normalized difference vegetation index (NDVI) was measured in the field using a hand-held 

Trimble Inc. GreenSeeker crop sensor. The sensor provides active illumination through light-

emitting diodes (LEDs) at wavelengths of 656 nm and 774 nm. This two-band optical 

reflectance sensor records the intensity of reflected red and near-infrared (NIR) radiation to 

calculate the optical reflectance ratio. Measurements were initiated by pulling the trigger at 

the beginning of each plot, and multiple readings were collected across the sensing area. An 

average NDVI value was automatically calculated when the trigger was released at the end 

of the row. During measurements, the sensor was held at a constant height of 60 cm above 

the canopy to ensure reliable readings. 

NDVI and LAI measurements were performed weekly, beginning at the BBCH 13 

phenological stage and continuing until the end of the growing season. Seven measurements 

were carried out during the growing season in 2022 and 2023, while eight measurements 

were taken in 2024. 

The photosynthetic total conductance, transpiration, and assimilation rate were measured on 

intact leaves using a LI-6800 portable photosynthesis system (LI-COR, Lincoln, NE, USA). 

The instrument is equipped with two high-precision infrared gas analyzers that determine the 

mole fractions of CO₂ and H₂O in the air. Based on the inlet and outlet concentrations of CO₂ 

(μmol mol⁻¹) and H₂O (mmol mol⁻¹), together with leaf temperature (°C), atmospheric 

pressure (kPa), air flow rate (μmol s⁻¹), and other recorded variables, the system calculates 

net photosynthetic rate, transpiration rate, total conductance and other physiological 

parameters. Photosynthetically active radiation in the chamber was maintained at 1500 μmol 

photons m-2 s-1, with a spectral composition of 90% red light (625 nm) and 10% blue light 

(475 nm). The chamber CO2 concentration was maintained at 400 μmol mol-1. Measurements 

were performed on light-adapted leaves, with six readings taken per leaf on two plants from 

each plot. Data were recorded after stabilization of the measured parameters, but not earlier 

than 120 s after chamber closure. Photosynthetic parameters were measured at two-week 

intervals, starting in early May. During the growing season, two measurements were 

conducted in 2022, whereas three measurements were performed in both 2023 and 2024. 
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The harvesting was completed by using a Wintersteiger 125 plot combine with a 125 cm 

cutting width. The harvesting time was performed on the 11th July 2024, and 2022 and 24th 

July 2023. Grain samples were taken from each harvested plot to determine grain moisture 

content, thousand kernels weight and grain quality parameters. 

3.6. The grain element content analytical method 

The grain quality analysis for the measurement of the elemental composition has been 

conducted first through the grinding of the spring oat grain samples, and then through the 

predigestion and digestion using a wet acid digestion preparation sample. One gram sample 

of the spring oat grains was transferred into the tubes for the digestion, and 10 mL of nitric 

acid was added (HNO3, 69% v/v) (VWR International Ltd., Radnor, PA, USA). The reaction 

time for the predigestion phase required twelve hours, which was followed by heating at 

temperature of 60 °C for 30 minutes using a LA-BOR MIM OE-718/A block digestion 

system. Then the samples have been cooling, and 3 cm3 of hydrogen peroxide were added to 

each sample (H2O2, 30 % v/v) (VWR International Ltd., Radnor, PA, USA). 

The temperature in the digestion phase was 120 °C for 90 minutes for the mineralization of 

the organic material. The final digestion solution volume was adjusted to 50 cm3 using 

ultrapure water (Milli-Q two-level water purification system, Millipore S.A.S, Molsheim, 

France). Filtrak 388 filter paper was used for the filtration of the digested solution and for 

the final elemental analysis with Inductively Coupled Plasma Optical Emission Spectrometer 

- ICP-OES. PerkinElmer Optima 3300 DV ICP-OES was used for the quantification of all 

analyzed elements. The ICP-OES instrument has a high precision for multi element content 

detection. Hungarian standard methods (MSZ and SVM) were used for the determination of 

the spring oat grain element content, with an analytical deviation allowance of ± 10 % for 

repeatability and precision acceptance.  

3.7 Data Analysis  

GenStat Program 18th version was used for the statistical analysis, where all of the data were 

subjected to this statistical program. ANOVA analysis with a two factors design was 

performed for the statistics of the treatments and for average value comparison. Furthermore, 

the variety and treatment interaction were determined. For the variance analysis, 
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homogeneity and normality tests were performed. In addition, the treatment variety and year 

interaction factor were performed for the three factors variance analysis. The average values 

of the spring oat grains for treatment variety and year interaction were compared by using 

the LSD (least significant difference) with a 5% level of probability. The year analysis was 

performed separately for each year.  The Pearson correlation was performed for the linear 

correlation. PCA (principal component analysis). R statistics was used for the treatment 

differences of the nutrient element content of spring oat grain (R Core Team., 2025). The 

major of the original variance and correlated variables are shown in the orthogonal principal 

components during the principal components analysis, where a highlighted cluster is shown 

for the differences of the elemental spring grain content. 
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4. RESULTS AND DISCUSSION  

4.1 Effect of Silicon and Sulfur Foliar Treatments and Genotypes on the Leaf Area 

Index and Normalized Difference Vegetation Index in Spring Oat  

4.1.1 Leaf Area Index Dynamics in Response to Silicon and Sulfur Foliar Treatments 

and Genotypes at Different BBCH Spring Oat Phenological Phases  

The data measured for the leaf area index are presented in seven phenological stages during 

the 2022 (BBCH13, BBCH30, BBCH39, BBBCH51, BBCH73, BBCH77 and BBCH83) 

cultivation year. Furthermore, in the 2023 cultivation year, all the phenological phases from 

2022 were measured, and also BBCH22 was added instead of BBCH30. In addition, even 

the 2024 growing seasons are characterized by the leaf area measurement from all the 

phenological stages (BBCH) measured during 2023, except the BBCH51. The impact of 

foliar nutrient application on the increase of leaf area index is highly dependent on the type 

of element, applied dosage, phenological stage, variety, and environmental conditions. In our 

experiment, different results during the vegetative seasons are presented based on foliar 

application in three phenological stages (*BBCH13, *BBCH39, and *BBCH73) and three 

seasons. 

The serious drought year (2022) is challenging year in environmental conditions with no 

significance differences between treatments (p > 0.05) for the leaf area index measurements 

at three phenological stages, BBCH13, BBCH51, and BBCH77. However, at the BBCH30 

and BBCH83 between foliar treatments, there were significant differences (p < 0.05), and the 

leaf area index showed the highest values on the control treatments, while silicon and sulfur 

applications were in the lowest mean value, 4.828 and 3.259, respectively. 

The mild drought year (2023) showed a variable leaf area index between phenological stages 

in five stages (BBCH13, BBCH22, BBCH73, BBCH77, and BBCH83) and there were no 

significant differences (p > 0.05) between treatments. Phenological stages BBCH39 and 

BBCH51 are characterized by significant differences (p < 0.05), while at the beginning of 

heading, the silicon foliar treatments resulted in the highest leaf area index. 
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Leaf area index (LAI) values in different treatments and measured in six phenological stages 

in the moderated drought year (2024) resulted in no significant differences (p > 0.05) in the 

BBCH13, BBCH39, BBCH73, and BBCH83 phases. However, the phenological growing 

stages BBCH22 and BBCH30 are characterized by significant differences (p < 0.05) between 

treatments, where the control showed the highest leaf area index with a value of 3.372 and 

4.482, respectively. (Figure 7) 

In all the cultivation seasons of the experimental years (2022-2024), LAI were relatively low 

in the three leaves unfolded stage (BBCH13) compared to other measured phenological 

phases in spring oats. LAI index reached the maximum during the serious drought conditions 

at the BBCH30 phase, while in the same environmental conditions at the BBCH83, its value 

dropped immediately. However, during the mild and moderate drought conditions (2023 and 

2024) the LAI values remained very high at the early dough phase (BBCH83) compared to 

serious drought conditions year (2022), where the highest difference index was 1.22 and 

1.125 at the sulfur application. The treatment effect on foliar resulted twelve times in total 

during the period of growing of spring oats, where there was no significant difference (p > 

0.05), in accordance with the Wadas and Kondraciuk (2025). 

  



39 
 

 

 

 
Figure 7: Leaf area index response in spring oat under C, S, Si, Si+S foliar treatments, during 

different phenological growth stages (BBCH) (Debrecen, 2022 – 2024).  

Note: Clustered columns show average values across 8 varieties and 3 replications, with ± 

24 standard error of means. Same letter in different treatments means no significant 

difference within analyzed BBCH growing stage, determined by LSD at p ≤ 0.05 significance 

level. * treatment period.  
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The Leaf Area Index is presented in Figure 8 measured in eight different phenological stages 

(BBCH13, BBCH22, BBCH30, BBCH39, BBCH51, BBCH73, BBCH77, and BBCH83) and 

in eight spring oat varieties during three growing years (2022-2024). The statistic resulted in 

significant differences (p < 0.05) at the phenological phases, environmental conditions, and 

varietal divergences, reflecting the different adaption capacity of the studied spring oat 

varieties.  

In the serious drought year (2022), LAI ranges lower compared to other cultivation years in 

all BBCH stages. In the three leaves unfolded (BBCH13) stage, LAI values ranged from 

3.341 (Mv Pehely) to 4.571 (Mv Szellő) with obvious differences between varieties, 

suggesting that during this phase, the values of the canopy were limited by drought stress 

availability. Furthermore, in the serious drought year, the Lota genotype showed the 

significantly lowest LAI index at four different phenological stages (BBCH39, BBCH51, 

BBCH73, and BBCH77), with an annual mean ranging from 3.7 – 4.2. In addition, the lowest 

values were found at the BBCH83 phase with no significant differences between Lota (3.15), 

Panna (3.17), and GK Kormorán (3.42). Furthermore, the lower leaf area index is a strong 

indicator of water use availability and a sensitive respond to drought conditions (Noor et al., 

2024). However, the Mv Ménes genotype showed significantely higher stability overall 

varieties with the highest leaf area index at four different phenological phases, BBCH39 

(5.02), BBCH51 (5.04), BBCH73 (5.02), and BBCH77 (4.74), indicating a strong adaptive 

ability under serious drought conditions and a high potential for water use efficiency.  

The year 2023 is defined as a mild drought year, where the variety Mv Kengyel reached the 

highest LAI value during the BBCH73 stage (5.427) compared to all cultivated years and 

studied varieties. Furthermore, the highest LAI value observed for all the studied spring oat 

varieties during the BBCH73 stage as a physiological parameter stimulated the canopy 

development, promoting the efficiency of water use and spring oat crop development, where 

the plant maintained the leaf area, which resulting in an increase in the LAI values. In 

contrast, a serious drought environmental year because of the limit water use efficiency the 

cell turgor and leaf development are inhibited by environmental factors. However, the Mv 

Pehely variety had a regulated canopy development values, where its highest maximum value 

in each cultivated seasons were 4.461 (2022), 4.453 (2023), and 4.786 (2024), showing the 
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ability to maintain stable leaf area index and development, reflecting a genetic importance in 

the control of leaf expansion. 

The early dough stages (BBCH83) resulted in significantly (p < 0.05) lower values during 

the serious drought season (2022) compared to mild and moderate seasons (2023 and 2024). 

The LAI decline values during a serious drought year at the early dough stage indicate a 

water limitation during the grain filling, leading to a reduction in leaf water potential. In 

contrast, under a mild drought season (2023), the LAI values during the mild dough stage 

(BBCH83) were constant to the early milk (BBCH73), indicating a sufficient water 

availability and metabolic activity in the leaf hydration sustainability, which allowed the 

expansion of the leaf area by resulting in higher LAI values. 
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Figure 8: Leaf area index response in spring oat varieties, during different phenological 

growth stages (BBCH) (Debrecen, 2022-2024).  

Note: Clustered columns show averages values across 4 treatments and 3 replications, with 

± 12 standard error of means. Same letter in different variety means no significant difference 

within analyzed BBCH growing stage, determined by LSD at p ≤ 0.05 significance level. * 

treatment period. 
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4.1.2 Normalized Difference Vegetation Index Dynamics in Response to Silicon and 

Sulfur Foliar Treatments and Genotypes at Different BBCH Spring Oat Phenological 

Phases 

The Normalized Difference Vegetation Index it shows the canopy greenness of spring oats 

under the foliar treatment of silicon, sulfur and a combination of silicon and sulfur over the 

three consecutive growing years (2022-2024) at eight main physiological growing phases of 

three leaves unfolded (BBCH13), two tillers detectable (BBCH22), beginning of stem 

elongation (BBCH30), flag leaf stage (BBCH39), beginning of heading (BBCH51), early 

milk (BBCH73), late milk (BBCH77) and early dough (BBCH83). From the results it is 

shown that they are significantly affected by environmental drought conditions, phenological 

stage and foliar applications which have reflected the canopy greenness values.  

During the serious drought conditions (2022), the values of NDVI were relatively high and 

significantly different (p < 0.05) in the first two measured stages (BBCH13 and BBCH30), 

showing a high chlorophyll content in the younger leaves and better growing seasons. 

However, higher NDVI values during the BBCH13 stage for the none treated part show the 

limited effectiveness of foliar application during this stage, and in many scenarios, the 

effectiveness of foliar treatments usually appears at later stages. Furthermore, there were 

significant differences (p < 0.05) even during the BBCH39, BBCH51, BBCH73, BBCH77, 

and BBCH83 stages with a negative impact on the treatment applications, since there weas 

no increase in the canopy greenness. The negative impact of the treatment indicates that a 

serious drought environment dominated the greenness of the canopy behavior, and strongly 

showing a dominance of water availability on the NDVI availability compared to foliar 

nutrient management. In addition, the significant consistency on the negative impact of foliar 

treatment indicates in the early dough phase (BBCH83) during the serious drought season 

(2022) for the canopy greenness values reflects a water limitation factor.  

In the mild drought season (2023), the canopy greenness results were significantly different 

in all BBCH phenological growing phases, where the environmental conditions did not 

dominate the expression of physiological process by showing differences in NDVI values 

among the treated and measured phenological stages. The positive response on the NDVI 

values resulted in the two tiller detectable stage, where the silicon foliar treatment resulted 
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in higher canopy greenness compared to all treatments. In addition, in the four phenological 

stages (BBCH13, BBCH39, BBCH73, and BBCH83), there were no significance difference 

(p < 0.05) between silicon and control treatment in the NDVI values. However, in the 

BBCH51 and BBCH77 phenological stages, the control treatment had higher canopy 

greenness values compared to foliar treatments, indicating a negative impact at these 

phenological stages and doesn’t imply a better spring oat performance (Huemmrich et al., 

2021). 

Additionally, at the medium drought conditions (2024), significant differences (p < 0.05) 

appeared for all foliar treatments and for BBCH13, BBCH22, BBCH30, BBCH39, and 

BBCH51 phenological phases. However, no statistically significant differences for foliar 

application were observed during the BBCH71, BBCH77, and BBCH83 growing stages. 

(Figure 9) 
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Figure 9: Normalized Difference Vegetation Index response in spring oat under C, S, Si, 

Si+S foliar treatments, during different phenological growth stages (BBCH) (Debrecen, 

2022-2024) 

Note: Clustered columns show average values across 8 varieties and 3 replications, with ± 

24 standard error of means. Same letter in different treatments means no significant 

difference within analyzed BBCH growing stage, determined by LSD at p ≤ 0.05 significance 

level. * treatment application time.  
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The Canopy greenness Variation is presented in the Figure 10, measured in eight different 

phenological stages (BBCH13, BBCH22, BBCH30, BBCH39, BBCH51, BBCH73, 

BBCH77, and BBCH83) and in eight spring oat varieties during three growing years (2022-

2024). The statistic resulted in significant differences (p < 0.05) at the phenological phases, 

environmental conditions and varietal divergences, reflecting the different adaption capacity 

of the studied spring oat varieties.  

In the serious drought year (2022), NDVI showed a tendency to increase till the BBCH30 

phenological stage, where it achieved the maximum value with the Mv Kengyel variety, with 

an average of 0.835. Furthermore, Mv Szellő showed significantly (p < 0.05) the highest 

canopy greenness in three phenological stages (BBCH13 0.819, BBCH51 0.801,  and 

BBCH77 0.722), indicating a strong adaptive ability under serious drought conditions and a 

high potential on water use efficiency. However, the NDVI values were lower at the BBCH77 

and BBCH83, indicating a limited water use and greenness canopy and serious drought 

conditions, where the lowest value of variety Lota 0.652, and Panna was 0.334, respectively. 

The year 2023 is defined as a mild drought year, where the variety Mv Kengyel significantly 

(p < 0.05) reached the highest NDVI value during three phenological stages BBCH39 (0.78), 

BBCH73 (0.777), and BBCH77 (0.767) BBCH73 stage (5.427) compared to the studied 

varieties. Followed by Panna genotype, with significantly two highest values in BBCH13 

(0.724) and BBCH22 (0.778) phenological phases. However, in a serious drought 

environmental year because of the limit water use efficiency, the leaf greenness is inhibited 

by environmental factors, where significantly (p < 0.05), the lowest values were reached by 

Mv Pehely in three different phenological phases BBCH51 (0.713), BBCH77 (0.716), and 

BBCH83 (0.6). 

The NDVI values during the moderate drought conditions are characterized by a significant 

(p < 0.05) increase till the BBCH39 phenological stage, and from the BBCH51, canopy 

greenness values start to decrease till the BBCH83 phase. Mv Szellő variety showed the best 

performance during the moderate drought conditions (2024), where a significant (p < 0.05) 

difference resulted in the highest mean values in four phenological phases BBCH22 (0.703), 

BBCH39 (0.773), BBCH51 (0.768), and BBCH73 (0.753). Furthermore, during the BBCH13 

phonological phase, significantly (p < 0.05) showed the highest value with variety Panna 
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compared to other varieties. In addition at the BBCH30 phenological phase, significantly (p 

< 0.05), the highest values were reached by Mv Szellő and Mv Kengyel. However, the Lota 

variety showed significantly (p < 0.05) the lowest mean in BBCH39 phenological stage with 

a mean of 0.681. In addition, Lota variety significantly shared the lowest mean even in four 

different phenological stages BBCH51, BBCH73, BBCH77, and BBCH83. 
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Figure 10: Normalized Difference Vegetation Index response in spring oat varieties, during 

different phenological growth stages (BBCH) (Debrecen, 2022-2024).  

Note: Clustered columns show average values across 4 treatments and 3 replications, with ± 

12 standard error of means. Same letter in different variety means no significant difference 

within analyzed BBCH growing stage, determined by LSD at p ≤ 0.05 significance level. 

*treatment application time. 

  



49 
 

4.1.3 Correlation between Normalized Difference Vegetative Index and Leaf Area Index 

at Different Growth Stages 

The table 4 shows the correlation coefficient between the normalized difference vegetative 

index (NDVI) and leaf area index (LAI) measured on different phenological phases (BBCH), 

giving a dynamic movement of canopy development and leaf area during the vegetative 

process.  

The first strong positive correlation is observed at LAI results in early phenological stages 

BBCH13 and BBCH39 (r = 0.83), showing a vegetative stability development in the 

beginning active growing phase. However, a strong negative correlation (r = -0.91) is shown 

at the LAI BBCH13 and BBCH83, giving a strong suggestion for the phenological changes 

during the vegetative stage.  

Table 4: Pearson correlation coefficient among leaf area index and canopy greenness 

variation in the experimental year of 2022-2024 

  LAI NDVI 

  

BBCH

13 

BBCH

39 

BBCH

73 

BBCH

83 

BBCH

13 

BBCH

39 

BBCH

51 

BBCH

73 

BBCH

77 

BBCH

83 

LAI 

BBCH13 1.00                   

LAI 

BBCH39 0.83 1.00                 

LAI 

BBCH73 -0.75 -0.32 1.00               

LAI 

BBCH83 -0.91 -0.68 0.81 1.00             

NDVI 

BBCH13 0.94 0.89 -0.56 -0.77 1.00           

NDVI 

BBCH39 0.80 0.92 -0.29 -0.57 0.93 1.00         

NDVI 

BBCH51 0.79 0.90 -0.26 -0.56 0.91 0.97 1.00       

NDVI 

BBCH73 0.69 0.85 -0.18 -0.44 0.86 0.92 0.95 1.00     

NDVI 

BBCH77 -0.07 0.21 0.51 0.31 0.20 0.36 0.48 0.61 1.00   

NDVI 

BBCH83 -0.94 -0.66 0.86 0.94 -0.80 -0.60 -0.57 -0.43 0.37 1.00 

Note: green color (positive) correlation, red color (negative) correlation and white color (no) 

correlation. 
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Regarding the NDVI correlation, a very strong is observed between three leaves unfolded 

and the flag leaf stage (r = 0.93) and the flag leaf stage with the beginning of heading (r = 

97), indicating that the canopy greenness is consistent during the maximum canopy 

development process, by reflecting the greenness of the leaf surface in the intensive growth 

period.  

