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Abstract. Experimentation of cloudberry cultivation has recently started in Latvia. Propagation 
is an essential part of cloudberry cultivation strategy, and it is an important step to ensure 
cloudberry survival and high vitality in field conditions. Optimal moisture conditions have to be 
determined for seedling development in the greenhouse. Potted cloudberries, cultivar ‘Nyby’, 
were grown at four different relative moisture levels of the substrate (in percent of the full water-
holding capacity of the peat) - 50%, 60%, 70%, and 80%. Physiological measurements were taken 
once every week, including the concentration of total a and b chlorophyll in SPAD units and 
stomatal conductance in mmol m-2s-1. Morphological parameters, such as the number of leaves 
per pot, leaf size (cm), number of winter buds and visual score (from 1 to 5) were measured at 
the end of the vegetation season. Results revealed significant differences between the substrate 
moisture treatments for chlorophyll content in leaves, winter bud development and visual scoring. 
The authors note that slightly higher results were found for all parameters for the 80% treatment, 
following the tendency of increased plant vitality in higher moisture levels. This study indicates 
that a relative moisture of at least 70% of the full water-holding capacity of the peat is necessary 
for successful cloudberry growth and development under greenhouse conditions. 
 
Key words: cultivar Nyby, greenhouse, peat substrate, photosynthesis, Rubus chamaemorus, 
SPAD, transpiration, winter buds. 

 
INTRODUCTION 

 
Cloudberry Rubus chamaemorus L. is a perennial plant with circumpolar 

distribution (Thiem, 2003). Since the 20th century, cloudberries have mainly been studied 
and cultivated in the northern arctic and subarctic regions - Canada, Norway, and Finland 
(Rapp & Martinussen, 2002; Bellemare et al., 2009b). Recently, the first studies on the 
propagation and cultivation of cloudberries have been started in Latvia. To successfully 
grow cloudberries in the hemiboreal climate zone, optimal moisture and lighting 
conditions, and fertilization technologies have to be developed. According to Rapp 
(2004), the cultivation of cloudberry includes three basic steps: propagation by cutting 
of rhizomes, the rooting period during which plants develop new shoots, and planting in 
the field for berry harvest. 

https://doi.org/10.15159/AR.24.048
https://doi.org/10.15159/AR.24.048
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Studies regarding the growth conditions of cloudberry during the rooting period are 
scarce, and standards for substrate moisture and fertilization regimes have to be 
developed before commercial production can be established. Considering that the 
climate in Latvia is warmer with longer summers than in Northern countries, an optimal 
moisture regime is essential to successful growth and survival of cloudberry seedlings. 
As cloudberry naturally occurs in sphagnum peat (Rapp, 2004), it requires a stable water 
level. Berries like highbush blueberry Vaccinium corymbosum L. and American 
cranberry Vaccinium macrocarpon Aiton are already grown in cutover peat bogs in 
Latvia (Krīgere et al., 2019), and cloudberry is a potential berry plant for cultivation as 
well. For now, some of the requirements for other berries grown in peat soils could also 
be attributed to the cultivation of cloudberries. Few studies on cultivated Vaccinium 
species have been conducted regarding the influence of moisture conditions on plant 
development in the nursery. Low water availability decreases transpiration and 
photosynthetic rates in blueberries, indicating water stress (Glass et al., 2003). For 
cranberry, plant biomass growth was limited in insufficient moisture conditions 
(Lampinen, 2000). 

Théroux-Rancourt et al. (2009) reported that stable water availability at the surface 
is beneficial for growth and rhizome extension during cloudberry establishment in 
plantations. However, if soil water content exceeds the optimal range, plant roots are 
subjected to reduced oxygen availability. Prolonged overwatering can inhibit branching 
and leaf growth (Pelletier et al., 2015; Guo et al., 2021) and cause root rot, resulting in 
plant death (Ward, 2013). Therefore, the prerequisites for cloudberry growing are 
sufficient water supply and well-aerated peat soil, which corresponds to fibric peat  
(H2–H3) (Rapp, 2004; Wendell & Alsanius, 2008; Bussières et al., 2015). Cloudberry 
rhizome vitality is essential for the development of roots and new ramets growth during 
propagation (Bellemare et al., 2009a). Rhizome segments (20–40 cm long) are commonly 
used as transplants (Rapp, 2004). However, mortality in field conditions can exceed 
70%, which is mainly explained by insufficient reserves of carbon and nutrients in the 
rhizome segment, as well as by the formation of an underdeveloped root system 
(Bellemare et al., 2009a). To prevent this problem, it would be advantageous to carry out 
the period of rooting and shoot development in the greenhouse, with subsequent planting 
of seedlings in the field. Especially since it has been proven that cloudberry rhizomes 
can develop an extensive root system when grown in containers in a peat substrate under 
greenhouse conditions (Bussières et al., 2015; Boulanger-Pelletier & Lapointe, 2017). 
A critical issue for such propagation is the optimal water regime in the peat substrate to 
obtain healthy seedlings with a developed root system. Although in the northern 
countries, cloudberries are grown in nurseries, there is no available data on the growing 
temperature or moisture conditions under which cloudberries are propagated, or the 
optimal conditions. Considering the overall scarcity of available studies on cloudberry 
growing, starting cultivation in the climate of Latvia also requires obtaining data on the 
first step of cloudberry cultivation: propagation. Therefore, to determine the optimal 
conditions for propagation, we conducted a study testing different moisture treatments 
for potted cloudberries. 

The aim of this study was to determine the effect of different moisture levels in peat 
substrate on the physiological and morphological parameters of cloudberry seedlings. 
Determining the optimal and lower limits of substrate relative moisture level for potted 
cloudberries in partly controlled greenhouse conditions is an important step in the 

https://en.wikipedia.org/wiki/Vaccinium_corymbosum
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development of cloudberry cultivation technology for the establishment of commercial 
production. 
 

METHODS AND MATERIALS 
 
Experimental condition and design 
The experiment was conducted in a partly-controlled experimental greenhouse of 

the Institute of Biology, University of Latvia, located in Riga, Latvia, between March 
and September 2023. Non-conditioned greenhouse (size: 6×10×4 m, material: 
polycarbonate) conditions ensured no wind or precipitation influence on the plants. The 
lowering of the temperature in the summer months was carried out by ventilation during 
the day, which ensured that the greenhouse did not overheat. For these purposes, the 
greenhouse was equipped with 4 ventilation windows and doors at both ends of the 
greenhouse. As experiment was carried out in a greenhouse in Latvia, which is located 
in the hemiboreal climate zone, our findings could be applied in similar (temperate) 
environmental conditions in semi-controlled producing greenhouses. 

Latvia is located in the hemiboreal climatic zone. The mean temperature for March, 
April, May, June, July, August and September were +1.6 °C, +7.4 °C, +11.3 °C, 
+16.6 °C, 16.8 °C, +18.5 °C, +15,8 °C, respectively, based on the records provided by 
SLLC ‘Latvian Environment, Geology and Meteorology Centre’ (2024). 

Commercially produced peat substrate for forest seedlings and milled raw peat 
(Ltd. Laflora, Latvia) in a ratio of 1:2 was used as a substrate (level H2–H5 on von Post 
scale). Substrate agrochemical characteristics, determined from composite sample (2 L) 
taken in March before the experiment establishment, are given in Table 1. To determine 
plant-available nutrient (N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, Mo, B) concentrations, peat 
samples were extracted using 1 M HCl in volume ratio 1:5; substrate electrical 
conductivity (EC) was measured in peat via distilled water extraction (1:5); peat reaction 
(pH) was measured in 1 M KCl soil-extractant mixture (1:2.5) as previously described 
(Karlsons et al., 2021). The experiment was carried out with the hermaphroditic 
cloudberry cultivar ‘Nyby’. Cloudberries were propagated by sectioning rhizomes 
(15 cm each). Sections were then planted in 1 L plastic pots with the substrate. All pots 
with substrate were weighed to ensure identical weight. Seedlings were grown at four 
different relative moisture levels of the substrate (in per cent of the full water-holding 
capacity of the peat) - 50%, 60%, 70%, and 80%, labelled as 50M, 60M, 70M, 80M, 
respectively. Two months after setting up the experiment, a single dose (100 mg) of 
complex fertilizer Novatec Classic 12–8–16 with micronutrients (COMPO GmbH & Co, 
Germany) was added to each pot as a maintenance fertilizer. 

 
Table 1. Nutrient concentration, pH and EC in the air-dry peat substrate before moisture 
experiment establishment 
Plant available peat substrate nutrient concentration (g m-3) in 1 M HCl extraction pHKCl 

ECH2O, 
mS cm-1 N P K Ca Mg S Fe Mn Zn Cu B 

5 11 131 1,606 250 65 90 5.28 7.33 0.97 0.5 4.39 1.06 
 
To determine the water-holding capacity (WHC) of the peat, a certain amount of 

peat substrate was placed in 1 L plastic pots (in three replications) and saturated with tap 
water (method adapted from Faran et al., 2019). After full saturation, the peat was 
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removed from the pots and weighed. Samples were then dried in a drying oven at  
100–105 °C to a constant mass, that is, the weighing was repeated until the mass of the 
sample did not change. The substrate WHC was the difference between the weights of 
the wet and dry substrate. The 50%, 60%, 70% and 80% WHC levels were determined 
as a respective fraction of the specified 100% WHC. 

Thirty pots per treatment were randomly placed on the greenhouse table.  
Moisture levels were continuously maintained by weighing the pots and adding tap water 
three times per week from March to September 2023. The moisture treatments started 
on March 23. 

 
Plant measurements 
The start of cloudberry plant growth was recorded on March 21, when buds were 

visible in 50% of the pots. Leaves were fully developed by the beginning of May and 
measurements were started on May 12. Non-destructive measurements of physiological 
parameters were carried out once a week on randomly selected leaves for each treatment 
(n = 15). The concentration of total a and b chlorophyll was measured using a 
chlorophyll meter SPAD–502Plus (Minolta, Warrington, UK). Stomatal conductance in 
mmol m-2s-1 was measured with METER SC–1 Leaf Porometer (Decagon Devices, 
Pullman, WA, USA). 

Morphological parameters, including the number of leaves and winter buds per pot, 
leaf size (cm), and visual score were measured once, at the end of the vegetation season 
on September 1st. For each treatment, two diagonal measurements were taken for each 
randomly selected leaf to calculate the average size (n = 30). The number of leaves and 
winter buds were counted per pot (n = 15), pots from each treatment were selected 
randomly. Visual score scale (Fig. 1) was adapted from Anwar et al., 2010 for cloudberry 
leaves (5 – green and healthy, 4 – pale green, 3 – yellow, 2 – yellow and brown, 
1 – brown (dead leaves)). Randomly selected pots (n = 15) were rated by the average 
condition of the leaves in the pot using the scale. 

 

 
1 – brown (dead leaves) 2 – yellow and brown 3 – yellow 4 – pale green 5 – green (healthy) 

 
Figure 1. Representative example of visual scoring scale for evaluation of leaf condition in 
different substrate moisture conditions (scale adapted from Anwar et al., 2010). 

 
Statistical analysis 
Cloudberry growth results were analysed with descriptive statistics using the 

R programming language. A one-way ANOVA with post hoc Tukey HSD test were 
conducted to determine statistically significant differences (P < 0.05) between moisture 
treatments for all parameters, except for visual scoring of the plants, for which a Kruskal 
Wallis test with post hoc Dunn’s test was performed. ‘ 
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RESULTS AND DISCUSSION 
 

Physiological measurements 
SPAD measurements in cloudberry leaves revealed significant differences (P < 0.05) 
between most of the substrate moisture treatments except between 70M and 80M. Both 
treatments had the highest mean results per growing season regarding chlorophyll 
content in leaves (Fig. 2). 70M and 80M were characterized by only small seasonal 
changes in leaf SPAD readings, and the values generally did not decrease during the 
summer. The only difference between these treatments, which can only be evaluated as 
a trend, was found in September when a slight decrease in chlorophyll concentration was 
more pronounced for 70M. The results on the dynamics of cloudberry leaf chlorophyll 
content revealed not only lower mean values for 50M and 60M but also a progressive 
decrease starting from the second half of July to the end of the growing season. For 50M, 
SPAD values decreased particularly rapidly until mid-August and were significantly 
different from those found in 60M during this period. SPAD indicates the overall vitality 
of the plant and its ability to photosynthesize (Uddling et al., 2007). Chlorophyll content 
is affected by environmental and genetic factors and positively correlates with nitrogen 
concentrations in leaves (Xiong et al., 2015). While drought conditions limit yield in 
crops even with adequate N fertilization, excessive water levels may contribute to N 
leaching, thus decreasing the chlorophyll contents (Széles et al., 2012). Studies show 
that drought conditions decrease chlorophyll content, thus decreasing photosynthetic 
capacity (Arunyanark et al., 2008). Considering our study was conducted to find the 
lower limit of moisture level for cloudberry seedlings, moisture and chlorophyll content 
appear to be related and indicate the effect of drought on plant vitality. Therefore, in 
greenhouse conditions, the relative moisture level of at least 70% and higher in the peat 
substrate is optimal for photosynthesis in cloudberry leaves. 
 

 
 

Figure 2. Effect of different substrate moisture levels on chlorophyll content of cloudberry leaves 
in SPAD units from May to September. 50M, 60M, 70M, and 80M – represent relative substrate 
moisture content at 50%, 60%, 70%, and 80% of full water-holding capacity. 
*Given means and standard errors (SE) represent the means of all growing season chlorophyll data for each 
treatment. **Means with different letters indicate significant differences between treatments (P < 0.05). 
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Although the results revealed an increase in mean stomatal conductance (SC) in 
accordance with higher moisture levels, no significant differences (P > 0.05) were found 
between any of the moisture treatments (Fig. 3). This can be attributed to a type II error 
based on the limited number of replicates; however, the results do show a tendency for 
higher SC levels in 80M with more available water than for other treatments. The SC of 
cloudberry leaves slightly increased over the season for all moisture treatments, and only 
the last measurements in September showed a tendency to decrease or remain 
unchanged. The differences in SC under different substrate moisture conditions were 
more evident as the growing season progressed. From mid-July water stress (treatments 
50M and 60M) reduced leaf stomatal conductance as compared to 70M and 80M. SC 
characterizes vital physiological processes as gas exchange and transpiration, which 
depend on various environmental stress factors at microclimatic scale, such as 
temperature, wind, relative humidity, and water availability (Lavoie-Lamoureux et al., 
2016; Urban et al., 2017; Xiong et al., 2018). Low water availability reduces 
photosynthetic activity and inhibits growth due to reduced gas exchange capacity (Bryla, 
2011; Osakabe et al., 2014). Once water loss exceeds water availability, stomata close 
thus decreasing transpiration rates (Asbjornsen et al., 2011). Therefore, SC is a good 
indicator for assessing how soil moisture levels impact the plant. Study of blackberry 
Rubus L. clones revealed that by adapting the stomatal apparatus in drought-stress 
conditions, plants maintained the photosynthetic rates (Zhang et al., 2017). Although our 
results did not confirm the impact of drought-stress on plant transpiration, a tendency 
was found of SC to slightly increase in accordance with higher moisture levels, similar 
to the SPAD results.  

 

 
 
Figure 3. Effect of different substrate moisture levels on stomatal conductance (mmol m-2s-1) of 
cloudberry leaves from May to September. 50M, 60M, 70M, and 80M – represent relative 
substrate moisture content at 50%, 60%, 70%, and 80% of full water-holding capacity. 
*Given means and standard errors (SE) represent the means of all growing season stomatal conductance 
data for each treatment. No significant differences were found between treatments (P > 0.05). 

 
Morphological measurements 
Morphological parameters such as the number of leaves and winter buds per pot, 

and leaf size were measured at the end of the vegetative period of cloudberry seedlings 
to compare cloudberry morphological development under different substrate moisture 
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treatments. These measurements thus revealed the effect of moisture on the development 
of cloudberry seedlings after one season of rooting period. 

The number of leaves per pot did not differ significantly between any of the 
treatments (Table 2), however, by the end of the vegetative period 80M had on average 
the most leaves per pot that were developed and had survived. Although the leaf number 
for 70M were on average lower than for the rest of the treatments, treatments did not 
differ significantly within this parameter, thus this is not a contradictory finding. An 
increase in soil bulk density and a decrease in pore size increases water-holding capacity, 
which depends on soil physical properties. In other studies, cloudberries in peat with low 

produced in different moisture treatments could be related to the amount of water held 
in the peat substrate. Although no significant differences were found between the 
treatments, which could be related to the limited number of experimental replicates, a 
tendency was found for the number of leaves in the pot to be the highest at 80M. This is 
generally consistent with other parameters, for which the highest results were observed 
at 80M. 

