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Summary 
Approximately 76 million tons of grapes are produced in a total area of 6,725,000 hectares 
around the world. A significant portion of this production consists of grapes grown for table 
consumption, and the share of table grapes in total production is constantly increasing. 
Especially in recent years, wine consumption has declined due to changing consumption habits 
among young consumers, negatively affecting wine grape production. However, in table grape 
production, the high quality and yield of newly developed varieties have increased interest in 
this area. Many local table grapes are in low demand in international markets, encouraging 
growers to turn to alternative, high-quality grape varieties. In addition, the negative effects of 
climate change, increasing awareness of human and environmental health, and the need for new 
varieties to meet rapidly changing consumer demands on a global scale are contributing factors. 
Grapevine breeding programs to develop new, high-quality table grape varieties are ongoing in 
various institutions worldwide. Varieties developed by private breeding companies, in 
particular, sell at higher prices, but only growers who meet specific conditions and pay breeder's 
fees can cultivate them. This study evaluates the leading table grape breeding efforts worldwide, 
their main challenges, and opportunities. 
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Introduction  
Viticulture and table grape cultivation have been a significant source of income for producers 
in many countries since ancient times (Atak, 2024a). Currently, grape production worldwide is 
approximately 6,725,000 hectares, yielding 76 million tons. A significant portion of this 
production is table grapes (FAOSTAT, 2026; Graph 1, 2 and 3). Furthermore, the share of table 
grapes in total production has been steadily increasing over the past few years. The countries 
with the highest grape production are, in order: China, Italy, France, Spain, the USA, Türkiye, 
India, Chile, and South Africa. Except for France, a significant portion of the grapes produced 
in all of these countries are grown for table consumption. 
Grapes are grown in almost every region of the world except the equatorial and polar regions, 
although production quantities vary from year to year (Graph 2). Examining worldwide grape 
production area and quantity between 1994 and 2024 shows an increase in production quantity 
despite a decrease in production area. This situation is explained by the increase in yield per 
unit area, particularly in recent years, which has occurred in parallel with the increase in table 
grape production. Furthermore, the decrease in the use of traditional systems and their 
replacement with more modern systems, as well as the replacement of traditional varieties with 
new, more efficient, improved varieties, are among the main reasons for this increase (Dry et 
al., 2022). 
 
Challenges and Opportunities to Growing Table Grapes 
In table grape production, due to increasing competition in world markets, it is important to 
develop and bring to market high-quality new varieties that meet consumer demands. 
Conditions in the table grape market are rapidly changing due to climate change, and demand 
for new varieties is increasing (Sharma et al., 2013; Khan et al., 2020). In recent years, several 
breeding studies, conducted for different purposes, have been funded and carried out by 
consortia/companies comprising various government institutions and private-sector 





marketing techniques, have made effective use of the existing table grape market and now 
largely dominate it. (Lund, 2015; Atak, 2024a). In recent years, breeding studies have been 
continuing in many countries of the world for diferent purposes. 
Today, among companies specializing in table grape breeding, Bloomfresh International, 
Sunworld International, Grapa Global, and Itum are the most prominent, with their production 
areas and volumes increasing year over year. While Bloomfresh International and Sunworld 
International also breed and develop for other species, Grapa Global and Itum focus solely on 
developing table grape varieties. In addition to these companies, various table grape breeding 
programs are ongoing, particularly in countries with significant table grape production, such as 
Italy, Chile, China, and Turkiye. In recent years, large growers and some companies have 
tended to collaborate, funding different research institutions to develop their own breeding 
programs. It is expected that in the near future, a significant portion of table grapes grown 
worldwide will be varieties developed through such breeding programs (Atak, 2024b). 
 
Major Problems and Solutions in Table Grape Industry 
Despite the high volume of table grape production worldwide, the sector has been negatively 
affected by climate change in recent years, resulting in several adverse consequences for 
vineyards. Climate change, which has become a global threat with increasingly significant 
effects, is causing numerous problems and negative impacts on the viticulture sector, as it does 
in all sectors. The decrease in vineyard areas and production quantities in 2020 and 2021 is 
reported to be significantly related to the increasing negative impacts of climate change (Fraga, 
2009; Sgroi and Sciancalapere, 2022). Climate change poses significant challenges for both 
table and wine grapes. One of the most effective solutions to this situation is to develop new 
grape varieties and rootstocks that can adapt to climate change (Marin et al., 2021). 
Rising temperatures due to climate change cause abiotic stress in plants, negatively affecting 
plant growth and fruit quality. The table grape sector is among the sectors most affected by the 
negative impacts of climate change, and unfortunately, these negative effects are increasing 
every year (Ollat et al., 2019; Grillakis et al., 2022). 
With global warming, water resources are becoming limited, making it difficult to find 
sufficient water for vines. As a solution, it is primarily necessary to develop more drought-
resistant varieties and rootstocks. In addition, practices that protect the vine from heat stress 
have become increasingly important (Venios et al., 2020). 
Different breeding programs aimed at addressing climate change have the potential to largely 
solve the problems. Many practices, such as producing in the right climates, using protective 
covering systems if necessary, utilizing precision/smart viticulture technologies, selecting 
appropriate rootstocks, and correctly performing cultural practices, can significantly help table 
grape growers (Delrot et al., 2020; Magon et al., 2023; Sun et al., 2023). 
Growing local or standard grape varieties in open fields is becoming increasingly difficult, and 
their profitability is decreasing year by year (Palotti et al., 2023). Grape growers are cultivating 
more and more newly developed grape varieties with superior characteristics each year. 
However, cultivating these new varieties with high quality requires higher initial planting costs, 
especially due to the need for netting or plastic coverings. Growers are forced to spend more to 
take precautions against increasing risks, which somewhat reduces the profitability of these 
high-yielding new varieties (Alekberova et al., 2023). In addition, insufficient government 
support significantly limits small growers' access to these varieties. 
  



Table 1. Countries with the largest vineyard area and grape production quantity in 2024   
(FAOSTAT, 2026). 

 
COUNTRIES VINEYARD AREA (HA)  PRODUCTION (TON)  
Spain 903.980   5.387.000 
China 770.850 16.821.000 
France 741.330   4.747.000 
Italy 715.790   7.637.000 
USA 373.529   4.902.000 
Turkiye 372.285   3.468.000 
Argentina 199.946   1.918.000 
India 179.629   3.904.000 
Portugal 173.210      917.000 
Chile 166.457   2.453.000 
Romania 161.930      704.160 
Australia 135.264   1.613.000 
Iran 119.275   1.566.000 
Uzbekistan 115.421   1.832.000 
South Africa 103.955   1.870.000 
Germany 101.560   1.059.000 

 

 
Graph 1.  The top ten grape-producing countries and their production quantities (Average  from 

1994 to 2024. 
  



While table grape breeding programs in America and Europe are predominantly private-sector 
led, in countries like Turkiye, China, and Korea, breeding efforts are mostly conducted by state-
owned organizations. Especially given the budget, personnel, and participation of client 
organizations in breeding programs, varieties developed by private-sector organizations are 
much easier to commercialize and meet expectations (Burris et al., 2025). 
 
Conclusion 
 
Although viticulture has a long history, most local grape cultivars cannot fully meet rapidly 
changing consumer demands. Globally, a significant segment of the population earns its income 
from table grape cultivation. However, in recent years, the effects of climate change, shifting 
consumer demands, and increasingly competitive market conditions have made it increasingly 
difficult for these producers to achieve their expected income. While new varieties developed 
through breeding programs serve as a kind of savior, the fact that not every producer has access 
to or the right to cultivate them is a significant problem. Grower unions and cooperative models, 
in particular, could offer solutions to overcome these difficulties. 
Furthermore, with climate change, table grape production is increasingly shifting into areas 
previously suitable for wine grape production. Nowadays, demand for new table grape varieties 
that are more environmentally friendly, require fewer pesticides, and are beneficial to human 
health is increasing. Research increasingly shifting in this direction, increased government 
support, and the development of new varieties that meet the expectations of all parties are likely 
scenarios for the future of the table grape industry. 
 Multi -partner, high-budget breeding programs that also involve client organizations are 
proving to be much more successful globally. State-owned enterprises face significant 
difficulties in obtaining commercially viable varieties through breeding programs for various 
reasons.  Thanks to advancements in biotechnology, new varieties that require far fewer 
pesticides and are richer in health-related components are becoming increasingly available on 
the market. Furthermore, as consumer awareness rises, it is predicted that the number of new 
varieties suitable for organic production will continue to increase. 
 

 
 
Graph 2. Production quantities of Grapes by country (Average 1994 - 2024) (Faostat, 2026). 



 

 
Graph 3. Total grape production area and quantities in the world between 1994 and 2024. 
 