4.2 Effect Silicon and Sulfur Foliar Treatments on the Photosynthetic Assimilation, 

Transpiration and Total Conductance Responses of Spring Oat Genotypes 

4.2.1 Effect of Silicon and Sulfur Foliar Treatments on the Photosynthetic Assimilation 

Responses of Spring Oat Genotypes 

4.2.1.1 Photosynthetic Assimilation Dynamics in Response to Foliar Application of 

Silicon and Sulfur at Different BBCH Growth Stages 

The foliar treatments were statistically significant (p < 0.05) in the photosynthetic 

assimilation at the BBCH39 and BBCH73 growing stage of studied spring oats under 

moderate drought seasons. The photosynthetic assimilation rate during the moderate drought 

conditions was significantly different (p < 005), where the results showed that control had 

the highest assimilation rate 21.185 µmol m⁻² s⁻¹ at flag leaf stage (BBCH39). Furthermore, 

during the early milk (BBCH73) phenological stage, the foliar treatment showed significant 

differences (p < 0.05) with the highest mean in control and sulfur treatment, 18.96 and 18.85 

µmol m⁻² s⁻¹, respectively. However, a combined treatment of silicon and sulfur and a sole 

treatment of silico showed the lowest assimilation response to overall treatments during the 

BBCH39 (18.51 µmol m⁻² s⁻¹) and BBCH73 (17.4 µmol m⁻² s⁻¹), respectively. (Figure 11) 
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Figure 11: Photosynthetic Assimilation response in spring oat under C, S, Si, Si+S foliar 

treatments, flag leaf (BBCH39) and early milk stage (BBCH73) in moderate drought season 

(Debrecen, 2024)  

Note: Clustered columns show annual mean values averages across 8 varieties and 3 

replications, with ± 24 standard error of means. Same letter in different treatments means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. 

 

The foliar treatments were statistically significant (p < 0.05) in the photosynthetic 

assimilation at the BBCH51 and BBCH77 growing stage of studied spring oats under serious 

drought (2022) and mild drought (2023) environmental seasons, except for the mild drought 

season in the BBCH77 stage, where there were no significant differences between treatments. 

Foliar treatment significantly (p < 0.05) affected photosynthetic assimilation rate compared 

to control plots at serious drought conditions in the 2022 season for both BBCH51 and 

BBCH77 growing stages, showing a clear physiological response of the spring oats to the 

application of foliar nutrients through the leaves. During the serious drought conditions at 

the BBCH51 growing stage, the highest value was measured with Si+S foliar application ( 

18.46 µmol m⁻² s⁻¹), and for the BBCH77 growing stage, the highest value was measured 

with S foliar treatment (9.72 µmol m⁻² s⁻¹), only 0.56 µmol m⁻² s⁻¹ higher than a combined S 

and Si application. Furthermore, during the serious drought conditions growing seasons, the 

lowest assimilation rate for each stage (BBCH51 and BBCH77), was found in the control 

10.95 µmol m⁻² s⁻¹ and 6.25 µmol m⁻² s⁻¹, respectively. 



52 
 

For the mild drought seasons (2023) the foliar application of S, Si and Si+S during the 

BBCH39 growing stage showed a significantly lower assimilation rate compared to the 

control, while during the BBCH73, there was no significant effect overall treatments. 

Overall, results prove that foliar fertilization during the BBCH51 phenological stage 

positively affects the rate of photosynthetic assimilation of spring oats, emphasizing the role 

of foliar applications of S and Si+S for spring oat physiological performance. (Figure 12) 

 

 

Figure 12: Photosynthetic Assimilation response in spring oat under C, S, Si, Si+S foliar 

treatments, during beginning of heading (BBCH51) and late milk stage (BBCH77) under 

serious drought(2022) and mild drought (2023) seasons. (Debrecen, 2022-2023) 

Note: Clustered columns show annual mean values averages across 8 varieties and 3 

replications, with ±  24 standard error of means. Same letter in different treatments means 

no significant difference within same growing season, determined by LSD at p ≤ 0.05 

significance level. 
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4.2.1.2 Photosynthetic Assimilation Dynamics among Genotypes at Different Growth Stages 

The varietal differences were statistically significant (p < 0.05) in the photosynthetic 

assimilation parameters at the BBCH39 and BBCH73 growing stages of the studied spring 

oats varieties under the moderate drought environmental season (2024). The figure shows the 

response of the photosynthetic assimilation rate to selected varieties during the BBCH39 and 

BBCH73 growing stages of spring oats throughout the moderate drought season compared 

to eight studied varieties. The highest assimilation rate was detected at variety Mv Szellő 

during the growing phase BBCH39 with an annual mean (22.416 µmol m⁻² s⁻¹), followed by 

Lota (21.303 µmol m⁻² s⁻¹) and GK Pillangó (20.576 µmol m⁻² s⁻¹). Early milk stage 

(BBCH73) it is characterized by the dominance of Mv Pehely with a mean of 19.4 µmol m⁻² 

s⁻¹, followed by Panna genotype 19.04 µmol m⁻² s⁻¹, while the lowest assimilation was 

measured at GK Kormorán genotype 16.74 µmol m⁻² s⁻¹. The varietal response to 

assimilation rate showed an important factor in the different assimilation between genotypes 

(Figure 13). 

 

Figure 13: Photosynthetic Assimilation response in spring oat varieties, during flag leaf 

(BBCH39) and early milk stage (BBCH73) in moderate drought season (Debrecen, 2024). 

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. 
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The results showed that varietal differences in Figure 14 were statistically significant (p < 

0.05) in the photosynthetic assimilation parameters at the BBCH51 and BBCH77 growing 

stage of studied spring oats varieties under serious and mild drought environmental seasons. 

There were so many significant changes (p < 0.05) that affected photosynthetic assimilation 

rate detected under same growing phenological phase or different growing seasons across the 

analyzed varieties. The highest assimilation rate for BBCH51 and BBCH77 phenological 

phase was detected during the mild drought season, where variety Panna showed 

significantly the best performance (p < 0.05) for both phenological phases, with a mean of 

24.29 and 24.13 µmol m⁻² s⁻¹, respectively. However, Panna resulted significantly (p < 0.05) 

with the lowest assimilation rate in the BBCH77 during serious drought conditions, with an 

average of 6.68 µmol m⁻² s⁻¹. Lota variety resulted in a contrast assimilation rate, where 

during the serious drought year it resulted in the highest assimilation value, 16.73 µmol m⁻² 

s⁻¹, compared to all varieties, while during mild drought conditions at BBCH77, it achieved 

the lowest assimilation value, with a mean of 19.1 µmol m⁻² s⁻¹ overall other genotypes. In 

contrast, Mv Szellő genotype during a serious drought year at the BBCH77 resulted 

significantly with the lowest assimilation value 7.21 µmol m⁻² s⁻¹, while in the same 

phenological stage but in a mild drought year, the assimilation rate was significantly the 

highest 24 µmol m⁻² s⁻¹ compared to six other varieties.  

Statistically significant differences (p < 0.05) in the photosynthetic assimilation rate at two 

growing phases, BBCH51 and BBCH77, indicate the dependence of the developmental 

stages, varietal differences, and drought severity. The higher photosynthetic assimilation 

values were observed under mild drought conditions (2023), reflecting the capacity of 

assimilation activity, while a reduction of assimilation was observed during the serious 

drought conditions (2022). The observed results between seasons and growing stages 

highlight the varietal divergences and environmental conditions as key factors in the 

adaptation of spring oat under different climatic conditions.  
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Figure 14: Photosynthetic Assimilation response in spring oat varieties, during beginning of 

heading (BBCH51) and late milk stage (BBCH77) under serious drought (2022) and mild 

drought (2023) seasons. (Debrecen, 2022, 2023) 

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same growing season, determined by LSD at p ≤ 0.05 

significance level. 
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4.2.2 Effect of Silicon and Sulfur Foliar Treatments on the Photosynthetic Transpiration 

Responses of Spring Oat Genotypes 

4.2.2.1 Photosynthetic Transpiration Dynamics in Response to Foliar Application of 

Silicon and Sulfur at Different BBCH Growth Stages 

The foliar treatments were statistically significant (p < 0.05) in the photosynthetic 

transpiration at the two phenological stages BBCH39 and BBCH73 from the studied spring 

oats under moderate drought seasons (2024). The photosynthetic transpiration rate during the 

moderate drought conditions was significantly different (p < 005), where the results showed 

that sulfur foliar treatment had the highest transpiration rate, 8.089 mmol m⁻² s⁻¹, at the flag 

leaf stage (BBCH39). Furthermore, during the early milk (BBCH73) phenological stage, the 

foliar treatment showed significant differences (p < 0.05) with the highest mean in S and 

Si+S treatment, 16.748 and 16.351 mmol m⁻² s⁻¹, respectively. However, a combined 

treatment of silicon and sulfur showed the lowest transpiration values among all treatments 

during the BBCH39 (5.859 mmol m⁻² s⁻¹) and BBCH73 (14.829 mmol m⁻² s⁻¹,) respectively. 

(Figure 15) 

 

Figure 15: Photosynthetic Transpiration response in spring oat under C, S, Si, Si+S foliar 

treatments, during flag leaf (BBCH39) and early milk stage (BBCH73) in moderate drought 

season (Debrecen, 2024). 

Note: Clustered columns show annual mean values averages across 8 varieties and 3 

replications, with ± 24 standard error of means. Same letter in different treatments means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. 
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It was observed that foliar treatments were statistically significant (p < 0.05) in the 

photosynthetic transpiration at the BBCH51 and BBCH77 growing stage of studied spring 

oats under serious drought (2022) and mild drought (2023) environmental seasons. Foliar 

treatment significantly (p < 0.05) affected photosynthetic transpiration rate compared to 

control plots at serious drought conditions in the 2022 season for both BBCH51 and BBCH77 

growing stages, showing a clear physiological response of the spring oats to the application 

of foliar nutrients through the leaves. During the serious drought conditions at the BBCH51 

growing stage, the highest value was measured with Si+S foliar application (4.921 mmol m⁻² 

s⁻¹), and for the BBCH77 growing stage, the highest value was measured in S foliar treated 

plots (3.367 mmol m⁻² s⁻¹). Furthermore, during the serious drought conditions growing 

seasons, the lowest transpiration rate for each stage (BBCH51 and BBCH77), was found in 

control 2.284 mmol m⁻² s⁻¹ and 1.33 mmol m⁻² s⁻¹, respectively. 

For the mild drought seasons (2023) the foliar application of S and Si+S during the BBCH39 

growing stage resulted in significantly the highest transpiration rate overall treatments with 

a mean of 9.075 and 8.914 mmol m⁻² s⁻¹, respectively. However, a sole Si treatment resulted 

in the lowest transpiration values with a mean 5.345 mmol m⁻² s⁻¹, in the BBCH77 

phenological stage. Overall, results prove that foliar fertilization during the BBCH51 and 

BBCH77 phenological stages strongly affected the rate of photosynthetic transpiration of 

spring oats genotypes, emphasizing the role of foliar applications of S and Si+S for spring 

oat physiological performance (Figure 16). 
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Figure 16: Photosynthetic Transpiration response in spring oat under C, S, Si, Si+S foliar 

treatments, during beginning of heading (BBCH51) and late milk stage (BBCH77) under 

serious drought(2022) and mild drought (2023) seasons. (Debrecen, 2022, 2023)  

Note: Clustered columns show annual mean values averages across 8 varieties and 3 

replications, with ± 24 standard error of means. Same letter in different treatments means no 

significant difference within same growing seasons, determined by LSD at p ≤ 0.05 

significance level. 
 

4.2.2.2 Photosynthetic Transpiration Dynamics among Genotypes at Different Growth 

Stages 

The varietal differences were statistically significant (p < 0.05) in the photosynthetic 

transpiration parameters at the BBCH39 and BBCH73 growing stages of the studied spring 

oats varieties under the moderate drought environmental season (2024). The figure shows the 

response of the photosynthetic transpiration rate to selected eight spring oat varieties during 

the BBCH39 and BBCH73 growing stage throughout the moderate drought season (2024). 
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The highest transpiration value was detected at variety Lota during the growing phase 

BBCH39 with an annual mean (7.744 mmol m⁻² s⁻¹), while the lowest was detected by Mv 

Pehely genotype with a mean of (6.56 mmol m⁻² s⁻¹). However, the early milk stage 

(BBCH73) it is characterized significantly (p < 0.05) by the dominance of Mv Pehely with a 

mean of 16.818 mmol m⁻² s⁻¹, while the lowest transpiration was measured at Panna 15.429 

mmol m⁻² s⁻¹ and Mv Ménes 15.306 mmol m⁻² s⁻¹ genotype. (Figure 17) 

 

Figure 17: Photosynthetic Transpiration response in spring oat varieties, during flag leaf 

(BBCH39) and early milk stage (BBCH73) in moderate drought season (Debrecen, 2024).  

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. 

The results in the Figure 18 showed that varietal differences were statistically significant (p 

< 0.05) in the photosynthetic transpiration parameters at the BBCH51 and BBCH77 growing 

stage of studied spring oats varieties under serious and mild drought environmental seasons. 

There were so many significant changes (p < 0.05) that affected photosynthetic transpiration 

rate detected under same growing phenological phase or different growing seasons across the 

analyzed varieties. The highest transpiration rate for the beginning of heading (BBCH51) 

phenological phase was detected at mild drought season, where variety Panna showed the 

best performance (p < 0.05) with a mean of 10.191 mmol m⁻² s⁻¹. Furthermore, the Lota 

genotype showed the best performance at the BBCH51 phenological stage during the serious 
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drought conditions with a transpiration mean of 4.438 mmol m⁻² s⁻¹. However, the lowest 

transpiration values for BBCH51 and for two cultivation seasons (2022 and 2023) were 

reached by Mv Szellő variety with a transpiration mean of 3.324 and 7.021 mmol m⁻² s⁻¹, 

respectively.  

The late milk phenological phase (BBCH77) it is characterized by significantly (p < 0.05) 

lower transpiration values compared to the beginning of heading (BBCH51). The best 

performance genotypes during the BBCH77 were Mv Ménes (3.321 mmol m⁻² s⁻¹) during 

serious drought conditions and Mv Pehely (6.195 mmol m⁻² s⁻¹) during mild drought seasons. 

However, the lowest transpiration was found at GK Kormorán genotype during serious 

drought season with a mean of 2.008 mmol m⁻² s⁻¹ and GK Pillangó genotype during the 

mild drought season with an average of 5.037 mmol m⁻² s⁻¹. 

Statistically significant differences (p < 0.05) in the photosynthetic transpiration rate at two 

growing phases, BBCH51 and BBCH77, indicate the dependence of the developmental 

stages, varietal differences, and drought severity. The higher photosynthetic transpiration 

values were observed under mild drought conditions (2023), reflecting the capacity of 

transpiration activity, while a significant reduction of transpiration was observed during the 

serious drought conditions (2022). The observed results between seasons and growing stages 

highlight the varietal divergences and environmental conditions as key factors in the 

adaptation of spring oat under different climatic conditions. 
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Figure 18: Photosynthetic Transpiration response in spring oat varieties, during beginning 

of heading (BBCH51) and late milk stage (BBCH77) under serious drought (2022) and mild 

drought (2023) seasons. (Debrecen, 2022, 2023) 

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same growing season, determined by LSD at p ≤ 0.05 

significance level. 
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4.2.3 Effect of Silicon and Sulfur Foliar Treatments on the Photosynthetic Total 

Conductance Responses of Spring Oat Genotypes 

4.2.3.1 Photosynthetic Total Conductance Dynamics in Response to Foliar Application 

of Silicon and Sulfur at Different BBCH Growth Stages 

The foliar treatments were statistically significant (p < 0.05) in the photosynthetic total 

conductance at the BBCH39 and BBCH73 growing stage of studied spring oats under 

moderate drought condition. The photosynthetic total conductance during the moderate 

drought conditions showed significant differences (p < 0.05), where the highest 

photosynthetic total conductance rate for BBCH39 stage was in non treated parcels 0.2686 

mol m⁻² s⁻¹, and for BBCH73 were Si foliar treatment, with a mean of 0.281 mol m⁻² s⁻¹. 

However, the lowest value during the moderate drought conditions (2024) for both growing 

stages for spring oats was found with a combined Si and S application with a mean value of 

0.189 mol m⁻² s⁻¹ for BBCH39 and 0.242 mol m⁻² s⁻¹ for BBCH73. (Figure 19) 

 

Figure 19: Photosynthetic Total Conductance response in spring oat under C, S, Si, Si+S 

foliar treatments, during flag leaf (BBCH39) and early milk stage (BBCH73) in moderate 

drought season (Debrecen, 2024).  

Note: Clustered columns show annual mean values averages across 8 varieties and 3 

replications, with ± 24 standard error of means. Same letter in different treatments means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. 
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It was observed that foliar treatments were statistically significant (p < 0.05) in the 

photosynthetic total conductance at the BBCH51 and BBCH77 growing stage of studied 

spring oats under serious and mild drought conditions. Foliar treatment significantly (p < 

0.05) affected photosynthetic total conductance value compared to control plots at the serious 

drought conditions in the 2022 season for both growing stages BBCH51 and BBCH77, 

showing the highest physiological response of the spring oats to the application of foliar 

nutrients through the leaves. During the serious drought (2022) conditions at the BBCH51 

growing stage, the highest value was measured with Si+S foliar application  ( 0.125 mol m⁻² 

s⁻¹), and for the BBCH77 growing stage, the highest value was measured with S foliar 

treatment (0.053 mol m⁻² s⁻¹). Furthermore, during the serious drought conditions growing 

seasons, the lowest total conductance rate for each stage (BBCH51 and BBCH77), was found 

in control 0.05 mol m⁻² s⁻¹ and 0.025 mol m⁻² s⁻¹, respectively.  

For the mild drought seasons (2023) the sole foliar application of Si and S showed the highest 

photosynthetic total conductance during the BBCH51 and BBCH77 growing phase with a 

value of 0.248 mol m⁻² s⁻¹ and 0.305 mol m⁻² s⁻¹, respectively. However, the lowest 

photosynthetic total conductance during the mild drought conditions (2023) was found with 

the Si+S foliar treatment 0.114 mol m⁻² s⁻¹ at BBCH51, and the control treatment, with a 

mean of 0.241 mol m⁻² s⁻¹ at BBCH77 growing phase. (Figure 20) 

Statistically significant results observed in the photosynthetic total conductance analysis 

under foliar treatments and seasonal conditions mark that the regulation of the total 

conductance parameter is a dynamic process influenced by water availability and foliar  

treatment strategies through the specific growing stage. The increased value of total 

conductance under serious drought conditions after foliar treatments gives a significant role 

of the Sulfur and Silicon application in improving the physiological total conductance 

efficiency. 
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Figure 20: Photosynthetic Total Conductance response in spring oat under C, S, Si, Si+S 

foliar treatments, during beginning of heading (BBCH51) and late milk stage (BBCH77) 

under serious drought (2022) and mild drought (2023) seasons. (Debrecen, 2022, 2023) 

Note: Clustered columns show annual mean values averages across 8 varieties and 3 

replications, with ± 24 standard error of means. Same letter in different treatments means no 

significant difference within same growing seasons, determined by LSD at p ≤ 0.05 

significance level. 

4.2.3.2 Photosynthetic Total Conductance Dynamics among Genotypes at Different 

Growth Stages 

The varietal differences were statistically significant (p < 0.05) in the photosynthetic total 

conductance parameters at the BBCH39 and BBCH73 growing stage of the studied spring 

oats varieties under a moderate drought year (2024). The figure shows the response of the 

total conductance rate to selected varieties during the BBCH39 and BBCH73 growing stages 

of spring oats throughout the moderate drought environmental conditions.  
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The highest total conductance rate at the flag leaf stage during the moderate drought seasons 

was reached by varieiesy Lota and Mv Szellő with a mean of 0.2644 and 0.2537 m⁻² s⁻¹, 

respectively. In addition, Mv Pehely showed the highest total conductance value at the early 

milk phenological phase with a mean of 0.2889 m⁻² s⁻¹. However, Mv Pehely at the flag leaf 

stage showed the lowest total conductance rate, 0.1975 m⁻² s⁻¹. Furthermore, Mv Ménes 

genotype reached significantly (p < 0.05) the lowest total conductance value at flag leaf stage 

with an average of 0.2465 m⁻² s⁻¹. (Figure 21) 

 

Figure 21: Photosynthetic Total Conductance response in spring oat varieties, during flag 

leaf (BBCH39) and early milk stage (BBCH73) in moderate drought season (Debrecen, 

2024).  

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. 