The number of winter buds per pot revealed significant differences between  
50M–80M and 60M–80M treatments. 80M had the highest number of winter buds per 
pot, however, there were no significant differences found between 70M and 80M. This 
suggests that relative substrate moisture level can vary within 70–80% without a 
significant effect on cloudberry winter bud development. Rhizomes are essential for root 
and new shoot growth and for cloudberry growing this is especially important, 
considering that high-density cloudberry patch produces more berries (Brändle & 
Crawford, 1987; Rapp, 2004). Thus, it is important to maintain the vitality of rhizomes 
and enhance their development, as winter buds are developed in the vegetative period to 
overwinter. Currently, no studies report results on cloudberry development in soil with 
excessively high water content, and it is not clear what is the upper limit for water content 
in peat for cloudberries. However, as literature suggests, waterlogging can reduce 
oxygen availability for roots leading to rotting, and eventually nutrient leaching, which 

bulk density and high porosity 
developed more leaves than those 
in more compacted peat soil 
(Théroux-Rancourt et al., 2009). 
The most suitable peat for 
cloudberry growing in field 
conditions is fibric peat, classified 
H2–H3 on the von Post scale 
(Bussières et al., 2015). In this 
study, the peat substrate used was 
within the range of H2–H5 on the 
von Post scale, which is generally 
suitable for cloudberry propagation 
and growing in the greenhouse. In 
addition, the physical properties 
and water-holding capacity of the 
substrates in pots of all treatments 
were identical. Therefore, the 
differences in the number of leaves  

 
Table 2. Number of leaves and winter buds per pot, 
and mean leaf size (mean ± standard error (SE)) at 
the end of the growing season 2023 for cloudberry 
seedlings in different substrate relative moisture 
treatments. 50M, 60M, 70M, and 80M – represent 
relative substrate moisture content at 50%, 60%, 
70% and 80% of full water-holding capacity 
 Mean ± SE 

Treatment Leaves  
per pot 

Winter buds 
per pot 

Leaf size 
(diagonal), 
cm 

50M 12.73 ± 0.64 11.67 ± 1.10a* 4.19 ± 0.13 
60M 12.80 ± 1.00 14.40 ± 1.36a 4.03 ± 0.25 
70M 11.60 ± 0.70 16.13 ± 1.81ab 4.65 ± 0.28 
80M 14.80 ± 0.90 21.47 ± 1.70b 4.80 ± 0.31 
*Means with different letters in a column were significantly 
different (P < 0.05). Number of leaves per pot and leaf 
size did not differ significantly. 
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is especially high in peat soils (Bryla, 2011). For cloudberries in a greenhouse, this is 
often indicated by rhizomes that have died and appear black as a result of overwatering 
(pers. obs.). 

Leaf size (average diagonal, cm) did not differ significantly between any of the 
treatments. Prolonged drought stress impacts plant vegetative growth (Osakabe et al., 
2014). Leaf health further has effect on other development stages of the plant (Bellemare 
et al., 2009a). Although this is not significantly evident in the study, we note the 
relatively smaller leaves in 50M and 60M as compared to the higher moisture level 
treatments. 

Visual scoring revealed significant differences between the highest and the lowest 
moisture treatments (Fig. 4). 80M had the highest scores - all of the samples were given 
the highest scores of 5 (green and healthy) or 4 (pale green). Thus, 80M had visually the 
most green cloudberry leaves. For 70M, 73.33% of the samples were given the highest 
scores of 4 and 5, which was also indicative of good cloudberry vitality. 60M and 50M 
had no scores of 5 and overall had similar rating score percentages. Brown leaves 
indicate that plant tissue has dried out and photosynthesis has stopped. Considering that 
at the end of the vegetation season most of the 60M and 50M cloudberry leaves were 
visually yellow to brown (80.00% for both treatments), we conclude that relative peat 
moisture levels below 70% are insufficient in maintaining vital cloudberry seedlings. 

 

 
 
Figure 4. Visual scoring of cloudberry seedling leaf condition in different substrate moisture 
conditions in September 2023 (shown in per cent). 50M, 60M, 70M, and 80M – represent relative 
substrate moisture content at 50%, 60%, 70%, and 80% of full water-holding capacity. 5 – green 
and healthy, 4 – pale green, 3 – yellow, 2 – yellow and brown, 1 – brown (dead leaves). 
*Different letters indicate significant differences between treatments. 

 
As 70M and 80M were not significantly different, we can assume moisture levels 

of 70–80% are suitable for ensuring sufficient vitality of cloudberry seedlings, based on 
leaf status. Visual score related most to SPAD results, revealing 80M and 70M as the 
most successful in terms of leaf development. 

The above study confirmed that 80M treatment had the highest vitality indicating 
results in all the parameters measured, however, the differences were significant for 
chlorophyll content in leaves, winter bud development and visual scoring. In conditions 
of insufficient water supply, stomatal conductance and CO2 uptake decrease, resulting in 
a general decrease in photosynthesis of the plant (Osakabe et al., 2014). The 
development of optimal leaf size is also vital for photosynthesis. Indeed, our results 
indicate that all the determined indicators are interrelated and well describe the success 
of the seedlings at different levels of substrate moisture. 



325 

The importance of moisture conditions is highlighted in several studies regarding 
berry plant growth in plantations and experimental sites. Soil moisture was positively 
correlated with node number per shoot, leaf number per shoot and leaf chlorophyll 
content for arctic bramble (Rubus arcticus L. ssp. arcticus), a cloudberry related species 
(Vool et al., 2011). Although this study demonstrated the beneficial effect of higher 
moisture on the vegetative growth of arctic bramble, it did not provide precise 
information on the moisture content of the growing medium. Our study showed a similar 
trend for leaf numbers to increase with higher peat moisture content. 

Studies on berry responses in various moisture levels showed that water stress 
effects may differ depending on the plant development stage and fluctuate in the 
vegetative period. Experiments with rooted cuttings of cranberry in a greenhouse 
revealed the greatest plant growth rates under the wettest conditions and no root 
mortality was found even at a high water table (Bauman et al., 2005). A study conducted 
on potted blackberry tissue clones revealed high drought-stress tolerance and adaptive 
stomatal mechanisms to maintain photosynthesis and prevent tissue damage (Zhang et 
al., 2017). This might also be true for cloudberry seedlings, as SPAD and SC results 
fluctuated for each treatment throughout the vegetative season. However, measurements 
for different moisture treatments during specific plant development stages need to be 
obtained to better explain how the fluctuation of SPAD indices and SC relate to 
cloudberry development. Our study showed that cloudberry seedling total chlorophyll 
content in leaves indicating the rate of photosynthetic activity is related to SC and to 
some extent could be regarded as cloudberry response reaction in drought-stress 
conditions. 

The purpose of propagation is to obtain healthy rhizomes for field plantations. 
Successful rhizome development is essential, as rhizomes are source of carbohydrates 
during vegetative plant growth (Kaur et al., 2012). Rhizomes shorter than 15 cm are 
associated with lower survival when planted, which is related to lower carbohydrate 
reserves (Bellemare et al., 2009a). Thus, the development of rhizomes of adequate length 
and vitality in the nursery is essential for a successful plantation. In addition, leaves 
indicate the vitality of the plant during the vegetative period. Optimal cloudberry leaf 
health is also essential for fruit development (Bellemare et al., 2009b). The propagation 
of cloudberries requires relatively stable moisture conditions for vegetative 
development, and based on our results, the relative moisture in the peat substrate should 
not be less than 70% of water saturation. 

These results are significant for ventilated greenhouse conditions. It should be 
noted that currently the cultivation of forest seedlings, ornamental seedlings and berry 
seedlings takes place in most cases under partially controlled conditions (without  
high-cost maintenance of a certain air temperature or humidity). Therefore, it is expected 
that the results of the study will have wide applicability within the temperate climatic 
conditions. 

Planting berries in extracted peat bogs requires drainage management such as 
ditches near the planting site. Cloudberry requires a stable groundwater level of  
30–40 cm; however, the water table should be assessed along with soil physical 
properties (Rapp, 2004; Théroux-Rancourt et al., 2009). This is true for greenhouse-
grown cloudberries as well, as substrate with higher bulk density and lower porosity than 
H2–H3 level peat would hold water for longer thus reducing the water stress effect on 
seedlings and require less maintenance in the nursery. Research on this aspect is still to 
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be continued, as the maximum moisture level for successful cloudberry growing in 
greenhouse conditions needs to be determined. Research is also needed to determine the 
optimal moisture level for cloudberries grown in field conditions in Latvia. 

 
CONCLUSIONS  

 
In this study, we compared how four different relative moisture levels (50%, 60%, 

70%, 80%) of peat substrate influence cloudberry growth and development in 
greenhouse conditions during propagation. Significant differences were found between 
the lowest (50% and 60%) and highest (70% and 80%) moisture level treatments for 
three parameters: chlorophyll content in leaves, winter bud development and visual 
scoring. The highest visual scores indicating green leaves of cloudberry plants were 
given for substrate relative moisture treatments of 80% and 70%: 100% and 73% of the 
samples, respectively. Notably, the 80% treatment had visually the greenest cloudberry 
leaves, which suggests higher photosynthetic rates, potentially resulting in more 
successful seedling development as compared to the other treatments. 

We also note that slightly higher results were found for all parameters for the 80% 
treatment, including stomatal conductance intensity, number of leaves, and leaf size. 
Although these three parameters did not differ significantly between treatments, these 
results do follow the tendency of increased plant vitality in higher moisture levels. 

Therefore, the results suggest that a moisture level of at least 70% of the full  
water-holding capacity of the peat is required for optimal cloudberry survival and 
development rates during the rooting period in the greenhouse in temperate climate. The 
results suggested close interrelations between parameters like chlorophyll content, 
stomatal conductance, and leaf and winter bud development, which are inhibited in low 
water availability for potted cloudberries. We conclude that the relative moisture in the 
peat substrate should not be less than 70% of water saturation. Meanwhile, the question 
is open regarding the maximum moisture content in the peat, which would not cause 
cloudberry growth disturbances. Research in this direction should be continued. 
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Abstract. Geostatistics is a crucial tool for data analysis in the field of precision agriculture, 
allowing the characterization of spatial variability magnitude, optimizing profitability and yield 
in agricultural areas. In this context, the present study aimed to evaluate the spatial dependence 
of the variables yield, Normalized Difference Vegetation Index (NDVI), and surface temperature 
in winter wheat plants. This was achieved through fitting semivariograms with different statistical 
models and interpolating the study variables using Ordinary kriging. The experiment was 
conducted at Fazenda Santa Helena, located in the municipality of Lavras in the state of Minas 
Gerais, Brazil, with a 12-hectare winter wheat crop of the TBIO Calibre variety. Data were 
collected using a grid sampling method at different stages of wheat plant growth (tillering and 
elongation). The analyzed variables included yield, NDVI, and surface temperature. Statistical 
analyses were performed using the R software. Initially, the spatial dependence of the study 
variables was analyzed by fitting semivariograms using the Restricted Maximum Likelihood 
(REML) method and considering spherical, exponential, and gaussian models. The evaluation of 
errors was carried out through cross-validation, and subsequently, the data interpolation was 
performed using ordinary kriging with the best-fitted semivariogram model. The results 
demonstrated a proper fit of semivariograms for the study models, with the spherical model 
standing out for surface temperature variables (elongation and tillering), NDVI (tillering), and the 
exponential model for NDVI (elongation) and yield. Therefore, the use of geostatistics is 
emphasized as an important tool to assist in precision agriculture management in winter wheat crops. 
 
Key words: spatial analyses, winter wheat, cross-validation, active sensor, vegetation index. 

 
INTRODUCTION 

 
Wheat (Triticum aestivum L.) is a cereal of great economic importance that has 

been cultivated by humans for centuries. According to CONAB (2023), Brazil had an 
estimated planted area of wheat for the 2023 crop of 223.9 million hectares, showing an 
increase of 1.36% compared to the previous year's crop. It is worth noting that Brazil has 
the potential for further growth in wheat cultivation, as it currently ranks 14th in global 
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production, with an estimated forecast of 10.3 million tons of wheat in the 2023/24 crop, 
thus enabling the development of various sectors (CONAB, 2023). 

Alongside agricultural advancements, one can observe the growth of precision 
agriculture (PA) and statistical methods, as obtaining more accurate information is 
crucial in the agricultural context. A more in-depth study of new techniques aimed at 
analyses for increased yield, cost reduction, and inferences of variables in the field is of 
fundamental importance to ensure profitability in the sector. 

In this context, as highlighted by Oliveira et al. (2007), Silva et al. (2008), Carvalho 
et al. (2009), Pomortsev (2019), and Kuznetsov et al. (2020), precision agriculture (PA) 
stands out as a set of techniques and technologies that utilize data collection, processing, 
and analysis to enhance the management of agricultural activities. It involves the 
development of innovative technologies to ensure environmentally safe products and 
improved production efficiencies. One of the techniques and technologies within 
precision agriculture is the acquisition of data through various sensors. According to 
Yumashev et al. (2020), Jayashree et al. (2021), Muangmee et al. (2022), and Schirmbeck 
et al. (2022), information generated from sensor-derived data, at different spatial scales, 
can serve as a foundation for studies, addressing both yield gaps and risk management 
in the agricultural sector, thus promoting environmental sustainability. 

Information obtained through statistical methods allows the assessment of 
agricultural variables based on their spatial variability, also known as a precision 
agriculture practice, enabling greater accuracy and cost reduction in agricultural fields 
(IPEA, 2022). The use of analytical techniques is steadily rising due to the need for 
methodologies that optimize the analysis of information for rural producers, contributing 
to the development of this important economic sector. 

Among these methods, geostatistical analyses are mentioned, which allow the 
identification of spatial variability in different study attributes. Their broad applications 
in agriculture mainly encompass analyses of physical-chemical components of soils 
(Alves et al., 2014; Corrêa et al., 2009; Ferraz et al., 2019a), analyses of environmental 
attributes (Medeiros et al., 2014), analysis of animal facility environments (Damasceno 
et al., 2019; Ferraz et al., 2019b; Ferraz et al., 2020; Saraz et al., 2021), as well as 
analyses of agricultural equipment and its relationship with crops (Marasca et al., 2017) 
and agricultural equipment and worker health (Martins et al., 2022; Gomes et al., 2021). 

The geostatistical method involves unbiased interpolation based on a semivariance 
function that considers the spatial characteristics of the variables (Madenoglu et al., 
2020). Ordinary kriging is used for creating representative maps of agricultural variables 
(Ma et al., 2022). Vieira (2000) and Hilal et al. (2024) emphasize that the objective of 
geostatistics applied to precision agriculture is to characterize the magnitude of spatial 
variability in soil and plant attributes, and to make estimates using the principle of spatial 
variability to identify interrelationships of attributes in space and time, allowing the 
study of appropriate sampling patterns. 

In wheat plants, the variable of surface temperature serves as an indicator of their 
development and yield. Wheat is susceptible to thermal stress at critical growth stages 
(Gupta et al., 2013; Tian et al., 2020), leading to yield losses (Goher & Akmal, 2021). 
Surface temperature can be measured using proximal, remote sensors, satellite images, 
or remotely piloted aircraft (Galvincio, 2019). These measurements can be employed to 
monitor agricultural crops during their development, playing a crucial role in site-specific 
management decisions (Jelínek et al., 2020). 
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With the advancement of affordable devices equipped with specialized 
applications, new information can be obtained from agricultural fields (Żelazny, 2020). 
A good example of this is the sensors that measure radiation in the red and near-infrared 
ranges, as they provide data for calculating the Normalized Difference Vegetation Index 
(NDVI). This index has been used to estimate crop yield, as highlighted by Barbosa et 
al. (2019), enabling the conduct of various studies. Such investigations have revealed a 
positive correlation between NDVI values and wheat yield, as discussed by Reznick et 
al. (2021). The magnitude of NDVI values is directly related to differences between 
infrared and red reflectance, indicating a higher presence of chlorophyll and, 
consequently, a greater plant yield potential, as observed by Rissini et al. (2015). 
Additionally, NDVI can be employed to identify areas susceptible to water or nutritional 
stress, as evidenced by Pallottino et al. (2019). Under water or nutritional stress 
conditions, wheat crops typically exhibit lower NDVI values. 

In this context, the objective of this study was to employ precision agriculture 
techniques combined with geostatistical tools to investigate the spatial variability of 
yield, surface temperature, and NDVI attributes in a winter wheat field. This was 
achieved by fitting semivariograms to different statistical models and interpolating the 
data for the creation of maps using ordinary kriging. The research problem is that 
information from unsampled sample points can be studied through data interpolation via 
geostatistics, facilitating and optimizing correct decision-making in agricultural areas. 
 

MATERIALS AND METHODS  
 

The experimentwas developed at Fazenda Santa Helena, located in the municipality 
of Lavras, Minas Gerais, Brazil. The average altitude of the area corresponds to 930 m 
above sea level and the average slope of the terrain is 5%. According to the classification 
established by the Köppen method, the climate is characterized as subtropical with dry 
winter (Cwb) (Sá Junior et al., 2012). 

The experimental area consists of a wheat crop, planted with a spacing of 0.50 m 
between rows and 0.17 m between plants in a total area of 12 hectares. The variety 
planted was TBIO Caliber. A rate of 270 plants per hectare was adopted for the planting 
process, crop nutrition was based on the nutritional needs of the wheat crop, where 
300 kg per hectare of (21-00-21) was adopted before planting and in the planting process. 
planting 100 kg per hectare of Map. 

Wheat, along with barley, rye and oats, are examples of winter crops, those that are, 
regardless of the zoning of the region, as is characteristic of Brazilian regions, these are 
planted between April and August, when the coldest periods begin. of the year. 

To obtain data on surface temperature, NDVI and wheat productivity, two periods 
were defined, for both data collections, they were carried out under favorable 
environmental conditions, without the presence of rain. Collection in the tillering phase 
took place on May 19, 2023 and the elongation collection took place on June 5, 2023. 
The tillering phase comprises the period in which tillers appear on the plant and the crop 
elongation phase is the one in that the first stem node appears. 