 
Graph 4. Production share of grapes by continents (average 1994-2024). 
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Table 2. Phenolic composition of 'Svdlovina' grapes from apical defoliation after veraison and 
control treatments (2023)   

Apical defoliation  Control  Sign. 
Cyanidin-3-O-(coumaroyl) glucoside 0.289 ± 0.06  1.363 ± 0.04  ***  
Delphinidin-3-O-glucoside 2.152 ± 0.85  3.757 ± 0.14  *  
Malvidin-3-O-glucoside 91.342 ± 13.99  133.511 ± 8.04  *  
Malvidin-3-O-(acetyl) glucoside 0.325 ± 0.14  2.091 ± 0.16  ***  
Malvidin-3-O-(caffeoyl) glucoside 1.568 ± 0.14  3.647 ± 0.26  ***  
Malvidin-3-O-(coumaroyl) glucoside 45.096 ± 4.16  75.867 ± 12.44  *  
Peonidin-3-O-glucoside 4.944 ± 0.71  4.784 ± 0.50  n.s. 
Peonidin-3-O-(acetyl) glucoside 2.978 ± 0.74  7.060 ± 0.61  **  
Peonidin-3-O-(coumaroyl) glucoside 0.660 ± 0.10  2.763 ± 0.35  **  
Petunidin-3-O-glucoside 2.884 ± 0.53  8.601 ±0.71  ***  
Total anthocyanins 152.238 ± 15.24  243.44 ± 17.63  **  
Izorhamnetine-3-O-glucoside 1.679 ± 0.18  1.668 ± 0.31  n.s. 
Kaempferol-3-O-glucuronide 1.224 ± 0.17  1.401 ± 0.24  n.s. 
Kaempferol-3-O-glucoside 6.014 ± 0.39  6.463 ± 0.63  n.s. 
Quercetin-3-O-galactoside 9.579 ± 1.43  10.544 ± 2.32  n.s. 
Quercetin -3-O-glucuronide 2.252 ± 0.67  5.026 ± 0.81  **  
Quercetin -3-O-glucoside 25.924 ± 2.03  33.667 ± 3.31  n.s. 
Myricetin -3-O-galactoside 6.640 ± 0.66  14.081 ± 2.03  **  
Myricetin-3-O-glucoside 11.065 ± 0.80  2.798 ± 1.13  ***  
Total flavonols 64.377 ± 1.30  75.646 ± 8.65  n.s. 
Fertaric acid 0.417 ± 0.12  0.498 ± 0.05  n.s. 
Ferulic acid 1.112 ± 0.38  1.531 ± 0.17  n.s. 
Caffeic acid 1.391 ± 0.25  1.307 ± 0.07  n.s. 
Caftaric acid 66.754 ± 3.31  66.549 ± 3.39  n.s. 
Coutaric acid 8.702 ± 2.53  11.108 ± 1.75  n.s. 
Total hydroxycinnamic acids 78.375 ± 5.55  80.992 ± 5.36  n.s. 
Protocatechuic acid 3.981 ± 0.07  2.947 ± 0.87  n.s. 
Vanillic acid 8.503 ± 1.26  7.885 ± 0.10  n.s. 
Total hydroxybenzoic acids 12.483 ± 1.21  10.831 ± 0.91  n.s. 
Epigallocatechin 12.826 ± 2.40  14.489 ± 1.34  n.s. 
Epicatechin 18.609 ± 3.39  19.231 ± 2.06  n.s. 
Gallocatechin 10.416 ± 0.88  15.872 ± 4.08  n.s. 
Catechin 28.744 ± 4.47  23.741 ± 5.69  n.s. 
Procyanidin B1 22.110 ± 1.66  21.590 ± 0.33  n.s. 
Procyanidin B2 10.244 ± 2.46  12.713 ± 2.36  n.s. 
Procyanidin B3 8.326 ± 1.02  7.328 ± 0.38  n.s. 
Procyanidin B4 5.631 ± 0.97  6.092 ± 0.88  n.s. 
Total flavan-3-ols 116.906 ± 11.37  121.057 ± 3.75  n.s. 
Resveratrol-3-O-glucoside 6.131 ± 0.93  5.751 ± 0.41  n.s. 
Total phenolic concentration 430.51 ± 24.98  537.72 ± 23.48  **  

Data were analysed using a t-test; ns, *, **, and *** denote not significant, P < 0.05, P < 0.01, 
and P < 0.001, respectively; the results are expressed in mg/kg of fresh berry 
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and treatment effects became increasingly distinct as the growing season progressed. Imazamox 
treatment significantly reduced stomatal conductance and water use efficiency at all light 
intensities (Figure 2). Although BS01 application did not fully compensate for the negative 
effects of imazamox, the measured values approached those of the control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Effect of biostimulant treatments on the photosynthetic rate of sunflower after 
imazamox herbicide application (Debrecen, 2023) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Effect of biostimulant treatments on the water use efficiency of sunflower after 
imazamox herbicide application (Debrecen, 2023) 
 
At the end of the experiment, chlorophyll and carotenoid contents were determined. Imazamox 
reduced chlorophyll a, chlorophyll b, and carotenoid concentrations in the leaves. When BS01 
was applied 4 days after imazamox, chlorophyll a and b contents increased by 25.2% and 
21.1%, respectively, compared to the control, and by 42.5% and 76.0%, respectively, compared 
to the imazamox-only treatment. Carotenoid content was also higher following BS01 
application, exceeding the control by 4.2% and the imazamox-only treatment by 13.7%. Later 
BS01 applications did not produce a consistent effect (Figure 3). 
Imazamox2 treatments caused significant differences in plant height, application of this 
herbicide resulted in taller sunflower plants compared to the control and the imazamox2 + BS01 
treatment. The lowest plant height at all measurement dates was recorded under the imazamox2 
+ BS01 treatment. Beside of this, highest dry biomass in this experiment was also measured in 
plants that received Biostimulant 01 following herbicide application. 
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Figure 2. Relative valine (a), leucine (b), isoleucine (c) content (% AA) ± the standard error for 
eight soybean genotypes (G) tested in two environments (2024, 2025). Values with the same 
letter in the superscript are not significantly different based on the results of Tukey post hoc 
test for genotype and year interaction (ANOVA, Tukey test, p < 0.01). 

 
In this study, mean relative valine content was significantly (p < 0.01) higher in 2025 than in 
2024. Significant differences (p < 0.01) in relative valine contents between years were observed 
only for genotypes G2 and G37. In genotype G2, a decrease in valine content was reported in 
2025 compared to 2024, whereas genotype G37 showed an increase in 2025 to 2024. Similarly, 
in the present study, year had a significant effect on leucine accumulation (p < 0.01), with higher 
values observed in 2025 compared to 2024, particularly in genotypes G14, G24, and G37, 
indicating that the environmental conditions during the seed filling period were more 
favourable for amino acid accumulation in 2025. Mean relative isoleucine concentration was 
significantly higher (p < 0.01) in 2025, as well. Statistically significant differences in relative 
contents between years were observed for all genotypes except G37 and G53. In genotypes G2 
and G40, isoleucine accumulation was significantly lower in 2025 compared to 2024, whereas 
in the remaining genotypes G10, G14, G24, and G44, the opposite trend was observed. Given 
that Jumrani and Bhatia (2019) reported amino acid content in soybean declined with increasing 
growth temperatures, especially when combined with water stress, decreasing relative valine 
content in G2 should be further investigated. Furthermore, the lack of environmental impact on 
BCAA accumulation in some genotypes could indicate a probable positive genotype- dependent 
response to environmental variation, but this too necessitates further investigation. 
 
Conclusion 
These preliminary results demonstrate that BCAA accumulation in the analyzed soybean 
genotypes is influenced by year and genotype interaction, with each amino acid responding 
differently to environmental conditions. Although previously reported trends in valine, leucine, 
and isoleucine accumulation were observed over the two growing seasons, testing the material 
across multiple environments is necessary to draw reliable conclusions. Nevertheless, these 
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Graph 2. Changes in yield parameters of the 10-sample sets during the experiment 
 
In our Pearson correlation analysis, we found that both the temperature and light intensity 
during the week preceding harvest showed a moderate positive correlation with the specific 
yield parameters we measured. For weight measured in samples of 10 berries, r= 0.735, P= 1%. 
For length, r= 0.554, and for diameter, r= 0.557; we measured a correlation with the average 
temperature at a 1% significance level. For the lux values, the berry weight showed r= 0.763, 
the length r= 0.784, and the diameter r= 0.774 (P= 1%). Only the air humidity data showed a 
positive correlation over the four-week period. We detected correlation values of r= 0.707 for 
berry weight, r= 0.469 for length, and r= 0.532 for diameter (P= 1%). 
We found only a weak negative correlation between berry diameter and temperature (r= -0.305) 
at the 5% significance level, suggesting that, in the long term, a drastic rise in temperature will 
have a negative impact on yield parameters. 
Several researchers have attempted to determine the ideal temperature range for growing 
physalis. According to the findings of Salazar et al. (2008), and Fischer et al. (2014), the ideal 
temperature for cultivation ranges between 13 and 18°C, and fertility remains stable up to 30°C. 
Above 30°C, both the number of flowers and the yield decrease significantly. These 
temperature values were also confirmed by Muniz et al. (2014). Furthermore, they explained in 
their study that heat itself does not inhibit fruit set. This is also demonstrated by the example of 
Hawaii, where plants produced fruit even at daily temperatures of around 27-30°C. Low 
temperatures (below 10°C at night), however, likely inhibit plant growth. Late frosts can cause 
significant damage, especially if nighttime temperatures drop below -2°C. According to their 
hypothesis, temperature and light play an important role in determining the size, color, 
nutritional composition, flavor, and stage of ripeness of fruits. 
Fischer (2000) and Aparecido et al. (2019) described in their work that, to prevent fruit spoilage, 
relative humidity must be between 70-80%, with an evenly distributed annual precipitation of 
1,000-2,000 mm. In addition, physalis is highly sensitive to drought and strong winds, so its 
cultivation must be protected with windbreaks (Muniz et al., 2014). The advantages of 
aquaponic greenhouse cultivation can reduce or completely eliminate these problems. 
 