The results in the Figure 22 showed that varietal differences were statistically significant (p 

< 0.05) in the photosynthetic total conductance parameters at the BBCH51 and BBCH77 

growing stage of studied spring oats varieties under serious and mild drought environmental 

seasons. The figure shows the response of the total conductance rate to selected eight varieties 

during the BBCH51 and BBCH77 growing stages of spring oats throughout the two 

consecutive growing seasons.  
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There were so many significant differences (p < 0.05) that affected the total conductance rate 

detected under the same growing phase or different growing seasons across the analyzed 

varieties. The highest total conductance rate was detected at variety Panna during mild 

drought seasons (2023) at the BBCH77 growing phase with an annual mean of 0.298 mol 

m⁻² s⁻¹. Furthermore, Panna showed significantly greater total conductance in the same 

seasons for the BBCH51 phase compared to other varieties, with a mean of 0.246 mol m⁻² 

s⁻¹. However, Mv Szellő and GK Pillangó resulted in the lowest total conductance during the 

mild drought seasons with a mean of 0.135 mol m⁻² s⁻¹ at BBCH51 and 0.238 mol m⁻² s⁻¹ at 

BBCH77 growing phase, respectively. Furthermore, Mv Szellő showed the lowest total 

conductance rate even during the serious drought year (2022) with a mean of 0.076 mol m⁻² 

s⁻¹ at BBCH51 growing phase and in the BBCH77 stage with GK Kormorán, Panna, and Mv 

Pehely showed an annual mean for each of varieties 0.03 mol m⁻² s⁻¹. Variety Lota showed a 

great total conductance value during the BBCH51 growing phase for serious drought (2022) 

with a mean of 0.107 mol m⁻² s⁻¹. In addition to the same growing season, Mv Ménes showed 

the highest total conductance rate at BBCH77 with a mean of 0.0570 mol m⁻² s⁻¹. 

The results in total conductance rate at BBCH51 and BBCH77 stages of spring oats indicate 

that the response of the total conductance is strongly interacted with BBCH developmental 

stages, genetic variation, and drought conditions. The highest conductance values were 

observed during the mild drought seasons (2023), reflecting a spring oat capacity to maintain 

stomatal opening to enable photosynthetic activity during the analyzed stages. In contrast, 

the significant decrease of total conductance in the BBCH77 stages resulted in stomata 

closure. The explained variability between spring oat genotypes suggests that some of them 

exhibit a higher total conductance rate in the early growth stage, while others maintain a 

higher rate during the late milking phase. 
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Figure 22: Photosynthetic Total Conductance response in spring oat varieties, during 

beginning of heading (BBCH51) and late milk stage (BBCH77) under serious drought (2022) 

and mild drought (2023) seasons. (Debrecen, 2022, 2023) 

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same growing season, determined by LSD at p ≤ 0.05 

significance level. 
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4.3 Effect Silicon and Sulfur Foliar Treatments on the Thousand Grain Weight and 

Grain Yield of Spring Oat Genotypes  

4.3.1 Effect of Silicon and Sulfur Foliar Treatments on the Thousand Grain Weight of 

Spring Oat Genotypes 

Thousand grain weight (TGW) resulted in significant differences between seasons, while 

within the same seasons, there were no statistical differences (p > 0.05) between foliar 

applications. In the three analyzed seasons (2022-2024), all the foliar treatments are 

identified with the same letter, showing that those applications in the grain mass did not affect 

it. However, annual variations were observed between serious mild and moderate drought 

conditions, where the highest TGW were recorded at the 2023 season, followed by 2024, and 

in 2022, it is characterized by the lowest values. Furthermore, the lowest values found in 

serious drought conditions indicate that climatic conditions during the grain filling period 

were an important factor in the grain weight. The effect of foliar treatment with no significant 

differences indicates that the thousand grain weight is controlled by the environmental 

conditions mainly during grain filling phenological phase. (Figure 23) 

 

Figure 23: Thousand Grain Weight response in spring oat under C, S, Si, Si+S foliar 

treatments (Debrecen, 2022-2024).  

Note: Clustered columns show average values across 8 varieties and 3 replications, with ± 

24 standard error of means. Same letter in different treatments means no significant 

difference within same growing seasons, determined by LSD at p ≤ 0.05 significance level. 
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Figure 24 shows the effect of the varieties on the thousands grain weight (TGW) over the 

three growing seasons (2022 – 2024), where significant differences were observed during the 

cultivation years and between the varieties within the same season. The serious drought 

conditions (2022) present the lowest TGW values overall seasons, and the genotypes were 

statistically significant (p < 0.05). Lota genotype showed the highest TGW with a mean of 

28.89 g, while the GK Kormorán reached the minimum value with a mean of 23.06 g. 

The year 2023, is characterized by mild drought conditions the TGW was increased 

significantly compared to all cultivation years. However, the varieties are grouped with the 

same letter, showing a none significant difference between them, coming with a strong 

suggestion that the climatic conditions are an important factor for the grain filling process. 

In the 2024 season, TGW values are higher than in 2022 and relatively lower than in 2023.  

From the figure 23, we can identify that TGW values are more influenced by the season factor 

than the genotype differences in the optimal environmental conditions, while in a stress 

drought year, the genetic differences are highly pronounced by determining the genotype x 

environment interaction for the grain weight results. 

 

Figure 24: Thousand Grain Weight response of spring oat varieties, during three cultivation 

years (Debrecen, 2022 – 2024).  

Note: Clustered columns show average values across 4 treatments and 3 replications, with ± 

12 standard error of means. Same letter in different variety means no significant difference 

within same growing seasons, determined by LSD at p ≤ 0.05 significance level. 
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4.3.2 Effect of Silicon and Sulfur Foliar Treatments on the Grain Yield of Spring Oat 

Genotypes 

The presented results in Figure 25 shows that spring oat grain yield response to silicon, sulfur, 

and a combination of them, is statistically significant ( p < 0.05) under the same growing 

season, and strongly dependent on environmental factors during the cultivation period. The 

overall decrease in grain yield was observed during the serious drought season (2022) as a 

result of water availability. The foliar treatment with sulfur and a combined silicon and sulfur 

application gives a relative advantage under serious drought conditions, suggesting a higher 

yield performance with a mean of 3592 kg ha-1 and 3224 kg ha-1, respectively. However, a 

sole application of Silicon resulted in the lowest yield performance during the serious drought 

year with a mean of 2767 kg ha-1. Statistical classification (p < 0.05) of foliar application 

confirms a dominant role of the sulfur from other treatments under serious drought conditions 

by direct maintenance of metabolic processes and grain filling. The weaker effect of sole 

silicon application compared to control under the serious drought conditions showed the 

insufficient availability to affect yield performance. 

The 2023 season was characterized by mild drought conditions. The performance of the grain 

yield reached the highest record during this season in all treatments compared to other study 

years, showing that the favorable environmental conditions have expressed the full 

productivity potential by improving the grain production of spring oats. The sulfur foliar 

application resulted in the highest grain yield production with a mean of 6533 kg ha-1, 

followed by a combined application of silicon and sulfur 6427 kg ha-1, while the silicon and 

control foliar application showed the lowest values, 5924 and 6322 kg ha-1, respectively. The 

results from the mild drought year emphasize that sulfur applications support the nutrition 

uptake into increasing the grain yield performance. The positive performance of silicon and 

sulfur treatment showed a positive interaction of silicon and sulfur on nutrition uptake and 

grain filling, although the applied combination resulted in lower yield production compared 

to sole sulfur application. In contrast, the lower yield productivity was observed in the silicon 

sole application during the mild drought seasons and was a negative factor on grain yield 

performance. 
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The 2024 production season is characterized by moderate drought conditions, showing an 

intermediate season between extreme drought stress (2022) and mild drought conditions 

(2023), giving a better overview of yield stability based on the intensity of drought stress. 

Grain yields in this production season were significantly (p < 0.05) compared to 2022 and to 

the 2023 production season, reflecting the importance of environmental conditions on yield 

stability. Sole sulfur application and a combination of it with silicon resulted in higher grain 

yields (5628 kg ha-1 and 5499 kg ha-1), which showed a statistically significant difference (p 

< 0.05) with control and sole silicon foliar treatment, confirming that under moderate stress 

conditions (2024) the foliar treatment with applying nutrient elements is an important factor 

for grain yield productivity. 

Significant difference (p < 0.05) from 2022, where sulfur showed a higher grain yield 

performance, during the 2024, the differences between sole sulfur application and 

combination with silicon were only 2.29% higher, suggesting that under moderate stress 

conditions (2024), silicon may play a supporting role but not a dominant factor for grain yield 

improvement. Sole silicon foliar treatment resulted in lower yield productivity compared to 

treatments that include sulfur, which suggests that during our experiment in spring oat grains, 

silicon is not sufficient to promote the grain filling process in the current environmental 

conditions. 

 

Figure 25: Grain Yield response in spring oat under C, S, Si, Si+S foliar treatments 

(Debrecen, 2022-2024).  

Note: Clustered columns show average values across 8 varieties and 3 replications, with ± 

24 standard error of means. Same letter in different treatments means no significant 

difference within same growing seasons, determined by LSD at p ≤ 0.05 significance level. 
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Grain yield experimental data for eight spring oat genotypes over the three production 

seasons (2022-2024) showed the statistically significant (p < 0.05) factor of environmental 

conditions and varietal divergences in response to grain yield productivity. In the serious 

drought conditions year (2022), yields were significantly (p < 0.05) lower in all varieties 

compared to other production years and within the same period, reflecting a lower grain 

filling capacity during the serious drought conditions. However, during these serious 

environmental drought conditions, there were significant differences (p < 0.05) between the 

studied genotypes, with a mean ranging from 2295 kg ha-1 in GK Kormorán to 3549 kg ha-1 

in the Panna genotype. The varieties Lota (3309 kg ha-1), Mv Kengyel (3343 kg ha-1) and Mv 

Szellő (3331 kg ha-1) resulted relatively higher grain yield compared to Mv Pehely (3163 kg 

ha-1), Mv Ménes (2955 kg ha-1) and GK Kormorán 2295 kg ha-1), suggesting a slightly better 

drought stress tolerance and capacity for grain filling physiological processes under serious 

drought production parameters.  

In the mild drought season (2023), the highest yield was recorded in all varieties compared 

to the serious drought (2022) and moderate drought (2024) seasons, expressing spring oat 

genetic potential under mild drought conditions. Grain yield ranges from 4330 kg ha-1 (GK 

Kormorán) to 8003 kg ha-1 (Mv Ménes), resulting in a significant varietal differentiation. 

Varieties Panna (7050 kg ha-1), Mv Szellő (6419 kg ha-1), Mv Pehely (6333 kg ha-1), Mv 

Kengyel (6334 kg ha-1), Lota (6061 kg ha-1) and GK Pillangó (5879 kg ha-1) resulted in higher 

yields compared to other production seasons indicating a great efficiency in photosynthetic 

utilization and reproductive capacity potential under favorable climatic conditions. GK 

Kormorán showed the lower grain yield production (4330 kg ha-1) during the mild drought 

production year. 

Production season in 2024 is characterized by moderate drought conditions, the highest yield 

is recorded in all varieties compared to the serious drought environmental production year 

(2022), which indicates a great genetic potential expression. Grain yields range from the 

lowest variety GK Kormorán (4240 kg ha-1) to the highest production variety Mv Ménes 

(6031 kg ha-1). Varieties Panna (5071 kg ha-1), Mv Szellő (5500 kg ha-1), Mv Pehely (5727 

kg ha-1), Mv Kengyel (5074 kg ha-1), Lota (5132 kg ha-1) and GK Pillangó (5279 kg ha-1) 

resulted in higher yields compared to serious drought production seasons (2022) indicating a 
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moderate efficiency in photosynthetic utilization and reproductive capacity potential under 

favorable climatic conditions. Compared to a mild drought year, the decline in grain yield 

during the moderate drought year were presented significantly (p < 0.05) in all varieties. 

Furthermore, during the moderate production, the efficiency of physiological stress 

management such as water use efficiency, is strongly suggested for stress management, 

serving  as a key indicator of production stability, varietal differentiation for maximum yield 

achievement under moderately stressful environmental conditions. (Figure 26) 

 

Figure 26: Grain Yield response of spring oat varieties, during three cultivation years 

(Debrecen, 2022-2024).  

Note: Clustered columns show average values across 4 treatments and 3 replications, with ± 

12 standard error of means. Same letter in different variety means no significant difference 

within same growing seasons, determined by LSD at p ≤ 0.05 significance level. 

It was observed that sulfur application performed significantly better compared to sole silicon 

and a combined silicon and sulfur application. Furthermore under serious drought conditions 

the sole sulfur foliar application increased the yield by 22.9% compared to control. While 

during the mild drought conditions yield were improved by 3% of sole sulfur application. 

During the moderate drought conditions the yield improvement were 10.5% compared to 

control with sole sulfur foliar fertilization. 
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4.4 Effect Silicon and Sulfur Foliar Treatments on the Grain Macro- and 

Microelement Content of Spring Oat Genotypes 

4.4.1 Effect of Silicon and Sulfur Foliar Treatments on the Macroelement Content of 

Spring Oat Genotypes 

4.4.1.1 Macroelement Content of Grains in Response to Foliar Application of Silicon 

and Sulfur 

Leszczyńska et al. (2023) reported the essential macro and micro elements found in oats and 

their nutritional importance for human benefits. From the experimental findings, it is 

important to mention the positive effect of foliar application of silicon and sulfur, and the 

climatic parameters influenced the grain mineral content of the spring oats. The serious 

drought season (2022) showed a positive effect of a combined foliar application of silicon 

and sulfur. However, under mild drought conditions (2023) the sole foliar application of 

sulfur were highly effective. Furthermore, under the moderate drought conditions of the 2024 

season, the sole application was performing the best compared to other foliar treatments. 

From these findings, the foliar treatments of silicon and sulfur are highly influenced by the 

intensity of the drought on the spring oat grain quality performance. Specifically, 

optimization of the foliar application highly supports the sustainable spring oat grain quality.  

The analyzed macroelements in the Hungarian spring oat grain were potassium – K, 

phosphorus – P, calcium – Ca, sulfur – S and magnesium - Mg. The highest macroelement 

accumulation in the grain of spring oats was K and P compared to Ca, S, and Mg. The 

analyzed macroelements significantly showed differences (p<0.05) across the cultivation 

seasons and the foliar application, highlighting the influence of year and foliar application 

on the grain nutrient content. A sole or combined application of silicon and sulfur was highly 

influenced by the availability of water during the cultivation seasons. During the mild or 

moderate growing seasons, the sole application of sulfur resulted in the increase of the 

macroelement content in the spring oat grains. However, under serious environmental 

stresses during the 2022 cultivation season, a combined silicon and sulfur application showed 

the best performance for the macroelement concentration. 

Potassium content in the spring grain during the serious drought year of 2022 ranged between 

(6777-7304 mg kg−1), while approaching nearly double (2023: 3548-4230 mg kg−1, 2024: 
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2673-3289 mg kg−1) those observed in seasons with more favorable water availability. 

Nevertheless, a significantly lower grain K concentration was detected only under the silicon 

(6777 mg kg−1) treatment, whereas the control (7243 mg kg−1), sulfur (7289 mg kg−1), and 

combined Si+S (7304 mg kg−1) treatments exerted statistically indistinguishable effects on 

potassium accumulation. In both 2023 and 2024, all applied treatments resulted in 

significantly higher potassium concentrations compared with the control (2023: 3528 mg 

kg−1, 2024: 2673 mg kg−1) plots, and the influence of each treatment was statistically verified. 

The highest K concentrations were observed under S application (2023: 4230 mg kg−1, 2024: 

3239 mg kg−1), followed by the combined Si+S treatment (2023: 3995 mg kg−1, 2024: 3010 

mg kg−1), and subsequently the Si foliar treatment (2023: 3872 mg kg−1, 2024: 2896 mg 

kg−1) (Figure 27). It was observed that during the cultivation seasons, the total precipitation 

showed a negative correlation (r = - 0.663) and a positive correlation with PaDi index (r = 

0.696) with the Potassium content. (Table 9) The sulfur foliar treatment overall showed the 

best performance on the K content in spring oat grain. 

The relationship between water availability during the growing season and the phosphorus 

content of oat grain appears to be less straightforward. In the control plots and those treated 

with silicon, higher grain phosphorus concentrations (C: 5178, Si: 5459 mg kg−1) were 

observed in the favorable, good water supplied 2023 season. However, in the sulfur treated 

(2022: 5449, 2023: 5709 mg kg−1) and combined Si+S foliar-treated (2022: 5676, 2023: 5561 

mg kg−1) plots, nearly identical, higher P concentrations were measured in both the well-

watered 2023 season and the extremely dry 2022 season. The effect of each treatment differed 

significantly across all years, with the lowest phosphorus values consistently recorded in the 

control treatment. In 2022, the highest P content was obtained under the combined Si+S 

treatment (5676 mg kg−1), whereas in 2023 and 2024 the sulfur treatment resulted in the 

greatest phosphorus accumulation. The positive effect of sulfur foliar application on 

phosphorus content is indicated by the fact that treatments containing sulfur resulted in 

significantly higher phosphorus levels in every growing season. 

The treatments containing sulfur had a positive effect on the sulfur concentration in the grain. 

S concentrations were significantly higher under the Si+S foliar application in the 2022 

season (2291 mg kg−1), whereas the sole S foliar application resulted in increased S 
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accumulation for the 2023 and 2024 seasons, with grand means of 1923 mg kg−1 and 1900 

mg kg−1, respectively. These findings indicate seasonal variability in S concentration in 

response to the different foliar treatments and demonstrate the significant influence of both 

S and Si+S applications on S content in spring oat grain (Figure 27). However, a negative 

correlation where r = - 0.475 resulted for cultivation seasons and water content on the grain 

sulfur concentration. (Table 9) 

The magnesium concentration in spring oat grain exhibited substantial variability as 

influenced by foliar treatments and genotypic differences. The Si+S foliar application proved 

particularly effective in 2022, enhancing grain Mg content by 16% relative to the control. In 

addition, sole S foliar treatment increased Mg concentration in 2023 and 2024 by 9.5% and 

8.1%, respectively. Across all seasons, the control plots consistently showed the lowest Mg 

levels, underscoring the pronounced effect of foliar sulfur and silicon supply on enhancing 

magnesium accumulation in spring oat grain (Figure 27). Magnesium concentration was 

significantly positively impacted by the foliar application where r resulting in 0.578. (Table 

9) 

Similar to the other examined macronutrients, in Figure 27 it is shown the calcium 

concentration was positively influenced by both the sulfur and the silicon + sulfur foliar 

treatments. Sole application of S resulted in the highest Ca content in 2023 and 2024, with 

grand means of 1246 and 1253 mg kg−1, respectively, corresponding to 23.5-24.1% increase 

compared with the control treatment. These findings highlight the effectiveness of sulfur-

based foliar treatments in enhancing Ca accumulation in spring oat grain. Calcium 

concentration was significantly positively impacted by the foliar application where r resulted 

in 0.497. (Table 9) 

Overall, based on the foliar application data in spring oat grain across different varieties and 

climatic conditions, Si alone did not result in significant increases in macroelement content. 

The combined Si+S foliar treatment led to the highest accumulation of K, P, S, Mg, and Ca 

during the extremely dry 2022 season, whereas sole application of S resulted in greater 

accumulation of these macroelements in 2023 and 2024. Further research is warranted to 

elucidate the interactions among foliar nutritional treatments and climatic factors to enhance 

and improve the grain nutritional quality of oats. 
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Figure 27: The macroelement concentration in spring oats whole grains under sole and 

combined silicon and sulfur application (Debrecen, 2022-2024).  

Note: Average values are presented in columns for eight varieties and three repetitions (n = 

24), ± standard error. Concentration in the same macroelement and same cultivation seasons 

presented with different letters shows significant differences for foliar application (LSD 

statistics at p ≤ 0.05). 