After the culture was established, point distributions were carried out for data 
collection in the field, developing a 10 m × 10 m sampling grid (Fig. 1), totaling 
77 points. The creation of this sampling grid was carried out using the QGIS software 
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version 3.28. The georeferencing of the sampling points in the field was obtained using 
the Garmin eTrex 10 portable GPS with an accuracy of approximately 2 m. 

 

 
 

Figure 1. Sampling mesh and details of the sampling scheme. 
 

Surface temperature and NDVI data were collected in both phases (tilling and 
elongation) in the morning, between 07:00 and 09:00 on May 19, 2023 (tiller) and June 
5, 2023 (elongation). Surface temperature data was collected using the Texto 830-T1 
equipment, which is a laser thermometer, and NDVI data was collected using the 
GreenSeeker ® active sensor. For both equipment, information was obtained 0.5 m away 
from the plant. 

The climatic conditions in the period referring to the months of activities were, in 
April, accumulated precipitation 3.4 mm and average temperature 21.29 °C; month of 
May, accumulated precipitation 0.025 mm and average temperature 18.6 °C; June, 
accumulated precipitation 0.29 mm and average temperature 17.16 °C; July, 
accumulated precipitation 0.2193 mm and average temperature 17.97 °C; month of 
August, accumulated precipitation 1.01 mm and average temperature 19.95 °C. 

After 130 days of sowing, the crop harvesting process was carried out, enabling the 
collection of productivity data. To this end, the data was collected manually in the area 
in the relevant georeferenced locations, in a space of 1m², covered with tarpaulin, so that 
no loss would occur. The extracted plants were subjected to the threshing and weighing 
process. The grains were weighed and the yield calculated with moisture corrected to 16%. 

After this process, geostatistical models were applied to the NDVI data, average 
surface temperature of the crop and productivity, and semivariograms adjusted by the 
Matheron (1962) estimator (Eq. 1) were produced to evaluate the spatial dependence of 
the variables collected in the field, since currently there is a gap in science due to these 
variables related to wheat cultivation. 

𝛾𝛾(ℎ) =
1

2𝑁𝑁(ℎ) �
[𝑍𝑍(𝑋𝑋𝑋𝑋) − 𝑍𝑍(𝑋𝑋𝑋𝑋 + ℎ)]²

𝑁𝑁(ℎ)

𝑖𝑖=1

 (1) 

where 𝛾𝛾(ℎ) is the semivariance; N(h) is the number of experimental pairs of observations 
Z(X i) e Z(X i+ h at locations Xi e Xi+h, separated by distance h. 
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The first model worked on was the spherical model (Eq. 2), due to its 
recommendation for use in cases where phenomena that exhibit transition in the study 
region, that is, some areas (patches) present large values and others small ones. The 
average diameter of the patches is represented by the model range. 

𝛾𝛾(ℎ) = �𝐶𝐶𝑂𝑂 + 𝐶𝐶 �32 �
ℎ
𝑎𝑎� −

1
2 �
ℎ
𝑎𝑎�

3
� �(0 ≤  ℎ ≤  𝑎𝑎) (2) 

𝛾𝛾(ℎ) = 𝐶𝐶𝑂𝑂 + 𝐶𝐶 (h > a)   
The second model worked was the Gaussian model (Eq. 3), and the function with 

reverse curvature near the origin is continuously repeated in geostatistical texts and 
software packages. The c is the limit and r is a distance parameter. The function 
approaches its limit asymptotically and can be considered to have an effective range of 
approximately √3𝑟𝑟.Where it reaches 95% of its sill variance. 
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The third model tested was the exponential model (Eq. 4), however for practical 
purposes, it is convenient to attribute a practical range to it, and this is generally 
considered as a distance in which γ is equal to approximately 95% of the variation of the 
sill variance. 
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One of the objectives of geostatistical analysis is not only to obtain a model of 
spatial dependence, but also to predict values at unsampled points (Hussain et al., 2022). 
The interest may be in one or more specific points in the area or in obtaining a grid of 
interpolated points that allow viewing the behavior of the variable through a map. 

To analyze the degree of spatial dependence of the variable, a quantitative 
assessment of spatial variability called degree of spatial dependence was used (DSD), 
which is the percentage relationship between the nugget effect (𝐶𝐶0) and the sill variance 
(C = 𝐶𝐶1+𝐶𝐶0), that is, the higher this coefficient, the lower the spatial variability. 

According to Cambardella et al. (1994) and Souza et al. (1999), the nugget effect 
coefficient with a value up to 25% is classified as having strong spatial dependence, 
values between 25% and 75% as moderate and above 75% as having weak spatial 
dependence. 

The restricted maximum likelihood (REML) method was used to adjust a 
mathematical model. Spherical, exponential and Gaussian models were tested for each 
variable under study (surface temperature, NDVI and wheat yield). As described by 
Diggle & Ribeiro Junior (2007), the principle of REML is to estimate the semivariogram 
parameters by the maximum likelihood applied to the data using linear transformation 
to maximize the probability of the profile of the semivariogram parameters based on the 
transformation of the variables. 

To choose the best semivariogram adjustment model, cross-validation of the data 
was considered (Faraco et al., 2008; Johann et al., 2010). According to Isaaks & 
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Srivastava (1989), cross-validation is the technique for evaluating estimation errors that 
allows comparing predicted values with those sampled. This made it possible to analyze 
the choice of the best adjustment method based on the Average Error (ME) (Eq. 5), 
which must be closest to zero. 

ME=
1
n
��𝑍𝑍(si) − 𝑍𝑍�s(i)��

1

i=1

 (5) 

where n is the number of data; Z(s(i)) is the value observed at the points(i), 𝑍𝑍�s(i)� refers 
to the value predicted by ordinary kriging at the point (s(i)), without considering the 
observation Z(s(i)) (Faraco et al., 2008). 

After adjusting the best semivariograms, data interpolation was performed using 
ordinary kriging to enable the creation of isocolor maps to visualize the spatial 
distribution patterns of variables in the field. 

For the analysis of statistical and geostatistical parameters, the R Development 
Core Team software was used, through the geoR library (Ribeiro Junior & Diggle, 2001) 
and Qgis software version 3.28. The interpolated maps were generated in the Universal 
Transverse Mercator (UTM) coordinate in zone 23S, in which the Lavras region is 
located. Finally, Pearson's correlation was verified between the study variables with the 
aid of the Orange Canvas software (Demsar et al., 2013). 

 
RESULTS AND DISCUSSION 

 
In Table 1, the results of the descriptive statistics of the variables surface temperature, 

NDVI and yield of the wheat crop in the tillering and elongation phases are presented. 
 

Table 1. Descriptive statistics in the tillering and elongation phase of the wheat crop 

Variable Mean Standard 
Deviation Median Minimum Maximum Variance Coefficient  

of variance 
STT 16.31 3.5820 16.70 8.40 22.30 12.8307 21.9597 
STE 16.37 3.6271 16.70 8.40 22.30 13.1563 22.1572 
NDVI-T 0.3945 0.0563 0.3800 0.3000 0.5000 0.0031 14.2818 
NDVI-E 0.4964 0.1038 0.4800 0.3100 0.7000 0.0107 20.9187 
Yield 0.2915 0.0079 0.2900 0.2800 0.3100 6.2571e-05 2.71387 
Legend: STT – Surface temperature in the tillering phase; STE – Surface temperature int the elongation phase; 
NDVI-T – Vegetation index in the tillering phase; and NDVI-E – Vegetation index in the elongation phase. 
 

The variable surface temperature of wheat plants is an indicator of the plant's  
well-being and yield, as the plant's surface temperature is interrelated with plant 
functions, such as evapotranspiration, which is controlled by stomatal conductance 
(Abdullah et al., 2019). It can be seen in Table 1 that the average surface temperatures 
of the crop were 16.31 °C and 16.37 °C respectively for the tillering and elongation 
phases, while the coefficient of variation was 21.9597 and 22.1572 respectively for the 
tillering and elongation phase. It can be stated through descriptive analysis that the 
variable surface temperature of the plant in the elongation phase presented higher 
average values than those in the tillering phase, even when the same conditions were 
presented.In general, wheat plants prefer surface temperatures between 15 and 20 degrees 
Celsius, as discussed by Doorenbos & Kassam (1979). Surface temperatures between 
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9 and 12 degrees Celsius can retard plant growth and development, while temperatures 
between 25 and 31 degrees Celsius can cause thermal stress and a reduction in grain 
weight and yield, with no differences between cultivars (Asana & Williams, 1965). 

However, the NDVI variable becomes another strong indicator, presenting a 
coefficient of variation in the tillering and elongation phases respectively 14.2818 and 
20.9187. Values above 10% may indicate heterogeneity of the collected variable, 
according to Gomes & Garcia (2002). The NDVI average value was 0.3945 in tillering 
and 0.4964 in the elongation phase. 

The wheat yield of the studied area, observed in Table 1, presented an average value 
of 0.2915 g ha-1, indicating a yield slightly below the average for the 2023 harvest, in 
relation to the national average, which was 0.2931 g ha-1, according to the bulletin from 
the National Supply Company (CONAB 2023). These average yield values can be 
explained by unfavorable weather conditions between the months of April and August, 
a period affected by low levels of rainfall in the Minas Gerais regions, as can be seen in 
Fig. 2. Water stress threatens wheat growth and yield and risks possible crop losses 
(Joshi et al., 2020, Ansari et al., 2023). 

 

 
 

Figure 2. Meteorological information for the Lavras region for the year 2023 of average 
temperature and accumulated precipitation. 

 
It is noteworthy that wheat cultivation in relation to the climate requires colder 

temperatures, generally between 10 °C and 19 °C, essentially to promote tillering and 
minimize the emergence of some diseases in the ears. Regarding precipitation, water 
stress prevents some tillers from producing ears, therefore, excess rain or irrigation  
and high relative humidity favor the incidence of various diseases. And which can 
become a limiting factor for wheat cultivation, with generally high production losses 
(Manfron et al., 1993). 

In Brazil, it allows the development of the crop, due to wheat, along with barley, 
rye and oats, being examples of winter crops, those that, regardless of the region's 
zoning, as is characteristic of Brazilian regions, are planted between April and August, 
when the coldest periods begin and the cultivars are most adapted. 
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Fig. 3 shows the boxplots for the variables under study. The data described in the 
descriptive statistics are also evidenced according to the boxplots, with surface 
temperature values for both elongation and profiling varying from 14 to 18 °C, NDVI 
varying from 0.4 to 0.6 and yield varying from 0.28 to 0.30 g ha-1, making it possible to 
detect discrepant values (outliers) for the yield variable. 

 

 
 
Figure 3. Boxplot of study variables: A) surface temperature tillering; B) surface temperature 
elongation; C) NDVI tillering; D) NDVI elongation; E) yield. 
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It can be observed that, with just the use of descriptive statistics analyses, it is not 
possible to identify the spatial variability of the data. Therefore, it is necessary to search 
for other tools, such as geostatistical methods, so that it is possible to identify the spatial 
variability of the data and the development of isocolor maps for the observation of areas 
that present low, medium, and high values of variables studied. 

Based on the geostatistical analysis methodology, it was possible to quantify the 
magnitude and spatial dependence of the study variables. Through the validation 
presented in Table 2, it is observed that the semivariogram adjustments were well 
executed as highlighted by the criteria for best adjustment based on validation according 
to the Average Error (ME) values close to zero. 

Based on geostatistical analyses, the nugget effect is an important parameter of the 
semivariogram, indicating the unexplained variability of the sample data (Mcbratney & 
Webster, 1986; Silva et al., 2010). The nugget effect can be expressed as a percentage 
of the sill variance for the purpose of comparing the degree of spatial dependence of the 
variables under study (Trangmar et al., 1985) (Table 2). Therefore, variation at distances 
smaller than the sampling interval is also measurement error. 

According to Cressie (1993), the interval determines the space under which the 
variable is correlated. The largest range was 149 m for the spherical model of the yield 
variable and the smallest range of 2 m was for the NDVI tillering variable for the 
exponential model. For the practical range, which is defined as the distance at which the 
model value is 95% of the threshold (Isaaks & Srivastava, 1989), the highest practical 
range values of 149 m were for the spherical and exponential models of the yield 
variable, and the lowest value of 5 m was the exponential model of the NDVI tillering 
variable. 

The estimation of the variables presented in this study by the maximum residual 
likelihood method (REML) were adjusted by the spherical, exponential and Gaussian 
models. According to Cambardella et al. (1994), the variables studied showed a moderate 
and strong degree of spatial dependence for the spherical, exponential and Gaussian 
models, only the variable NDVI tillering presented a weak degree of dependence for the 
exponential and Gaussian models. 

In this study, the model that exhibited the best fit to the data for the variables surface 
temperature in the tillering and elongation phase was the spherical model. For the 
vegetation index in the tillering phase the spherical model demonstrated superior fit, 
whereas for the vegetation index in the elongation phase, the exponential model emerged 
as the most suitable. For the yield, the exponential model proved to be the best-fitting. 

All variables underwent cross-validation criteria, facilitating the selection of the 
semivariogram model fitting method that best suited each variable, as highlighted in Fig. 4. 

The semivariogram is a comprehensive tool, and its conclusions are derived from 
the results obtained through its analysis, in accordance with the study parameters.  
Cross-validation, in turn, serves as additional support in the decision-making process 
based on the best-fitted model. In this study, semivariograms for all variables were 
adjusted using the REML method for the spherical statistical model, except for the NDVI 
elongation and yield variables, which were fitted to the exponential statistical model. 
According to Webster & Oliver (2007) and Silva et al. (2010), the spherical 
mathematical model is the most employed in geostatistics, however, the exponential 
model is also widely used. 
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Table 2. Method, models and estimated parameters of the experimental semivariograms for the variables: surface temperature, NDVI, yield in the 
tillering and crop elongation phases 
 Model Nugget effect 

(C0) 
Contribuition 
(C1) 

Sill variance 
(C0 + C1) 

Range 
(a) 

Practical range 
(a`) DSD ME 

 Sph. 0 12.27 12.27 60 60 0.00 strong -8.61e-09 
REML Exp. 0 13.75 13.75 30 91 0.00 strong 6.11e-06 
 Gau. 0 13.61 13.61 31 54 0.00 strong 2.73e-07 
Elongation temperature 
 Model Nugget effect 

(C0) 
Contribuition 
(C1) 

Sill variance 
(C0 + C1) 

Range 
(a) 

Practical range 
(a`) 

DSD ME 

 Sph. 0 12.75 12.75 52 52 0.00 strong -8.61e-09 
REML Exp. 0 13.5 13.5 20 59 0.00 strong 6.96e-05 
 Gau. 0 13.83 13.83 28 48 0.00 strong 2.92e-06 
NDVI tillering 
 Model Nugget effect 

(C0) 
Contribuition 
(C1) 

Sill variance 
(C0 + C1) 

Range 
(a) 

Practical range 
(a`) 

DSD ME 

 Sph. 0.0079 0.0032 0.0111 30 30 71.17 moderate 3.06e-10 
REML Exp. 0.0100 0.0011 0.0111 2 5 90.09 weak 1.12e-07 
 Gau. 0.0109 0.0002 0.0111 43 74 98.20 weak 4.54e+00 
NDVI elongation 
 Model Nugget effect 

(C0) 
Contribuition 
(C1) 

Sill variance 
(C0 + C1) 

Range 
(a) 

Practical range 
(a`) 

DSD ME 

 Sph. 0.0067 0.0047 0.0114 107 107 57.77 moderate 3.09e-10 
REML Exp. 0.0000 0.0112 0.0112 21 62 0.00 strong 1.28e-06 
 Gau. 0.0081 0.0032 0.0113 56 97 71.68 moderate 5.60e-08 
Yield 
 Model Nugget effect 

(C0) 
Contribuition 
(C1) 

Sill variance 
(C0 + C1) 

Range 
(a) 

Practical range 
(a`) 

DSD ME 

 Sph. 0.0001 0.0003 0.0004 149 149 25.00 moderate -1.86e-10 
REML Exp. 0 0.0003 0.0003 50 149 0.00 strong 3.95e-07 
 Gau. 0.0001 0.0002 0.0003 40 68 33.33 moderate 1.73e-08 
Legend: REML – Restricted Maximum Likelihood; Sph. - Spherical; Exp. – Exponential; Gau. – Gausian; DSD – Degree of Spatial Dependence; ME - Medium Error. 
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Figure 4. Semivariograms chosen depending on the method and model for the variables:  
A) surface temperature tillering; B) surface temperature elongation; C) NDVI tillering;  
D) NDVI elongation; E) yield. 

 
Subsequently, values for surface temperature, NDVI, and yield were estimated 

through ordinary kriging, relying on the spatial dependence of the semivariogram 
models. Thus, spatial distribution maps for all variables in this study were developed, as 
presented in Fig. 5, where the irregular polygon outlines the perimeter of the 
experimental area. 
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It can be observed that the interpolation via kriging demonstrated effective 
performance in estimating unsampled values for the study variables, attributed to the 
optimal fitting of semivariograms. Through visual analysis of the interpolated maps, it 
is evident that each variable exhibits a distinct distribution. 

For the elongation and tillering temperature variable (Fig. 5, A and 5, B),  
a wide temperature distribution ranging from 14 to 22 °C is observed, with a notable  
lower-western and upper-eastern area featuring lower temperatures of 10 to 14 °C. 
However, this variation does not become a limit to the development of culture. 

 

 
 

Figure 5. Spatial distribution of the variable: A) surface temperature tillering; B) surface 
temperature elongation; C) NDVI tillering; D) NDVI elongation; E) yield. 