Conclusion 
Overall, the aquaponics system provided suitable conditions for Physalis peruviana cultivation, 
particularly where field production is limited. Optimizing environmental parameters may 
further improve yield stability. It would be worthwhile to expand the experiment to include an 
analysis of nutritional values in addition to yield parameters. 
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being provided. Although all respondents (100%) indicated that wine price is important, only 
three-quarters (73.33%) were willing to pay a higher price for a higher-quality wine. 
Table 4 presents questions and responses related to the knowledge and perception of PIWI 
wines. Prior to the study, 73.33% of respondents were familiar with PIWI wines, while 40.00% 
encountered wines from resistant varieties for the first time during the tastings. One-third of 
respondents (33.33%) believed that PIWI wines could compete with traditional varietal wines, 
whereas 60.00% were uncertain. None of the respondents expressed prejudice against lesser-
known grape varieties. Regarding purchase intent, 66.67% of respondents indicated they would 
probably buy wines from resistant varieties, and 26.67% stated they would very likely purchase 
them, similar to the findings of Peglarini et al. (2013), where 61% of respondents were willing 
to pay more for PIWI wines if their quality was equal to that of Vitis vinifera wines. Only 
26.67% of respondents considered the ecological benefits of PIWI wines as a reason to buy 
them, which contrasts with the results reported by Bonn et al. (2015) and Peglarini et al. (2013).  
 
Table 4. Percentage (%) distribution of attitudes toward wines from PIWI cultivars 

1. Had you heard of wines from PIWI varieties prior to the tasting conducted as part of 
this study? 

  Yes  No  
  73,33  26,67  
2. Where did you first hear about PIWI wines? 

 Media Friends Tasting Internet Other 
 0 13,33 40,00 6,67 13,33 

3. How would you rate the taste of PIWI wine? 
 Very poor Poor Average Good Excellent 
 0 6,67 33,33 33,33 20,00 

4. Do you think PIWI wines can compete with traditional wines? 
  Yes No Not sure  
  33,33 6,67 60,00  

5. How important is the fact that PIWI varieties are more disease-resistant (fewer 
pesticides)? 

 Not ta all Slightly Important Very inportant  
      
 0 46,67 26,67 26,67  

6. Would you prefer to buy PIWI wine because of its environmental sustainability? 
  Yes No Depends on price 
  26,67 40,00 33,33 

7. Do you have prejudices against new or lesser-known wine varieties? 
  Yes No Not sure  
   80,00 20,00  

8. How likely are you to buy PIWI wine in the future? 
 Very unlikely Unlikely Probably Very probably  
 0 6,67 66,67 26,27  

 
Regarding purchase intent, 66.67% of respondents indicated they would probably buy wines 
from resistant varieties, and 26.67% stated they would very likely purchase them, similar to the 
findings of Peglarini et al. (2013), where 61% of respondents were willing to pay more for PIWI 
wines if their quality was equal to that of Vitis vinifera wines. Only 26.67% of respondents 
considered the ecological benefits of PIWI wines as a reason to buy them, which contrasts with 
the results reported by Bonn et al. (2015) and Peglarini et al. (2013). 
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Figure 1  Mineral composition of microgreens (red cabbage, peas, radish, broccoli, coriander, 
beetroot, arugula) under different light treatments (LED 6500 K, Fluorescent 6000 K, LED 
4R:1B). Values expressed in mg/100 g DW. 
 
Different plant species respond differently to light in terms of their mineral composition (Figure 
1). This can be explained by variable responses of plants to light quality because they possess 
distinct sets of photoreceptors and associated signaling pathways that perceive and transduce 
spectral information into physiological changes (Paik and Huq, 2019). Furthermore, species 
differ in their photosynthetic pigment composition and efficiency of converting light energy 
into biomass, which affects how light is used for growth and metabolic processes (Zhang et al., 
2020), and these genetic and physiological differences result in species specific regulation of 
gene expression and metabolic allocation under different light spectra, leading to variation in 
mineral uptake and biochemical profiles among species (Teixeira, 2020). 
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Results and Discussion 
The difference in the intensity of black spot infection between internodes within a single 
assessment date was analyzed using a GLM model for repeated measures. 
The results obtained indicate that there is a statistically significant difference in the intensity of 
infection between internodes (p < 0.001) in both observed vineyards. Analysis of data from 
vineyards at the Kutjevo and Kaptol sites revealed a significant linear decrease in the intensity 
of infection (p < 0.001) from the first to the fourth internode. The mean values of infection 
intensity from the Kutjevo location in the first assessment were I-1 = 5.90, I-2 = 4.55, I-3 = 
3.90 and I-4 = 2.65, in the second assessment they were I-1 = 6.75, I-2 = 5.30, I-3 = 4.55 and 
I-4 = 3.30, in the third assessment I-1 = 6.48, I-2 = 5.25, I-3 = 4.30 and I-4 = 3.33, and in the 
fourth assessment I-1 = 7.58, I-2 = 6.02, I-3 = 4.93 and I-4 = 3.53. The mean values of infection 
intensity from the Kaptol location in the first assessment were I-1 = 2.85, I-2 = 1.95, I-3 = 0.97, 
I-4 = 0.37, in the second assessment I-1 = 3.60, I-2 = 2.80, I-3 = 1.85, I-4 = 0.6, in the third 
assessment I-1 = 3.17, I-2 = 2.63, I-3 = 2.30, I-4 = 1.20 and in the fourth assessment I-1 = 4.15, 
I-2 = 3.50, I-3 = 2.90, I-4 = 1.55. 
Post-hoc analysis with Bonferroni correction found that the intensity of infection in the Kutjevo 
vineyard is statistically significantly different between all pairs of internodes, with the intensity 
of black spot infection being statistically significantly higher on the internodes closer to the 
base of the vine. The estimated decrease in infection intensity indicates a decrease in the 
infected surface of the internodes in the first assessment from approximately 70% infection of 
the first internode to 15% infection of the fourth internode, and in the fourth assessment from 
approximately 95% infection of the first internode to 30% infection of the fourth internode. 
Using the same analysis in the Kaptol vineyard, it was determined that the intensity of the 
infection is statistically significantly different between all pairs of internodes in the second 
assessment, while in the other evaluations there are differences only in individual pairs. Thus, 
in the first evaluation, significant differences were found between internodes I-1 and I-2, I-1 
and I-3, I-1 and I-4, I-2 and I-3 and I-2 and I-4, in the third evaluation between internodes I-1 
and I-3, I-1 and I-4, I-2 and I-4 and I-3 and I-4, and in the fourth evaluation between internodes 
I-1 and I-3, I-1 and I-4, I-2 and I-3, I-2 and I-4 and I-3 and I-4. In the Kaptol vineyard, the 
intensity of black spot infection is also statistically significantly higher on internodes closer to 
the base of the vine. The estimated decrease in the intensity of the infection indicates a decrease 
in the infected surface of the internodes, and this in the first evaluation from approximately 
30% infection of the first internode to 0% infection of the fourth internode, and in the fourth 
evaluation from approximately 30% infection of the first internode to 5% infection of the fourth 
internode. Multivariate tests indicated the existence of statistically significant differences in the 
intensity of black spot infection between the two observed vineyards regardless of the internode, 
and for each assessment date (Phillai's Trace p < 0.001). The univariate test confirms the 
obtained results (p < 0.001). In all four assessments, a statistically significantly stronger 
infection was determined in the Kutjevo vineyard. The mean values of the intensity of infection 
regardless of the internode are shown in Table 1. 
 
Table 4. Intensity of black spot infection in Kutjevo and Kaptol vineyards 
 Intensity of infection 

Grading 1 Grading 2 Grading 3 Grading 4 
Kutjevo 4.25 4.98 4.84 5.51 
Kaptol 1.54 2.21 2.32 3.03 

 
  

















 

 
Figure 1. Temperature and precipitation trends in the Újfehértó region in 2025 compared to the 
30-year average (1991-2020) (Újfehértó, 2025) 
 
In July, precipitation reached 80 mm, although temperatures remained above average while 
August was again drier and warmer than usual (18 mm of precipitation compared to the 48 mm 
average). In September, rainfall (58 mm) slightly exceeded the average (47 mm), and the 
temperature was 1.5 °C higher than the long-term mean (Figure 1). 
 
Soil characteristics 
We collected 25 soil cores from the upper 0-30 cm layer across the 4500 m2 area following an 
X-shaped sampling pattern as described Stefanovics et al. (1999). The cores were thoroughly 
mixed, and the composite sample was repeatedly halved until two 1 kg subsamples were 
obtained.The maize was grown on acidic, rusty-brown forest soil. The soil pHKCl ranged from 
4.97 to 5.01, indicating an acidic reaction. The plasticity index (KA) values of 33 to 39 suggest 
a moderately heavy, loam texture while total salt content was very low (0.03-0.04 m/m%). 
Humus content ranged from 2.33 to 2.47 m/m%, indicating a moderate level of soil organic 
matter. Phosphorus (P2O5) supply ranged from 81.7 to 91.4 mg kg-1, and potassium (K) from 
215 to 254 mg kg-1, representing moderate to good supply levels. Nitrate content was very low 
(<0.100 mg kg-1) in both soil samples. Magnesium (44.4-70.3 mg kg-1) and calcium (308-347 
mg kg-1) concentrations were considered moderate, consistent with the acidic soil pH. The 
analytical procedures were carried out in accordance with the Hungarian standards MSZ-
20135:1999, MSZ-08-0206-2:1978, MSZ-08-0205:1978, and MSZ-08-0210:1977. The soil 
analysis was performed at the Agricultural Laboratory Centre of the University of Debrecen, 
which is accredited by the National Accreditation Board of Hungary. 
 