  



78 
 

In the present spring oat experiment, the sulfur treatment increased significantly the 

potassium content during serious drought condition (2022), recommending the internal 

elemental uptake. From our experiment the calcium and magnesium concentration were 

significantly higher by foliar application of sulfur. Similar findings were achieved in the 

spring wheat, where foliar sulfur treatment increased the magnesium and calcium content 

(Brodowska and Kaczor., 2012) 

Silicon element has a crucial role on the macroelement uptake. Scientific researchers have 

reported the role of silicon in the magnesium and phosphorus accumulation in tissues of the 

crops (Greger, 2018; Schaller., 2021). Specifically, under serious drought environmental 

conditions, silicon increases the water content status in crops. From the scientific literature it 

has been showed that under the climatic conditions with optimal temperature and controlled 

irrigation, there were no significant phosphorus, magnesium, and calcium accumulation on 

the wheat grains (Schaller., 2021). However, from our experiment it has been found that 

during the mild dry season in 2024, the calcium, phosphorus, and magnesium concentrations 

have increased significantly by foliar treatment with silicon. The scientific studies with 

silicon foliar treatments on the cereals, specifically on the wheat varieties under drought 

conditions, reported a decrease of potassium concentration and increase of phosphorus. Our 

result proved the same significant increase in phosphorus (Helal et al., 2022). Furthermore, 

the amount of calcium resulted in higher concentration in our experiment in spring oats, while 

scientific findings reported the higher content of calcium compared to triticale, barley, and 

millet (Torbica et al., 2021). Under the serious drought conditions, the silicon foliar treatment 

had a significant effect on the accumulation of potassium, sulfur, and magnesium in the 

sunflower genotypes (Gunes et al., 2008). From our results shown similarities in the 

magnesium accumulation. In contrast, the potassium, sulfur and calcium resulted negatively 

for the silicon foliar application parts. From our experimental analysis, a combined 

application of silicon and sulfur foliar application performed the best under serious drought 

conditions by increasing the potassium content (Li et al., 2018). 
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4.4.1.2. Macroelement Content of Grains of Spring Oat Genotypes 

The findings presented in Figure 28 show the macroelement content significant variation 

(p<0.05) throughout the cultivation years and the genotypes presenting a variety and 

cultivation seasons dependent factor on the macroelement content. 

For potassium, the results showed substantial variability both across varieties and seasons. 

In the 2022 serious drought season, the highest K concentration was recorded in ‘Mv Pehely’ 

(7484 mg kg-1), and ‘Mv Ménes’ (7430 mg kg-1). During the mild and moderate drought 

seasons (2023 and 2024), ‘Mv Pehely’ (4396-3300 mg kg-1) and ‘Mv Kengyel’ (4200-3660 

mg kg-1) achieved higher K concentrations. The lowest potassium levels were consistently 

observed in 2024 across all varieties, indicating a potential environmental constraint 

influencing nutrient accumulation. These findings suggest that both variety selection and 

seasonal conditions play a critical role in determining potassium concentration in oat grain, 

highlighting their importance in agronomic optimization strategies. 

When evaluating genotypes averaged across seasons, it was similarly evident that the 2023 

season was favorable for all varieties; however, the magnitude of the year-to-year variation 

was more pronounced in the Martonvásár-bred cultivars, while the Szeged-bred varieties GK 

Kormorán and GK Pillangó exhibited a smaller seasonal effect. The best performance 

phosphorus content was shown by the following varieties: Mv Pehely, Lota and Panna with 

average values (6021, 5233, and 4853 mg kg-1, respectively), indicating genotype-specific 

responses to P availability under varying seasonal conditions. 

A noteworthy outcome of the experiment was that Mv Pehely variety consistently exhibited 

elevated sulfur concentrations across all examined seasons (2022, 2023, 2024) with grand 

means of 2223, 1967, and 1958 mg kg-1, respectively. This genotype demonstrated a superior 

capacity for sulfur accumulation in the grain compared with the other varieties, indicating a 

robust and stable response to varying seasonal conditions. Similarly to S accumulation, the 

Mv Pehely variety consistently exhibited the highest Mg concentrations in the grain 

throughout the three-year experimental period, demonstrating stable and significantly higher 

mean values across all seasons compared with the other genotypes. Additionally, the GK 

Kormorán variety recorded the highest mean Mg content in 2022 (1672 mg kg-1), indicating 
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its potential as a competitive alternative under specific environmental conditions. Calcium 

concentrations were highest in the ‘Lota’ variety in 2022 (1144.4 mg kg-1), whereas Mv 

Ménes exhibited greater Ca accumulation in 2023 and 2024, with means of 1255 and 1215 

mg kg-1, respectively, indicating differential accumulation across seasons. These results 

underscore a pronounced variety x season interaction in determining Ca accumulation among 

different spring oat genotypes. 
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Figure 28: The macroelement concentration in grains of spring oat varieties (Debrecen, 

2022-2024).  

Note: The average value of four treatments and three repetitions (n=12), ± standard error (n 

=12) are presented in columns. Statistically difference genotypes between same 

macronutrient are represented with different letters indicate statistically significant 

differences tested with LSD at p ≤ 0.05. 
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4.4.2. Effect of Silicon and Sulfur Foliar Treatments on the Microelement Content of 

Spring Oat Genotypes 

4.4.2.1. Microelement Content of Grains in Response to Foliar Application of Silicon and 

Sulfur 

The analysis of micronutrient concentrations in spring oat grain, as influenced by seasonal 

conditions and silicon and sulfur application, provides critical insights into their 

accumulation. Figure 29 presents the analysis and statistical evaluation of five 

micronutrients. These data facilitate the examination of seasonal dynamics to foliar 

applications, thereby enhancing our understanding of treatment x crop year interactions. Such 

knowledge is essential for the development of foliar management strategies targeting the 

optimization of oat grain nutritional quality. 

The analyzed microelements in the spring oat experiment were iron – Fe, sodium – Na, 

manganese -Mn, copper – Cu, and silicon – Si. It is shown in the Table 9 the micronutrient 

in spring oat grains showed the positive foliar application in the increasement significantly 

on their concentration where r = 0.368-0.596 and p ≤ 0.01. The results indicate that Na, Si, 

Fe, and Mn concentrations were significantly higher than Cu in spring oat grains. Sulfur foliar 

treatment resulted in the highest accumulation of Na (168 mg kg-1) and Fe (62.76 kg-1), 

whereas Si application primarily increased Si content, with a grand mean of 110.69 mg kg-1. 

Furthermore, the combined Si+S treatments produced the highest mean Mn and Cu 

concentrations with grand means of 62.83 and 12.56 mg kg-1, respectively. These findings 

underscore the importance of sulfur-based foliar treatments in enhancing micronutrient 

accumulation and optimizing foliar treatment strategies in spring oat production.  

Regarding sodium, S foliar application was the most effective in the 2023 and 2024 seasons, 

increasing Na concentrations by 33.7 - 34.7% compared with the control. In contrast, during 

the serious drought season of 2022, S foliar treatment did not result in significant differences 

relative to the control. 

Analysis of silicon concentrations in spring oat grain revealed variability across seasons. 

Foliar application of Si resulted in the highest Si content, reaching a maximum of 110.69 mg 

kg-1, in 2024. In the 2023 season, Si treatment was also effective, with a grand mean of 98.68 
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mg kg-1. In contrast, during the 2022 season, the combined Si+S foliar treatment produced 

the highest Si accumulation, reaching 81.58 mg kg-1 in the grain. 

Iron concentrations in spring oat grain again showed significant variations. The highest Fe 

content was observed under sole sulfur foliar treatment in 2023 and 2024, reaching 62.76 mg 

kg-1, 61.61 mg kg-1, respectively. Additionally, the combined Si+S application resulted in 

significantly higher Fe accumulation during the 2022 season, with a grand mean of 61.15 mg 

kg-1. In contrast, sole Si application had a slightly negative effect on Fe accumulation, 

reducing grain Fe content by 2.2% compared with the control. 

Similar to Fe, foliar application of sulfur proved most effective for manganese accumulation 

during the 2023 and 2024 seasons, with grand mean values of 58.21 mg kg-1 and 60.24 mg 

kg-1, respectively. In contrast, during the 2022 season, a combined Si+S resulted in the 

highest Mn accumulation, reaching 62.83 mg kg-1, in spring oat grain. 

Analogous to Na, Fe, and Mn, copper accumulation in spring oat grain was significantly 

enhanced by the Si+S foliar application during the 2022 season, increasing Cu content by 

58% compared with the untreated control. Furthermore, sole sulfur foliar application 

substantially increased Cu concentrations in 2023 and 2024, by 33.5% and 60%, respectively. 

Microelement concentrations in spring oat grain varied across seasons, with notable trends 

observed for sodium (Na), silicon (Si), iron (Fe), manganese (Mn), and copper (Cu). Analysis 

of the data indicates that different seasons and foliar treatments caused statistically significant 

differences in the accumulation of these microelements. During the 2022 season, the 

combined Si+S foliar treatment was the most effective in enhancing the accumulation of all 

studied micronutrients. Sole Si application significantly increased only Si concentrations 

during the 2023 and 2024 seasons. In contrast, S foliar treatment substantially enhanced Na, 

Fe, Mn, and Cu accumulation during the 2023 and 2024 seasons. 
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Figure 29: The microelement concentration in spring oats whole grains under sole and 

combined silicon and sulfur application (Debrecen, 2022-2024).  

Note: Average values are presented in columns for eight varieties and three repetitions (n = 

24), ± standard error. Concentration in the same microelement and same cultivation seasons 

presented with different letters shows significant differences for foliar application (LSD 

statistics at p ≤ 0.05).  
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These results highlight the crucial role of specific foliar treatments and seasonal conditions 

in influencing microelement uptake. Overall, untreated control plots never reached the 

maximum microelement concentrations. Foliar Si application alone was effective only in 

maximizing Si content in 2023 and 2024, whereas the combined Si+S treatment produced 

significant increases across all studied microelements in 2022. Additionally, the data 

underscore the importance of sulfur foliar treatment in optimizing microelement content, 

particularly for Na, Fe, Mn, and Cu, in spring oat grain. 

The foliar treatment with sulfur had a positive impact on the lupins, finding which are similar 

to the present experiment (Barczak et al., 2014). Furthermore, the sulfur treatment resulted 

in copper and manganese increase in oat grains reported from other studies (Barczak et al., 

2018; Kutasy et al., 2023). Silicon has a crucial role on the microelement uptake. Scientific 

researchers have reported the role of silicon in the ion and manganese accumulation in tissues 

of the crops (Greger., 2018; Schaller., 2021). Specifically, under serious drought 

environmental conditions where silicon increases the water content status in crops. Under the 

serious drought conditions, the silicon foliar treatment had a significant effect on the 

accumulation of sodium, silicon, iron, manganese, and copper in the sunflower genotypes 

(Gunes et al., 2008). From our results we showed similarities in the silicon and copper 

accumulation. In contrast, the iron and manganese resulted negatively for the silicon foliar 

application parts, while the sodium didn’t show any significant difference under the serious 

drought conditions. From our results, the silicon foliar application under the serious drought 

conditions showed a significant increase only in the silicon content, while in other 

microelement content, there were no significant differences, while scientific studies reported 

the functions in stress but not in the nutrient concentrations (Artyszak, 2018). From our 

experimental analysis, a combined application of silicon and sulfur foliar application 

performed the best under serious drought conditions by increasing the iron content (Li et al., 

2018). 
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4.4.2.2. Microelement Content of Grains of Spring Oat Genotypes 

The analysis of micronutrient concentrations in spring oat grain, as influenced by seasonal 

conditions and varieties, provides critical insights into their accumulation. Figure 30 presents 

the analysis and statistical evaluation of five micronutrients. These data show the 

examination of seasonal dynamics and varietal responses, thereby enhancing our 

understanding of genotype x season interactions. Such knowledge is essential for targeting 

varieties for the optimization of oat grain nutritional quality. The concentration of 

microelements such as sodium, iron, silicon, copper, and manganese were examined in the 

spring oat grain. 

Sodium concentrations exhibited considerable variability both across seasons and among 

varieties. In 2024, ‘Mv Pehely’ showed significantly higher Na content (166.2 mg kg−1) 

compared with the other varieties. In contrast, during 2022 and 2023, both ‘Mv Pehely’ and 

‘Mv Ménes’ demonstrated higher Na accumulation, although no significant differences were 

observed between these two genotypes. 

Silicon content exhibited considerable variability among varieties, with statistically 

significant differences observed. In the 2022 season, ‘Mv Pehely’ recorded the highest Si 

concentration (67.7 mg kg−1), whereas in 2024 it showed the lowest accumulation across all 

genotypes. In contrast, during the 2023 and 2024 seasons. ‘Panna’ exhibited the highest Si 

accumulation with grand means of 96.06 and 102.2 mg kg−1, respectively. The observed 

differences across years were statistically significant (p<0.05), highlighting the importance 

of variety selection for enhancing Si accumulation in spring oat grain.  

Among the tested varieties, ‘GK Kormorán’ exhibited the highest iron accumulation in spring 

oat grain across the three seasons, with grand means of 61.82, 61.13, and 57.71 mg kg−1 in 

2022, 2023, and 2024, respectively. The lowest Fe concentrations were observed in ‘Mv 

Kengyel’ in 2022 (52.12 mg kg−1), ‘Mv Ménes’ in 2023 (53.48 mg kg−1), and GK Pillangó 

in 2024 (45.86 mg kg−1). 

In the 2022 season, the ‘Lota’ variety exhibited the highest manganese concentration (58.09 

mg kg−1), followed closely by ‘Mv Ménes’ with a grand mean of 57.58 mg kg−1, with no 
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significant difference between them. In contrast, during the 2023 and 2024 seasons, ‘GK 

Kormorán’ showed the highest Mn accumulation with grand means of 61.53 and 65.29 mg 

kg−1, respectively. 

Copper concentrations exhibited a significant increase in 2023 compared with the other 

seasons, reaching a peak in the ‘Mv Pehely’ variety with a grand mean of 11.68 mg kg−1. In 

2022, the Cu concentration in ‘Mv Pehely’ was lower (10.08 mg kg−1) but still significantly 

higher than in other varieties. GK Kormorán resulted in the highest Cu accumulation during 

2024 with a grand mean of 9.135 11.68 mg kg−1. In contrast, the lowest Cu concentrations 

were observed in ‘GK Pillangó’ (4.53 mg kg−1) and ‘Mv Kengyel’ (4.445 mg kg−1) during 

the 2024 season. These findings highlight the influence of specific seasonal conditions and 

varietal differences on Cu accumulation in spring oat grain. 

Microelement concentrations in spring oat grain varied across seasons, with notable trends 

observed for sodium (Na), silicon (Si), iron (Fe), manganese (Mn), and copper (Cu). Analysis 

of the data indicates that different seasons and genetic variation caused statistically 

significant differences in the accumulation of these microelements.  
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Figure 30: The microelement concentration in grains of spring oat varieties (Debrecen, 2022-

2024).  

Note: The average value of four treatments and three repetitions (n=12), ± standard error (n 

=12) are presented in columns. Statistically difference genotypes between same 

macronutrient are represented with different letters indicate statistically significant 

differences tested with LSD at p ≤ 0.05.  
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Variety Panna from our findings showed similarities with the sodium content measured in 

the roots of sugar beets, where the silicon foliar application significantly decreased the 

sodium content (Artyszak, 2018). However, in other varieties, the changes in sodium content 

were smaller with no significant differences. 

The nutritional concentration in oat and its products were determined by other researcher and 

have shown similarities with our spring oat mineral composition for the sodium, iron, 

manganese, copper and silicon content (Peterson., 1992; Halla and Palko 1987). From our 

results and the other scientific articles, it is common that the nutritional composition of oats 

significantly are affected by the climatic conditions and genetic divergences (Mut et al., 2022; 

Jakobsone et al., 2019; Ruja et al., 2024). In addition, for the spring oat quality optimization, 

the genotype and climatic conditions are important for determining the quality of its grain. 

Copper content in our study ranged from 4.1 to 15.9 mg kg-1, similar to other scientific 

articles, 2.67 to 15.86 mg kg-1, highly influenced by nutritional application and genotypes 

variation (Özcan et al., 2017). 

Iron content in spring oats, its highest value reached 59.9 mg kg-1, higher compared to the 

other scientific results, where the highest oat grain iron content reached 37 mg kg-1. 

(Loskutov et al., 2021). In the moderate drought season, the average copper content resulted 

in 4.6 mg kg-1, similar to the findings of Biel et al. (2020), with an average of 4 mg kg-1 

found. The varietal selectivity and nutritional foliar application are highly important for 

determining the spring oat grain quality. 

4.4.3. Macro and Microelement concentrations of Grains as Affected by the Treatments, 

Genotypes and Environmental conditions 

The content of spring oat grain in elemental composition was statistically different from the 

evaluated eight genotypes (p<0.05). From the examined varieties the Mv Pehely recorded the 

highest average of potassium (5425 mg kg-1), phosphorus (5710 mg kg-1), sulfur (2053 mg 

kg-1), magnesium (1662 mg kg-1), and copper (11.1 mg kg-1). In contrast, the mentioned 

variety resulted in low silicon concentration with an average of 55 mg kg-1. The highest 

sodium and calcium content resulted in the Mv Ménes with an average value of 142 mg kg-1 
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- 1127 mg kg-1, respectively. GK Kormorán genotype resulted in higher iron and manganese 

content with a mean value of 61.4 mg kg-1 and 59.3 mg kg-1, respectively. (Table 5) 

Table 5: The varietal influence on the nutritional quality of spring oats, a grand average of 

three seasons and four treatments (2022-2024) 

Variety 

Macroelements (mg kg-1) Microelements (mg kg-1) 

K P S Mg Ca Na Si Fe Mn Cu 

GK Kormorán 4976 4885 1930 1618 1064 121 69.7 61.4 59.3 10.4 

GK Pillangó 4903 5156 1833 1546 1007 128 63.7 55.5 53.1 8.7 

Lota 4773 5436 1920 1607 1097 128 68.2 58.5 54.5 10 

Panna 4995 5610 1918 1566 1020 121 81.5 54.7 52.7 10.5 

Mv Kengyel 5022 5098 1789 1550 1015 116 65.2 53 53.3 9.1 

Mv Ménes 4931 4925 1804 1593 1127 142 68.5 53.4 54 10.7 

Mv Pehely 5425 5710 2053 1662 994 141 55 57 51.8 11.1 

Mv Szellő 4912 5493 1915 1544 1022 136 72.2 56 51.7 10.7 

LSD0.05 43 21.7 18 17.5 15.8 4.8 1.99 0.86 0.53 0.18 

Note: LSD 0.05: Least Significant Difference at p=5% 

The sulfur treatments achieved the best nutritional accumulation for potassium, phosphorus, 

sulfur, calcium, sodium, iron, manganese and cupper, while a combined sulfur and silicon 

treatments resulted the highest magnesium and silicon concentration in terms of grand mean. 

Control treatments resulted in the lowest nutritional accumulation. The foliar application and 

genotype interaction trend were as follows for the elemental grain content: sulfur>silicon + 

sulfur > silicon > control. (Table 6) 
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Table 6: The influence of foliar application on the macro and micro elemental spring oat 

grain accumulation in terms of yearly and varietal average (2022-2024, Debrecen).  

Note: LSD0.05: Least Significant Difference at p=5% 

The three different environmental conditions for cultivation years from 2022-2024 showed 

significant differences in the macro/micro element content of spring oats are presented in the 

Table 7. Serious drought conditions influenced the highest potassium, sulfur, and magnesium 

concentrations. However, the mild drought environmental conditions indicated the highest 

accumulation for phosphorus, silicon, iron, manganese, and copper accumulation in the 

spring oats. While moderate drought seasons influenced the sodium content accumulation in 

spring oats. 

Table 7: A grand mean of treatments and varieties macro/micro element accumulation in 

spring oat grain influenced by drought climatic seasons (2022-2024, Debrecen Hungary). 

Note: LSD0.05: Least Significant Difference at p=5% 

Treat-

ment 

Macroelements (mg kg-1) Microelements (mg kg-1) 

K P S Mg Ca Na Si Fe Mn Cu 

Control 4780 4859 1768 1493 924 107 47.3 50.5 48.4 7.3 

Si 4841 5075 1802 1559 958 124 80 53.7 50.8 9.2 

S 5250 5623 2032 1640 1179 146 61.5 61.5 58.9 12.3 

Si+S 5098 5600 1979 1651 1113 139 83.3 59.1 57.1 11.8 

LSD0.05 32.4 20.4 14.8 11.6 11.4 2.7 1.26 0.7 0.47 0.13 

Year 

Macroelements (mg kg−1)  Microelements (mg kg−1) 

K P S Mg Ca Na Si Fe Mn Cu 

2022 7153 4913 2077 1608 930 110 55.4 56.1 55.2 9.3 

2023 4869 6501 1862 1580 1110 137 76.1 59.9 50.5 13.6 

2024 2954 4453 1746 1569 1090 140 72.6 52.6 55.6 7.5 

LSD0.05 25.7 15.3 11.6 9.8 8.5 2.3 0.99 0.51 0.33 0.13 
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4.4.4. The Interaction between Spring Oat Genotypes, Foliar Nutrient Application and 

Environmental Conditions 

The high partial η² for calcium, copper, phosphorus, and silicon shows that the varietal and 

treatment response were strongly influenced by the environmental cultivation seasons. The 

seasons climatic conditions significantly impacted the nutrient accumulation. However, iron 

content reported lower partial η², indicating a smaller effect on the spring oat iron content 

across cultivation years. (Table 8) 

Table 8: The interaction between spring oat genotypes foliar treatments and cultivation 

seasons (2022-2024, Debrecen Hungary) 

Element df F p partial η² 

Si 42 33.66 0.000 0.88 

P 42 29.57 0.000 0.87 

Cu 42 28.70 0.000 0.86 

Ca 42 26.38 0.000 0.85 

K 42 17.40 0.000 0.79 

S 42 8.25 0.000 0.64 

Mn 42 7.29 0.000 0.61 

Na 42 5.97 0.000 0.57 

Mg 42 5.65 0.000 0.55 

Fe 42 3.91 0.000 0.46 

Note: df: degree of freedom; F: F-value; p: significance; partial η²: partial eta square 

4.4.5. Pearson correlation analysis results of Treatments, Sum of Precipitation during 

the Growing Season, PaDI Values and Element Content in Spring Oat Whole Grains 

The correlation in Table 9 shows several important relations for the climatic factors and grain 

element content in spring oats. The precipitation P03-07 showed a strong negative correlation 

with the PaDi index, indicating that the highest precipitation reduces the drought stress during 

the seasons. PaDi is strongly correlated with the potassium and sulfur elements, resulting the 

serious drought conditions are correlated in increase of those elements. Furthermore, 
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calcium, copper, iron, magnesium, sodium, and sulfur are positively correlated with foliar 

application  (r = 0.437-0.596, p ≤ 0.01), indicating a positive effect of treatment application. 