Unit: g.ha-1 
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Regarding the NDVI variable for the elongation and tillering phases (Fig. 5, C and 
5, D), values are predominantly concentrated in the range of 0.4 to 0.5 across the 
majority of the area. Additionally, there is a distributed presence of higher values up to 
0.7 and values ranging from 0.2 to 0.3 in the upper-eastern part for the tillering phase 
(Fig. 5, C), as well as a distributed presence of higher values up to 0.8 and values ranging 
from 0.2 to 0.3 in the lower-western part for the elongation phase (Fig. 5, D). As for the 
yield variable, lower values are observed in the central part of the study area, 
approximately around 0.28 g ha-1. While higher values are evident in the lower part of 
the study area, reaching around 0.30 g ha-1 (Fig. 5, E). 

Correlating the variables of tillering temperature with elongation temperature 
reveals a correlation of 0.639. It is evident that as the tillering temperature increases, the 
elongation temperature proportionally increases, as indicated by the data behavior. 
Meanwhile, the correlation between the NDVI tillering variable and other variables, 
including tillering temperature, elongation temperature, NDVI elongation, and yield, 
showed negative correlations with values of -0.133, -0.126, -0.027, and -0.026, 
respectively. In this case, an increase in the NDVI tillering value corresponds to a 
proportional decrease in the correlated variables. For the NDVI elongation variable, its 
correlations with tillering temperature, elongation temperature, and yield also displayed 
negative correlation values of -0.142, -0.077, and -0.097, respectively. In this specific 
case, the NDVI tillering and NDVI elongation values exhibited the same behavior 
concerning the other variables. In contrast to the data related to NDVI tillering and NDVI 
elongation, yield showed positive correlations of 0.188 and 0.127 with elongation 
temperature and tillering temperature, respectively. 

According to the analysis of Fig. 5, for the temperature variable, the same pattern 
of special variability between the study periods can be seen, both for tillering and 
elongation, and the correlation between periods being notable. However, the same was 
not observed for the NDVI variable. As there was an increase in the values during the 
tillering period for elongation with low correlation between data. The yield variable in 
turn shows low correlation between data with the study variables temperature and NDVI. 

Based on the analysis of the interpolated maps, it is evident that using an average 
value for the study variables does not adequately represent the entire area. Thus, it is 
highlighted that studies employing geostatistics for understanding the spatial variability 
of different agricultural areas are crucial. This approach is essential for identifying 
demands and guiding intelligent and informed decision-making regarding the adoption 
of management techniques and economic returns in wheat fields. It is further emphasized 
that the selection of the best-fitting semivariogram model ensures an improved 
interpolation process of data through ordinary kriging, facilitating the creation of maps 
that accurately describe the spatial variability of the studied variable. 

It is noteworthy that, in addition to the application described in this work for winter 
wheat, geostatistics can be applied to other agricultural crops if it meets the precept of 
spatial dependence between data. Therefore, it is possible to organize available data 
spatially according to the similarity between georeferenced neighbors. It is worth 
highlighting that the massive number of observations allows for a more detailed view of 
the spatial and temporal relationships of agronomic processes, enabling more accurate 
decision-making in different agricultural areas and crops. 
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Farmers, through mapping of areas, can apply the results of this research in 
decision-making and identifying application demands at variable rates of inputs and 
correctives according to the area's needs, potentially increasing the. productivity of 
wheat crops in areas with greater nutrient deficiency.  

 
CONCLUSIONS 

 
The semivariograms enabled the characterization of the magnitude of spatial 

variability in the study variables: surface temperature, NDVI, and yield in winter wheat 
cultivation. Testing different semivariogram fitting models facilitated the identification 
of the most suitable model for each variable. Consequently, this allowed for interpolation 
via kriging, enabling the creation of maps that effectively characterized the spatial 
variability of the variables under consideration in winter wheat fields. This underscores 
the potential of geostatistical analysis in the monitoring and assessment of winter wheat 
agricultural areas in Brazil. 
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Abstract. Phenolic compounds in agricultural raw materials can vary within a species and can be 
affected by a combination of such factors as growing region, weather conditions and fruit 
ripeness. Climatic differences between the southern, central and northern parts of Europe can 
cause differences in the phenolic compounds present in the plant. The research was aimed to 
investigate the phenolic compounds of berries of Sambucus nigra varieties grown for commercial 
production in Latvia. During the study four elderberry varieties were analysed - ‘Haidegg 17’, 
‘Korsör’, ‘Haschberg’ and ‘Emma’. All samples were analysed for total phenolic compound 
content (TPC), DPPH free radical scavenging activity and individual phenolic compounds. In 
addition, sample pH and total soluble solids (TSS) were measured. Results showed that ‘Emma’ 
berry samples had the highest value of TSS content - 10.5% (°Bx) and the lowest pH value - 3.65. 
The variety ‘Korsör’ showed the lowest TSS content - 8.1% (°Bx) as well as the lowest TPC and 
DPPH free radical scavenging activity, the variety ‘Haschberg’ showed the highest pH value. The 
variety ‘Haidegg 17’ stood out with a high TPC. In total six phenolic compounds were identified 
and quantified in the analysed samples - gallic acid, catechin, chlorogenic acid, p-coumaric acid, 
sinapic acid and 3,5-dihydroxybenzoic acid. According to the obtained results, it was evident that 
the indicators for some parameters differ from the information available in the literature about 
the composition of berries of crops grown in other regions. This suggests that it is worth further 
researching elder tree varieties grown in northern climate. 
 
Key words: DPPH, elderberry, HPLC-PDA, polyphenols, soluble solids. 
 

INTRODUCTION 
 

The elder tree is considered a promising crop. It is predicted that the demand for 
elderberries will have an increasing trend in the period from 2021–2025 due to increasing 
awareness of their health benefits and an expansion in elderberry food products 
development and introduction into the market (Elderberry, 2023). 

Sambucus nigra plants are widely distributed and known throughout Europe. In the 
wild, it can be found in open fields and forest edges. Plants can form very wide stands. 
The tree or shrub can reach a height of 4–12 meters. Its bark is light brown as if cracked 
and covered with fine warts, and the core of the trunk is cork-like (Atkinson & Atkinson, 
2002; Stępień et al., 2023). 

https://doi.org/10.15159/AR.24.017
https://doi.org/10.15159/AR.24.017
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In general, there are many elderberry varieties, grown in different areas of the 
world. For this research, the varieties selected for analysis, including ‘Haidegg 17’, 
‘Korsör’, ‘Haschberg’, and ‘Emma’, were chosen due to their high productivity and 
winter hardiness in the climatic conditions of Latvia, which is crucial for their suitability 
in commercial gardens in the northern region of Europe. ‘Emma’ is an open pollination 
seedling which has been selected from the wild population of the Sambucus nigra 
growing in Latvia. It has been observed that ‘Emma’ has relatively high winter hardiness, 
which indicates the suitability of this variety in the commercial gardens of the northern 
region of Europe. In addition, the berries of this variety have not been studied before. 
‘Emma’ variety shares some characteristics with ‘Korsör’, a cultivar originating in 
Denmark. ‘Korsör’ is commercially grown throughout Europe and is recognized for its 
exceptional winter hardiness, capable of withstanding temperatures well below 0°F, and 
is characterized by its vigorous growth (Elderberry West Virginia University, 2022). 

The ‘Haidegg 17’ variety is a less common Austrian variety with long and robust 
growing stems. Forms large umbels of flowers that bloom in late spring (Csorba et al., 
2018). 

The ‘Haschberg’ variety is one of the most popular and widely grown black 
elderberry varieties in Europe. However, it is important to expand the range of existing 
varieties to reduce susceptibility to diseases (Csorba et al., 2020), to create the most 
suitable varieties for the climatic conditions of each region, as well as to extend the 
flowering and fruiting period of the plant. 

The elder tree is known as a plant with wide medicinal properties. Sambucus nigra 
fruit and flower extracts have antiviral and anti-inflammatory properties (Borodušķe et 
al., 2022). The presence of flavonoids like quercetin and rutin, as well as phenolic acids 
such as caffeic acid and chlorogenic acid in elderberries, and their contribution to the 
health benefits are discussed in research by Borodušķe et al. (2022). These compounds 
are known for their anti-inflammatory and antiviral effects and antioxidant properties. 
Some research suggests beneficial effect in the prevention of severe diseases such as 
cancer due to Sambucus nigra berries being a rich source of phenolic compounds which 
have been shown to have strong antioxidant activity in in vitro studies (Stępień et al., 
2023). Berry extracts have also been shown to be potent inhibitors of α-amylase and  
α-glucosidase, so they would be useful for lowering blood glucose levels. This effect is 
attributed to the direct interaction of specific compounds, such as proanthocyanidins, 
with the enzymes and the synergistic interactions with inhibitors (Terzi et al., 2023). 
Berries are a rich source of anthocyanins and other polyphenols, which are used 
industrially as a source of food colorants (Banach et al., 2021) and bioactive  
substances (Ferreira et al., 2019). Extracts obtained from Sambucus nigra can be used 
as a source of biologically active compounds for the development of new biological 
preparations, including pharmaceuticals and functional foods (Ferreira-Santos et al., 
2022; Terzi et al., 2023). 

In a study by Česlová et al. (2023) on the effect of sample pretreatment on 
anthocyanin content in Czech wild black elderberry berries, it was found that the 
anthocyanin content in berries is influenced by geographical aspects such as the altitude 
of the plant's growth region above sea level. 

Several research articles are available on the study of European black elderberry 
(Sambucus nigra) fruits growing in the central and southern regions of Europe, however, 
so far, no extensive research has been conducted on the chemical parameters of the fruits 
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of black elderberry varieties growing in northern Europe - Latvia. The aim of the 
research was to investigate the phenolic compounds of berries of Sambucus nigra 
varieties grown for commercial production in Latvia. 

 
MATERIALS AND METHODS 

 
The research was carried out in the facilities of the Institute of Food of Latvia 

University of Life Sciences and Technologies. Tested plant material was obtained in 
September of 2023 and the analyses of samples were done from December of 2023 to 
the end of January of 2024. 

For the purpose of this research four black elderberry varieties were analysed: 
‘Haidegg 17’, ‘Korsör’, ‘Haschberg’ and ‘Emma’. 

Plant materials were collected on 13th September 2023 in Rancēni parish Valmiera 
county, Latvia. Berry samples were picked with the stalks and each berry variety was 
individually packed in PP (polypropylene) freezable bags, frozen (-20 ± 2 °C) 
immediately after collection and stored till further testing. Before the analysis, the berries 
were thawed at room temperature for one hour, separated from the stems and crushed. 

 
Preparation of extracts for determination of individual phenolic compounds, 

total phenolic content and antiradical activity  
1 g of sample is added to 40 mL ethanol-water mixture (80:20). The resulting 

solution is treated in an ultrasonic bath device Sonorex digitec DT 100H (BANDELIN 
electronic GmbH & Co, Germany) for 15 min. at a temperature of 60 °C. Device 
processing settings - 35 kHz. In a 50 mL measuring flask, the solution is filtered  
through filter paper and an ethanol-water mixture (80:20) is added up to the mark 
(Tomsone, 2015). 

 
Total phenolic compound content (TPC) 
Total phenolic content was determined by a modified Folin-Ciocalteu reagent 

method (Singletone et al., 1999) with some modifications described by Ozola & 
Kampuse, (2017): 2.5 mL of Folin-Ciocalteu reagent, diluted tenfold with distilled 
water, was added to 0.5 mL of the prepared sample. After 5 minutes, 2 mL of 7.5% 
Na2CO3 was added, mixed and kept for 30 minutes. The result was determined with a 
spectrophotometer Jenway 6300, (‘Baroworld Scientifid’, Great Britain) at a wavelength 
of 765 nm. 

The total phenolic compound content in the analysed samples was expressed in 
fresh weight (FW) as milligrams of Gallic acid equivalent per 100 grams of sample 
(mg GAE 100 g-1). 

Measurements of each berry variety were performed in six replicates. 
 
DPPH free radical scavenging activity 
The antiradical activity was determined by 2,2 diphenyl-1-picrylhydrazyl-(DPPH) 

reagent method (Yu et al., 2003). 
3.5 mL of freshly prepared DPPH ethanol solution is added to 0.5 mL of the 

prepared extract, mixed and kept in the dark for 30 minutes. Absorbance is read in a 
Jenway 6300 spectrophotometer (Baroworld Scientifid, Great Britain) at a wavelength 
of 517 nm (Tomsone et al., 2013). 
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The antiradical activity in the analyzed samples were expressed in FW as milligrams 
of Trolox equivalent per 1 g-1 sample (mg TE g-1). 

Measurements of each berry variety were performed in six replicates. 
 
Individual phenolic compounds 
High performance liquid chromatography was used for the determination and 

measurement of individual phenolic compounds. Shimadzu LC-40 Nexera liquid 
chromatograph (Shimadzu Corporation, Japan) equipped with the Shimadzu Photodiode 
Array Detector SPD-M40 (Shimadzu Corporation, Japan) was used for triplicate sample 
analysis. For individual phenolic compound detection analytical column PerkinElmer 
C18 (4.6 mm × 250 mm I.D., particle size 5 µm) was used. The analysis was performed 
under gradient conditions as described previously (Keke & Cinkmanis, 2022). To 
determine individual phenolic compounds in the analysed samples, their retention times 
were compared to the retention times of the standards. 

Preparation of standard solution: The mixture of 0.0068 ± 0.0001 g gallic acid, 
0.0012 ± 0.0001 g catechin, 0.0131 ± 0.0001 g chlorogenic acid, 0.0121 ± 0.0001 g  
p-coumaric acid, 0.0881 ± 0.0001 g sinapic acid, 0.0074 ± 0.0001 g  
3,5-dihydroxybenzoic acid, 0.0128 ± 0.0001 g 4-hydroxybenzoic acid, 0.00121 ± 0.0001 g 
homovanillic acid, 0.0145 ± 0.0001 g vanillic acid, 0.0138 ± 0.0001 g caffeic acid, 
0.0188 ± 0.0001 g syringic acid, 0.0160 ± 0.0001 g epicatechin, 0.0098 ± 0.0001 g 
vanillin, 0.0092 ± 0.0001 g ferulic acid, 0.0112 ± 0.0001 g 2-hydroxycinnamic acid, 
0.0061 ± 0.0001 g rutin, 0.0043 ± 0.0001 g quercetin, 0.0096 ± 0.0001 g kaempferol, 
0.0091 ± 0.0001 g luteolin were weighted in 100 mL volumetric flask with a narrow 
neck, slowly dissolved in small portion of methanol and filled with methanol till the 
mark and mixed. The standards used for the analysis were HPLC grade and purchased 
from Fluka and Sigma-Aldrich. 

 
Total soluble solids (TSS) 
Total soluble solids content was determined using a digital refractometer DR301-95 

(A.KRÜSS Optronic GmbH, Germany). Analysis determination standard 
ISO 2173:2003. Results are expressed as percent soluble solids (°Bx). Sample 
measurements were performed in triplicate 

 
pH 
The pH of the samples was determined using a Milwaukee MW102-FOOD digital 

pH meter (Milwaukee Electronics Kft., Hungary). Analysis determination standard 
ISO 5542:2010. Sample measurements were performed in triplicate. 

 
Statistical analysis 
The standard deviation as well as the mean value was obtained from repeated 

measurements of the samples. One-way analysis of variance (ANOVA) was used to 
analyse these data. The obtained p-value shows whether there is a significant difference 
between the samples (significiant at p < 0.05). Significance of differences was 
determined using Tukey’s HSD test. 

LibreOffice Calc 7.1.6.2 for Linux program was used for data processing. 
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RESULTS AND DISCUSSION 
 
Total soluble solids (TSS) and pH 
TSS, together with pH, are among the most important parameters characterizing 

the taste of a product. In addition, the pH value is essential for the stability of 
anthocyanins, as their stability is higher in an acidic environment (Skrede & Wrolstad, 

TSS results obtained in this study differ from those in the literature. Ferreira et al. 
(2019) studied Sambucus nigra berries harvested in Portugal, TSS content depending on 
the variety and harvest year fluctuated within limits 13.3–18.1% (°Bx). However Csorba 

 

2016). 
The TSS composition are 

presented in Fig. 1. and pH 
measurements are presented in 
Fig. 2. The highest TSS content 
and the lowest pH value was  
for the ‘Emma’ variety - 10.5% ± 
0.15 (°Bx) and 3.65 ± 0.01 
respectively. ‘Korsör’ variety had 
the lowest TSS content - 8.1% ± 
0.17 (°Bx), while ‘Haschberg’ 
variety had the highest pH - 
3.93 ± 0.02. 

In Kolarov et al. (2021) study 
was reported that pH level of 
Serbian wild Sambucus nigra 
berries was 3.84 ± 0.03. The results 
are similar to those obtained in this 
study. 

 

 
 
Figure 1. Total soluble solids of different black 
elderberry varieties. Results are expressed as mean 
value ± standard deviation (n = 3). Significant 
differences among elderberry varieties are marked 
with different letters (p < 0.05, Tukey HSD test). 

et al. (2020) reported that berries 
harvested in Hungary ranged in 
TSS from 10.8–14.6% (°Bx). 