Applied products and treatments 
The experiment included the following treatments: control (0 N), liquid biostimulant (BS) 
(vermicompost solution, 5 l ha-1), pelleted soil conditioner (SC) (solid vermicompost granules, 
200 kg ha-1), as well as the combinations of 300 kg CAN + liquid biostimulant (81 kg N+BS)  
and liquid biostimulant + pelleted soil conditioner (BS+SC) . We applied the biostimulant 
twice: first after weed control (May 15 2025) at the 3-4 leaf stage (BBCH 13-14) (May 16 



2025), and second at the 4th node detectable stage (BBCH 34) (June 13 2025). We incorporated 
SC and CAN fertilizers into the soil prior to sowing during seedbed preparation. 
The liquid biostimulant had a potassium (expressed as K2O) content of 0.88 m/m% (8.810 mg 
kg-1); nitrogen, phosphorus, calcium, and magnesium were present at or below the detection 
limit. The product had a pH (in aqueous solution) of 9.18 and a dry matter content of 2.453 
m/m%. The pelleted soil conditioner contained nitrogen 0.54 m/m%, phosphorus pentoxide 
1.64 m/m% (16.400 mg kg-1), potassium oxide 2.57 m/m% (25.700 mg kg-1), calcium 3.16 
m/m% (31.600 mg kg-1), and magnesium 1.16 m/m% (11.600 mg kg-1). Its pH (in aqueous 
solution) was 9.52, and its dry matter content was 88.07 m/m%. 
We sowed on 21 April 2025 in plots measuring 4.5 m x 50 m (six rows) with four replications 
under field conditions. We harvested on 8 September 2025 using a combine harvester equipped 
with a maize header, and we determined grain yield by weighing the harvested grain on an MP-
RW axle-load weighbridge upon discharge into a trailer. 
Physiological measurements were conducted using a Minolta 502+ (SPAD) and a Licor Li-
6800 portable photosynthesis system. Statistical analysis was performed using IBM SPSS 22, 
and graphical representations were created with MS Excel 2016. An ANOVA test was used to 
analyze variations in yield data and photosynthetic activity. 
 
Results and Discussion 
Photosynthetic activity (A, µmol m-2 s-1) was measured on four dates: 16 May, 30 May, 13 
June, and 26 June 2025 (Figure 2.). 
On 16 May, the highest value was observed in the soil conditioner (SC) treatment (32.99 µmol 
m-2 s-1), followed by the biostimulant (BS) treatment (29.26 µmol m-2 s-1) and the combined BS 
+ SC treatment (28.80 µmol m-2 s-1). The 81 kg N + BS combination recorded 25.72 µmol m-2 
s-1, while the unfertilized control (0 N) exhibited the lowest value (22.03 µmol m-2 s-1). 
 

 
Figure 2. Measurement of photosynthetic activity in maize stands by treatment 
(Note: The letters (a-c) indicate significant differences within treatments at different time points.) 
 
By 30 May, a marked increase was evident in the treatments receiving nitrogen. The 81 kg N + 
BS combination attained the highest photosynthetic rate (46.19 µmol m-2 s-1), followed closely 
by the BS + SC treatment (42.39 µmol m-2 s-1). The SC treatment alone measured 39.61 µmol 
m-2 s-1, whereas the BS treatment and the 0 N control recorded lower values of 32.98 µmol m-2 
s-1 and 39.77 µmol m-2 s-1, respectively. 



On 13 June, coinciding with a drought period characterized by only 11 mm of monthly rainfall, 
photosynthetic rates declined across all treatments relative to the previous measurement. The SC 
treatment maintained the highest activity (36.87 µmol m-2 s-1), whereas the BS treatment recorded 
31.13 µmol m-2 s-1. The 81 kg N + BS and BS + SC combinations decreased to 24.82 µmol m-2 
s-1 and 26.22 µmol m-2 s-1, respectively, and the 0 N control fell to 22.89 µmol m-2 s-1. The ability 
of the pelleted vermicompost (SC) to moderate this drought-induced decline-evidenced by the 
retention of 36.87 µmol m-2 s-1 compared to the more pronounced reductions in the nitrogen-
containing combinations-supports the stress-mitigating role of vermicompost-derived substances. 
By 26 June, photosynthetic activity showed signs of recovery. The 81 kg N + BS combination 
increased to 32.50 µmol m-2 s-1, the BS + SC combination to 31.79 µmol m-2 s-1, and the SC 
treatment measured 30.62 µmol m-2 s-1. The BS treatment recorded 30.40 µmol m-2 s-1, while 
the 0 N control remained the lowest at 27.66 µmol m-2 s-1(Figure 2). Zayani et al. (2023) foliar 
fertilization treatments also showed that nutrient treatments increase photosynthesis. 
Their synergistic effect, consistent with the findings of Skliar et al. (2024), Csajbók et al. (2025) 
and Csajbók (2026), suggests that the combined application of nutrient supply and 
biostimulants exerts beneficial effects through mechanisms analogous to those observed with 
humic acid. 
 

 
Figure 3. Grain yields by treatment calculated at 13.5% moisture content, kg ha-1  
(Note: N: Nitrogen fertilization, BS: liquid biostimulant, SC: pelleted soil conditioner, 0N: control; The letters (a-
d) indicate significant differences within treatments.) 
 
The highest yield was achieved with the 81 kg N + liquid biostimulant combination (8690.46 ± 
79.41 kg ha-1) (Figure 3). This was closely followed by the liquid biostimulant + pelleted soil 
conditioner combination (8672.25 ± 13.43 kg ha-1). The pelleted soil conditioner applied alone 
resulted in 8227.31 ± 88.76 kg ha-1, and the liquid biostimulant applied alone yielded 7887.15 
± 22.46 kg ha-1. The control (0 N) treatment produced 7501.27 ± 59.39 kg ha-1 (Figure 3.). 
 
Conclusion 
The results of this study suggest that despite unfavorable soil properties (acidic pH, low nitrate 
content) and extreme weather conditions in 2025 (severe drought in June), the combined 
treatments may have provided significant yield increases. The 81 kg N + liquid biostimulant 
treatment produced the highest yield, raising the possibility that nitrogen supply may have 
enhanced assimilatory performance during the more favorable water supply period in July. The 
liquid biostimulant + pelleted soil conditioner combination also resulted in a notable yield, 
which is consistent with the stability observed in the photosynthesis measurements, suggesting 
that the soil conditioner may have mitigated drought stress. Based on the findings of this study, 
the investigated products (especially when applied in combination) may prove to be effective 
tools for improving yield security under extreme weather conditions and unfavorable soil 
properties. However, further multi-year studies are needed to confirm these conclusions. 
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Summary 
Municipal sewage sludge represents a challenging waste stream but also contains valuable 
nutrients such as phosphorus (P). This study evaluated whether sewage sludge biochar can 
enhance crop production while contributing to soil carbon (C) storage. Results from a three-
year maize field experiment showed higher yields in the biochar treatment than in the control, 
indicating its potential as a recycled P fertilizer. In an incubation experiment, increasing biochar 
additions raised soil C contents while respiration indicated limited mineralization of the C 
added. These findings suggest that sewage sludge biochar may support nutrient recycling, crop 
productivity and soil C storage. 
 
Keywords: sewage sludge biochar, phosphorus recycling, crop yield, soil carbon, circular 
nutrient management 
 
Introduction  
Municipal sewage sludge is an unavoidable by-product of wastewater treatment and its 
sustainable management remains a major environmental challenge. At the same time, sewage 
sludge contains considerable amounts of phosphorus (P), an essential and finite nutrient element 
for crop production (van Dijk et al., 2016). This creates a need for treatment strategies that 
reduce disposal problems while enabling nutrient recycling. In Germany, for example, recent 
legislation increasingly requires P recovery from sewage sludge, which is expected to promote 
thermal treatment pathways. 
Among these, pyrolysis represents a promising option because it converts sewage sludge into 
biochar. Such biochars may serve as recycled P sources and improve soil properties while 
adding relatively stable carbon compounds to soil organic matter (Lehmann et al., 2011; Zhao 
et al., 2023). In addition, biochar application has been suggested as a potential strategy for 
climate change mitigation through soil carbon sequestration (Woolf et al., 2010). However, the 
combined effects of sewage sludge biochar on crop production and soil carbon dynamics still 
require further evaluation under practical conditions. 
Therefore, this study evaluated sewage sludge biochar as a sustainability-oriented valorization 
pathway by combining results from a three-year maize field experiment with an incubation 
study on soil carbon dynamics. 
 
Material and Methods 
Sewage sludge biochar was produced from municipal sewage sludge pellets by pyrolysis at 
approximately 800 °C in an industrial countercurrent screw reactor. The resulting biochar, 
containing considerable amounts of phosphorus and stable carbon, was subsequently mixed 
with shredded wheat straw, water, and a liquid by-product from a nearby cabbage fermentation 
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the period from 2002 to 2008, according to the data of the Statistical Office, there was a 
continuous increase in the number of milking cows. So that the largest number of milking 
cows in Bosnia and Herzegovina was registered in 2008 (312,000) (Graph 1.). Since 2008, 
the number of dairy cows has been in constant decline, so according to the data, the total 
number of dairy cows in 2024 in BiH is 170,669. 
 

 

Graph 1. Numbers of dairy cows in BiH from 2002 till 2024  
(Source: Federal Statistical Office (2025), Republican Statistical Office of Republika Srpska (2025)) 
 
At the beginning of 2026, several farms in the republic Srpska entity were closed due to 
reduced milk purchases from the dairy industry. Reduced purchase of fresh milk and 
increased production costs, a further decrease in the number of milk producers, and thus the 
number of dairy cows, is expected this year (Table 1.). 
The production of raw milk in the last couple of years has been more or less stable at 600 
million liters, about 60 percent self-sufficiency in milk needs.  7,000 producers in Bosnia 
and Herzegovina produce milk for the market. The number of milk producers has 
decreased by 80 percent in the last 20 years. 
 