The water availability strongly influenced the silicon, copper, sodium, calcium, and 

phosphorus concentration, where a positive correlation were between precipitation (r= 0.328 

to 0.497) and PaDi index (r= -0.330 to-0.465). 

The analysis indicates the climatic and genetic nutrient importance on the mineral 

composition of spring oats. 



94 
 

Table 9: Pearson correlation coefficient values among treatments, sum of precipitation during the growing season, PaDI values and 

element content in spring oat whole grains (Debrecen, 2022-2024). 

 Treatment P03-07 PaDI Ca Cu Fe K Mg Mn Na P S Si 

Treatment 1 0.000 0.000 0.497** 0.500** 0.542** 0.086 0.578** 0.596** 0.483** 0.288** 0.437** 0.368** 

P03-07 0.000 1 -0.999** 0.442** 0.380** 0.152* -0.663** -0.121* -0.257** 0.440** 0.497** -0.475** 0.328** 

PaDI 0.000 -0.999** 1 -0.447** -0.352** -0.132* 0.696** 0.125* 0.245** -0.450** -0.465** 0.494** -0.330** 

Ca 0.497** 0.442** -0.447** 1 0.411** 0.464** -0.281** 0.463** 0.415** 0.684** 0.363** 0.166** 0.234** 

Cu 0.500** 0.380** -0.352** 0.411** 1 0.678** 0.191** 0.396** 0.191** 0.344** 0.796** 0.437** 0.338** 

Fe 0.542** 0.152* -0.132* 0.464** 0.678** 1 0.275** 0.568** 0.451** 0.385** 0.517** 0.561** 0.178** 

K 0.086 -0.663** 0.696** -0.281** 0.191** 0.275** 1 0.268** 0.070 -0.342** 0.168** 0.687** -0.266** 

Mg 0.578** -0.121* 0.125* 0.463** 0.396** 0.568** 0.268** 1 0.548** 0.446** 0.255** 0.629** 0.146* 

Mn 0.596** -0.257** 0.245** 0.415** 0.191** 0.451** 0.070 0.548** 1 0.241** -0.093 0.435** 0.198** 

Na 0.483** 0.440** -0.450** 0.684** 0.344** 0.385** -0.342** 0.446** 0.241** 1 0.214** 0.022 0.223** 

P 0.288** 0.497** -0.465** 0.363** 0.796** 0.517** 0.168** 0.255** -0.093 0.214** 1 0.346** 0.205** 

S 0.437** -0.475** 0.494** 0.166** 0.437** 0.561** 0.687** 0.629** 0.435** 0.022 0.346** 1 -0.021 

Si 0.368** 0.328** -0.330** 0.234** 0.338** 0.178** -0.266** 0.146* 0.198** 0.223** 0.205** -0.021 1 

Note: P03-07: precipitation sum for period March-July; PaDI: Pálfai Drought Index value *: the correlation is significant at p = 5%; 

**: the correlation is significant at p = 1%; 
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The crop is strongly related to water access and temperature conditions in the elemental 

composition, ion transport, and metabolic activity. The nutritional content of cereal grains in 

general is strongly related to the severity of the drought (Mariem et al., 2021). Our results 

showed the high impact of the climatic factors on the spring oat nutritional content compared 

to foliar application. The PaDi index with potassium and sulfur were positively correlated, 

while calcium, sodium, copper and phosphorus resulted in negative correlation. Our results 

are consistent with a scientific experimental article showing a strong temperature and 

precipitation influence on the grain nutritional content in cereals. Furthermore, scientific 

studies have reported a strong correlation between precipitation and an increase of copper 

and sodium content minerals stating a strong improvement in cereal nutritional content (Högy 

et al., 2013). 

4.4.6 Principal Component Analysis Results of Silicon and Sulfur Treatments on Macro- 

and Microelement Content of Spring Oat Grains 

The PCA - Principal Component Analysis for spring oat grain elemental concentration under 

serious drought conditions is shown in Figure 31, where a strong influence of foliar 

application with sulfur is suggested. The biplot shows clear grouping of foliar treatments, 

where the control and the sole silicon application are separated from the sulfur and combined 

silicon and sulfur foliar applications. The Dim1 and Dim2 components explain the total 

variance of 75.3%. Dim1 indicate the sole sulfur application had high impact on the grain 

nutritional composition of spring oats specifically linkage with the potassium, magnesium, 

calcium and iron content. 
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Figure 31: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under serious drought conditions 

(2022). Dim1= 63.9%, Dim2 = 11.4%, making a total variability of 75.3%. Treatments. 

1=control, 2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. 

The PCA - Principal Component Analysis for spring oat grain elemental concentration under 

mild drought conditions it is shown in the Figure 32, where a strong influence of foliar 

application with sulfur it is suggested. The biplot shows clear grouping of foliar treatments, 

where the sulfur and combined silicon and sulfur are separated from the control and the sole 

silicon application foliar applications. Dim1 explain 54.3% of the total variance indicating 

that the sole sulfur and combined silicon and sulfur foliar application had a high impact on 

the grain nutritional composition of spring oats, specifically linking with the phosphorus, 

sulfur, manganese, silicon, and copper element content. Furthermore, Dim2 accounts of 

20.2% in total variance with highly influence of potassium and sodium distinguished parts. 
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Figure 32: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under mild drought conditions (2023). 

Dim1= 54.3%, Dim2 = 20.2 %, making a total variability of 74.5%. Treatments. 1=control, 

2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. 

The PCA - Principal Component Analysis for spring oat grain elemental concentration under 

moderate drought conditions it is show in Figure 33, where a strong separation between foliar 

application and nutrient is illustrated. Dim1 explain 49 % of total variance, indicating the 

linkage between iron, magnesium, and sodium elements. Furthermore, Dim2 accounts of 

16% in total variance with highly influence of potassium and phosphorus distinguished parts. 

During the mild drought conditions overall, it is illustrated based on the PCA response that 

the elements with influence on treatments are iron, magnesium, sulfur, and sodium. 
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Figure 33: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under moderate drought conditions 

(2024). Dim1= 49 %, Dim2 = 16 %, making a total variability of 65 %. Treatments. 

1=control, 2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. 

The PCA - Principal Component Analysis for spring oat grain elemental concentration under 

three cultivation seasons: serious, mild, and moderate drought conditions it is show in Figure 

34, where a strong independent stability of the year and multi nutritional relation to foliar 

application. Dim1 explain 40.4% with significant contribution of total variance by iron, 

copper, magnesium, and sulfur, where a foliar application it is represented in all cultivation 

seasons. Furthermore, Dim2 accounts of 20.7% in total variance with highly influence of 

potassium and sulfur distinguished parts. The three year PCA with the Dim1 and Dim2 total 

contribution by 61.1% of the total variance shows that the foliar application in the 

accumulation of the elements in spring oat grains is changed due to cultivation seasons. 
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Figure 34: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under serios, moderate and mild drought 

conditions (2022-2024). Dim1= 40.4 %, Dim2 = 20.7 %, making a total variability of 61.1 

%. Treatments. 1=control, 2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. 

The results from our experimental and from the previous scientific article are distinguished 

by the influence of silicon on the nutrient grain content, which shows a difference based on 

the drought conditions, varieties, nutrient method, and application phase. From our 

experimental findings, clearly the foliar application of silicon and sulfur is influenced by 

drought and genotype variation more than universal positive or negative effects. In 

accordance with Epstein (1999) statement, the silicon application is not uniform in all crops 

and it is highly dependent on the other elements availability. 
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5. CONCLUSIONS, SUGGESTIONS 

The three-year field experiment (2022-2024) provided a comprehensive effect on the 

evaluation of foliar treatment of silicon and sulfur on the morphological, physiological and 

grain mineral quality performance of the spring oat varieties under contrasting environmental 

seasons.  

Across all measured parameters (leaf area index, normalized difference vegetative index, 

thousands grain weight, yield, transpiration, total conductance assimilation, macroelement 

and microelement concentrations), environmental variability, specifically the drought 

intensity, resulted in the strongest influence on all the parameters. Serious drought conditions 

significantly resulted in lower canopy development and even altered the mineral grain quality 

in spring oats. Climatic factors, temperature, and water availability represent a dominant 

parameter on the response of morphological, physiological, and quality responses in spring 

oats. 

In a severely drought-stricken year, spring oat stands reached their maximum Leaf Area Index 

(LAI) value and Normalized Difference Vegetation Index (NDVI) value as early as the 

BBCH30 (beginning of stem elongation) growth stage, and by the BBCH83 (early dough) 

stage, a significant decline was already observed. Under more favorable water conditions, 

the highest LAI and NDVI value was measured at the BBCH73 (early milk) stage, and it did 

not or just slightly decline even by the BBCH83 stage. The effect of the treatments on the 

leaf area index was not significant during the growing season; however, in serious drought 

(2022), the significantly lowest LAI value at BBCH83 was observed in the Si+S treatment, 

while the highest was in the control treatment. For the NDVI, differences among treatments 

were not consistently significant; however, slightly higher values were generally recorded in 

the Control and Si treatments than in the S or Si+S treatments. Under drought conditions in 

2022, the Si+S treatment resulted in the significantly lowest NDVI values at BBCH 83. 

During both the severe drought of 2022 and the moderate drought of 2024, significantly 

higher NDVI values at BBCH 83 were observed in the four genotypes originating from 

Martonvásár compared with the other four genotypes from Szeged (GK) and the Research 

Institute of Nyíregyháza, whereas under favorable water supply conditions (2023) these 

differences were not detectable. 
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Based on the results of the field photosynthesis measurements, the effects of the treatments 

were most pronounced in the severely drought-affected growing season. The values of the 

assimilation rate, transpiration, and total conductance measured in 2022, particularly during 

the second half of the growing season at the BBCH 77 developmental stage, were 

substantially lower than those recorded in the better-water-supplied years of 2023 and 2024. 

For all three parameters, the Si+S treatment produced significantly the highest values at 

BBCH 51, whereas at BBCH 77 the highest values were measured in plants receiving the 

sulfur treatment. Among the genotypes, under drought conditions at BBCH 77, the cultivar 

Mv Ménes exhibited significantly the highest values, proving excellent adaptability to 

drought. 

The investigated Si and S treatments did not affect the thousand grain weight in any of the 

growing seasons; however, a more pronounced reduction in kernel size was observed in the 

severely drought-affected year. Genetic differences among the cultivars were evident in all 

three growing seasons, although statistically significant differences were detected only in 

2022. The thousand-kernel weight of the cultivars Lota and Mv Pehely was significantly 

greater than that of the other cultivars examined. 

The spring oat grain yield is strongly dependent on the foliar application, drought conditions, 

and the genotype variation. Across the experimental drought conditions, sulfur contributed 

to the improvement of the grain yield. The combined application of silicon and sulfur resulted 

in a positive effect, although it was lower compared to the sole sulfur application. However, 

a sole silicon application resulted in a limited or negative impact on the grain yield 

improvement across the cultivation seasons. 

A sole or combined foliar application of silicon and sulfur in some scenarios improved grain 

macro/micro element content of spring oats, but the amount of the improvement depends on 

the drought conditions and varietal differences. A sole sulfur foliar application or a 

combination with silicon showed significant differences in the influence of grain mineral 

content increase. The best foliar performance was the sole application of sulfur by increasing 

the potassium, phosphorus, sulfur, calcium, sodium, iron, manganese, copper content, except 

the sodium content, which resulted negatively under serious drought conditions. However, 

the sole silicon foliar treatments resulted in lower or almost negative impact on the macro 
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and micro element content in spring oats. From our findings it is recommended that under 

serious drought conditions, the effect of silicon foliar application has a great on crop stress 

mitigation and less on the improvement of elemental content. 

The genetic variation has a high importance in the grain nutrient content, showing that the 

varietal divergences have a strong interaction with drought conditions and silicon and sulfur 

foliar application in spring oats. Even though the experiment is set up in the same soil 

condition, during three different drought conditions multiple soil types and drought 

conditions, and more tested varieties are important for the statement of the impact of foliar 

application on macro/micro element composition in spring oat grains. 
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6. NEW SCIENTIFIC RESULTS 

1. Severe drought (PaDI=11.6 °C 100 mm-1) substantially altered the temporal dynamics 

of spring oat canopy development, causing an earlier peak (BBCH73) and accelerated 

decline (BBCH83) of LAI and NDVI compared to mild and moderate drought 

(PaDI=4.3-6.5 °C 100 mm-1; BBCH73) conditions. 

2. Combined foliar applications of silicon and sulfur in spring oats resulted in 

significantly lower LAI (Si+S: 3.26 m2 m-2; control: 3.91 m2 m-2) and NDVI (Si+S: 

0.46; control: 0.52) values at the BBCH 83 phenological stage during severely 

drought-affected growing season. Under more favorable water supply conditions, the 

effects of the treatments were not statistically significant. 

3. Under severe drought conditions, Si, S and Si+S treatments significantly enhanced 

the photosynthetic performance of spring oat. The effects of foliar-applied silicon and 

sulfur on the assimilation rate, transpiration and stomatal conductance were strongly 

dependent on the developmental stage. The combined Si+S treatment was most 

effective at the early reproductive stage (BBCH51), whereas sulfur alone provided 

the greatest benefits during grain filling (BBCH77). Sole Si application also improved 

photosynthetic parameters relative to the control, although its effect was significantly 

weaker than those of the S and Si+S treatments. 

4. Si and S treatments did not affect thousand grain weight in any of the growing 

seasons. Genetic differences among the cultivars were observed in all three years; 

however, statistically significant differences were detected only under the severe 

drought conditions of 2022. The thousand grain weight of the cultivars Lota (28.9 g) 

and Mv Pehely (27.4 g) was significantly higher than that of the other cultivars 

evaluated (23.1-25.3 g). 

5. Sulfur foliar fertilization consistently improved spring oat grain yield under varying 

drought intensities, with the strongest response (+22.9%) observed under severe 

drought conditions, and the lowest (+3.2%) under mild drought, whereas silicon 

applied alone showed limited effectiveness. 
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6. Under relatively favorable water supply conditions, foliar sulfur application 

significantly increased the concentration of all measured elements, with the strongest 

response observed for Cu (+47.4% compared with the control) and the weakest for 

Mg (+8.5%). Silicon application alone had limited or even negative effects, 

particularly under severe drought conditions, where it reduced K (-6.4%), S (-2.4%), 

and Ca (-13%) concentrations despite increasing Si accumulation in the grain. Under 

drought stress, the combined Si+S treatment significantly enhanced both macro- and 

micronutrient concentrations in the grain, with the strongest effects observed for Mg 

(+9.57%) and Si (+43.2%) relative to the control. 

7. The cultivar Mv Pehely exhibited the highest overall grain nutrient accumulation 

across the growing seasons (2022–2024), particularly for sulfur (S) and magnesium 

(Mg). In contrast, the genotype GK Kormorán exhibited the highest and most 

consistent iron (Fe) accumulation across all seasons. The cultivars GK Pillangó and 

Mv Szellő consistently showed lower grain nutrient concentrations. 
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7. PRACTICAL UTILIZATION OF RESULTS 

1. In spring oat, sulfur and combined silicon + sulfur applications during the growing 

season (three leaves unfolded-BBCH13, flag leaf stage-BBCH39, early milk stage-

BBCH73) exert positive effects on both yield quantity and quality.  

2. The sulfur foliar treatment can increase the yield from 3.2% up to 22.9% depending 

on the environmental conditions. 

3. Selecting the best genotypes for the yield performance is an important application for 

the climate adaptive spring oat management production. On chernozem soil in the 

Hajdúság region, averaged across the experimental years, the cultivars Mv Ménes, 

Mv Szellő, Lota, and Panna achieved yield levels exceeding the overall varietal mean. 

4. The cultivar Panna recorded the highest yield under severe drought conditions (2022), 

exceeding that of the lowest-performing cultivar, GK Kormorán, by 54.6%. Mv 

Ménes showed the best performance during mild (2023) and moderate (2024) drought 

seasons, with yields 45.9% and 29.6% higher than GK Kormorán. 

5. The sole sulfur application can be used in the increase of nutritional value of spring 

oat, specifically for the increase of potassium, phosphorus, sulfur, calcium, sodium, 

iron, manganese, and copper grain content, while silicon and sulfur combined 

application, it can be used for the increase of magnesium and silicon grain content. 

6. In the production of high-quality spring oat, the selection of an appropriate genotype 

is of decisive importance. Based on our investigations, the cultivars Mv Pehely and 

GK Kormorán exhibited superior grain quality, whereas GK Pillangó and Mv Szellő 

showed lower macro- and micronutrient contents during the studied period (2022–

2024). 
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8.  

8. SUMMARY 

This study is established as a field experiment during (2022-2024) cultivation years by 

providing an evaluation of the silicon and sulfur foliar treatments, drought conditions and 

genetic variation on the physiological, yield and grain quality content of spring oats (Avena 

sativa L). The study is designed to show the effect drought, foliar and varieties in the crop 

performance, specifically drought it is an important factor due to the climate change impact 

on spring oat production. 

The field experiment was conducted at the experimental are of the Debrecen University, 

Hungary, on a haplic chernozem soil. The experimental years resulted on different climatic 

conditions, including serious drought (2022), mild drought (2023) and moderate drought 

(2024), classified based on the Pálfai Drought Index – PADI. The various environmental 

conditions provided a great challenge to evaluate the foliar application of sulfur and silicon 

under different drought conditions. 

The experiment is designed to test eight Hungarian spring oat varieties, four foliar treatments 

(control, silicon - Si, sulfur - S and Si+S), and three replication cultivated in randomized 

block design. The measured data included the Leaf area index -LAI, normalized difference 

vegetative index – NDVI, transpiration, total conductance, assimilation rate, thousands grain 

weight – TGW, grain yield, and macro/micro element content. The statistics was performed 

for ANOVA, Pearson correlation, and principal component analysis to estimate the effects of 

foliar treatments, genotype performance, drought cultivation seasons. 

Across cultivation seasons, drought conditions was the most important factor affecting the 

crop quality and production. Serious drought conditions during the 2022 season, significantly 

affected the physiological parameters, and yield production. The serious drought stress 

interfered even in the macro/micro element content in spring oats grain. In contrast, the 

cultivation season of 2023, influenced the physiological performance, yield, and grain 

quality. 
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Foliar application of sulfur, significantly mitigate some of the negative effects of drought 

stress and influenced the spring oat production and quality. Sulfur treatment significantly 

increased the grain yield across all cultivation seasons. Furthermore, in grain mineral content 

the sole sulfur treatments resulted in improvement of macro and micro element content 

including potassium, phosphorus, sulfur, calcium, sodium, iron, manganese, and copper. 

These findings suggest that sole sulfur application improves the productivity and the 

nutritional grain quality of spring oats grain. 

The sole silicon application showed limited or negative effects on yield and grain mineral 

content. However, silicon showed an important effect in stress reduction, specifically under 

serious drought stresses. The combined foliar application of silicon and sulfur had 

intermediate effects on yield and grain nutritional content, specifically for magnesium and 

silicon content. 

Genetic divergences was another important factor on spring oat production and quality. 

Among the tested varieties significant differences resulted due to drought conditions and 

foliar treatments. Panna variety resulted in the highest yield production under serious drought 

conditions. Meanwhile, Mv Ménes resulted in highest yield under mild and moderate drought 

seasons. In the aspect of grain nutritional content the Mv Pehely variety showed the highest 

sulfur and magnesium content, while GK Kormorán showed the great iron content across all 

cultivation seasons. 

Overall, the results of our study showed that drought stress is an important factor on reducing 

the spring oat production by affecting the yield and grain nutritional quality. However, a 

proper sulfur foliar application can mitigate the negative impacts and improve the yield and 

nutritional content. Furthermore, the genotype selection has a crucial role on the high yield 

production and favorable nutrient content to ensure better production under different 

environmental conditions. 