TSS content of berries is 
influenced by various factors, 
including genotype (cultivar), 
maturation stage, environmental 
conditions, and harvesting year. 
These factors can affect the TSS 
content in different ways, leading 
to variations in the sweetness, 
flavour, and overall quality of the 
berries (Ferreira et al., 2019; 
Ferreira et al., 2022; Pedrosa Costa 
et al., 2021). Pedrosa Costa et al. 
(2021) reported that climatic 
conditions, especially water status, 
strongly impact elderberry chemical 

 

 
 
Figure 2. pH of different black elderberry varieties. 
Results are expressed as mean value ± standard 
deviation (n = 3). Significant differences among 
elderberry varieties are marked with different letters 
(p < 0.05, Tukey HSD test). 
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composition, including TSS content. High temperatures and sufficient sunlight can 
enhance sugar accumulation in berries, increasing their TSS content. Conversely, 
excessive rainfall or lack of sunlight can lower TSS levels. Ferreira et al. (2022) observed 
significant differences in TSS content among different elderberry cultivars. The 
maturation stage of the berries significantly influences the TSS content of elderberries. 
As berries mature, their TSS content generally increases. This is due to the accumulation 
of sugars as the fruit develops. Ferreira et al. (2022) noted a significant increase in TSS 
content with advancing maturation stages for elderberries harvested in different years. 

Since Latvia is situated at a higher latitude than Portugal and Hungary, the 
differences in sunlight exposure and temperature due to latitude could result in variations 
in the TSS of elderberries as Latvia receives less sunlight and experiences colder 
summers (Climate Change Knowledge Portal, 2021), which may lead to elderberries 
with lower TSS values compared to those grown in the warmer and sunnier climates of 
Portugal and Hungary. 

 
Total phenolic compound content (TPC) 
TPC in the analyzed black elderberry varieties are presented in Table 1. 
The highest content of TPC of fresh weight (FW) was observed in ‘Haidegg 17’ 

variety - 1,344.7 ± 33.7 mg GAE 100 g-1 FW, while the lowest content was in the berries 
of the variety ‘Korsör’ - 982.3 ± 25.4 mg GAE 100 g-1 FW. The difference between TPC 
of ‘Haidegg 17’ and ‘Korsör’ is 27%. There was no significant difference (p = 0.10) 
between the samples of ‘Haschberg’ and ‘Emma’, TPC measurements were - 
1,293.2 ± 14.0 mg GAE 100 g-1 FW and 1,258.9 ± 18.1 mg GAE 100 g-1 FW respectively. 

The results obtained in this study are similar to those reported by Ferreira et al. 
(2019), where TPC was 820–1,476 mg GAE 100 g-1 FW. However, Csorba et al. (2020) 
reported higher values and wider variation in TPC between analysed cultivars  
852.6–2,541.5 mg GAE 100 g-1 FW. Interestingly Csorba et al. (2020) also reported the 
lowest TPC for the variety ‘Haidegg 17’ - 852.6 ± 93.8 mg GAE 100 g-1 FW but for 
variety ‘Korsör’ results was 1,894.8 ± 464.7 mg GAE 100 g-1 FW, which is contrary to 

factors have a major effect on polyphenol content. Even environmental stress affects 
polyphenols (Kondakova et al., 2009). Plants often produce more phenolic compounds 
in response to environmental stress, such as drought or extreme temperatures 
(Skrovankovaet al., 2015). Also exposure to sunlight and UV radiation can impact the 
phenolic content in berries. Brandt et al. (2019) reported that exclusion of solar  

the results obtained in this study. 
Ferreira et al. (2022) report on the 
effect of variety, ripening stage, and 
year on the sugar and phenolic 
composition of elderberry indicates 
that different varieties of the same fruit 
species can have different biochemical 
compositions, including differences  
in phenolic compounds due to genetic 
differences and their interaction  
with environmental conditions and 
agricultural practices. 

Similar to TSS, environmental  

 
Table 1. Total phenolic compounds in different 
varieties of Sambucus nigra fruit 

Sambucus nigra varietie TPC mg GAE 100 g-1  
(FW) 

‘Korsör’ 982.3 ± 24.5c 
‘Emma’ 1,258.9 ± 18.1b 
‘Haschberg’ 1,293.2 ± 14.0b 
‘Haidegg 17’ 1,344.7 ± 33.7a 
Results are expressed as mean value ± standard 
deviation (n = 6). Significant differences among 
elderberry varieties are marked with different letters  
(p < 0.05, Tukey HSD test). 
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UV radiation decreased the flavonol concentration in grape berries. This suggests that 
UV radiation plays a significant role in the synthesis of certain phenolic compounds, 
such as flavonols. 
 

Individual phenolic compounds 
In this study, gallic acid, catechin, chlorogenic acid, p-coumaric acid, sinapic acid 

and 3,5-dihydroxybenzoic acid were identified and quantified. Variety ‘Emma’  
showed a higher content of catechin - 4.97 ± 0.22 mg g-1, ‘Haidegg 17’ variety  
had a higher content of chlorogenic acid - 100.67 ± 2.96 mg g-1, p-Coumaric acid - 
41.95 ± 2.97 mg g-1 and sinapic acid - 0.99 ± 0.09 mg g-1, but the highest content of  
3,5-dihydroxybenzoic acid was in the berries of the ‘Haschberg’ variety -  
3.89 ± 0.12 mg g-1. 

 
Table 2. Phenolic compounds in different varieties of Sambucus nigra fruit 
Phenolic compound,  
mg g-1  
(FW) 

‘Korsör’ ‘Emma’ ‘Haschberg’ ‘Haidegg 17’ 

Gallic acid 0.07 ± 0.02b 0.16 ± 0.01a 0.13 ± 0.02a 0.13 ± 0.02a 
3,5-dihydroxobenzoic acid 2.99 ± 0.26b 2.71 ± 0.15b 3.89 ± 0.12a 1.84 ± 0.19c 
Catechin 2.67 ± 0.09c 4.97 ± 0.22a 2.92 ± 0.15c 4.00 ± 0.14b 
Chlorogenic acid 61.52 ± 3.94b 66.65 ± 2.83b 64.19 ± 4.64b 100.67 ± 2.96a 
p-Coumaric acid 17.34 ± 1.26c 19.95 ± 1.10bc 23.83 ± 1.77b 41.95 ± 2.97a 
Sinapic acid 0.81 ± 0.05b 0.71 ± 0.03b 0.73 ± 0.06b 0.99 ± 0.09a 
Results are expressed as mean value ± standard deviation (n = 3). Significant differences among elderberry 
varieties are marked with different letters (p < 0.05, Tukey HSD test). 

 
Przybylska-Balcerek et al. (2021) in the study of Sambucus nigra extracts reported 

Gallic acid in the range 0.34–8.32 mg g-1. They found sinapic acid content to be higher, 
ranging from 18.45–164.75 mg g-1. However, the content of chlorogenic acids content 
are consistent with that observed in this study and falls within the reported range  
25.50–254.07 mg g-1. While lower amounts of chlorogenic acid is reported by  
Ochmian et al. (2009) - 0.15 mg g-1. In this study higher p-Coumaric acid results  
were observed compared to Przybylska-Balcerek et al. (2021) where the reported range 
is 0.16–1.21 mg g-1. 

Chlorogenic acid was the major individual phenolic compound among all black 
elder varieties (61.52–100.67 mg g-1), followed by p-coumaric acid (7.34–41.95 mg g-1). 
Chlorogenic acid has many health-promoting abilities, including anti-cancer properties 
(Gil & Wianowska, 2017). Both chlorogenic acid and p-coumaric acid possess 
antioxidant properties (Skrede & Wrolstad, 2016). In a study on the influence of light 
quality, photoperiod, CO2 concentration and air temperature on the accumulation of 
chlorogenic acid and rutin in young lettuce plants, it was reported that the concentration 
of chlorogenic acid in the plant increases under unfavourable growing conditions  
(Naoya et al., 2022). Mudge et al., 2016 in a study on elderberry, concluded that the 
variability of chlorogenic acid profiles in berries is complex and likely influenced by 
multiple factors, including genetic and environmentally mediated variation. 
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DPPH free radical scavenging activity 
DPPH in the analyzed black elderberry varieties are presented in Table 3. 
DPPH measurements were similar (p < 0.05) between varieties ‘Haidegg 17’, 

‘Haschberg’ and ‘Emma’ which were 95.59 ± 2.0 mg TE g-1 FW; 98.38 ±1.0 mg TE g-1 FW 

 
CONCLUSIONS 

 
The results obtained in this study show lower DPPH free radical scavenging activity 

and TSS compared to black elderberries grown in the southern and eastern regions of 
Europe. 

The results indicated that the ‘Emma’ variety had the most intense taste 
characteristics, such as acidity and sweetness. Compared to the other varieties, it had the 
highest TSS (10.5% °Bx) and the lowest pH (3.65) content, which could indicate a higher 
amount of sugars and acids. 

The ‘Korsör’ variety showed the lowest TPC content and the lowest DPPH free 
radical scavenging activity. In addition, the TPC content of the ‘Korsör’ variety grown 
in Latvia is lower than that of the same variety grown in Hungary. This indicates that the 
growth region of the plant affects the TPC content of the berries. In the climatic 
conditions of Latvia, the variety ‘Haidegg 17’ showed the highest TPC content 
(1,344.7 ± 33.7 mg GAE 100g-1 FW) compared to the other analysed varieties. 

Differences in the content of identified individual phenolic compounds were 
observed between the analysed varieties. In general, the variety with the highest  
content of identified different individual phenolic compounds was ‘Haidegg 17’, which  
had the highest content of chlorogenic acid - 100.67 ± 2.96 mg g-1, p-Coumaric acid - 
41.95 ± 2.97 mg g-1 and sinapic acid - 0.99 ± 0.09 mg g-1. Chlorogenic acid was 
observed to be predominant among the individual phenols. 

The results obtained in the study show that it is worth investigating other 
biologically active compounds in black elderberries grown in Latvia, as their values may 
also differ from elderberries grown in other regions. 
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and 94.82 ± 3.6 mg TE g-1 FW respectively. 
Significantly (p > 0.05) lower DPPH 
measurement was for variety ‘Korsör’ - 
84.93 ± 3.6 mg TE g-1 FW. However, 
Kolarov et al. (2021), in a study on the 
antioxidant capacity of wild blueberries, 
elderberries and strawberries, reported 
DPPH measurements of 125.03 ± 
9.6 mg TE g-1 FW in elderberries grown 
in the Carpathian region of Serbia. The 
measurements from Kolarov et al. (2021) 
study is higher than those obtained in 
this study. 

 
Table 3. DPPH free radical scavenging activity 
in different varieties of Sambucus nigra fruit 

Sambucus nigra varietie DPPH mg TE g-1  
(FW) 

‘Korsör’ 84.93 ± 3.6b 
‘Emma’ 94.82 ± 3.6a 
‘Haschberg’ 98.38 ± 1.0a 
‘Haidegg 17’ 95.59 ± 2.0a 
Results are expressed as mean value ± standard 
deviation (n = 6). Significant differences among 
elderberry varieties are marked with different letters 
(p < 0.05, Tukey HSD test). 
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Abstract. This article deals with the development of small-sized wind power equipment as a 
viable solution for decentralized renewable energy production. To improve operational 
specifications of conventional turbine models with rotating blades, it is proposed to use a new 
design of wind power plant synthesized on the base of a closed loop conveyor equipped with flat-
shaped blades. In this design, blades are mounted on a belt with an opportunity to move together 
with it in one straight line direction. Air flow interaction with flat blade that performs translation 
motion is studied by computer simulation using a superposition principle. In accordance with this 
approach, a fast-chaotic motion of air particles (Brownian motion) is separated from the  
slow-directed air motion, with the given average velocity. Dynamic analysis of flat blade 
interaction with air flow is performed for the stationary air flow with constant speed and also for 
non-stationary flows with wind gusts. Optimization of the system parameters is made using the 
generated power as a criterion. Simulation results confirm the serviceability and efficient 
operation of the proposed conveyor type wind power equipment. It can be mounted on the roofs 
of buildings or rooftops of vehicles, also device is befriended to nature and people. 
 
Key words: air flow, belt conveyor, computer simulation, flat blade, optimization, power,  
wind turbine. 
 

INTRODUCTION 
 

Wind power is a sustainable and renewable energy source that holds significant 
potential for providing electricity to small farms and households. The use of wind 
turbines scaled for residential and agricultural applications has gained attention as a 
viable solution for decentralized energy production. 

The design of small wind turbines plays a crucial role in optimizing energy 
conversion. Operational principle of conventional wind turbines is mainly based on air 
flow action on radial blades mounted on a special rotor and further transformation of air 
flow kinetic energy into the mechanical energy of wheel rotation (Le Gourieres, 1982; 
Manwell et al., 2009). But in modern commercial wind turbines with rotating blades, the 
speeds of blade ends increase significantly, and such engineering solution has a negative 
effect on the use of wind turbines due to high generated noise, increased vibration and 
dynamic stresses (especially, near the blades attachment to the rotor) resulted in damages 
and failure of wind turbines (Boller & Buderath, 2007). To prevent accidental situations, 

https://doi.org/10.15159/AR.24.041
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different methods of nondestructive testing and condition monitoring techniques are used 
(Ciang et al., 2008; Granados et al., 2023). This requires additional time and financial 
resources. Other problem of wind power turbines with rotating blades lies in rather high 
level of generated noise, which causes annoyance and mental stress in humans (Ambrose 
et al., 2012), as well these noises have negative affect on birds and animals (Knopper & 
Ollson, 2011; Park & Do, 2022). To decrease noise level, reduction of geometrical 
dimensions of blades and other elements of wind turbines would be useful size. 

Recent research has emphasized the importance of aerodynamics, rotor design, and 
blade materials in enhancing the performance of small-sized wind turbines with rotating 
blades. Several works have been reported on small rotor wind turbines design (Singh & 
Ahmed, 2013; Chaudhary & Roy, 2015; Siddiqui et al., 2022) and performance 
optimization (Sanaye & Hassanzadeh, 2014; Scappatici et al., 2016; Umar et al, 2022). 
Insights into the aerodynamic characteristics of small wind turbines and the impact of 
various design parameters on energy extraction efficiency are given in (Kahsay & 
Nielsen, 2022). Paper (Khurshid et al., 2022) discusses the implementation of intelligent 
control algorithms to optimize the yaw and pitch angles of small wind turbines, thereby 
maximizing energy capture in variable wind conditions. A drag-lift hybrid wind turbine 
that can change the blade form adaptively according to the wind speed is proposed in 
(Gao et al., 2022). Innovations in materials and manufacturing techniques have 
contributed to the development of lightweight and durable components for small wind 
turbines (Mishnaevsky et al., 2017), highlighting their potential to improve strength-to-
weight ratios and enhance overall system efficiency. 

But despite above mentioned advantages in the development of small-sized rotor 
wind turbines, there is a principal limitation on further increasing of their power. In wind 
turbines with radial rotating blades, power extraction from air flow is proportional to 
radial dimensions of blades (Kulunk, 2011). But in small-sized wind turbines, 
opportunities for increasing of blade’s radial dimensions are very limited, and due to 
this, there is an objective limitation on generated power. 

Other drawback of conventional small-sized wind turbines lies in non-optimal 
orientation of radial flat blades to the air flow, and due to this, the potential possibilities 
for wind energy conversion in these devices are not fully used. Investigation of rotating 
flat blade interaction with air flow is performed in (Viba et al., 2016). And on the base 
of this research, new methods and devices for wind energy conversion with special 
regulation of blade’s turning angle are developed (Viba et al., 2017; Viba et al., 2020). 
But these small-sized wind devices also have disadvantage which become especially 
noticeable as the number of blades increases. For example, it has argued in (Eltayesh et 
al., 2021) that operational efficiency of these devices is reduced with the increasing of 
number of blades. Specifically, for number of blades more than one, air vortexes are 
formed between the blades, which negatively affect the efficiency of wind energy 
conversion. 

To overcome the objective shortcomings of existing wind equipment with rotating 
blades, it is proposed to realize in the turbine a new operational principle, based on the 
use of flat blade’s translational motion excited by air flow. The motive for such motion 
transformation is due to the fact that during translational motion the velocities of all 
points on the side surface of the blade are the same (as opposed to conventional rotary-
type wind devices}. This makes it possible to use the side surface of the blade more 
effectively than in known rotary devices (Kulunk, 2011). Efficient wind energy 
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transformation in devices with translationally moving blades is confirmed by the 
operation analysis of the wind generator proposed in (Beresnevich et al., 2021). But this 
wind device is very complex in design and therefore not reliable enough. The present 
article focuses on the development of structurally simpler and more effective in 
operation wind power equipment with translationally moving blades.  

 
METHODS USED FOR THE DYNAMIC ANALYSIS OF WIND ENERGY 

HARVESTING EQUIPMENT 
 

Kinematic diagram of the proposed wind power harvesting plant with 
translationally moving blades is shown in Fig. 1. The device consists of a closed belt 
conveyor to which flat blades 1, 2, 3 and 4 are attached. In rectilinear movements of the 
conveyor belt, the upper section 1 and the lower section 3 may have several flat blades. 
Similarly, during operation of the device, the right rotation stage 2 and the left rotation 
stage 4 may have multiple blades. The considered electromechanical system consists of 
a conveyor belt kinematically connected to the right and left reverse pulleys, whose 
rotation axes Oz and O2z are parallel. An energy harvesting generator is placed on the 
axis of the right pulley. The electromechanical system is positioned so that the wind flow 
velocity V0 is perpendicular to the conveyor movement plane or parallel to the Oz axis. 
Accordingly, thin flat rectangular blades with height H and width L are attached to the 
conveyor belt. The blades are turned by an angle β to the direction of conveyor 
movement. The blades (flat plates) are attached to the conveyor belt by a truss-type 
system that is always perpendicular to the conveyor belt. If the plate is not perpendicular 
or parallel to the air flow V0 (i.e., if β ≠ 0 and β ≠ π/2), the air interaction force moves 
the straight moving parts of the conveyor to the right and left, and rotates the pulleys. As 
a result, the generator turns on and accumulates energy. 
 