Table 1. Total milk production and average milk production per cow in Bosnia and 
Herzegovina in period between 2020 and 2025 

Year  2020 2021 2022 2023 2024 2025 

Cow milk (million kg) 609.63 522.78 542.9 562.22 581.87 597.58 
Average production per 
head 3179 2734 2849 3201 3409 3524 

 
Unfortunately, milk production in Bosnia and Herzegovina is still underdeveloped, 
unorganized and there is a lack of capacities in the processing industry, related to products 
of added value. In addition to this with increased investments, individual milk producers 
invest additional funds in the development of their farms and their modernization. It is 
positive that, especially the correction criteria in accordance with the requirements of 
international standards and quality regulations. 
The dairy industry, which has about 23 dairies (data on the number of processing capacities 
varies up to 20-35), of which 11 export products to the European market, generates an annual 
income of more than 500 million KM and employs about 2,000 people. It is estimated that 
during the year 2025, around 597 million liters of raw cow's milk were produced, and the 
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Finally, volatilomics translates the chemical composition of the product into its sensory 
perception. Volatile compounds formed during processing, particularly through lipid 
oxidation, amino acid degradation and Maillard reactions, contribute to the characteristic 
aroma of dry-cured products (Toldra, 1998). Their formation reflects interactions between 
raw material properties, processing conditions and microbial activity. 
Therefore, the combination of genomic, transcriptomic, lipidomic and volatilomic data 
enables the construction of a "genotype-phenotype-product" structure, forming the basis of 
of the phenomic approach. This integration supports the identification of quality biomarkers 
and the development of predictive models for meat quality and authenticity. However, 
despite recent advances, such integrated phenomic approaches are still rarely applied in 
studies on local breeds and traditional meat products, mainly due to variability in production 
systems and the lack of standardized methodologies 
 
Role of breed in production of premium products 
Traditional premium products rely heavily on the quality of the raw material. Within the 
framework of phenomics, this dependency can be considered as a direct manifestation of 
biological processes, where genetic characteristics and regulation of metabolism affect the 
composition of lipids, which then determines technological characteristics and sensory 
properties.  
Locally adapted pig breeds generally have a high fat content and unique composition of fat 
tissue, making them suitable for production of dry-cured smoked bacon. Studies on the Black 
Slavonian pig have shown differences in chemical composition and fatty acid composition 
compared to commercial breeds, with a higher proportion of oleic acid and more favourable 
sensory properties of bacon (Latin et al., 2022). Similar results have been obtained for other 
European local breeds, such as Iberian and Alentejano pigs, supporting the connection 
between breed characteristics and product quality (Albuquerque et al., 2021; Pugliese and 
Sirtori, 2012). However, translating these characteristics into consistent product quality 
requires a better understanding of the underlying biological variation, as well as reliable 
analytical approaches. At present, the lack of detailed phenomic data represents a major 
limitation, particularly for local breeds and traditional products. The Banija spotted pig 
remains insufficiently studied, especially with regard to its lipid and volatile profiles, which 
are essential for evaluating its potential and current knowledge is still limited. 

Authentication and market valorisation 
Translating biological uniqueness into market value highlights the need for authentication 
and traceability. To develop premium products, it is important to have reliable methods that 
link product characteristics to breed, feeding and processing. Lipidomic and volatilomic 
profiles can serve this purpose because they make it possible to classify and differentiate 
meat products based on their biological and technological characteristics. This approach has 
already been implemented in the Iberian ham industry, where lipid and volatile fingerprints 
are used to differentiate quality categories and provide certification for these products 
(Pajuelo et al., 2023; Rodríguez-Hernández et al., 2024). However, application of 
volatilomics and lipidomics to Croatian local breeds remains limited, reflecting the still 
fragmented integration of phenomic research with product development. While these 
approaches provide detailed insight into measurable product traits, their relationship with 
consumer perception and product value remains insufficiently explored. 
Neuromarketing offers tools to better understand consumer responses by capturing 
subconscious reactions related to attention, emotion and decision-making (Plassmann et al., 
2015). However, to date, such approaches have not been applied in research on traditional 
and dry-cured meat products, particularly those derived from local pig breeds. In contrast, 
existing studies have largely relied on stated preference methods, which do not fully capture 













milking tasks, while the role of human role shifts to supervision, system maintenance and 
data analysis (Mathijs, 2004). 
 
Table 3. Reasons for installing AMS on the farm (Mathijs, 2004) 
Parameter *Country  

B NL D DK Total 
Reduced work 7.7 33.3 34.7 21.4 28.9 
More flexible work 35.5 19.3 34.7 35.7 27.1 
Solving the problem of hired labour 7.7 17.5 8.7 21.4 14.9 
Improving technical features 7.7 14.0 4.3 21.4 12.1 
Keeping up with the future and 
challenges 

7.7 12.3 0 0 7.5 

Other activities 30.7 3.5 17.4 0 9.3 
* Country: B= Belgium; NL= Netherlands; D= Germany; DK= Denmark 
 
Although the robot reduces the need for manual labour, it does not reduce the need for 
professional supervision, but works in a completely different way, requiring not only time 
but also a much higher level of expertise and continuous education. In family farms, this 
often means transferring knowledge to younger members who are more inclined to digital 
technologies. Dairy farms that have milking robots require less labour than those that have 
conventional milking, however, this factor will only come into play if they also have skilled 
farmers who can perform such tasks (Rodenburg, 2016). Research conducted by Vik et al. 
(2019) shows that the introduction of AMS on farms in Norway has caused widespread 
structural changes in the dairy sector. Although the introduction of AMS into production 
was actually a technological response to the desire for greater flexibility and a reduced in 
manual labour, its application has had much broader consequences for the entire 
organisational structure of farms (Rasmussen et al., 2002; Bijl et al., 2007). 
 
Conclusion 
Robotic milking of cows is one of the most significant innovations in modern livestock 
production. The introduction of AMS increases the precision, consistency and efficiency of 
the process, while reducing the physical burden on farmers and the need for intensive manual 
labour. This technology enables timely detection of changes in milk production in each cow 
and a rapid response to possible health problems. In the long term, investing in this 
technology contributes to the stability and competitiveness of dairy farms, especially in 
conditions of increasing market demands and labour shortages. Therefore, robotic milking 
can be seen as a strategic step towards more sustainable, efficient and economically 
profitable milk production in the Republic of Croatia. Its application confirms that modern 
agriculture, relying on innovation and digitalization, has strong potential for further 
development and adaptation to the challenges of the future, but with strong support from the 
state. 
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Population structure and differentiation analyses 
Typically, a well-developed analytical workflow will combine several supplementary 
approaches. Rather than depending upon one approach, PCA is an assumption-free method 
that can show the greatest genetic gradients. ADMIXTURE estimates ancestry components 
and can find evidence of admixture and introgression given appropriate reference 
populations (Alexander et al., 2009; Iacolina et al., 2018).  Pairwise FST is a commonly used 
measure of genetic differentiation and is useful for comparison within different regions and 
assisting in the determination of management units. Pairwise FST should however always be 
evaluated in combination with isolation-by-distance patterns since moderate levels of FST 
can result in continuous populations sampled over long spatial scales (de Jong et al., 2023). 
Discriminant Analysis of Principal Components (DAPC) offers an alternative multivariate 
approach to describing and categorizing genetic clusters. DAPC is a popular choice for use 
in management contexts because of its stability and ability to be interpreted (Jombart et al., 
2010). 
 
IBD and IBR analyses 
The process of conducting a Landscape Genetics analysis typically begins with evaluating 
the presence of isolation-by-distance (IBD) to determine if genetic distance increases in 
conjunction with increasing geographic distance. Wild boar exhibit IBD very frequently, and 
therefore, it is often important to investigate if there exist other landscape attributes that have 
explanatory value above and beyond distance (Rutten et al., 2019; de Jong et al., 2023). An 
extension of IBD is represented by Isolation-By-Resistance (IBR), which considers 
landscapes as resistance surfaces, where each environmental feature imposes varying costs 
to the movement of individuals and gene flow. The resultant resistance distances can then 
be compared with genetic distances to identify potential barriers to movement and/or 
functional corridors. For example, recent research has demonstrated that roadways and land 
cover types can have significant impacts on population structure in wild boars providing 
empirical support for the utility of IBR modelling in both management planning and disease 
control (Lecis et al., 2022). 
 
Circuit Theory and resistance-surface optimization 
In Circuit Theory applications, landscapes are defined as electric circuits, allowing gene flow 
to occur via multiple routes rather than just a single most efficient pathway. This type of 
circuitry is thought to more accurately represent the complex movement dynamics found in 
highly migratory animals like wild boars (McRae et al., 2008). One of the primary challenges 
associated with applying these models is defining the parameters used to assign resistance 
values. Through the utilization of genetic algorithms, it is possible to optimize resistance 
surfaces based on observed genetic patterns, thus enhancing reproducibility and minimizing 
subjectivity (Peterman, 2018). 
 
Connectivity metrics 
Effective Migration Surfaces (EEMS) offer a direct means to visualize differences in 
effective migration rate. EEMS highlight areas that experience greater or lesser migration 
than would be predicted using a simple IBD model (Petkova et al., 2016). EEMS results can 
be utilized in conjunction with resistance-based models. For example, areas experiencing 
decreased migration may be attributed to physical barriers such as roads or urban 
development. Conversely, areas exhibiting increased migration can serve as indicators of 
functionally relevant corridors.  
  



GEA methods for environment-associated genomic variation (LFMM and RDA) 
Genotype-Environment Association (GEA) methods are another component of Landscape 
Genomics. The objective of GEA methods is to evaluate statistical associations between 
allele frequency and environmental gradient while controlling for population structure. 
Latent Factor Mixed Models (LFMM) utilize unobserved structure through the employment 
of latent factors making them a preferred option for large-scale SNP datasets possessing 
spatial structure (Frichot et al., 2013). Redundancy Analysis (RDA) is a multivariate 
alternative capable of identifying polygenic signatures and subtle associations among 
multiple loci (Forester et al., 2018). Studies examining wild boars in Sardinia illustrate how 
combinations of SNP data with LFMM and RDA can identify candidate genes/loci 
associated with environmental variation (Fabbri et al., 2022). Results derived from GEA 
analyses must be viewed carefully as population structure, admixture and historical 
demography can create false positives if they are not adequately accounted for (Forester et 
al., 2018; de Jong et al., 2023). 
 