 

 

  



108 
 

9. BIBLIOGRAPHY 

1. Aguirre-Córdova, O. F. - Vázquez, R. V. - Sánchez, I. A. O. - Simental, J. A. C. - Rosales, 

J. E. E. A. - Pamanes-Carrasco, G. A.: 2025. Effect of the application of a biofertilizer 

on the yield of forage oats (Avena sativa L.) in the southern Durango, Mexico Revista 

De La Facultad De Agronomia De La Universidad Del Zulia. 42(1):e244213. 

http://dx.doi.org/10.47280/RevFacAgron(LUZ).v42.n1.XIII   

2. Al-Bakri, R. A. - Lehmood, A. M.: 2024. Response of some oat cultivars to spraying with 

NPK nano fertilizer. IOP Conference Series: Earth and Environmental Science. 2024; 

1371:052080. 

3. Ali, M. A. - Mukhlif, H. F. - Alkubaisy, A.S. - Mousa, O. M. - Abood, M. N.: 2025. The 

Role of Foliar Potassium Fertilization on Average Maturity Stage and Yield of Three Oat 

Cultivars (Avena Sativa). IOP Conf. Series: Earth and Environmental Science 1449, 

012078. DOI:10.1088/1755-1315/1449/1/012078 

4. AlRawi, D. S. - Abood, N. M.: 2021. Response of oats cultivars to spraying with nano and 

mineral zinc and potassium on yield and its component. IOP Conference Series: Earth 

and Environmental Science, 904, 012050 

5. Alrubaiee, H. A. S. - Alfatlawy, H. C. Z. - Jasim, H. A.: 2019. Response of two oat varieties 

to foliar fertilization with potassium and urea fertilizers. Plant Archives 19(1), 334-338.  

6. Al-Sultani, J. K. A.- Al-Mohammad, H. S. M.- Lehmood, M. A.: 2023. Response of two 

oat cultivars to spraying nano potassium in some growth parameters and yield 

components. IOP Conf. Series: Earth and Environmental Science 1262, 05202. 

7. Arendt, E. K. - Zannini. E.: 2013. “Oats.” In Cereal Grains for the Food and Beverage 

Industries, 243–83. Elsevier. https://doi.org/10.1533/9780857098924.243. 

8. Artyszak, A.: 2018. Effect of Silicon Fertilization on Crop Yield Quantity and Quality—

A Literature Review in Europe. Plants, 7, 54. https://doi.org/10.3390/plants7030054. 

9. Aula, L. - Dhillon, J. S. - Omara, P. - Wehmeyer, G. B. - Freeman, K. W. - Raun, W. R.: 

(2019), World Sulfur Use Efficiency for Cereal Crops. Agron. J., 111: 2485-

2492. https://doi.org/10.2134/agronj2019.02.0095 

http://dx.doi.org/10.47280/RevFacAgron(LUZ).v42.n1.XIII
https://doi.org/10.1533/9780857098924.243
https://doi.org/10.2134/agronj2019.02.0095


109 
 

10. Barbosa, J. D. - de Faria, R. T.: 2020. Nitrogen fertilization management in white oat 

using spectral indices. Pesq. Agropec. Trop., Goiânia, 50, e64924. 

https://doi.org/10.1590/1983-40632020v5064924  

11. Barczak, B. – Klikocka, H. – Kozera, W. – Knapowski, T.: 2018. Assessment of the effect 

of sulfur fertilisation on oat grain yield and micronutrient uptake. Journal of 

Elementology, 23(1), 45-56. DOI: 10.5601/jelem.2017.22.1.1318 

12. Barczak, B. - Knapowski, T. - Kozera, W. - Ralcewicz, M.: 2014. Effects of Sulfur 

Fertilization on the Content and Uptake of Macroelements in Narrow-Leaf Lupin. Rom. 

Agric. Res., 31, 245-251. 

13. BARNABÁS, B. - JÄGER, K. - FEHÉR,  A.: (2008), The effect of drought and heat stress 

on reproductive processes in cereals. Plant, Cell & Environment, 31: 11-

38. https://doi.org/10.1111/j.1365-3040.2007.01727.x 

14. Beltrán-Paz, O. - Solleiro-Rebolledo, E. - Martínez-Jardines, G. - ChávezVergara, B.: 

2024. Short-term response of oat crop yield and soil microbial activity promoted by 

inorganic fertilization suppression and organic fertilization addition in a periurban 

agroecosystem. Appl Soil Ecology, 195:105249. 

https://doi.org/10.1016/j.apsoil.2023.105249  

15. Ben Mariem, S. - Soba, D. - Zhou, B. - Loladze, I. - Morales, F. - Aranjuelo, I.: 2021. 

Climate Change, Crop Yields, and Grain Quality of C3 Cereals: A Meta-Analysis of 

[CO2], Temperature, and Drought Effects. Plants, 10, 1052. 

https://doi.org/10.3390/plants10061052. 

16. Biel, W. - Kazimierska, K. - Bashutska, U.: 2020. Nutritional Value of Wheat, Triticale, 

Barley and Oat Grains. Acta Sci. Pol. Zootech. 2020, 19, 19–28. [Google Scholar] 

[CrossRef] 

17. Boczkowska, M. – Wiesław, P. – Bogusław, Ł.: 2016. “Oat.” In Genetic and Genomic 

Resources for Grain Cereals Improvement, 159–225. Elsevier. 

https://doi.org/10.1016/B978-0-12-802000-5.00004-6. 

https://doi.org/10.1590/1983-40632020v5064924
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1016/j.apsoil.2023.105249
https://doi.org/10.3390/plants10061052
https://doi.org/10.1016/B978-0-12-802000-5.00004-6


110 
 

18. Brodowska, M. - Kaczor, A.: 2012. The Effect of Various Forms of Sulfur and Nitrogen 

on Calcium and Magnesium Content and Uptake in Spring Wheat (Triticum aestivum L.) 

and Cocksfoot (Dactylis glomerata L.). J. Elem., 14, 641–647. 

https://doi.org/10.5601/jelem.2009.14.4.641-647. 

19. Chalmers, A. G. - Dyer, C. J. - Sylvester-Bradley, R.: 1998. Effects of nitrogen fertilizer 

on the grain yield and quality of winter oats. The Journal of Agricultural Science, 

131(4),395-407. https://doi.org/10.1017/S0021859698006042  

20. Chaudhary, M. - Dwivedi, K. K. - Sah, R. P. - Gajghate, R. - Ahmed, S. - Singh, K. K.: 

2021. Zinc biofortification of fodder oat (Avena sativa L.) through bioinoculant and 

synthetic fertilizers.Range Management and Agroforestry. 42(1):181-185. 

21. Chen, W. – Xiaoqin, Y.-  Kunzheng, C. - Jining C.: 2011. “Silicon Alleviates Drought 

Stress of Rice Plants by Improving Plant Water Status, Photosynthesis and Mineral 

Nutrient Absorption.” Biological Trace Element Research 142 (1): 67–76. 

https://doi.org/10.1007/s12011-010-8742-x. 

22. Coelho, A. P. - de Faria, T. R. - da Silva Barbosa, M. A.- Dalri, B. A. - Rosalen, L. D.: 

2019. Agronomic performance of white oats cultivated under fertigation with treated 

sewage effluent and definition of critical limits of Normalized Difference Vegetation 

Index Bragantia 78 (4)  https://doi.org/10.1590/1678-4499.20190082 

23. Coskun, D. – Britto, D. T. - Huynh, W. Q. – Kronzucker, H. J.:  2016. “The Role of Silicon 

in Higher Plants under Salinity and Drought Stress.” Frontiers in Plant Science 7 (July). 

https://doi.org/10.3389/fpls.2016.01072. 

24. Devi, U. - Panghaal, D. - Kumar, P. - Sewhag, M. - Kumar, P.: 2019. Effect of nitrogen 

fertilizers on yield and quality of oats: A Review. International Journal of Chemical 

Studies,  7(2), 1999-2005. 

25. Djaman, K. - O’Neill, M. - Owen, C. - Koudahe, K. - Lombard, K.: 2018. 

evapotranspiration, grain yield, and water productivity of spring oat (Avena Sativa L.) 

under semiarid climate.” Agricultural Sciences, 09, 1188–1204. 

https://doi.org/10.4236/as.2018.99083 . 

https://doi.org/10.1017/S0021859698006042
https://doi.org/10.1007/s12011-010-8742-x
https://doi.org/10.1590/1678-4499.20190082
https://doi.org/10.4236/as.2018.99083


111 
 

26. Du, T, - Kang, S. - Sun, J. – Zhang, X. – Zhang, J.: 2010. “An Improved Water Use 

Efficiency of Cereals under Temporal and Spatial Deficit Irrigation in North China.” 

Agricultural Water Management 97 (1): 66–74. 

https://doi.org/10.1016/j.agwat.2009.08.011. 

27. Ehrler, W. L.: 1969. “Crop Responses to Water at Different Stages of Growth: By P. J. 

Salter and J. E. Goode. Published by Commonwealth Agricultural Bureaux, Farnham 

Royal, Bucks, England. 1967. 246 p. $6.80.” Soil Science Society of America 

28. Epstein, E.: 1999. Silicon. Annual Review of Plant Biology., 50, 641-664. 

https://doi.org/10.1146/annurev.arplant.50.1.641. 

29. Farooq, M. - Wahid, A. - Kobayashi, D. N, - Basra, S. M. N.; 2009. “Plant Drought Stress: 

Effects, Mechanisms and Management.” Agronomy for Sustainable Development 29 (1): 

185–212. https://doi.org/10.1051/agro:2008021. 

30. Forgács, F. Z. - Virág, I. C. - Kutasy, E. T.: 2024. Study of the effects of silicon and sulfur 

foliar fertilization on yield components and yield in different winter oat cultivars. Acta 

Agraria Debreceniensis, 1, 43-49. https://doi.org/10.34101/actaagrar/1/14300 

31. Forsberg, R. A. – Dale, L. R.: 1995. “Agronomy of Oats.” In The Oat Crop, edited by 

Robert W. Welch, 223–51. Dordrecht: Springer Netherlands. https://doi.org/10.1007/978-

94-011-0015-1_8. 

32. Fróna, D. – János, S. – Mónika, H. R.: 2019. “The Challenge of Feeding the World.” 

Sustainability 11 (20): 5816. https://doi.org/10.3390/su11205816. 

33. Gaspar, P. L. - Reeves, D. L. - Schumacher, T. E.- Fixen, P. E.: (1994). OAT Cultivar 

Response To Potassium-Chloride On Soils Testing High In Potassium Agronomy 

Journal,  86 (2). 255 - 258. 

http://dx.doi.org/10.2134/agronj1994.00021962008600020009x 

34. Gelybó, G. - Tóth, E. - Farkas, C. - Horel, Á. - Kása, I – Bakacsi, Z.: 2018. “Potential 

Impacts of Climate Change on Soil Properties.” Agrokémia És Talajtan 67 (1): 121–41. 

https://doi.org/10.1556/0088.2018.67.1.9. 

https://doi.org/10.1051/agro:2008021
https://doi.org/10.34101/actaagrar/1/14300
https://doi.org/10.1007/978-94-011-0015-1_8
https://doi.org/10.1007/978-94-011-0015-1_8
https://doi.org/10.3390/su11205816
http://dx.doi.org/10.2134/agronj1994.00021962008600020009x


112 
 

35. Gong, H. - Zhu, X. -  Chen, K. - Wang, S – Zhang, C.: 2005. “Silicon Alleviates Oxidative 

Damage of Wheat Plants in Pots under Drought.” Plant Science 169 (2): 313–21. 

https://doi.org/10.1016/j.plantsci.2005.02.023. 

36. Gorash, A. - Armonienė, R. Fetch, J. M - Liatukas, Ž. – Danytė, V.: 2017. “Aspects in Oat 

Breeding: Nutrition Quality, Nakedness and Disease Resistance, Challenges and 

Perspectives.” Annals of Applied Biology 171 (3): 281–302. 

https://doi.org/10.1111/aab.12375. 

37. Greger, M. - Landberg, T. - Vaculík, M.: 2018. Silicon influences soil availability and 

accumulation of mineral nutrients in various plant species. Plants, 7, 41. 

https://doi.org/10.3390/plants7020041 

38. Gunes, A. - Kadioglu, Y. K. - Pilbeam, D. J.  Inal, A. - Coban, S. - Aksu, A.: 2008. Influence 

of Silicon on Sunflower Cultivars under Drought Stress, II: Essential and Nonessential 

Element Uptake Determined by Polarized Energy Dispersive X-ray Fluorescence. 

Commun. Soil Sci. Plant Anal. 2008, 39, 1904–1927. [Google Scholar] [CrossRef] 

39. Gunes, A. - Pilbeam, D. J. - Inal, A. Bagci, E. G. – Coban, S.: 2007. “Influence of Silicon 

on Antioxidant Mechanisms and Lipid Peroxidation in Chickpea ( Cicer Arietinum L.) 

Cultivars under Drought Stress.” Journal of Plant Interactions 2 (2): 105–13. 

https://doi.org/10.1080/17429140701529399. 

40. Hakala, K. - Jauhiainen, L. - Rajala, A. A. - Jalli, M. - Kujala, M. - Laine, A.: 2020. 

Different responses to weather events may change the cultivation balance of spring barley 

and oats in the future. Field Crops Research, 259: 107956. 

https://doi.org/10.1016/j.fcr.2020.107956  

41. Hameed, A. - Farooq, T. - Hameed, A. - Sheikh, M. A.: 2021. Silicon-Mediated Priming 

Induces Acclimation to Mild Water-Deficit Stress by Altering Physio-Biochemical 

Attributes in Wheat Plants. Frontiers Plant Science, 12:625541. 

ttps://doi.org/10.3389/fpls.2021.625541 

42. Han, H.S. – Supanjani, - Lee, K. D.: 2006. “Effect of Co-Inoculation with Phosphate and 

Potassium Solubilizing Bacteria on Mineral Uptáme and Growth of Pepper and 

https://doi.org/10.1016/j.plantsci.2005.02.023
https://doi.org/10.1111/aab.12375
https://doi.org/10.1080/17429140701529399
https://doi.org/10.1016/j.fcr.2020.107956
https://doi.org/10.3389/fpls.2021.625541


113 
 

Cucumber.” Plant, Soil and Environment 52 (3): 130–37. https://doi.org/10.17221/3356-

PSE. 

43. Hasanuzzaman, M. - Alam, M. M. - Nahar, K. - Mohsin, S. M. - Bhuyan, M. H. M. B. - 

Parvin, K. - Hawrylak-Nowak, B. - Fujita, M.: 2019.  Silicon-induced antioxidant defense 

and methylglyoxal detoxification works coordinately in alleviating nickel toxicity in 

Oryza sativa L. Ecotoxicology. 28(3):261-276.https://doi.org/10.1007/s10646-019-

02019-z 

44. Helal, N. M. - Khattab, H. I. - Emam, M. M. - Niedbała, G. - Wojciechowski, T. - 

Hammami, I. - Alabdallah, N. M. - Darwish, D. B. E. - El-Mogy, M. M. - Hassan, H. M.: 

2022. Improving Yield Components and Desirable Eating Quality of Two Wheat 

Genotypes Using Si and NanoSi Particles under Heat Stress. Plants 2022, 11, 1819. 

https://doi.org/10.3390/plants11141819. 

45. Hareland, G. A. -Manthey, F. A.: 2003. “OATS.” In Encyclopedia of Food Sciences and 

Nutrition, 4213–20. Elsevier. https://doi.org/10.1016/B0-12-227055-X/00849-X. 

46. Henrichsen, L. - da Silva, A. J. G. - Basso, C. F. N. - Fachinetto, J. - de Fátima Colet, C. 

- Carvalo, I. R. - Sgarbosa, J. - Dias, E. L. J. - Meotti, M. G. L. - Coppetti, K. - Babeski, 

M. C. - Bandeira, J. A. W.: 2022. Oat productivity by root and foliar nitrogen uptake in 

cropping systems. Australian Journal of Crop Production, 16(10), 1144-1151. DOI: 

10.21475/ajcs.22.16.10.p3634.  

47. Högy, P. - Poll, C. - Marhan, S. - Kandeler, E. - Fangmeier, A: 2013. Impacts of 

Temperature Increase and Change in Precipitation Pattern on Crop Yield and Yield 

Quality of Barley. Food Chem, 136, 1470–1477. 

https://doi.org/10.1016/j.foodchem.2012.09.056 

48. https://ec.europa.eu/eurostat/databrowser/view/tag00053/default/table?lang=en&catego

ry=t_agr.t_apro.t_apro_cp. Eurostat.: 2024. 

49. Huemmrich, K. F. – Vargas, Z. S. – Campbell, P. – Tweedie, C.: 2021 Dec. Canopy 

reflectance models illustrate varying NDVI responses to change in high latitude 

ecosystems. Ecol Appl. 31(8):e02435. doi: 10.1002/eap.2435. Epub 2021 Aug 26. PMID: 

34374152; PMCID: PMC9285598. 

https://doi.org/10.17221/3356-PSE
https://doi.org/10.17221/3356-PSE
https://doi.org/10.1007/s10646-019-02019-z
https://doi.org/10.1007/s10646-019-02019-z
https://doi.org/10.1016/B0-12-227055-X/00849-X
https://doi.org/10.1016/j.foodchem.2012.09.056
https://ec.europa.eu/eurostat/databrowser/view/tag00053/default/table?lang=en&category=t_agr.t_apro.t_apro_cp
https://ec.europa.eu/eurostat/databrowser/view/tag00053/default/table?lang=en&category=t_agr.t_apro.t_apro_cp


114 
 

50. Hungarian central statistical office (KSH).: 2024. at https://www.ksh.hu/?lang=en 

51. Hungarian Central Statistical Office.: 

https://www.ksh.hu/stadat_files/mez/en/mez0015.html 

52. IUSS Working Group WRB. World Reference Base for Soil Resources: International Soil 

Classification System for Naming Soils and Creating Legends for Soil Maps, 4th ed.; 

International Union of Soil Sciences (IUSS): Vienna, Austria, 2022; p. 40. 

53. Jakobsone, I. - Zute, S. - Bleidere, M. - Kantane, I. - Ece, L. - Bartkevics, V.: 2019. Macro 

and Trace Elements in Oat Cultivars Bred in Latvia. Zemdirb.-Agric., 106, 21–28. 

https://doi.org/10.13080/z-a.2019.106.003. 

54. Jarecki, W. – Korczyk, S. J. - Macák, M. - Zapałowska, A. - Daneshwar, P. - Habán, M.: 

2025. Response of oats to fertilisation with compost and mineral nitrogen in a pot 

experiment. Nitrogen, 6,76. https://doi.org/10.3390/nitrogen6030076  

55. Jemal, M. - Hassen, T. - Wondimu, R. - Borena,F. - Kebede, N. - Niguse, A. – Hailu, K. 

E.: 2019. “Wheat Response to Water Stress Condition at Different Growth Stages in 

Amibara, Ethiopia.” African Journal of Agricultural Research 14 (32): 1493–98. 

56. Jinqiu, Y. - Bing, L. - Tingting, S. - Jinglei, H. - Zelai, K. - Lu, L.- Wenhua, H. - Tao, H. - 

Xinyu, H. - Zengqing, L.: 2021. Integrated physiological and transcriptomic analyses 

responses to altitude stress in oat (Avena sativa L.). Frontiers in Genetics 12. 

https://doi.org/10.3389/fgene.2021.638683 

57. Jones, T. K. L. – Julio, S. B. – Raul, F. M. – Megha, K. – Pooja, K. – Tejaswini, S. – 

Nandlal, C.: 2024. “Oats.” In Viral Diseases of Field and Horticultural Crops, 63–70. 

Elsevier. https://doi.org/10.1016/B978-0-323-90899-3.00011-2. 

58. Ju, Z. - Liu, K. - Zhao, G. - Ma, X. - Jia, Z.: 2022. Nitrogen Fertilizer and sowing density 

affect flag leaf photosynthetic characteristics, grain yield, and yield components of oat in 

a semiarid region of Northwest China. Agronomy, 12, 2108. 

59. Karbivska, U. - Myroniuk, I. - Degtyarjov, V. - Senyk, I. -Mykytyn, I. - Voitsekhivska, O. -

Voitsekhivskyi, V. - Tytun, O. - Krasnoshtan, V. - Lytvynov, V.: 2025. Effect of fertilizer 

application on yield and elemental composition of maize in the western region of 

https://www.ksh.hu/?lang=en
https://www.ksh.hu/stadat_files/mez/en/mez0015.html
https://doi.org/10.3390/nitrogen6030076
https://doi.org/10.3389/fgene.2021.638683


115 
 

Ukraine. Journal of Ecological Engineering, 26(12), 178–186. 

https://doi.org/10.12911/22998993/208695  

60. Karing, P. A. – Tooming, H.: 1999. “Adaptation Principles of Agriculture to Climate 

Change.” Climate Research 12:175–83. https://doi.org/10.3354/cr012175. 