 
 
Figure 1. Kinematic diagram of the wind energy harvesting equipment. 

 
Evaluation of the given electromechanical system (Fig. 1), in which the wind flow 

interacts with moving flat plates, leads to the conclusion that study of the system’s 

Plate mounting truss 
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movement is related to solving the spacetime task, using appropriate methods 
(Selyutskiy et al., 2013; Ederra et al., 2022). Among the methods encountered in 
practice, the method of applying drag and lift coefficients can be used (for example, it is 
used in the work (Selyutskiy et al., 2013)). The disadvantage of this method lies in the 
necessity to conduct preliminary experiments in a wind tunnel for the given real object 
in order to determine drag and lift coefficients. But values of these two coefficients can 
be determined only in the case of stationary flow and only for the rectilinear air flow. If 
the object would additionally rotate in real motion, it should be assumed that both drag 
and lift coefficients are not changed due to this rotation. Besides, experiments in the 
wind tunnel with the limitation of height and width dimensions do not reflect the real 
object’s movement in nature. 

An understandable and effective method for solving the spacetime task is numerical 
modelling with high-power computers, an example of such research is presented in 
(Ederra et al., 2022). This work explains the main problems in solving spacetime tasks. 
Of course, the numerical spacetime method will require a large amount of work in the 
calculation of the conveyor-type energy extraction system (Fig. 1). 

As a third method, classical Newtonian mechanics approach based on the 
superposition principle should be mentioned (Viba et al., 2021; Viba et al., 2022). In this 
method, the stationary Brownian motion of air particles is separated from the additional 
non-stationary motion of air flow. As the result, a spacetime task is reduced to the 
solution of integral - differential problem, which finally gives the opportunity to solve 
ordinary differential equations (Meriam et al., 2016). The latter method is used here in 
this article to solve the problem stated above. 

 
CALCULATION MODEL FOR AIR INTERACTION WITH BLADES  
 
The proposed wind power harvesting device consists of several solid bodies 

(blades, rotor of generator) connected together by a flexible conveyor belt (i.e. kinematic 
link) and end pulleys (Fig. 2). 

 

 
 

Figure 2. Calculation model for air interaction in four stages of a flat blade (rectangular plate). 
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A wind flow with a velocity V0 parallel to the Oz (or O2z) axis acts on the blades. 
Since air interaction forces are at work, in the general case the object under consideration 

the normal force N2, the moment MC created by the air flow must be found, which in this 
case is perpendicular to the force N2 (Fig. 4) (Viba et al., 2021; Viba et al., 2022). 
Pressure zone in the normal direction n is determined using the theorem of the change in 
the amount of movement of the air layer (Meriam et al., 2016). Accordingly, after 
integrating the interactions over the entire area of the rectangular plate, the resulting 
force of the pressure zone can be found. 

pressure and suction zones is obtained; this force is directed along the normal to the 
blade surface and its value can be calculated by the formula shown in Fig. 3. 

is a system with distributed parameters. 
The number of degrees of freedom of 
the system tends to infinity. However, 
when applying the reduction method to 
the determination plate center C for air 
interaction, it is possible to reduce the 
number of degrees of freedom even to 
one. 

To perform such reduction, for 
example, the turning angle φ of the 
generator’s rotor can be used as 
generalized coordinate (Fig. 2). In this 
reduction, only the normal force N1, 
caused by the air flow, will have to be 
found in stages 1 and 3 of the rectilinear 
translational movement (Fig. 3). 

Accordingly, in stages 2 and 4 of 
the rotational movement, in addition to 

 

 
 

Figure 3. Calculation model of air interaction 
with flat blade in the translation stage 1. 

To determine forces N1 and N2, as 
well as a moment MC, it is possible to 
use a calculation method described in 
(Viba et al., 2021; Viba et al., 2022; 
Meriam et al., 2016) in order to 
analyze non-stationary air flow 
interactions with flat blade. The 
essence of the method lies in the 
separation of air-blade interaction 
space into two zones: the pressure zone 
and the suction zone (Viba et al., 
2022). By this method, the local forces 
of interaction in the normal direction, 
are obtained. After that, the interaction 
force in the suction zone is determined 
as a proportional value of the resultant 
force in the pressure zone. Finally, the 
total resultant normal force N1 of the 

 

 
 

Figure 4. Kinematic diagram for the reduction 
of air interaction forces applied to one blade 
during its rotational movement (stage 2). 
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Due to air interaction with flat blade, the following resultant normal force N1 is 
applied in the center of the plate 

𝑁𝑁1 = (1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻 ∙ (𝑉𝑉0 ∙ cos𝛽𝛽 − 𝜔𝜔𝑟𝑟 ∙ sin𝛽𝛽)2, (1) 
 

𝑁𝑁2 = (1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻 ∙ � [𝑉𝑉0 ∙ cos𝛽𝛽−𝜔𝜔(𝑟𝑟 + 𝐻𝐻 2⁄ + 𝜉𝜉) ∙ sin𝛽𝛽]2
𝐻𝐻/2

−𝐻𝐻/2

∙ d𝜉𝜉 (2) 

𝑀𝑀𝐶𝐶 = (1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻 ∙ � [𝑉𝑉0 ∙ cos𝛽𝛽 − 𝜔𝜔(𝑟𝑟 +
𝐻𝐻
2

+ 𝜉𝜉) ∙ sin𝛽𝛽]2 ∙ 𝜉𝜉 ∙ d𝜉𝜉,

𝐻𝐻/2

−𝐻𝐻/2

 (3) 

where ξ is the radial coordinate of the blade element relative to the its mass center C. 
As an illustration to the derivation of Eqs. (2) and (3), a calculation model is 

presented in Fig. 5. 
By the integration of Eqs. (2) and (3), the following expressions for determination 

of normal force N2 and reduced moment MC are obtained: 

𝑁𝑁2 = (1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻 ∙ �𝐻𝐻 ∙ [𝑉𝑉0 ∙ cos𝛽𝛽 − 𝜔𝜔 ∙ sin𝛽𝛽 ∙ (𝐻𝐻 2⁄ + 𝑟𝑟)]2 +
𝐻𝐻3𝜔𝜔2 ∙ (sin𝛽𝛽)2

12
�, (4) 

 

𝑀𝑀𝐶𝐶 =
(1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻4𝜔𝜔 ∙ sin𝛽𝛽 ∙ [𝑉𝑉0 ∙ �2 sin2 𝛽𝛽2 − 1� + 𝜔𝜔 ∙ sin𝛽𝛽 ∙ (𝐻𝐻 2⁄ + 𝑟𝑟)]

6
 (5) 

The obtained air interaction formulas (1), (4) and (5) can be used to form the 
differential equation of motion for the considered energy harvesting equipment. This 
problem is discussed in the next section. 

 

where C is a constant, H is the plate 
height, L is the plate width, ρ is the air 
density, V0 is the air flow velocity, β is 
the angle of inclination of the blade 
relative to the direction of belt 
movement, r is the radius of the 
conveyor pulley, and ω is the angular 
velocity of the generator shaft. It 
should be noted here that the 
application of formula (1) and advices 
for the choice numerical values of the 
constant C are given in the co-authors’ 
work (Viba et al., 2022) on the base of 
experiments in a wind tunnel. 

In the rotational movement of 
one blade around the right end pulley 
of the conveyor (Fig. 4), the normal 
force N2 and the moment MC reduced to 
the mass center C are obtained in the 
following form: 

 

 
 
Figure 5. Calculation model of air interaction 
with flat blade in rotational motion: reduction of 
normal force N2 and moment MC to the mass 
center C of the blade. 
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DIFFERENTIAL EQUATION OF MOTION FOR THE SYSTEM UNDER 
STUDY 

 
In compiling the differential equation of motion for the system with one degree of 

freedom, the dynamical virtual work method (Reddy, 2002; Meriam et al., 2016) is used. 
Here the turning angle φ of the generator’s shaft is chosen as a generalized coordinate, 
and the virtual displacement of this coordinate can be presented by the variation δφ. The 
sum of elementary works δW of active forces, coupling reactions and inertial forces at the 
virtual displacement δφ of the system should be determined by the following formula: 

𝛿𝛿𝛿𝛿 = (𝑄𝑄𝐴𝐴 + 𝑄𝑄𝐺𝐺) ∙ 𝛿𝛿𝛿𝛿 + 𝑄𝑄𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿 + 𝑄𝑄𝐼𝐼𝐼𝐼 ∙ 𝛿𝛿𝛿𝛿 (6) 
where 𝑄𝑄𝐴𝐴 is a generalized force of air interactions in stages 1, 2, 3 and 4 (Fig. 2), 𝑄𝑄𝐺𝐺 is 
a generalized force of generator, 𝑄𝑄𝑅𝑅 is a generalized force of coupling reactions, and 𝑄𝑄𝐼𝐼𝐼𝐼 
is a generalized inertia force. 

But the sum of the elementary works δW in the dynamics task, in accordance with 
(Reddy, 2002), is equal to zero: 

𝛿𝛿𝛿𝛿 = 0. (7) 
Choosing the variation of the generator turning angle φ as the virtual displacement 

δφ (Figs. 3, 4) and using formulas (6)-(7), for the case δφ ≠ 0 the following equation is 
obtained: 

𝑄𝑄𝐴𝐴 + 𝑄𝑄𝐺𝐺 + 𝑄𝑄𝑅𝑅 + 𝑄𝑄𝐼𝐼𝐼𝐼 = 0. (8) 
In the given mechanism, the generalized force of air interaction 𝑄𝑄𝐴𝐴 has three 

components 
𝑄𝑄𝐴𝐴 = 𝑄𝑄1𝑁𝑁1 + 𝑄𝑄2𝑁𝑁2 + 𝑄𝑄2𝑀𝑀𝐶𝐶 . (9) 

Using formulas (1) – (3), the following expressions for determination the generalized 
forces can be obtained: 

𝑄𝑄1𝑁𝑁1 = 𝑘𝑘1𝑁𝑁1 ∙ sin𝛽𝛽 ∙ 𝑟𝑟 (10) 
𝑄𝑄2𝑁𝑁2 = 𝑘𝑘2𝑁𝑁2 ∙ sin𝛽𝛽 ∙ (𝑟𝑟 + 𝐻𝐻 2⁄ ) (11) 

𝑄𝑄2𝑀𝑀𝐶𝐶 = 𝑘𝑘2𝑀𝑀𝐶𝐶  (12) 
where 𝑄𝑄1𝑁𝑁1 is a generalized force of blade’s normal force N1 due to interaction with air, 
𝑄𝑄2𝑁𝑁2 is a generalized force of blade’s normal force N2 due to interaction with air, 𝑄𝑄2𝑀𝑀𝐶𝐶  is 
a generalized force of air interaction moment MC, k1 is a number of blades in motion 
stages 1 and 3, k2 is a number of blades in the motion stages 2 and 4. 

The characteristic of the energy storage generator can be assumed as a linear 
function of the angular velocity ω. In this case, the generalized force 𝑄𝑄𝐺𝐺 can be 
calculated by the following equation: 

𝑄𝑄𝐺𝐺 = −𝑘𝑘3 ∙ sign(𝜔𝜔) − 𝑘𝑘4𝜔𝜔 (13) 
where k3 and k4 are positive constants. 

Accordingly, the generalized force 𝑄𝑄𝑅𝑅 of coupling reactions depends on the 
structure and operation features of real mechanism. For example, this force could be 
considered as a fixed constant force or a force proportional to the velocity of the 
conveyor belt. For the last variant, the force 𝑄𝑄𝑅𝑅  can be determined by the following 
formula: 

𝑄𝑄𝑅𝑅 = −𝑘𝑘5 ∙ 𝑠𝑠𝑋𝑋𝑠𝑠𝑠𝑠(𝜔𝜔) − 𝑘𝑘6𝜔𝜔 (14) 
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where k5 and k6 are positive constants. It should be noted that the viscosity of the medium 
is not considered, but it can be taken into account in the formula (14) by proportional 
increasing the constant k6 of the viscous resistance force. 

In the considered system with one degree of freedom, which position is set by the 
turning angle φ of the generator’s shaft, the generalized inertial force 𝑄𝑄𝐼𝐼𝐼𝐼  can be 
determined by the following formula: 

𝑄𝑄𝐼𝐼𝐼𝐼 = −(𝑚𝑚0𝑟𝑟2 + 𝐽𝐽02) ∙
d2𝛿𝛿
d𝑡𝑡2

 (15) 

where m0 is the reduced mass of translational motion of the conveyor belt and blades, 
𝐽𝐽𝑂𝑂2 is the reduced moment of inertia of rotational motion of the system around the axes 
Oz and O2z. 

By applying formulas (9) – (15), the following differential equation of motion of 
the electro-mechanical system under study is obtained: 

(𝑚𝑚0𝑟𝑟2 + 𝐽𝐽02) ∙
𝑑𝑑2𝛿𝛿
𝑑𝑑𝑡𝑡2

= (−𝑘𝑘3 − 𝑘𝑘5) ∙ 𝑠𝑠𝑋𝑋𝑠𝑠𝑠𝑠(𝜔𝜔) − (𝑘𝑘4 + 𝑘𝑘6)𝜔𝜔 + 𝑘𝑘1𝑁𝑁1 ∙ sin𝛽𝛽 ∙ 𝑟𝑟 

+𝑘𝑘2𝑁𝑁2 ∙ sin𝛽𝛽 ∙ (𝑟𝑟 + 𝐻𝐻 2⁄ ) + 𝑘𝑘2𝑀𝑀𝐶𝐶 . 
(16) 

The differential Eq. (16) can be used to find the motion φ = φ(t) for the system 
under study using the initial conditions given: 𝑡𝑡 = 0;  𝛿𝛿(0) = 𝛿𝛿0;  𝜔𝜔(0) = 𝜔𝜔0. The 
minimal dimensions of the blade needed for the system to operate (run the generator) 
can be found out from Eq. (16), taking into account that the angular acceleration ɛ must 
be positive. For this purpose, the minimal number of blades k1, k2 and the interaction 
area LH in equations (1) – (3) should be selected. 

Besides, on the base of the Eq. (16), parametric optimization tasks can be solved. 
For example, assuming generating power P as criterion, the following equation to 
optimize power P can be obtained: 

𝑃𝑃(𝑡𝑡) = [𝑘𝑘1𝑁𝑁1 ∙ sin𝛽𝛽 ∙ 𝑟𝑟 + 𝑘𝑘2𝑁𝑁2 ∙ sin𝛽𝛽 ∙ (𝑟𝑟 + 𝐻𝐻 2⁄ ) + 𝑘𝑘2𝑀𝑀𝐶𝐶] ∙ 𝜔𝜔 (17) 
Different optimization problems solved on the base of Eq. (17) are discussed below. 
 

MOTION SIMULATION AND PARAMETRIC OPTIMIZATION OF THE 
SYSTEM UNDER STUDY 

 
To solve a parametric optimization task, expressions (1), (4) and (5) for the forces 

N1, N2 and moment MC are inserted into the Eq. (17). As the result, the following equation 
for the optimization criterion P(t) is obtained: 
𝑃𝑃(𝑡𝑡)
= {𝑘𝑘1 ∙ (1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻 ∙ (𝑉𝑉0 ∙ cos𝛽𝛽 − 𝜔𝜔𝑟𝑟 ∙ sin𝛽𝛽)2 ∙ 𝑟𝑟 sin𝛽𝛽 + 𝑘𝑘2 ∙ (1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻

∙ �𝐻𝐻 ∙ [𝑉𝑉0 ∙ cos𝛽𝛽 − 𝜔𝜔 ∙ sin𝛽𝛽 ∙ (𝐻𝐻 2⁄ + 𝑟𝑟)]2 +
𝐻𝐻3𝜔𝜔2 ∙ (sin𝛽𝛽)2

12
� (𝑟𝑟 + 𝐻𝐻 2⁄ ) sin𝛽𝛽 + 𝑘𝑘2

∙
(1 + 𝐶𝐶)𝐻𝐻𝐻𝐻𝐻𝐻4𝜔𝜔 ∙ sin𝛽𝛽 ∙ �𝑉𝑉0 ∙ �2 sin2 𝛽𝛽2 − 1� + 𝜔𝜔 ∙ sin𝛽𝛽 ∙ (𝐻𝐻 2⁄ + 𝑟𝑟)�

6
} ∙ 𝜔𝜔 

(18) 

By the analysis of Eq. (18), it can be concluded that optimization of power P 
involves the need to vary up to 8 system parameters (variables): k1, k2, V0, β, r, H, ω and 
geometrical constant D = (1+C)HLρ. Some of these variables (k1, k2, V0, H, D) will reach 
their maximum values during the optimization process, but quantities of β and ω will 
remain within the permissible limits. When optimizing the turning angle β of the blade, 
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the separation of the flow above the blade should be observed in such a way that there is 
no overlapping of areas and there is always a translational movement through the flow 
excitation. Accordingly, after determining the values of β and ω, in solution of the 
differential Eq. (16) criterion (18) should be analyzed by the variation of other system 
parameters. Part of this numerical process is discussed here. 