European studies of wild boars, focusing on Croatia and the Adriatic region 
Wild boar studies based on genomics across Europe show that there is a strong relationship 
between geographic distance and genetic diversity, and these relationships were influenced 
by historical events and how the animals have been managed locally (De Jong et al., 2023). 
Studies using SNP-arrays have demonstrated clusters of hybridization that exist at different 
spatial scales. Studies like Iacolina et al. (2018) found it necessary to screen for introgression 
in domestic pig populations because they had previously identified hybridization hotspot 
areas. Landscape genetic studies carried out in locations such as Flanders and Sardinia 
showed significant influences from landscape features (such as forests, roads, and land-use 
patterns) on gene-flow and population structure (Rutten et al., 2019; Lecis et al., 2022). 
Genotype-environment association studies in island ecosystems, similar to those studied in 
Sardinia by Fabbri et al. (2022), have clearly demonstrated the role of the environment on 
genetic variation. In Croatia, previous studies suggest that while the Dinaric Mountains may 
act as an impediment to wild boar migration, this mountain range does not completely block 
gene flow among wild boar subpopulations. Thus, suggesting that wild boar in Croatia 
exhibit an isolation-by-distance pattern of population differentiation and indicating that a 
connectivity-based approach would be appropriate to develop effective wildlife management 
strategies. The prior work of Cubric-Curik et al. (2011) used mitochondrial DNA to describe 
wild boar population structure in Croatia and suggested that mtDNA studies could be 
valuable in describing broad scale patterns of population structure. However, Cubric-Curik 
et al. (2011) also emphasized that nuclear markers should be employed to analyze 
connectivity. 
 
Conclusion 
The use of population and landscape genomics as a tool will aid in defining the genetic 
structure and connectivity of wild boar. In general, these approaches demonstrate that there 
is primarily continuous gene flow through the populations due to a variety of factors; 
including natural occurrences and anthropogenically-related events. Additionally, 
combining data from genome space with data from geographic space allows researchers to 
better identify areas of barriers and corridors for potential management decisions. In 
particular, this is useful when considering the impact of agriculture and the spread of 
diseases. Therefore, future research efforts would be best directed toward developing 
management practices that incorporate all three types of data (genomic, ecological, and 
epidemiologic) and are aware of connectivity. 
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Material and Methods 
The trial was established in March 28th 2022 on a family farm in Brodski Zdenci, Brodsko-
Posavina County. The Harpek variety was used as planting material. Before setting up the 
experiment, soil samples were taken for the chemical analysis. In location of Brodski Zdenci is 
a former limestone quarry where natural limestone was mined. For the purposes of the 
experiment, 1 kg of powder lime was used, which was applied 20 days before planting. The 
experiment was set up on two plots measuring 1 m2, the row spacing was 30 cm, and the 
planting site spacing was 10 cm. In May, daily temperatures reached 18°C, which had a 
favorable effect on the further development of garlic. On June 4th, 33 garlic bulbs were sampled 
from each plot and the lengths of the roots, thickened part, i.e. pseudo stem and leaves were 
measured, while other measurements were carried out in the Practicum for Pedology and Plant 
Nutrition at UNISB. 
 
Results and Discussion 
The effect of lime application on the growth and development of garlic was determined using 
33 garlic samples from each plot. The chemical analysis revealed that experiment was set up 
on a soil with a neutral reaction (pH-KCl 6.59; pH-H2O 7.74), highly humus-rich (5.4% humus), 
slightly carbonated (0.42%), poorly supplied with phosphorus (AL-P2O5 3.68 mg 100 g-1 soil), 
moderately supplied with potassium (AL-K2O 15.97 mg 100 g-1 soil). The measurement results 
of garlic growth were expressed as average values for each measured parameter and are 
presented graphically. 
Graph 1 shows measurements of the lengths of leaves and pseudo stems of garlic. Leaf lengths 
ranged from 50 to 53 cm for garlic grown on a plot without lime, with an average leaf length of 
52.75 cm. Garlic grown on a plot with lime had leaf lengths ranging from 50 to 52 cm, with an 
average length of 51.12 cm. The length of the pseudo stem from the plot without lime ranged 
from 2.7 to 4 cm, with an average length of 3.18 cm. On the plot with lime, the range was 2.7 
to 3 cm, with an average length of 2.87 cm. 
 

 a)             b)      
 Graph 1.  Leaf length (a) and pseudo stem length of garlic (b) without lime and with lime (cm) 
 
Bulb and stem diameter measurements were taken with slide role and the results are shown in 
graph 2. In the plot without lime addition, the measured bulb diameter ranged from 36.5 mm to 
42 mm, with an average of 41.13 mm. In the plot with lime addition, the bulb diameter ranged 
from 36.5 mm to 39 mm, with an average of 38.09 mm. The pseudo stem diameter in the plot 
without lime ranged from 7.8 mm to 9.3 mm, with an average of 9.24 mm. In the plot with lime 
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addition, the pseudo stem diameter ranged from 7.8 mm to 8.4 mm, with an average of 8.41 
mm. 
 

 a)     b)   
Graph 2. Bulb diameter (a) and garlic stem diameter (b) without and with lime addition (mm) 
 
Root length (graph 3a) ranged from 0 to 3 cm, with an average length of 3.06 cm. In plots with 
lime addition, root length ranged from 0 to 4.5 cm, with an average length of 4.3 cm. Lime 
addition had a positive effect on root elongation and garlic root growth. 
The plant weight (graph 3b) from the plot without lime addition ranged from 32 g to 44 g, with 
an average weight of 43.46 g. With lime addition, the weight ranged from 32 g to 38 g, with an 
average of 36.92 g. 
 

 a)       b)   
 
Graph 3. Root length (cm) (3a) and plant weight (g) (3b) without lime and with lime 
 
In terms of soil characteristics, the optimal pH for garlic cultivation is 6.5 pH on mineral soils 
and 5.3 pH on very organic soils. In the experimental field, garlic was grown on a high humus 
content soil with a neutral reaction. Research indicates that the influence of humic acids is 
stimulating for growth because it increases the vegetative growth of garlic, the number of 
leaves/plant, stem diameter, chlorophyll content (Hassan Yousif, 2019), plant height, bulb 
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Table 1. Regulatory limit values for wastewater discharge to public sewer systems in the 
Republic of Srpska. 

Parameter  Unit Limit value RS 
pH  6.5-9 
Temperature °C 40 
Sedimentation during ½ h ml/l 5 
Suspended solids g/m3 500 
COD mg /l O2 *  
BOD mg /l O2 *  
Ammonia-N g/ m3 40 
Nitrate-N g/ m3 - 
Nitrite-N g/ m3 10 
Total N g/ m3 100 
Total P g/ m3 5 
Carbon tetrachloride mg/ m3 3 000 
DDT mg/ m3 400 
Pentaclorophenol mg/ m3 2 000 
Aldrin mg/ m3 10 
Dieldrin mg/ m3 10 
Endrin mg/ m3 10 
Isodrin mg/ m3 10 
Hexaclorobenzene mg/ m3 2 000 
Hexachlorobutadien mg/ m3 3 000 
Chloroform mg/ m3 1 000 
1.2-dichlorethane mg/ m3 200 
Trichloroethylene mg/ m3 200 
Tetrachlorethylene mg/ m3 200 
Hexachlorocyclohexane mg/ m3 4 000 
Trichlorobenzene mg/ m3 100 
PAN sum mg/ m3 200 
PCB sum mg/ m3 20 
Phenol index mg/ m3 100 000 
Benzole  mg/ m3 100 000 
Toluol mg/ m3 100 000 
Xylene mg/ m3 7 000 
Formaldehyde mg/ m3 25 000 
Mineral oils g/ m3 100 000 
Detergent mg/ m3 10 000 
Ag mg/ m3 100 
Al  mg/ m3 **  
As mg/ m3 100 
Cd***  mg/ m3 50 
Co mg/ m3 1 000 
Cr total mg/ m3 1000 
Cr 6+ mg/ m3 200 
Cu mg/ m3 1000 
Fe g/ m3 - 
Hg***  mg/ m3 10 



Mn mg/ m3 500 
Ni***  mg/ m3 50 
Pb mg/ m3 500 
Se mg/ m3 2 000 
Sb mg/ m3 2 000 
Sn mg/ m3 2 000 
Zn mg/ m3 2000 
Fluoride g/ m3 50 
Cyanides g/ m3 1 
Sulphides g/ m3 2 
Sulphates g/ m3 200 
Sulphites g/ m3 10 
Chlorides g/ m3 250 

*COD and BOD are limited by permits considering technical and economic factors influencing joint WWTP and 
inflow from groundwater to sewage resulting low concentration of organic matter in inflow to WWTP 
**Al and Fe are not limited 
***Priority substances by EU 2000/0035 
 
Monitoring requirements, including sampling frequency and analytical methods, are defined 
based on the characteristics and pollution load of the discharger. While these standards provide 
a solid basis for pollution control and environmental protection, they are primarily focused on 
ensuring safe discharge rather than enabling resource recovery. 
Despite the existence of a comprehensive framework for wastewater management, current 
legislation does not explicitly address the reuse of treated wastewater, particularly for 
agricultural purposes. Irrigation practices are restricted to water of relatively high quality, and 
there are no defined standards or guidelines for the use of reclaimed water. This represents a 
significant gap when compared to Regulation 2020/741, which establishes minimum quality 
requirements and risk management procedures for water reuse in agriculture.  
The EU approach is based on a fit-for-purpose principle, where water quality is matched to the 
intended use, supported by monitoring, risk assessment, and management plans. In contrast, the 
RS regulatory framework treats wastewater exclusively as a waste stream to be disposed of, 
rather than as a potential resource. As a result, there is no legal basis for permitting reuse, no 
defined responsibilities for operators, and no quality standards to ensure safe application in 
agriculture. This lack of regulatory clarity creates barriers to investment and innovation in water 
reuse systems and limits the ability of the agricultural sector to adapt to increasing water 
scarcity. 
 