61. Katz, O.: 2014. “Beyond Grasses: The Potential Benefits of Studying Silicon 

Accumulation in Non-Grass Species.” Frontiers in Plant Science 5 (July). 

https://doi.org/10.3389/fpls.2014.00376. 

62. Kaur, G. - Goyal, M.: 2017. Effect of Growth Stages and Fertility Levels on Growth, 

Yield and Quality of Fodder Oats (Avena Sativa L.). Journal of Applied and Natural 

Science, 9(3),1287–96. https://doi.org/10.31018/jans.v9i3.1355. 

63. Kebede, G. - Worku, W. - Jifar, H. - Feyissa, F.: 2024. Effects of fertilizer levels and 

varieties on fodder yield productivity, nutrient use efficiency, and profitability of oat 

(Avena sativa L.) in the central highlands of Ethiopia. Journal of Agriculture and Food 

Research, 16, 101161. https://doi.org/10.1016/j.jafr.2024.101161  

64. Keshavarz, H. – Seyed, A. M. M. M. S. – Ramin, S. G. M.: 2016. “Impact of Foliar 

Application with Salicylic Acid on Biochemical Characters of Canola Plants under Cold 

Stress Condition.” Notulae Scientia Biologicae 8 (1): 98–105. 

https://doi.org/10.15835/nsb.8.1.9766. 

65. Ko, C. S. - Lee, J. S. - Seo, Y. W.: 2022. Various temperature effects on spikelet growth in 

hulless oat during grain-filling stage. 31(4), 282-296. 

https://doi.org/10.23986/afsci.121256  

66. Koireng, R. J. - Shamurailatpam, D. - Devi, T. S. - Singh, S. D. - Senjam, P. - Yumnam, S. 

- Karam, N. - Devi, S. - Kholu, M.: 2022.  Impact of mineral and organic fertilizer 

management on the performance of oat-chickpea cropping systems. Sustainability, 

14,15431. https://doi.org/10.3390/su142215431  

67. Kutasy, E. - Diósi, G. - Buday-Bódi, E. - Nagy, P. T. - Melash, A. A. - Forgács, F. Z. - 

Virág, I. C. - Vad, A. M. - Bytyqi, B. - Buday, T. - Csajbók, J.: 2023. Changes in Plant and 

Grain Quality of Winter Oat (Avena sativa L.) Varieties in Response to Silicon and Sulfur 

https://doi.org/10.12911/22998993/208695
https://doi.org/10.3354/cr012175
https://www.sciencedirect.com/journal/journal-of-agriculture-and-food-research
https://www.sciencedirect.com/journal/journal-of-agriculture-and-food-research
https://doi.org/10.1016/j.jafr.2024.101161
https://doi.org/10.23986/afsci.121256
https://doi.org/10.3390/su142215431


116 
 

Foliar Fertilisation under Abiotic Stress Conditions. Plants, 12, 969. 

https://doi.org/10.3390/plants12040969. 

68. Kutasy, E. – Buday, E. - Virág, I. C. - Forgács, F. - Melash, A. A. - Zsombik, L. - Nagy, A. 

- Csajbók, J.: 2021. Mitigating the negative effect of drought stress in oat (Avena sativa 

L.) with silicon and sulfur foliar fertilisation. Plants, 11(1): 30. 

https://doi.org/10.3390/plants11010030  

69. Laskowski, W. - Warsewicz, H. G. - Rejman, K. - Czeczotko, M. – Zwolińska, J.: 2019. 

“How Important Are Cereals and Cereal Products in the Average Polish Diet?” Nutrients 

11 (3): 679. https://doi.org/10.3390/nu11030679. 

70. Leszczyńska, D. - Wirkijowska, A. - Gasiński, A. – Średnicka - Tober, D. - Trafiałek, J. - 

Kazimierczak, R.: Oat and Oat Processed Products—Technology, Composition, 

Nutritional Value, and Health. Appl. Sci. 2023, 13, 11267. 

https://doi.org/10.3390/app132011267. 

71. Li, J. - Inanaga, S. - Li, Z. – Eneji, E. A.: 2005. “Optimizing Irrigation Scheduling for 

Winter Wheat in the North China Plain.” Agricultural Water Management 76 (1): 8–23. 

https://doi.org/10.1016/j.agwat.2005.01.006. 

72. Li, L.- Li, H, - Wu, L. – Qi, H.: 2022. “Sulfur Dioxide Improves Drought Tolerance 

through Activating Ca2+ Signaling Pathways in Wheat Seedlings.” Ecotoxicology 31 (5): 

852–59. https://doi.org/10.1007/s10646-022-02547-1 

73. Lin, Z. - Deng, J. - Gao, K.: 2025. Zhang, Z.: 2025. Oat nutrition, traits, and yield as 

affected by the interaction of nitrogen rates and plant density in sandy soil. Agronomy, 

15, 150. https://doi.org/10.3390/agronomy15010150  

74. Li, Z. - Liang, Y. - Liu, Q. - Huang, X. - Zhang, A. - Liu, M.: 2018. Impacts of Silicon on 

Biogeochemical Cycles of Carbon and Nutrients in Croplands. J. Integr. Agric., 17, 2182–

2195. https://doi.org/10.1016/S2095-3119(18)62018-0. 

75. Loskutov, I. G. - Gnutikov, A. A. - Blinova, E. V. – Rodionov, A. V.: 2021. “The Origin and 

Resource Potential of Wild and Cultivated Species of the Genus of Oats (Avena L.).” 

https://doi.org/10.3390/plants11010030
https://doi.org/10.3390/nu11030679
https://doi.org/10.1007/s10646-022-02547-1
https://doi.org/10.3390/agronomy15010150


117 
 

Russian Journal of Genetics 57 (6): 642–61. 

https://doi.org/10.1134/S1022795421060065. 

76. Loskutov, I. G. - Khlestkina, E. K.: 2021. Wheat, Barley, and Oat Breeding for Health 

Benefit Components in Grain. Plants 2021, 10, 86. [Google Scholar] [CrossRef] 

77. Ma, B. L. - Zheng, Z. – Ren, C.: 2021. “Oat.” In Crop Physiology Case Histories for Major 

Crops, 222–48. Elsevier. https://doi.org/10.1016/B978-0-12-819194-1.00006-2. 

78. Ma, B. L. - Zheng, Z. - Pageau, D.- Fregeau-Reid, J. - Xue, A. - Yan, W.: 2017. Nitrogen 

and phosphorus uptake, yield and agronomic traits of oat cultivars as affected by fertilizer 

N rates under diverse environments. Nutrient Cycling and Agroecosystems, 108, 245–

265. https://doi.org/10.1007/s10705-017-9848-8 

79. Mao, L. - Zhang, H. - Yang, Z. - Li, Y. - Shen, Y.: 2025. Site-specific effects of fertilizer 

on hay and grain yields of oats: evidence from large-scale field experiments. Journal of 

the Science of Food and Agriculture, 105:2429-2439. https://doi.org/10.1002/jsfa.14014 

80. Marshall, A. - Cowan, S. - Edwards, S - Griffiths, I. - Howarth, C. - Langdon, T. – White, 

E.: 2013. “Crops That Feed the World 9. Oats- a Cereal Crop for Human and Livestock 

Feed with Industrial Applications.” Food Security 5 (1): 13–33. 

https://doi.org/10.1007/s12571-012-0232-x. 

81. MSZ EN 15510:2017; Takarmány; Mintavételi és Elemzési Módszerek. A Kalcium-, 

Nátrium-, FOSZFOR-, magnézium-, Kálium-, VAS-, cink-, Réz-, Mangán-, Kobalt-, 

Molibdén- és Ólomtartalom Meghatározása ICP-AES-sel. (Animal FEEDING stuffs: 

Methods of Sampling and Analysis—Determination of CALCIUM, Sodium, Phosphorus, 

Magnesium, potassium, Iron, Zinc, Copper, Manganese, COBALT, molybdenum and 

Lead by ICP-AES). Hungarian Standards Institution: Budapest, Hungary, 2017.  (In 

Hungarian) 

82. May, E. W. - Brandt, S. - Hutt Taylor, T.: 2020.   Response of oat grain yield and quality 

to nitrogen fertilizer and fungicides. Agronomy Journal, 112(2):1021-1034. 

https://doi.org/10.1002/agj2.20081  

https://doi.org/10.1134/S1022795421060065
https://link.springer.com/article/10.1007/s10705-017-9848-8#auth-J_-Fregeau_Reid-Aff1
https://doi.org/10.1007/s10705-017-9848-8
https://doi.org/10.1002/jsfa.14014
https://doi.org/10.1007/s12571-012-0232-x
https://doi.org/10.1002/agj2.20081


118 
 

83. May, W. E. - Mohr, R. M. - Lafond, G. P. - Johnston, A. M. - Stevenson, F. C.: 2007. Effect 

of nitrogen, seeding date and cultivar on oat quality and yield in the eastern Canadian 

prairies. Canadian journal of Plant Science, 84:1025–1036. 

84. May, W.E.: 2017. Altering the competitiveness of tame oat (Avena sativa L.) versus wild 

oat (Avena fatua L.) with phosphorus and seeding rate. Can J Plant Sci 98:582–590. 

https://doi.org/10.1139/cjps-2017-0184  

85. McCabe, C.  P. - Burke, J. I.: 2022. Impact of varying N fertiliser rate and timing on yield 

formation and grain filling in winter and spring-sown oats. European Journal of 

Agronomy, 139,126550. https://doi.org/10.1016/j.eja.2022.126550 

86. Mehmood, M. Z. - Afzal, O. - Ahmed, M. - Qadir, G. - Kheir, A. M. - Aslam, M. A. - Din, 

A. M. U. - Khan, I. - Hassan, M. J. - Meraj, T. A. - Raza, M. A.  Ahmad, S. Can.: 2021. 

Sulfur improve the nutrient uptake, partitioning, and seed yield of sesame? Arabian 

Journal of Geosciences, 14, 865. https://doi.org/10.1007/s12517-021-07229-6 

87. Mhmood, R. L. H. - Mahmoud, M. R. A.: 2021. Effect Agricultural sulfur and nitrogen on 

growth and yield stressed oat (Avena Sativa L.), Annals of R.S.C.B, 25(1), 6073 – 6079. 

88. Midha, L. K.- Duhan, B. S. - Arya, S. K. M.: 2015. Performance of promising entries of 

oat (Avena sativa L.) Under different nitrogen levels. Forage Research, 41(2),122-125. 

89. Mills, R. T. E. - Gavazov, K. S. - Spiegelberger, T. - Johnson, D – Buttler, A.: 2014. 

“Diminished Soil Functions Occur under Simulated Climate Change in a Sup-Alpine 

Pasture, but Heterotrophic Temperature Sensitivity Indicates Microbial Resilience.” 

Science of The Total Environment 473–474 (March):465–72. 

https://doi.org/10.1016/j.scitotenv.2013.12.071. 

90. Mohr, R. M. - Grant, C. A - May, W. E.: 2007. and Stevenson FC, The influence of 

nitrogen, phosphorus and potash fertilizer application on oat yield and quality. Canadian 

Journal of Soil Science, 87:459–468. 

91. Mohr, R. M. Grant, C. A.- May, W. E.- Stevenson, F. C.: 2007. The Influence of Nitrogen, 

Phosphorus and Potash Fertilizer Application on Oat Yield and Quality. Canadian Journal 

of Soil Science, 87(4), 459–68. https://doi.org/10.4141/CJSS06022  

https://doi.org/10.1139/cjps-2017-0184
https://doi.org/10.1016/j.eja.2022.126550
https://doi.org/10.4141/CJSS06022


119 
 

92. Moore-Colyer, - Richard, J.: 1995. “Oats and Oat Production in History and Pre-History.” 

In The Oat Crop, edited by Robert W. Welch, 1–33. Dordrecht: Springer Netherlands. 

https://doi.org/10.1007/978-94-011-0015-1_1. 

93. Mut, Z. – Erbaș-Köse, Ö. D. - Akay, H.: 2022. Variation in Grain Mineral Contents of Oat 

Genotypes Grown at Six Locations. Gesunde Pflanz., 74, 583–593. 

https://doi.org/10.1007/s10343-022-00633-2. 

94. Narayan, O. P. - Kumar, P. - Yadav, B. - Dua, M. – Johri, A. K.: 2023. “Sulfur Nutrition 

and Its Role in Plant Growth and Development.” Plant Signaling & Behavior 18 (1): 

2030082. https://doi.org/10.1080/15592324.2022.2030082. 

95. Neupane, D. - Osborne, S. - Schneider, S. K. - Ewing, P. M.: 2025. Drought severity and 

duration effects oat yield and yield components. Agronomy Journal, 117, e70225. 

https://doi.org/10.1002/agj2.70225  

96. Noor, M. M. A. – Tahjib, U. A. M. – Alim, S. M. A. – Islam, M. M. – Hasan, M. T. – Babar, 

M. A. – Hossain, M. A. – Jewel, Z. A. – Murata,  Y. – Mostofa, M.G.: (2024) Lentil 

adaptation to drought stress: response, tolerance, and breeding approaches. Front. Plant 

Sci. 15:1403922. doi: 10.3389/fpls.2024.1403922 

97. Oliveira, D. D. C. D. S. – Solange, F. D. S. – Rafael, V. F. – Daiana, D. W. – Frederico, 

M. – Victoria, F. D. O. – Artur, T. D. A. J. – Clause, F. B. P. – Luciano, C. D. M. – Antonio, 

C. D. O.: 2020. “Response of White Oat Genotypes to Water Stress.” Communications 

in Plant Sciences 10 (2020). https://doi.org/10.26814/cps2020003. 

98. Özcan, M. M. - Bağcı, A. - Uslu, N. - Yilmaz, A. - Özkan, A. - Ghafoor, A.: 2017. Macro 

and Micro Element Contents of Several Oat (Avena sativa L.) Genotype and Variety 

Grains. Iran. J. Chem. Chem. Eng. 2017, 36, 3. [Google Scholar] [CrossRef] 

99. Pálfai, I.¸- Herceg, A. Pálfai Drought Index (PaDI) – Expansion of applicability of 

Hungarian PAI for Southeast Europe (SEE) region  Lower-Tisza District Water 

Directorate, Szeged – Hungary, 2012, Drought Management Centre for South-East 

Europe (DMCSEE)–Summary of the result of the project. Ljubljana, Slovenia: Slovenian 

Environmental Agency 

https://doi.org/10.1007/978-94-011-0015-1_1
https://doi.org/10.1002/agj2.70225
https://doi.org/10.26814/cps2020003


120 
 

100. Panasiewicz, K. - Koziara, W - Faligowska, A: 2017. Response of three oat forms to 

sprinkling irrigation and nitrogen fertilization. Turkish Journal of field crops, 22(1), 81-

88. 

101. Peterson, D.M.: 1992 Composition and Nutritional Characteristics of Oat Grain and 

Products. In Oat Science and Technology; Marshall, H.G., Sorrells, M.E., Eds.; 

Agronomy Monograph 33; American Society of Agronomy, Crop Science Society of 

America: Madison, WI, USA, 1992; pp. 265–292. 

https://doi.org/10.2134/agronmonogr33.c10. 

102. Petrova, L. V. - Novikova, L. Y.- Alekseeva, A. V.- Loskutov, I. G.: 2024. Climate 

change and crop yield of oats (Avena sativa L.) in Yakutia. N.I. Vavilov All-Russian 

Institute of Plant Genetic Resources, 185(1), 86-98.  

103. Pereira, L.    S. -  Alves, I.: 2013. “Crop Water Requirements.” In Reference Module 

in Earth Systems and Environmental Sciences, B9780124095489051290. Elsevier. 

https://doi.org/10.1016/B978-0-12-409548-9.05129-0. 

104. Pisulewska, E. - Poradowski R. - Antonkiewicz J.- Witkowicz R.: 2009. The effect of 

variable mineral fertilization on yield and grain mineral composition of covered and 

naked oat cultivars. Journal of Elementology, 14(4),763–772. DOI: 

10.5601/jelem.2009.14.4.763-772. 

105. Porter, J. R. – Gawith, M.: 1999. “Temperatures and the Growth and Development of 

Wheat: A Review.” European Journal of Agronomy 10 (1): 23–36. 

https://doi.org/10.1016/S1161-0301(98)00047-1. 

106. Qiao, Y. - Zhao, L. - Gao, D. - Zhang, L. - Guo, L. - Ge, J. - Fan, Y. - Wang, Y. - Yan, 

Z.: 2024. Study on optimal nitrogen application for different oat varieties in dryland 

regions of the loess plateau. Plants (Basel). 13(21),2956. 

https://doi.org/10.3390/plants13212956  

107. Rahdari P. and Hoseini, M.S. (2012). Drought Stress: A Review. International journal 

of Agronomy and Plant Production. 3(10): 443-446. 

https://doi.org/10.3390/plants13212956


121 
 

108. Ramadhan, N. M.: 2024. Assessment of the yield and yield attributing characters of 

oat (Avena sativa L.) grown under different tillage methods and NPK fertilizer rates in 

semi-arid conditions. All Life, 17(1), 2304338. 

https://doi.org/10.1080/26895293.2024.2304338 

109. R Core Team.: (2025). _R: A Language and Environment for Statistical Computing. 

R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/ 

110. Rasane, P. – Alok. J. – Latha, S. – Arvind, K. – Unnikrishnan, V. S.: 2015. “Nutritional 

Advantages of Oats and Opportunities for Its Processing as Value Added Foods - a 

Review.” Journal of Food Science and Technology 52 (2): 662–75. 

https://doi.org/10.1007/s13197-013-1072-1. 

111. Ren, C. Z.- Ma, B. L.- Burrows, V. - Zhou, J. - Hu, Y. G.- Guo, L. - Wei, L. - Sha, L. - 

Deng, L.: 2007.  Evaluation of early mature naked oat varieties as a summer-seeded crop 

in dry land northern climate regions. Field Crops Research, 103,248–254. 

https://doi.org/10.1016/j.fcr.2007.07.001  

112. Rosentrater, K. A. – Evers, A. D.: 2018. “Feed and Industrial Uses for Cereals.” In 

Kent’s Technology of Cereals, 785–837. Elsevier. https://doi.org/10.1016/B978-0-08-

100529-3.00013-X. 

113. Ruja, A. - Cozma, A. - Cozma, B. - Horablaga, N. M. - Dinulescu, C. - Alexa, E. - 

Buzna, C. - Cocan, I. - Berbecea, A. - Dossa, S. - Mindru-Heghedus, G. - Pop, G. - 

Imbrea, I.M.: 2024. Nutritional, Phytochemical, and Rheological Profiles of Different 

Oat Varieties and Their Potential in the Flour Industry. Agronomy, 14, 1438. 

https://doi.org/10.3390/agronomy14071438. 

114. Saastamoinen, M.: 1998.  Effects of environmental factors on grain yield and quality 

of oats (Avena sativa L.) cultivated in Finland. Acta Agriculturae Scandinavica Section 

B-soil and Plant Science, 43,129-137. https://doi.org/10.1080/09064719809362490  

115. Schaller, J. - Scherwietes, E. - Gerber, L. - Vaidya, S. - Kaczorek, D. - Pausch, J. - 

Barkusky, D. - Sommer, M. - Hoffmann, M.: 2021. Silica fertilization improved wheat 

performance and increased phosphorus concentrations during drought at the field scale. 

Scientific Reports 2021, 11, 20852. https://doi.org/10.1038/s41598-021-00464-7 

https://doi.org/10.1080/26895293.2024.2304338
https://doi.org/10.1016/j.fcr.2007.07.001
https://doi.org/10.1016/B978-0-08-100529-3.00013-X
https://doi.org/10.1016/B978-0-08-100529-3.00013-X
https://doi.org/10.1080/09064719809362490


122 
 

116. Sadras, V. O. - Mahadevan, M. – Zwer, P. K.: 2017. “Oat Phenotypes for Drought 

Adaptation and Yield Potential.” Field Crops Research 212 (October):135–44. 

https://doi.org/10.1016/j.fcr.2017.07.014. 

117. Said, M. S.- Hameed, R. M. - Majeed, A. H.:  2019. effect of nitrogen fertilizer and 

seeding rates on growth and grain yield in oats (Avena sativa L.). Agricultural and Food 

Sciences. https://api.semanticscholar.org/CorpusID:219319552 

118. Scherer, H. W.: 2001. Sulfur in crop production—invited paper. European Journal of 

Agronomy, 14, 81–111. https://doi.org/10.1016/S1161-0301(00)00082-4 

119. Seki, M. – Ayako, K. – Kazuko, Y. S. – Kazuo, S.: 2003. “Molecular Responses to 

Drought, Salinity and Frost: Common and Different Paths for Plant Protection.” Current 

Opinion in Biotechnology 14 (2): 194–99. 