The numerical example considered here deals with the motion analysis of the 
simplest structural model of the wind power device, which includes only one blade in 
each stage (k1 = 2, k2 = 2). Accordingly, the other system parameters were chosen as 
follows: k3 = 0; k4 =0.25; k5 = 0; k6 = 0; H = 0.5 m; L = 0.5 m; C = 0.5; ρ = 1.25 kg m-3; 
V0 = 15 m s-1; J = 100 kg m2; β = 0.1π rad; r = 0.5 m. Computer simulation is performed 
with program Mathcad, and results are presented in graphical form in Fig. 6. 
 

a)  

 

b)  
 
Figure 6. Kinematic characteristics of generator shaft in transient process as functions of time t: 
(a) Turning angle φ; (b) Angular velocity ω. 

 
As follows from the analysis of the graphs presented (Fig. 6), a stationary rotation 

process of generator shaft occurs after about 8 minutes, starting from zero initial conditions 

of these graphs, it can be concluded that when approaching stationary motion (𝑑𝑑
2𝜑𝜑
𝑑𝑑𝑑𝑑2

 = 0; 
ω = const) the following relationship is approximately valid: P = P1 + P2. Additionally, 
one can also come to the conclusion that power P1 obtained in the rectilinear movement 
stage of the blade is about four times greater than power P2 obtained in the rotational 
motion stage of the blade. The main conclusion here is that the proposed wind power 
device (under the given system parameters) is able to generate a maximal power of about 

conditions (𝑡𝑡 = 0;  𝛿𝛿(0) = 0;  𝜔𝜔(0) = 0). 
Angular velocity in stationary operation 
regime is around 𝜔𝜔 = 40 rad s-1. 

Power P accumulated by the 
generator is gradually increased during 
transient process, as it is shown in Fig. 7. 

The resulting power P of generator 
(Fig. 7) includes two components: the 
air interaction power P1 of two straight 
sections (numbered as sections 1 and 3 
in Fig. 1) and the air interaction power 
P2 of two rotary sections (numbered as 
sections 2 and 4 in Fig. 1). By the analysis  

 

 
 

Figure 7. Growth of the power P accumulated 
by generator during transient process. 

[rad] 

t [min] t [min] 

[rad s-1] 

t [min] 
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420 W. In this case, to increase the generated power P, the number of blades (k1, k2) 
should be chosen more and the tilt angle β should be adjusted. 

 
COMPUTER SIMULATION RESULTS 

 
The developed methodology makes it possible to simulate and parametrically 

optimize different operation conditions of the wind power device. Blade interactions 
with constant air flow speed V0 can be analysed at different generator operation laws, for 
example, assuming 𝒌𝒌𝟑𝟑 ≠ 𝟎𝟎, but k4 = 0. Simulation results for this specific case (assuming 
k3 = 17.5, k4 = 0 and other parameters similar to those in section 5) are presented in 
Fig. 8. Computer simulation was performed with program Mathcad. 

As follows from the simulation results (Fig. 8), the proposed wind power device 
(under the given system parameters) is able to generate a maximal power of 530 W. 

 

a)  

 

b)  
 
Figure 8. Simulation results for the transient process of generator shaft at the constant air flow 
speed V0 = 15 m s-1 (assuming k3 = 17.5, k4 = 0): (a) Angular velocity ω; (b) Generated power P. 

 

 

 
Vn = V0[1 + 0.5 ∙ (sin(𝑝𝑝 ∙ 𝑡𝑡𝐼𝐼))] 
 

V0 = 15 m ∙ s−1    𝑝𝑝 = 0.063 

max(Power) = 784.783 
min(Power) = 643.973 a) t [min] 

  
b)   t [min] c) t [min] 

 
Figure 9. Computer simulation results for the wind flow with harmonic time-varying speed V(t): 
(a) Harmonic time-varying law of wind flow speed V; (b) Variation in time of generator shaft 
angular velocity ω; (c) Generated power P as function of time t. 

[m s-1] 

[rad s-1] 

[rad s-1] 

t [min] t [min] 
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The developed methodology makes it possible to simulate and optimize some other, 
more complex aerodynamic problems, when blade of the device is subjected to action of 
wind flow with time-varying speed V. The computer simulation results for one such case 
(wind flow variation by harmonic law) are presented in Fig. 9. Analysis is performed 
assuming k3 = 17.5, k4 = 0 and other parameters similar to those in previous section. 

As follows from the simulation results (Fig. 9), harmonic time-varying wind flow 
causes cyclic time pulsation of generated power P. In stationary operation regime of the 
device, maximal generated power is 785 W, minimal – 644 W and mean value – 714.5 
W. Therefore, amplitude of power pulsation is 70.5 W or about 10% from mean value. 

Computer simulation results for other characteristic case of air flow condition, 
when operation of the device is accompanied with wind gusts, are presented in Fig. 10. 
In the case considered here, wind gust mathematically is described by the rectangular 
law (mathematical expression of the used rectangular law and its main numerical 
parameters can be found in Fig. 10). 

 

 

 
Vn = V0[1 + 0.5 ∙ sign(sin(𝑝𝑝 ∙ 𝑡𝑡𝐼𝐼))] 
 

V0 = 15 m ∙ s−1    𝑝𝑝 = 0.063 
 

𝑘𝑘3 = 17.5    𝑘𝑘4 = 0 

max(Power) = 1,052×103 

min(Power) = 962.493 a) t [min] 

  
b) t [min] c) t [min] 
 

Figure 10. Computer simulation results for the air flow accompanied with wind gusts: (a) 
Rectangular time-varying law V(t) of wind gusts; (b) Variation in time of angular velocity ω of 
generator shaft; (c) Generated power P as function of time t. 

 
As follows from the simulation results (Fig. 10), the proposed air flow device can 

stably generate power even in condition of intensive wind gusts. In the considered 
example, variation of wind speed in gusts was taken from 7.5 till 22.5 m s-1 or 50% 
relative to mean value of V0 = 15 m s-1. And in such condition, the device stably generates 
power within the range from 962 to 1,052 W (pulsation of generated power is about 5% 
relative to its mean value). 

 

[m s-1] 

[rad s-1] 

 



367 

DISCUSSION 
 
The main result of the article lies in the methodology for studying the interaction 

between moving solid objects and surrounding air medium. This methodology is adopted 
and modified to analyse interactions of solid bodies with air flow in conditions of 
variable air flow and wind gusts. Applicability of the methodology has been confirmed 
by solution some practical numerical examples. 

The methodology is based on the hypothesis of dividing interactions into pressure 
and suction zones. The laws of mechanics on the reduction of interactions are used in 
the pressure zone. Accordingly, the hypothesis applied in the suction zone is that the 
interaction can be described in proportion to the air flow velocity in the pressure zone. 
The methodology allows to simplify the solution of spacetime tasks by transforming the 
description of the object to the solution of the ordinary differential equation. 

It should be noted that in the calculation of the considered energy harvesting 
equipment, the existence of the applied theory should be checked for the rotation stages, 
where there should not be a suction process at the end point of the blade, or the rule 
according to the following inequality should be fulfilled: 

𝑉𝑉0 cos𝛽𝛽 − 𝜔𝜔 ∙ (𝑟𝑟 + 𝐻𝐻) ∙ sin𝛽𝛽 > 0 (19) 
where notation is the same as above in the Eq. (1). 

If condition (19) is not satisfied, the proposed methodology cannot be applied and 
the spacetime task must be solved. Such a case is not considered here due to the scope 
of the article. 

In addition, it should be noted that the hypothesis of energy conservation in the 
process of transition from rectilinear motion to rotational motion is assumed in the 
calculation. This process is also not subject of research here, because it is related to the 
occurrence of an impact in the transformation. Impact softening is considered 
constructively in the work (Viba et al., 2022), where a plate conveyor is used instead of 
a belt conveyor. 

 
CONCLUSIONS 

 
The main key points to be emphasized in this article can be summarized as follows: 
• The analytical method for studying the interaction between air flow and a thin 

plate when the plate moves in a straight-line direction or rotates around a fixed axis is 
proposed. 

• The proposed method allows to simplify the solution of spacetime problems in 
fluid dynamics, even in the cases of time-varying flow rates, for example due to pulsation 
of flow velocity by a harmonic law or because of wind gusts. 

• Computer simulation results confirm the serviceability and efficient operation of 
the proposed conveyor type wind power equipment. It is shown that proposed device can 
stably generate power even in conditions of air flow variations and intensive wind gusts. 

• The proposed energy harvesting equipment can be placed not only horizontally, 
but also vertically or obliquely, as the flow direction does not influence its operation. 

• The results obtained can be also applied for the development of small-sized 
hydropower equipment, with the possibility of their use in shallow river waters. 
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• Experimental studies of the proposed small-sized aerodynamic equipment in 
wind tunnel will be the subject of further research and can be presented in the next 
articles. 
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Abstract. Single-cell protein (SCP) is a promising alternative for replacing plant and animal-
derived dietary proteins. SCP contains essential nutrients and high levels of essential amino acids 
(AA). Given the versatility of microbial strains and waste substrates that can be used as 
feedstocks, many variations of production processes can be explored. Improving these 
microorganism strains by enhancing their properties and productivity is vital to increasing SCP 
competitiveness. One of the options to enhance microorganism strains would be by creating 
mutants with better AA profiles. By using mutagenesis and AA inhibitors it should be possible 
the create novel strains with improved AA-producing properties. The use of AA inhibitors to 
promote selective pressure on SCP-producing strains is a novel concept and is not a widely 
explored approach, therefore, the further development of this method should be explored. This 
paper used a multi-criteria decision analysis method to evaluate different technological factors 
vital for creating protein-rich mutants. These factors are microorganism strains, agro-industrial 
waste substrates used as process feedstocks, AA inhibitors, and mutagenesis methods. 
Microorganisms Candida utilis and Bacillus subtilis showed the highest potential for being used. 
Molasses was the ‘closest to the ideal’ substrate to be used as feedstock for SCP production. As 
the most promising mutagenesis method ethyl methane sulphonate was selected. Glufosinate 
ammonium and methionine sulfoximine for both bacteria and fungi were identified as the best 
inhibitors for SCP-rich mutant selection. Identified combinations of optimal solutions for 
microorganisms, substrates, inhibitors, and mutagenesis techniques should be further investigated 
and evaluated in laboratory settings. This could help to increase SCP's competitiveness as a 
sustainable protein source. 
 
Key words: agro-industrial waste, amino acids, amino acid inhibitors, biomass, herbicides, low-
cost substrate, microbial protein, microorganisms, multi-criteria analysis, MCDA, mutagenesis, 
proteins, residues, single-cell proteins, SCP, TOPSIS, waste biomass. 
 

INTRODUCTION 
 

Proteins have always played a significant role in maintaining human health. They 
contain amino acids (AA) which are crucial for various physiological processes in the 
body (Martin, 2001). Livestock products contribute over 33% of the total protein intake 
in human diets (Martin, 2001), and approximately 83% of the world's agricultural land 
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is used to produce feed for livestock (Mekonnen & Hoekstra, 2012; Poore & Nemecek, 
2018). This area could be potentially used to grow food to feed an additional 3.5 billion 
people (Cassidy et al., 2013). Meanwhile, fish and crustaceans account for 17% of the 
world's protein intake (FAO, 2014). The use of fish and crustaceans has caused 
overfishing by depleting marine fish resources leading to 391 species threatened with 
extinction (Øverland et al., 2013; Dulvy et al., 2021). This has spurred the rapid 
expansion of aquaculture in the past two decades to meet the increasing demand for fish 
(Yarnold et al., 2019), necessitating the provision of essential nutrients for farmed fish. 
While aquaculture has surpassed wild-capture fisheries in production volume, it still 
heavily relies on wild capture for fishmeal (Tacon & Metian, 2015). This dependence 
poses challenges, showing the need for more sustainable solutions such as single-cell 
protein (SCP) (Spinelli, 1980; Yarnold et al., 2019). SCP is an alternative protein source 
that could help to improve sustainability and reduce the scarcity of proteins (Najafpour, 
2007; FAO, 2020). Increasing the use of SCP, for example, in livestock feeds could 
reduce the need for intensive farming while aligning with environmental strategies for 
reducing greenhouse gas emissions (European Commission, 2012, 2019a). 

SCP are known as bioproteins, microbial proteins, or microbial biomass. The 
technology has many advantages over traditional dietary proteins, since production is 
more environmentally friendly, consumes less water, requires smaller land areas, is not 
influenced by climatic conditions, and can be produced from agro-industrial by-products 
(Singh & Mishra, 1995; García-Garibay et al., 2014; El-Sayed, 2020). Each 
microorganism has its own capabilities to consume waste substrates as feedstocks and 
the ability to synthesize proteins and AA. For choosing the best microorganism for SCP 
production it should be capable of synthesizing large amounts of proteins, and essential 
AA (EAA), as well as the ability to grow in large density and consume various substrates 
as feed. The use of different waste substrates can be environmentally friendly, resource 
and cost-efficient (Pogaku et al., 2009). Waste substrates can be used as carbon sources 
and nitrogen sources for the microorganism. Carbohydrates typically contribute to about 
0.5 g of dry biomass per gram of substrate and the carbon source can account for 
approximately 60% of the production costs significantly influencing the outcome and 
costs of SCP (García-Garibay et al., 2014). Nitrogen source can be one of the most 
important factors that can directly influence protein synthesis by microorganisms 
(Vethathirri, et al., 2021). The use of waste substrates in the production of value-added 
products is in line with multiple European Union goals (Tutto, 2017; European 
Commission, 2018, 2019b; Vidal-Antich et al., 2022). 

The SCP production technologies have been extensively researched (P&S 
Intelligence, 2018), and are steadily growing as more products are being introduced into 
the market (Ritala et al., 2017). It has been widely used as a food supplement for humans 
and as a feed for animals (Kumar et al., 2024). Currently, SCP is being produced under 
different commercial names like Brovile®, AlgaVia®, Quorn®, Vitam- R®, Pruteen®, 
Marmite®, and FermentIQ™, etc. (Wikandari et al., 2021; Kumar et al., 2024). Although 
there already are some products in the market, they remain a niche product that is not 
widely available or consumed (Salazar-López et al., 2022). However, a report published 
by Market Research Intellect evaluated that the SCP market size was USD 6.64 billion 
in 2023 and that it is expected to reach USD 10.4 billion by 2031, growing at a 4.42% 
CAGR from 2024 to 2031 (Intellect, 2024). 



372 

To better introduce new SCP products to the market requires efforts by various 
actors, particularly by different businesses, investors, and engineers, who can help solve 
the different challenges that this industry is facing (Van Der Weele et al., 2019; Wada et 
al., 2022). Several challenges need to be overcome before more large-scale SCP 
processes are introduced in the market, necessitating more pilot-scale demonstrations to 
increase technology readiness level (Sekoai et al., 2024), as well as challenges in terms 
of consumer acceptance and market adoption (Van Der Weele et al., 2019; Salazar-López 
et al., 2022). More studies should be conducted to assess the technical and economic 
feasibility of SCP processes, especially using food waste as a carbon source (Sekoai et 
al., 2024). To increase the diversity of the technology, cheaper carbon sources and 
optimal process parameters are still being researched as well as applicable 
microorganisms (Salazar-López et al., 2022; Kumar et al., 2024). New scientific tools 
are being used to enhance strain performance by targeting SCP-producing biochemical 
pathways (Sekoai et al., 2024). Enhancing and creating a strain with superior properties 
can increase SCP competitiveness (Spalvins et al., 2021). Classical mutagenesis and 
random screening methods are simple and efficient methods for strain development 
(Rowlands, 1984; Anderson, 1995; Winston, 2008; Atzmüller et al., 2019) and are still 
widely used (Yamada et al., 2017; Zhu et al., 2018; Atzmüller et al., 2019; Soedarmodjo 
& Widjaja, 2021). After treating the microorganism with a mutagen, the surviving cells 
must be selected for desired traits, for example, by using a selective media (Spalvins et 
al., 2021). This strategy would help to create improved SCP-producing strains that have 
higher total protein and AA content. EAAs such as lysine, methionine, threonine, and 
tryptophan are very important, as they are available in lower amounts in conventional 
plant-derived protein sources (Spinelli, 1980; Al-Marzooqi et al., 2010; Finco et al., 
2017; Hardy et al., 2018). 

AA inhibitors were selected as potential selective agents for the selection of 
improved SCP-producing mutants. AA inhibitors are the active ingredients in 
commercial herbicides developed for weed control. The main principle of herbicides is 
the inhibition of the enzymatic activity responsible for the biosynthesis of AA in cells, 
as a result of which the treated weeds die (Kumada et al., 1993; Ravanel et al., 1998; 
Vallejo et al., 2017; Lonhienne et al., 2020; Tall & Puigbò, 2020). Herbicides have been 
used ubiquitously for over 50 years in agriculture and during this time the effects of 
herbicides on the agroecosystem have been studied. Studies have shown that herbicide 
treatment reduces the numerical population of certain microorganisms in the soil and on 
the surface of cultivated plants (Wang et al., 2012; Sardrood & Goltapeh, 2018; 
Łozowicka et al., 2021). Almost all herbicides are nonspecific and have an inhibitory 
effect on the enzymatic activity of fungi, molds, bacteria, and algae, suppressing their 
growth at certain concentrations (Kumada et al., 1993; Ravanel et al., 1998; Grant Pearce 
et al., 2017; Lonhienne et al., 2020; Tall & Puigbò, 2020; Couchet et al., 2021). It is 
expected that the use of AA inhibitors may identify protein-synthesizing mutants capable 
of increased protein synthesis, similar to the successful use of fatty acid inhibitors to 
select single-cell oil-synthesizing mutants (Atzmüller et al., 2019). The use of AA 
inhibitors to promote selective pressure on SCP-producing strains is a novel concept 
(Spalvins et al., 2021), and is not a widely explored approach. Consequently, the further 
development of this method is scientifically innovative. It is important to note that 
varieties of induced mutant microorganisms are widely used in the food industry 
(Molzahn, 1977), pharmacy (Butler, 2011), biofuel production (Raita et al., 2021), 
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enzyme production (Kumar et al., 2014), and many other industries. The creation and 
distribution of induced mutants is not restricted and the use of induced mutants in human 
and animal consumption is considered safe (Yamada et al., 2017), therefore mutagenesis 
and AA inhibitors can be used to create SCP-rich mutants. 