Conclusion 
The Republic of Srpska has established a relatively robust legislative framework for wastewater 
management, with clear provisions for pollution control, monitoring, and environmental 
protection. However, this framework remains predominantly oriented toward wastewater 
disposal and does not address the growing need for resource-efficient water management. The 
absence of specific regulations for water reuse, particularly in agriculture, represents a critical 
gap in the context of climate change and increasing water scarcity. Aligning national legislation 
with EU Regulation 2020/741 will require the introduction of risk-based quality standards, the 
definition of institutional responsibilities, and the integration of water reuse into broader water 
and agricultural policies. Such a transition from a disposal-oriented to a resource-oriented 
approach is essential for enhancing resilience, supporting sustainable agricultural production, 
and advancing the process of EU integration. 
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Biomass cultivation systems on contaminated soils 
The success of biomass production depends on the stability of the production system, not only 
on the selection of a particular plant species (Clifton-Brown et al., 2017). 
Perennial energy crops 
Perennial energy crops, particularly Miscanthus x giganteus, are among the most extensively 
studied options for biomass production on contaminated soils due to their high resource-use 
efficiency, low input requirements, robust rhizome-based persistence, and generally limited 
translocation of contaminants to aboveground harvestable biomass (Pidlisnyuk et al., 2020). 
Addition, their long-term cultivation contributes to increased soil organic matter and improved 
soil stability (Lewandowski et al., 2016), while rapid canopy establishment reduces erosion and 
minimizes the need for intensive agronomic inputs, making these crops suitable for marginal 
and contaminated sites (Pidlisnyuk et al., 2021). 
Short rotation coppice (SRC) 
Willows and poplars enable high biomass production with short rotations and effective 
stabilization of contaminated soils through their root systems (Pidlisnyuk et al., 2020). Such 
systems are particularly suitable for metal-contaminated and mining soils. 
Extensive systems and spontaneous vegetation 
In extremely degraded locations, spontaneous vegetation can represent a functional source of 
biomass with a very favorable energy input-output ratio (Zgorelec et al., 2025). 
 
The influence of contamination on biomass yield and quality 
Soil contamination affects plant physiological processes including photosynthesis, respiration 
and nitrogen metabolism, which can lead to an initial reduction in yield (Nagajyoti et al., 2010). 
In the long term, stabilization of yields is achieved by adaptation of plants and improvement of 
soil structure (Lewandowski et al., 2016). 
Changes in the chemical composition of biomass include increased ash content, changes in 
lignocellulosic ratio and accumulation of mineral elements that affect the energy value of 
biomass (Pidlisnyuk et al., 2021). 
 
Regulation and legal framework 
Management of biomass produced on contaminated soils is associated with regulatory 
constraints. The Waste Framework Directive (2008/98/EC) defines the classification of waste 
and by-products, while the Renewable Energy Directive (EU) 2018/2001 determines the 
sustainability criteria of biomass. The Industrial Emissions Directive (2010/75/EU) regulates 
emissions from biomass energy conversion plants. The lack of specific regulatory guidelines 
for phytoremediation biomass represents a key obstacle to the wider implementation of energy 
systems. 
 
Production management and agrotechnical measures 
Adaptation of agrotechnical measures is essential for stable biomass production on 
contaminated soils (Pidlisnyuk et al., 2020). Maintaining neutral pH by liming reduces metal 
mobility and improves nutrient availability (Kisic et al., 2017). Minimal tillage reduces the 
redistribution of contaminants, while selective fertilization prevents their mobilization into the 
plant (Nagajyoti et al., 2010). Control of biomass harvesting and storage is important to prevent 
secondary spread of contamination (Pidlisnyuk et al., 2021). 
 
Energy valorization of biomass 
Biomass obtained from phytoremediation systems represents a specific category of material 
whose value depends on  type of contaminant and the conversion technology (Pidlisnyuk et al., 
2021). Energy conversion pathways for biomass produced on contaminated soils can be broadly 
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is to evaluate the agronomic principles of RA, in relation to CA, and their role in reversing soil 
degradation and biodiversity loss. 
 
Agronomic Principles of Regenerative Agriculture in relation to Conservation 
Agriculture  
RA is based on interrelated agronomic principles aimed at restoring soil functionality, 
enhancing ecosystem resilience, and ensuring long-term agricultural sustainability. CA 
represents a key foundation of this approach, as both systems share core principles: minimal 
soil disturbance, permanent soil cover, and crop diversification (Hobbs et al., 2008; FAO, 
2021). While CA focuses on these three pillars, RA expands them by incorporating livestock, 
organic amendments, and broader ecosystem restoration (Palm et al., 2014). Minimal soil 
disturbance, achieved through conservation tillage, is fundamental to both systems. 
Conventional plowing disrupts soil structure and accelerates organic matter mineralization (Lal, 
2015), whereas conservation tillage improves aggregate stability and promotes carbon retention 
(Paustian et al., 2016). However, its benefits are maximized when combined with soil cover 
and crop diversification (Pittelkow et al., 2015; Nunes et al., 2018). Permanent soil cover, 
maintained through residues or cover crops, protects soil from erosion, regulates temperature, 
and reduces water loss, while increasing soil organic carbon inputs (Lal, 2020). Cover crops 
also enhance microbial activity, support biodiversity, and suppress weeds (Kumar et al., 2025). 
Crop diversification further strengthens system resilience by improving nutrient cycling, 
reducing pest pressure, and promoting biodiversity (Bardgett and van der Putten, 2014; Palm et 
al., 2014). RA extends these benefits through livestock integration, which enhances nutrient 
cycling and carbon sequestration (Teague et al., 2016), and through organic amendments that 
improve soil fertility and structure. Overall, CA provides the structural basis for RA, while 
regenerative practices broaden its ecological and functional scope. Their relationship is 
complementary, combining agronomic stability with enhanced ecosystem restoration and 
climate resilience. 
 
Regenerative and Conservation Agriculture and Soil Health 
Soil health is a multidimensional concept encompassing physical, chemical, and biological 
properties, all of which are strongly influenced by regenerative and conservation agricultural 
practices. One of the most significant effects of these practices is the increase in SOC, which 
represents a key indicator of soil quality and functionality. Higher SOC levels improve nutrient 
cycling efficiency by supporting microbial-mediated processes and increasing nutrient 
availability, thereby reducing the dependence on external inputs. In addition to chemical 
improvements, regenerative and conservation practices positively affect soil physical 
properties. Enhanced soil structure, increased porosity, and improved aggregate stability 
contribute to better water infiltration and retention. These changes reduce the susceptibility of 
soil to erosion and improve its capacity to store plant-available water, which is especially 
important under conditions of increasing climate variability and drought stress (Lal, 2020). 
Improved physical conditions also facilitate root growth and enhance overall plant 
performance. Soil biological activity represents another critical dimension of soil health 
influenced by regenerative and CA. Soil organisms, including microorganisms and macrofauna, 
play a central role in decomposition processes, nutrient mineralization, and the formation of 
stable soil aggregates. Regenerative systems promote higher microbial biomass, increased 
enzymatic activity, and greater diversity of soil fauna, all of which contribute to improved soil 
functionality and resilience (Bardgett and van der Putten, 2014; Hawes et al., 2025). 
Collectively, these physical, chemical, and biological improvements demonstrate the 
integrative impact of regenerative and conservation practices on soil health and their potential 
to support sustainable agricultural systems. 
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Summary  
The first stage of the research aimed to study the rooting properties of Capparis spinosa L. 
growing in Uzbekistan in vitro. C.spinosa L. is a medicinal plant, and since the stem contains 
lignin, the rooting process is difficult and takes a long time. Therefore, we studied the effect of 
BERES organic fertilizer, which is rich in IAA, IBA, humic and fulvic acids, as growth factors 
in vitro. According to the results obtained, the effect of organic fertilizer on the rooting 
indicators of C. spinosa L. was close to the indicators of IAA stimulants. The data prove that 
the use of organic fertilizers in in vitro cultivation of plants is of great importance in creating 
environmentally friendly cultures. 
 
Keywords: Capparis spinosa, micropropagation, humic fertilizers, smart biofertilizer, 
medicinal plants 
 
Introduction  
Capparis spinosa L. is a perennial shrub with a woody stem, a major medicinal plant, widely 
distributed in arid and semi-arid regions. This plant is rich in biologically active substances 
with pronounced antioxidant, anti-inflammatory, and other medicinal properties [Isagaliev M. 
et al., 2022; Khalilova S.A. et al., 2024; Khojimatov O.K. et al., 2015]. The arid climate and 
saline soils of Uzbekistan create favorable conditions for the growth of C. spinosa L. under 
stressful conditions. However, with traditional propagation methods, the seeds of this species 
are characterized by low germination and rooting capacity [Koufan M., 2022; Mahmodi N., 
2022]. In vitro micropropagation enables the rapid production of highly productive genotypes. 
However, synthetic auxins are often required to ensure high plant productivity, resulting in low 
plant survival [Parvin S. et al., 2023]. In recent years, increasing research has focused on the 
minimal yet effective use of fertilizers in agriculture, making the development of targeted 
fertilizers a pressing issue. The use of the innovative humic fertilizer BERES Universal 
stimulates plant morphogenesis, enhances root formation, and improves soil microflora and 
plant adaptation to stressful conditions. In the second stage, "smart" fertilizers based on chitosan 
biopolymer and consortia of beneficial local soil microorganisms are developed, enhancing the 
biological value of medicinal plants and improving the composition of the soil microbiota. 
These technologies are particularly relevant in Uzbekistan, and their use in drought- and 
salinized soils is essential for increasing plant productivity. Our research focuses on the 
development of "smart" fertilizers for optimizing the arid and saline soils of Uzbekistan. The 
first stage involved studying the effect of organic fertilizers rich in humic and fulvic acids on 
optimizing the rooting of Capparis spinosa L. regenerates in vitro. 
The aim of this study was to optimize the micropropagation of C. spinosa L. in vitro using 
BERES Universal, as well as to develop "smart" biofertilizers aimed at increasing the content 
of biologically active substances. 
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In comparison, the control group without BERES Universal showed a rate of 47% in MS+GM 
medium, while the application of BERES 1.0 mg/L increased this rate by 37% to 84%. The 
results obtained show that the nutrient medium used during the rooting stage has a significant 
impact on the survival rate of regenerants during the subsequent acclimatization process.  