120. Shah, J. - Wang, X. - Khan, S. U. - Khan, S. - Gurmani, Z. A. - Fiaz, S. - Qayyum, A.: 

2021. Optical-sensor-based nitrogen management in oat for yield enhancement. 

Sustainability, 13, 6955. https://doi.org/10.3390/su13126955  

121. Shah, S. H. – Shaistul, I. – Mohammad, F.: 2022. “Sulfur as a Dynamic Mineral 

Element for Plants: A Review.” Journal of Soil Science and Plant Nutrition 22 (2): 2118–

43. https://doi.org/10.1007/s42729-022-00798-9. 

122. Sharma, K. R.- Dhillon, J. - Kumar, S. - Vatta, K. - Reddy, N. K.: 2023. Crop-climate 

link in the southeastern USA: A case study on oats and sorghum. Journal of Agriculture 

and Food Research, 12. https://doi.org/10.1016/j.jafr.2023.100626  

123. Shaw, K. – Thorne, S. - Chapman, C. – Fleming, A. – Hartley, S. – Gray, J.: (2025) 

The beneficial impact of silicon on wheat drought resilience is dependent on cultivar and 

stress intensity. Front. Plant Sci. 16:1661405. doi: 10.3389/fpls.2025.1661405 

124. Sinclair, R. T. -  Rufty, W. T: (2012) : Nitrogen and water resources commonly limit 

crop yield increases, not necessarily plant genetics. Global Food Security, 1(2): 94-98. 

https://doi.org/10.1016/j.gfs.2012.07.001 

125. Shiwakoti, S. - Zheljazkov, V. D. - Gollany, H. T.- Kleber, M. - Xing, B. - Astatkie, T.: 

2020. Macronutrient in soils and wheat from long-term agroexperiments reflects 

https://doi.org/10.1016/j.fcr.2017.07.014
https://www.semanticscholar.org/author/M.-S.-Said/123504740
https://www.semanticscholar.org/author/R.-M.-Hameed/151185192
https://www.semanticscholar.org/author/Hassan-A.-Majeed/2066016791
https://api.semanticscholar.org/CorpusID:219319552
https://doi.org/10.3390/su13126955
https://doi.org/10.1007/s42729-022-00798-9
https://doi.org/10.1016/j.jafr.2023.100626
https://doi.org/10.1016/j.gfs.2012.07.001


123 
 

variations in residue and fertilizer inputs. Scientific Reports. 10, 3263. 

https://doi.org/10.1038/s41598-020-60164-6 

126. Smith, G. E. - Janzen, H. H. - Ellert, H. B.: 2017. Effect of fertilizer and cropping 

system on grain nutrient concentrations in spring wheat. Canadian Journal of Plant 

Science, 98(1). https://doi.org/10.1139/cjps-2017-0079   

127. Song, T .- Hang, J. - Shi, X. - Liu, X. - Ma, D.: 2025.  Physiological responses and 

drought resistance evaluation of forage oat (Avena sativa L.) seedling cultivar under 

drought stress. Plant Signal Behav. 2025 Dec 31;20(1):2574391. 

https://doi.org/10.1080/15592324.2025.2574391 

128. Stepien, A. - Wojtkowiak K.: 2016. Effect of foliar application of Cu, Zn, and Mn on 

yield and quality indicators of winter wheat grain. Chilean Journal of Agricultural 

Research, 76(2),220-227. http://dx.doi.org/10.4067/S0718-58392016000200012  

129. Svecnjak, Z. - Jenel, M. - Bujan, M. - Vitali, D. - Dragojevic, I. V.: 2013. Trace element 

concentrations in the grain of wheat cultivars as affected by nitrogen fertilization. 

Agricultural and Food Science 22:445-451. 

130. Tahir, T. G. - Hag, U. A. - Rehman, M. - Khaliq, T. - Hussain, S.: Effect of Different 

Irrigation Levels on Yield and Forage Quality of Oat (Avena sativa). Applied Science 

Reports, 3 (1): 42-46.  

131. Tang, Y. M. - Qiu, S. N. - Li, Q. - Di, G. L. - Wang, J. L. - Sun, H. X.: 2022. Simulated 

global climate change benefits the nutritive value of oat grass. Plant Biology (Stuttg). 

2022 Aug;24(5):846-853. https://doi.org/10.1111/plb.13432  

132. Tehrani, A. - Liaghat, A. - Delbaz, R.: (2025), Parameter Estimation of Soil Water 

Retention and Thermal Conductivity Curves Using HYDRUS-1D and Inverse Solution. 

Eur J Soil Sci, 76: e70095. https://doi.org/10.1111/ejss.70095 

133. Thorne, S. J. – Susan, E. H. - Frans J. M. M.: 2021. “The Effect of Silicon on Osmotic 

and Drought Stress Tolerance in Wheat Landraces.” Plants 10 (4): 814. 

https://doi.org/10.3390/plants10040814. 

https://doi.org/10.1038/s41598-020-60164-6
https://doi.org/10.1139/cjps-2017-0079
https://doi.org/10.1080/15592324.2025.2574391
http://dx.doi.org/10.4067/S0718-58392016000200012
https://doi.org/10.1111/plb.13432
https://doi.org/10.1111/ejss.70095


124 
 

134. Tobiasz-Salach, R. - Bobrecka-Jamro, D. - Pyrek, E. - Buczek, J.: 2016. Response of 

hulled and naked oat to foliar fertilization. Acta Sci. Pol. Agricultura, 15(2) 2016, 77-88. 

135. Torbica, A. - Belović, M. - Popović, L. - Čakarević, J. - Jovičić, M. - Pavličević, J.: 

2021. Comparative Study of Nutritional and Technological Quality Aspects of Minor 

Cereals. J. Food Sci. Technol., 58, 311–322. https://doi.org/10.1007/s13197-020-04544-

w. 

136. Tosh, S. M. – Miller, S. S.: 2016. “Oats.” In Encyclopedia of Food and Health, 119–

25. Elsevier. https://doi.org/10.1016/B978-0-12-384947-2.00497-9. 

137. USDA Foreign Agricultural Service.: (January 19, 2025). Oats production worldwide 

from 2015/2016 to 2024/2025 (in million metric tons)** [Graph]. In Statista. Retrieved 

January 21, 2025, from https://www.statista.com/statistics/1073536/production-of-oats-

worldwide/ 

138. Vasileva, V. - Kostov, O.: 2018. Performance of oats (Avena sativa) in response to 

preceding alfalfa (Medicago sativa) on mineral fertilization versus organic manuring on 

Chernozem soil. Indian Journal of Agricultural Science, 88,416–419. 

139. Wadas, W. - Kondraciuk, T.: (2025). The Role of Foliar-Applied Silicon in Improving 

the Growth and Productivity of Early Potatoes. Agriculture, 15(5), 556. 

https://doi.org/10.3390/agriculture15050556 

140. Waheed, A.- Waqas, A. - Shehzad, M. A.: 2012. Shahid M. Nitrogen and phosphorus: 

impact on forage oat (Avena sativa L.) growth, yield and its quality attributes. Pakistan 

Journal of Agriculture Sciences, 49(4), 473-479. 

141. Wang, B.- Yin, H.- Zhang, X.- Kong, X.- Zhao, W.- Qiu, R.- Tuluhong, M.- Cui, G.- 

Li, B.: 2026. Deciphering Drought Response Mechanisms in Oat Through 

Comprehensive Transcriptomic and Physiological Analysis. Plants (Basel). 453. 

https://doi.org/10.3390/plants15030453 

142. Wang, M. – Ruirui, W. – Luis, A. J. M. – Jianyun, R. – Qirong, S. – Shiwei, G.: 2021. 

“Functions of Silicon in Plant Drought Stress Responses.” Horticulture Research 8 (1): 

254. https://doi.org/10.1038/s41438-021-00681-1 

https://doi.org/10.1016/B978-0-12-384947-2.00497-9
https://www.statista.com/statistics/1073536/production-of-oats-worldwide/
https://www.statista.com/statistics/1073536/production-of-oats-worldwide/
https://doi.org/10.3390/plants15030453


125 
 

143. Wang, Y. - Ma, R. - Wei, J. - Fu, X. - Zhang, S. - Zhao, Z. - Lin, H. - Xu, Y. - Tan, D. - 

Gao, X. - Liu, Y.: (2025). Enhancing micronutrient bioavailability in wheat grain through 

organic fertilizer substitution. Frontiers in Nutrition, 12,1559537. 

144. Wojtacki, M. - Żuk-Gołaszewska, K. - Gołaszewski, J.: 2025. Modeling the effects of 

agronomic factors and physiological and climatic parameters on the grain yield of hulled 

and hulless oat, European Journal of Agronomy, 162,127425. 

https://doi.org/10.1016/j.eja.2024.127425  

145. Worldwide; US Department of Agriculture.: 2023 

https://www.indexmundi.com/agriculture/?commodity=oats&graph=production 

146. Wortmann, C. S. - Dicko, M. K. - Maman, N. - Senkoro, C. J. - Tarfa, B. D.: 2018. 

Fertilizer application effects on grain and storage root nutrient concentration. Agronomy 

Journal, 110, 2619-2625. https://doi.org/10.2134/agronj2018.04.0274 

147. Wrigley, C.: 2017. “The Cereal Grains: Providing Our Food, Feed and Fuel Needs.” 

In Cereal Grains, 27–40. Elsevier. https://doi.org/10.1016/B978-0-08-100719-8.00002-

4. 

148. Xie, H. -  Li, M. - Chen, Y. - Zhou, Q. - Liu, W. - Liang, G. – Jia, Z.: 2021. “Important 

Physiological Changes Due to Drought Stress on Oat.” Frontiers in Ecology and 

Evolution 9 (May):644726. 

149. Zhang, R. - Wang, Y. - Malik, K. - Wang, J. - Zhao, G. - Li, C.: 2025. Optimal fertilizer 

rate and sowing density can improve oat quality, yield and N and P comprehensive 

efficiency in the Loess Plateau of China. Frontiers in Plant Science, 16,1604427. 

https://doi.org/10.3389/fpls.2025.1604427  

150. Zhang, X. - Liu, Y. - Zhang, Z. - Liang, Q. – Wang, G.: 2024. “Soil Moisture Influences 

Wheat Yield by Affecting Root Growth and the Composition of Microbial Communities 

under Drip Fertigation.” Agricultural Water Management 305 (December):109102. 

https://doi.org/10.1016/j.agwat.2024.109102. 

https://doi.org/10.1016/j.eja.2024.127425
https://www.indexmundi.com/agriculture/?commodity=oats&graph=production
https://doi.org/10.2134/agronj2018.04.0274
https://doi.org/10.1016/B978-0-08-100719-8.00002-4
https://doi.org/10.1016/B978-0-08-100719-8.00002-4
https://doi.org/10.3389/fpls.2025.1604427
https://doi.org/10.1016/j.agwat.2024.109102


126 
 

151. Yli-Halla, M. - Palko, J.: 1987. Mineral Element Content of Oats (Avena sativa L.) 

in an Acid Sulphate Soil Area of Tupos Village, Northern Finland. Agric. Food Sci., 59, 

73–78. https://doi.org/10.23986/afsci.72250. 

152. Zwer, P. K.: 2004. “OATS.” In Encyclopedia of Grain Science, 365–75. Elsevier. 

https://doi.org/10.1016/B0-12-765490-9/00113-0. 

 

 

  

https://doi.org/10.1016/B0-12-765490-9/00113-0


127 
 

10. APPENDIX: List of Figures and Tables 

 

Table 1: The soil parameters in the spring oat cultivation area (2022, Debrecen Hungary).

 .............................................................................................................................................. 27 

Table 2: PaDi index calculated data for the three cultivation years in Debrecen Hungary 

(2022-2024). ......................................................................................................................... 31 

Table 3: Classification of the drought intensity based on Pálfai Drought Index (Pálfai and 

Herceg, 2012) ........................................................................................................................ 31 

Table 4: Pearson correlation coefficient among leaf area index and canopy greenness 

variation in the experimental year of 2022-2024 .................................................................. 49 

Table 5: The varietal influence on the nutritional quality of spring oats, a grand average of 

three seasons and four treatments (2022-2024) .................................................................... 90 

Table 6: The influence of foliar application on the macro and micro elemental spring oat 

grain accumulation in terms of yearly and varietal average (2022-2024, Debrecen). .......... 91 

Table 7: A grand mean of treatments and varieties macro/micro element accumulation in 

spring oat grain influenced by drought climatic seasons (2022-2024, Debrecen Hungary). 91 

Table 8: The interaction between spring oat genotypes foliar treatments and cultivation 

seasons (2022-2024, Debrecen Hungary) ............................................................................. 92 

Table 9: Pearson correlation coefficient values among treatments, sum of precipitation 

during the growing season, PaDI values and element content in spring oat whole grains 

(Debrecen, 2022-2024). ........................................................................................................ 94 

 

 



128 
 

Figure 1: Worldwide oat production from 2015/2016 – 2024/2025 (USDA Foreign 

Agricultural service) ............................................................................................................... 9 

Figure 2: Worldwide oat production in 2023 (left) and EU leading oat producers in 2024 

(right) (US Department of Agriculture: Index Mundi) (Eurostat, 2024) .............................. 10 

Figure 3: Hungarian oat production 1990-2024 (Hungarian Central Statistical Office) ..... 11 

Figure 4: Latest research direction on fertilization and oat production ............................... 13 

Figure 5: The monthly sum of precipitation and monthly mean of temperature during 

cultivation period for spring oats (Debrecen, 2022-2024). ................................................... 28 

Figure 6: Schematic representation of the experimental map .............................................. 32 

Figure 7: Leaf area index response in spring oat under C, S, Si, Si+S foliar treatments, during 

different phenological growth stages (BBCH) (Debrecen, 2022 – 2024). ........................... 39 

Figure 8: Leaf area index response in spring oat varieties, during different phenological 

growth stages (BBCH) (Debrecen, 2022-2024). .................................................................. 42 

Figure 9: Normalized Difference Vegetation Index response in spring oat under C, S, Si, 

Si+S foliar treatments, during different phenological growth stages (BBCH) (Debrecen, 

2022-2024) ............................................................................................................................ 45 

Figure 10: Normalized Difference Vegetation Index response in spring oat varieties, during 

different phenological growth stages (BBCH) (Debrecen, 2022-2024). .............................. 48 

Figure 11: Photosynthetic Assimilation response in spring oat under C, S, Si, Si+S foliar 

treatments, flag leaf (BBCH39) and early milk stage (BBCH73) in moderate drought season 

(Debrecen, 2024) .................................................................................................................. 51 

Figure 12: Photosynthetic Assimilation response in spring oat under C, S, Si, Si+S foliar 

treatments, during beginning of heading (BBCH51) and late milk stage (BBCH77) under 

serious drought(2022) and mild drought (2023) seasons. (Debrecen, 2022-2023) .............. 52 



129 
 

Figure 13: Photosynthetic Assimilation response in spring oat varieties, during flag leaf 

(BBCH39) and early milk stage (BBCH73) in moderate drought season (Debrecen, 2024). 

Note: Clustered columns show annual mean values averages across 4 treatments and 3 

replications, with ± 12 standard error of means. Same letter in different variety means no 

significant difference within same phenological growing stage, determined by LSD at p ≤ 

0.05 significance level. ......................................................................................................... 53 

Figure 14: Photosynthetic Assimilation response in spring oat varieties, during beginning of 

heading (BBCH51) and late milk stage (BBCH77) under serious drought (2022) and mild 

drought (2023) seasons. (Debrecen, 2022, 2023) ................................................................. 55 

Figure 15: Photosynthetic Transpiration response in spring oat under C, S, Si, Si+S foliar 

treatments, during flag leaf (BBCH39) and early milk stage (BBCH73) in moderate drought 

season (Debrecen, 2024). ...................................................................................................... 56 

Figure 16: Photosynthetic Transpiration response in spring oat under C, S, Si, Si+S foliar 

treatments, during beginning of heading (BBCH51) and late milk stage (BBCH77) under 

serious drought(2022) and mild drought (2023) seasons. (Debrecen, 2022, 2023) .............. 58 

Figure 17: Photosynthetic Transpiration response in spring oat varieties, during flag leaf 

(BBCH39) and early milk stage (BBCH73) in moderate drought season (Debrecen, 2024).

 .............................................................................................................................................. 59 

Figure 18: Photosynthetic Transpiration response in spring oat varieties, during beginning 

of heading (BBCH51) and late milk stage (BBCH77) under serious drought (2022) and mild 

drought (2023) seasons. (Debrecen, 2022, 2023) ................................................................. 61 

Figure 19: Photosynthetic Total Conductance response in spring oat under C, S, Si, Si+S 

foliar treatments, during flag leaf (BBCH39) and early milk stage (BBCH73) in moderate 

drought season (Debrecen, 2024). ........................................................................................ 62 

Figure 20: Photosynthetic Total Conductance response in spring oat under C, S, Si, Si+S 

foliar treatments, during beginning of heading (BBCH51) and late milk stage (BBCH77) 

under serious drought (2022) and mild drought (2023) seasons. (Debrecen, 2022, 2023)... 64 



130 
 

Figure 21: Photosynthetic Total Conductance response in spring oat varieties, during flag 

leaf (BBCH39) and early milk stage (BBCH73) in moderate drought season (Debrecen, 

2024). .................................................................................................................................... 65 

Figure 22: Photosynthetic Total Conductance response in spring oat varieties, during 

beginning of heading (BBCH51) and late milk stage (BBCH77) under serious drought (2022) 

and mild drought (2023) seasons. (Debrecen, 2022, 2023) .................................................. 67 

Figure 23: Thousand Grain Weight response in spring oat under C, S, Si, Si+S foliar 

treatments (Debrecen, 2022-2024). ...................................................................................... 68 

Figure 24: Thousand Grain Weight response of spring oat varieties, during three cultivation 

years (Debrecen, 2022 – 2024). ............................................................................................ 69 

Figure 25: Grain Yield response in spring oat under C, S, Si, Si+S foliar treatments 

(Debrecen, 2022-2024). ........................................................................................................ 71 

Figure 26: Grain Yield response of spring oat varieties, during three cultivation years 

(Debrecen, 2022-2024). ........................................................................................................ 73 

Figure 27: The macroelement concentration in spring oats whole grains under sole and 

combined silicon and sulfur application (Debrecen, 2022-2024). ........................................ 77 

Figure 28: The macroelement concentration in grains of spring oat varieties (Debrecen, 

2022-2024). ........................................................................................................................... 81 

Figure 29: The microelement concentration in spring oats whole grains under sole and 

combined silicon and sulfur application (Debrecen, 2022-2024). ........................................ 84 

Figure 30: The macroelement concentration in grains of spring oat varieties (Debrecen, 

2022-2024). ........................................................................................................................... 88 

Figure 31: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under serious drought conditions 



131 
 

(2022). Dim1= 63.9%, Dim2 = 11.4%, making a total variability of 75.3%. Treatments. 

1=control, 2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. ................................................... 96 

Figure 32: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under mild drought conditions (2023). 

Dim1= 54.3%, Dim2 = 20.2 %, making a total variability of 74.5%. Treatments. 1=control, 

2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. .................................................................... 97 

Figure 33: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under moderate drought conditions 

(2024). Dim1= 49 %, Dim2 = 16 %, making a total variability of 65 %. Treatments. 

1=control, 2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. ................................................... 98 

Figure 34: The illustrating of PCA - principal component analysis biplot for the relationship 

of treatments on macro/micro element concentration under serios, moderate and mild drought 

conditions (2022-2024). Dim1= 40.4 %, Dim2 = 20.7 %, making a total variability of 61.1 

%. Treatments. 1=control, 2=Silicon, 3=Sulfur, 4=Si+S foliar treatments. .......................... 99 

 

 

 

 

 

  



132 
 

11.LIST OF PUBLICATIONS 

 



133 
 

 



134 
 

 



135 
 

12. DECLARATIONS 

 

STATEMENT 

I wrote this thesis in the framework of the University of Debrecen Kálmán Kerpely Doctoral 

School for the purpose of obtaining a doctoral degree (Ph.D.) at the University of Debrecen.  

 

Debrecen, 25 June 2026  

 

................................ 

signature of the candidate 

Bekir Bytyqi 

 

STATEMENT 

I hereby certify that the doctoral candidate Bekir Bytyqi has carried out his work under 

my/our supervision within the framework of the above-mentioned Doctoral School between 

2020-2024. The candidate has made a decisive contribution to the results of the thesis through 

his/her independent creative work, and the thesis is the candidate's independent work. I 

recommend that the thesis be accepted.  

 

Debrecen, 25 June 2026 

 

................................ 

signature of the supervisor 

Dr. Erika Tünde Kutasy 

 