 
Conclusion 
These studies serve as the basis for creating complex and sustainable technologies for 
optimizing microclonal propagation conditions of Capparis spinosa L., increasing the synthesis 
of bioactive substances, and adapting it to arid soil conditions. It will allow selecting the most 
effective local microorganisms from the soil microbiota and using them in the production of 
fertilizers based on biopolymers. 
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In April, at the end of the rainy season, EC values were lower in the topsoil (1.7 dS m-1 at 0-25 
cm), indicating salt leaching due to rainfall. The highest EC value was observed at 50-75 cm 
(6.8 dS m-1), suggesting that soluble salts moved to deeper layers with percolating water. 
In September, after the dry summer period, EC increased in the topsoil (2.3 dS m-1), indicating 
salt accumulation near the surface. This increase may be related to irrigation with more saline 
water and to capillary rise and evaporation that transport salts toward the soil surface. In deeper 
layers (50-100 cm), EC values were lower than in April (5.9 and 4.9 dS m-1), indicating upward 
salt movement. 
Soil pH values ranged from 6.6 to 8.4, with most soils classified as slightly to moderately 
alkaline. These values are typical for soils developed on carbonate sediments, which dominate 
in the Neretva River Delta. 
The analysis also revealed significant relationships between soil properties (fig. 3). EC showed 
positive correlations with clay content, soil organic matter and total nitrogen. This suggests that 
fine-textured soils tend to retain higher amounts of salts and nutrients due to their greater 
surface area and adsorption capacity.  
In contrast, negative correlations were found between soil pH and parameters such as organic 
matter and total nitrogen. Soils with higher pH values generally contained lower levels of 
organic matter and nutrients.  
 

 
Figure 3. Correlation matrix of soil properties. 
 
Conclusion 
The results of this study indicate that soils in the Vidrice polder are currently classified as non-
saline, although signs of salt accumulation in the subsurface layer suggest a potential future risk 
of salinization. Seasonal analysis of EC showed variability between sampling periods. After the 
rainy season, salts tend to leach into deeper soil layers, reducing EC values in the surface 
horizon. During dry periods, evaporation and irrigation may promote upward salt movement, 
increasing EC values in the upper soil layer. Electrical conductivity showed strong relationships 
with soil texture, organic matter and nutrient content, indicating that fine-textured soils are more 
prone to salt accumulation. These findings highlight the importance of continuous soil 
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This is supported by the experience with the same hybrid from previous years, where it used to 
produce up to 12 t ha-1, and in this case, the average yield was only 6.95 t ha-1 in the 
STANDARD treatment (Graph 4). Part of the problem was a large reduction of the crop 
population compared to the planned density due to heavy precipitation immediately after 
sowing in two of the three locations, followed by a severe drought (almost 60 days without 
precipitation), which reduced the crop stand from the sown 70 thousand plants to only 59 
thousand plants ha-1 in the STANDARD treatment. Similar plant stand reduction was observed 
also by Banaj et al. (2023). The reduction of the stand was an even more pronounced factor 
influencing the yield in the TWIN treatment, where the combination of soil crust and drought 
reduced the stand to an even lower 52 thousand plants ha-1. Somewhat better microclimatic 
conditions, as well as more available direct light in the maize canopy, created for intercropping 
of maize and chickpeas, resulted in higher yields compared to sole crops, both in standard and 
twin row sowing, which is observed earlier by Ogrizovic (2015) and Banaj et al. (2024). In the 
case of maize, this difference amounted to a significant 1100 kg ha-1. In the case of twin row 
sowing, combining yielded about 470 kg ha-1 higher yield, also a significant difference, but not 
so impressive, because the twin row arrangement in itself provides maize with better initial 
growth conditions, a larger vegetation area per individual plant, less competition with 
neighboring crops, greater shading of the total area under the crop due to the zig zag 
arrangement, thus better water conservation and stronger competition against weeds. In this 
case, the decisive factor for the lower yield of twin row maize was a more strongly reduced 
assembly due to a stronger bowing at the very beginning of the growing season. 
 

 
Graph 2. Plant density of maize (plants ha-1); red part represents reduction from planned density 
 

 
Graph 3. Plant density reduction of chickpeas (plants ha-1) from planned densities 
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For chickpeas cultivars, yields of only 200 to slightly over 800 kg ha-1 were recorded (Graph 
5), which is a rather low yield (the literature average is around 2000 kg ha-1, with irrigation up 
to 5-6 t ha-1), certainly caused by the torrent rainfall immediately after sowing, forming soil 
crust and reducing plant density (Graph 3), and the long-term drought afterwards. The 
differences in yields are a combination of different assortment (smaller, desi type of chickpeas 
in cultivars Bori and Katlin, against larger, kabuli type of cultivar Twist), grain shape and 
impact on sowing (more irregular desi types with more edges, weaker adhesion to the sowing 
plate of the pneumatic seeder), stronger branching (cultivar Bori) and better compensation of 
the assembly (cultivar Katalin).  
 

 
Graph 4. Grain yield of maize (kg ha-1, standardized grain moisture of 14%).  
 
In most cases, the most favorable yield in 2025 turned out to be a set of 300,000 plants ha-1, 
while in a few cases, increasing the set to 650,000 plants ha-1 significantly reduced the yield 
(from 150 to 200 kg ha-1). It is also visible that all chickpea cultivars significantly increased the 
yield when using the twin row layout, in some cases by more than 100% (e.g. cultivar Bori in 
a group of 500 thousand plants ha-1). 
 

 
Graph 5. Grain yield of chickpeas (kg ha-1, standardized grain moisture of 14%).  
 
It is also noticeable that by combining chickpeas with maize in the standard sowing method, 
the yield of the cultivar Katalin in the same plot increased by 1/4 of the yield, while in the twin 
row sowing method it recorded a slightly higher level of yield in the same plot, and that the 
twin row method of combining was more favorable for the same cultivar than the standard 
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Table 1. Inhibitory effect of essential oils on the growth of F. oxysporum mycelium 
Inhibition (%)  

Essential oil 
Volume fraction of essential oil in air (%) LSD 

0.05 
0.02 0.1 0.2 0.3  

Star anis 26.60 ± 10.33 54.55 ± 0.00 66.73 ± 0.00 70.33 ± 2.07 9.92 
Mountain pine 11.27 ± 4.69 21.64 ± 2.07 49.14 ± 38.66 36.52 ± 4.13 36.92 
Cinnamon bark 100 ± 0.00 100 ± 0.00 100 ± 0.00 100 ± 0.00 0.00 

Clove 100 ± 0.00 100 ± 0.00 100 ± 0.00 100 ± 0.00 0.00 
Sweet orange 8.11 ± 2.07 7.21 ±1.35 16.68 ± 2.34 21.64 ± 2.07 3.75 

Thyme 100 ± 0.00 100 ± 0.00 100 ± 0.00 100 ± 0.00 0.00 
Fennel 33.81 ± 5.47 40.57 ± 3.12 52.75 ± 4.75 60.41 ± 3.12 7.99 

Rosemary 14.87 ± 2.07 38.77 ± 2.82 49.14 ± 3.58 54.55 ± 14.12 14.22 
Eucalyptus 10.82 ± 2.82 14.87 ± 5.12 28.4 ± 2.82 30.66 ± 1.56 6.28 

Control ( pure PDA) 0.00 ± 1.56 0.00 ± 1.56 0.00 ± 1.56 0.00 ± 1.56  
LSD 0.05 7.18 3.90 21.18 8.40  

 
Table 2. Spore concentration (x107/ml) of F. oxysporum depending on the applied essential oil 
and the volume fraction of oil in the air 

Volume fraction of 
oil in the air (%)  

Essential oil 
Star 
anise 

Mountain pine Fennel Sweet orange Rosmary 

0.02 8 15.7 5.3 6.7 4.6 
0.1 2.8 10.5 5.9 3.6 2.9 
0.2 1.7 12.1 3.5 6.5 1.8 
0.3 1.3 15.7 1.6 5.4 2.2 

Control ( pure PDA) 4.4 
 
The ability of the fungus to cause infection depends, among other factors, on the number of 
spores formed and their germination. The average percentage of germinating conidia compared 
to the control (100%) ranged from 22.58% (fennel, oil volume fraction in air 0.1%) to 87.10% 
(star anise, oil volume fraction in air 0.02%) (Graph 1). The negative impact of essential oils 
on spore germination has also been reported by Gemeda et al. (2014), Karaca et al. (2017), and 
Zulu et al. (2023). According to these authors, spore germination can be reduced by a few per 
cent up to 100%, depending on the type of fungus and the type and amount of essential oil 
applied. 
 







 
 
 
 
 

 

 
  
































































































































































































































































































































































































































