After mutagenesis and selective screening using AA inhibitors, the microorganism 
needs to be reevaluated for its safety. A status such as GRAS (Generally Recognized as 
Safe) or being on the Qualified Presumption of Safety (QPS) list helps to speed this 
process (Galano et al., 2021). For example, in the EU microorganisms from the QPS list 
are considered safe, and mutated microorganisms have fewer requirements to prove their 
safety. After confirming that the genetic modifications have been evaluated and do not 
raise any safety issues, the generated mutant strain is deemed safe once more (Galano et 
al., 2021). 

By summarizing the SCP technology and SCP-producing mutant creation, firstly, it 
is important to choose the microorganism and feedstock that are applicable to each other 
and can provide significant results in biomass and protein concentrations (Spalvins et 
al., 2018b, 2018a). By using mutagenesis microorganism cells are damaged and 
mutations in them can be induced. A mutagen dose should be found that causes 50–90% 
of cell death. By applying the treated cells in its selected feedstock medium with AA 
inhibitor, which creates a selective pressure allowing only those cells that are more 
capable of AA synthesis to grow. It is necessary to choose an inhibitor concentration that 
causes 100% growth inhibition for the wild-type strain. It should be noted that at this 
stage the microbial medium should be without organic nitrogen to improve the AA 
inhibition effectiveness (Raita et al., 2024). Candidates can be selected according to 
various criteria such as their size, colour, morphology, etc. When the new candidate 
colonies have grown, they are stored and used in experiments. 

A scheme of the process is visualized in Fig. 1.  
 

 
 

Figure 1. Scheme for the process of creating mutants. 
 
A more detailed description of the process has been provided by the authors in 

(Raita et al., 2024) review paper.  
This study aims to compare and find the best alternatives for creating edible protein-

rich mutants in four technological aspects: microorganism strain, waste substrates used 
as process feedstock, AA inhibitor, and mutagenesis method. To achieve that multi-
criteria decision analysis (MCDA) was used to identify the most suitable sets of 
appropriate microorganism strains, mutagenesis techniques, applicable AA inhibitors, 
and low-cost medium feedstock by comparing alternatives in each group and finding the 
‘closest to ideal’. Finding the potentially best solution could be beneficial for developing 
a methodology for creating new SCP-producing mutant strains. From MCDA selected 
sets should be evaluated in laboratory settings verifying the possibility of creating 
enhanced mutant strains that would be superior to the currently used strains. Hopefully, 
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with this MCDA the authors will find the best potential alternatives, with which in the 
future it will be possible to create an enhanced strain that can compete as a product for 
aquaculture feed, with a superior AA profile and protein quality than fishmeal  
(Cho & Kim, 2011). 

 
MATERIALS AND METHODS 

 
In this study, the methodology includes the MCDA method TOPSIS (Technique 

for Order Preference by Similarity to Ideal Solution) which is used to compare different 
technological alternatives. The TOPSIS tool provides an optimal solution by calculating 
the relative closeness coefficient to the ideal solution (Tzeng & Huang, 2011), namely, 
identifying the best alternative depending on set criteria. The implementation of TOPSIS 
distinguishes six main steps - identifying indicator matrix, calculating normalized 
matrix, calculating weighted normalized matrix, calculating ideal and anti-ideal values, 
and calculating relative closeness coefficient for each alternative and ranking the results. 
The closeness coefficient is always between 0 and 1, where 1 is the preferred action or 
solution (Tzeng & Huang, 2011). The methodologies algorithm is represented in Fig. 2. 
The methodology of performing TOPSIS can be found in more detail described by 
(Behzadian et al., 2012). 
 
 

 

 

 
Figure 2. Methodologies algorithm. 
 

The advantages of the TOPSIS methodology are that it is the most significant 
approach to solving real-world problems, it is possible to immediately recognize the 
proper alternative, it can be used for situations with many alternatives and attributes, and 
is suitable for use with quantitative or objective data (Alsalem et al., 2018). Its 
disadvantage would be that it lacks provision to weigh elicitation and TOPSIS 
determines the selected alternative based on its proximity to the ideal solution and the 
greatest distance from the ‘negative-ideal’ solution; however, it does not consider the 
relative importance of the distances from these points (Alsalem et al., 2018). 

Criteria weights for microorganisms, waste substrates, and mutagenesis methods 
were based on expert evaluation. People who have studied or at the moment work in 
biology, environmental engineering, and food technology were targeted as potential 
experts. Together thirty-two experts participated in the evaluation. Of these experts, five 
were with doctoral degrees, sixteen with master's degrees, and eleven with bachelor's 
level degrees. Eighteen of the participants were from the biology or biotechnology fields, 
nine – were environmental engineers, two - were food and technology engineers, and 
one representative each from chemistry, molecular genetics, and pharmacology fields. 
For questionnaire the Google Forms was used (Annex A). Weights for AA inhibitors 
criteria were provided and determined by the 10 researchers of Riga Technical 
University, Institute of Energy Systems and Environment with expertise in microbiology 
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and biotechnologies who have been researching this novel idea of using herbicides as 
AA inhibitors for developing mutant strains. Each person gave the evaluation without 
consultation with others to provide a discrete individual evaluation. The weighted sum 
for all criteria in each analysis was one. Sensitivity analysis was not performed because 
criteria weights were based on expert evaluation. 

The alternatives and criteria used will be described, discussed, and evaluated in 
further sections for each factor. Data and formulas for the multi-criteria matrix can be 
seen in Annex A. 

For microbial strain evaluation, twelve alternatives and thirteen criteria were 
chosen based on the literature review. Data for criteria were acquired from publications 
with two principles to ensure a balance of data. The first principle was that the authors 
used unselected, unmodified microorganisms (wild-type) and the second principle was 
that the authors used batch fermentation. For strain evaluation 54 literature sources were 
used, including 42 publications, six sources from Food and Drug Administration 
database (fda.gov), one source from the Google patents database (patents.google.com), 
and six sources from chemical supplier websites. While evaluating the substrate factor, 
eleven alternatives and ten criteria were chosen based on the literature review. Data for 
criteria were acquired from publications with a principle that the fermentation process 
was performed using batch fermentation with unmodified microorganisms. For substrate 
evaluation 37 literature sources were used, including 35 publications and two internet 
sources such as The Food and Agriculture Organization database. For mutagenesis 
methods evaluation three alternatives and six criteria were chosen based on a literature 
review which included 11 sources from which seven were publications and internet 
resources from various chemical suppliers. Data collection for the evaluation of amino 
acid inhibitors was carried out based on the available literature according to the 
following criteria: 

• include 33–37 amino acid inhibitors mentioned in a previous publication 
(Spalvins et al., 2021), incl. 5–6 inhibitors from each group such as 
sulfonylureas and imidazolinones; 

• include an inhibitory effect on cells or directly on enzymes in vitro of bacteria, 
yeast, and fungi; 

• include concentrations of AA inhibitors with 100% inhibition;   
• include concentrations of AA inhibitors with 50%, 70% and 90% inhibition; 
• include concentrations that provide significant inhibition of microbial growth; 
• include results from studies using both commercial herbicides and their pure 

compounds. 
Data were successfully collected for 17 amino acid inhibitors and then MCDA was 

carried out separately for fungi and bacteria. To summarize, 11 and 17 AA inhibitors 
were analysed according to 7 criteria for application to fungi and bacteria, respectively. 
The literature review of bacteria AA inhibitors consisted of 31 publications while the 
review of fungal AA inhibitors consisted of 27 publications. 

 



376 

RESULTS AND DISCUSSION 
 
Evaluation of microorganisms 
For microbial strain evaluation, twelve alternatives were chosen from which four 

were bacteria (Bacillus subtilis, Bacillus cereus, Escherichia coli, Lactobacillus 
acidophilus), four were fungi (Aspergillus niger, Aspergillus oryzae, Paecilomyces 
variotii, Fusarium venenatum) and four were yeasts (Candida tropicalis, Candida utilis, 
Yarrowia lipolytica, Phaffia rhodozyma). The choice of strains to be included in this 
study was made based on previously conducted studies and reviews (Spalvins et al., 
2018a, 2018b; Raita et al., 2022). These strains have shown that they can synthesize an 
impressive amount of biomass with protein content as high as 71% of the dry biomass 
(Spalvins et al., 2018b). They are also capable of utilising different low-cost substrates 
as feedstock which is a beneficial advantage for SCP production. The different species 
were evaluated by thirteen criteria (see Table 1). In the data search for criteria, batch 
experiment fermentation parameters were used, excluding continuous or fed-batch 
fermentation to increase comparability between microorganism species as continuous or 
fed-batch data for many of them were not available. In addition, only information about 
wild-type strains was used and data about mutants or genetically modified organisms 
were not included. Microorganism GRAS status was evaluated with values 0 or 1, where 
0 was attributed to strain with no GRAS status and 1 was attributed to strain with GRAS 
status. The ability to produce valuable secondary metabolite criterion was evaluated with 
values 0 or 1, where strain with no ability to produce a valuable secondary product was 
attributed zero and strain with the said ability with value 1. Quantitative values for other 
criteria values were acquired from the literature. 

 
Table 1. Indicators and weights used in MCDA of microorganisms 
Criteria and unit of measurement Unit of measure Weight 
Biomass concentration  g biomass L-1 medium 0.082 
Protein content  % of total biomass 0.104 
Yield efficiency  g biomass g-1 medium 0.093 
Fermentation time h 0.089 
Protein production rate g biomass L-1 medium h-1 0.097 
Optimal temperature  °C 0.069 
Approximate mutagenetic resistance (EMS concentration 
with a survival rate of 10% to 1% and exposure time from  
15 to 60 minutes) 

M 0.010 

EAAs content  % of total protein 0.090 
Content of AAs that are lacking in the plant-derived protein % of total protein 0.101 
Microorganism GRAS status - 0.066 
Ability to produce valuable secondary metabolite - 0.067 
Revenue from metabolite production using 1 ton fermenter  Euro day-1 0.073 
Nucleic acid content % of total biomass 0.058 
 Ʃ 1 

 
The criteria for alternatives were assessed by experts in the following order of 

importance: protein content > content of AAs that are lacking in the plant-derived protein 
> protein production rate > yield efficiency > EAAs content > fermentation time > 
biomass concentration > revenue from metabolite production > optimal temperature > 
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ability to produce valuable secondary metabolite > microorganism GRAS status > 
nucleic acid content > approximate mutagenetic resistance. Approximate mutagenetic 
resistance was evaluated only by the authors and was not added to the questionnaire due 
to it being relevant only during the initial development of mutagenesis protocols  
(see Annex A), this criterion does not affect the SCP production itself. The results are 
visualized in Fig. 3. 

 

 
 

Figure 3. MCDA results of microorganisms. 
 

Candida utilis, Bacillus subtilis, and Phaffia rhodozyma all showed great potential 
as SCP producers, and as can be seen in Fig. 3 Candida utilis were the closest to the 
ideal solution reaching 0.595. C utilis ranked second in protein content, first in protein 
production rate, and third in AAs that are lacking in the plant-derived protein criterion 
(Annex A), all criteria were deemed as crucial for SCP producers by experts.  
C. utilis have been researched for SCP production on various waste substrates such as 
wine lees, potato waste, pineapple cannery effluent, and salad oil factory wastewater  
(Carranza-Méndez et al., 2022). In batch fermentation, C. utilis can achieve a growth 
rate of 0.68 g L-1 h-1 and a protein production rate of 0.51 g L-1 h-1 (Rajoka et al., 2006), 
however in continuous fermentation, the growth rate can reach 1.62 g L-1 h-1 and the 
protein production rate 0.63 g L-1 h-1 (Lucca et al., 1995). This makes the microorganism 
promising for SCP production as growth rate and protein production rate are important 
to successfully commercialize SCP production. It should be noted that different Candida 
species are opportunistic human pathogens, which includes one of the assessed 
alternative strains C. tropicalis which does not have GRAS status due to possible health 
risks (Bajić et al., 2023). Even though opportunistic pathogen status does not forbid 
microorganism use for SCP production it will increase post-treatment costs and can 
cause wariness in costumers for derived product's safety. GRAS status not only helps 
with commercialization but also with documentation as novel foods need to go through 
accreditation of safety and it can cause problems when the chosen microorganism can 
pose health risks to humans. Another vital parameter of SCP is digestibility. For C. utilis 
protein digestibility varies between target organisms for weaned piglets it is reported as 
80% with a diet of 40% crude protein from C. utilis (Cruz et al., 2019), for Atlantic 
salmon (Salmo salar) 88% with a diet of 40% biomass from C. utilis (Øverland et al., 
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2013) and for tilapia fry (Oreochromis mossambicus) reached 83.2% with a diet of 35% 
biomass from C. utilis (Olvera-Novoa et al., 2002). 

Second runner-up B. subtilis ranked 3rd in protein content, 5th in protein production 
rate, and 9th in the amount of AAs that are lacking in the plant diet criterion (Annex A). 
B. subtilis is an aerobic, gram-positive soil bacterium that has been frequently employed 
in biotechnology. It secretes a variety of enzymes that can degrade a wide range of 
substrates (Su et al., 2020). This includes groundnut, walnut, and melon shells, ram horn, 
and soybean hull (Omogbai & Obazenu, 2017; Bratosin et al., 2021). The growth rate of 
B. subtilis in batch fermentation can reach 0.15 g L-1 h-1 and a protein production rate of 
0.11 g L-1 h-1 (Kurbanoglu & Algur, 2002). As previously mentioned, to successfully 
compare all chosen microorganisms only batch fermentation data were used and one of 
the reasons was that wild-type B. subtilis has not been used in continuous fermentation 
for SCP production thereby research in this section could be beneficial. A noteworthy 
aspect is the reported resistance and biodegradation capabilities of some herbicides such 
as nicosulfuron (Z. Zhang et al., 2020), tribenuron-methyl (Zeinali Dizaj et al., 2023), 
and glyphosate (Yu et al., 2015) which are AA inhibitors. Therefore, using AA inhibitors 
as selective agents for increased AA content could be complicated due to this reported 
resistance. B. subtilis for now is mostly added as an additive and acts as a probiotic (Félix 
et al., 2010) and while there is little to no data on B. subtilis use as feed, it can be expected 
that B. subtilis would show similar results as other bacteria. Methylophilus 
methylotrophus in a diet for Rainbow trout (Oncorhynchus mykiss) with 28% 
concentration has reached 84% digestibility, while Methylococcus with Alcaligenes and 
Bacilus have shown various results from 88 to 85% digestibility (Glencross et al., 2020). 

P. rhodozyma resulted as third in the MCDA while ranked 9th in protein content, 
9th in protein production rate, and first in AAs that are lacking in the plant diet criteria 
(Annex A). It can utilise various carbon-rich substrates such as molasses, peat 
hydrolyses, eucalyptus hydrolysates, sugarcane juice, corn wet-milling, and corn starch 
hydrolysate (Roy et al., 2008; Luna-Flores et al., 2022). Another criterion where 
P. rhodozyma scored the highest was approximate revenue from industrial-grade 
metabolite production, as astaxanthin is a high-value substance with high market demand 
(Patel et al., 2022). Even though the majority of studies of P. rhodozyma have been focused 
on astaxanthin production (Mussagy et al., 2022), there have been successful attempts at 
the simultaneous production of biomass and astaxanthin (Moriel et al., 2004). Most 
improvements in astaxanthin production were developed with mutagenesis (Xie et al., 
2014; Mussagy et al., 2022), and simultaneous screening for protein and astaxanthin 
production could result in industrially suitable strains. In batch fermentation, 
P. rhodozyma can obtain a growth rate of 0.13 g L-1 h-1 and protein productivity of 
0.06 g L-1 h-1 while in fed-batch fermentation growth rate of 0.38 g L-1 h-1 and protein 
productivity of 0.18 g L-1 h-1 was achieved (Zhang et al., 2023). Similar to B. subtilis 
also P. rhodozyma is mostly used as a feed supplement with less than one percentage 
concentration (Bjerkeng et al., 2007) with no available data on digestibility tests. 

Another prospective SCP producer is Yarowia lipolytica which resulted in a very 
close MCDA ranking with Aspergillus oryzae. One of the drawbacks of Y. lipolytica use 
in SCP production is the insufficient protein content of the biomass and in the case of 
A. oryzae - inadequate amounts of biomass production. Even though both microorganisms 
have limitations for becoming effective SCP producers, during the strain creation 
beneficial mutations could emerge that can remedy these limitations. 
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Metabolite production would add another revenue stream alongside SCP 
production. However, extraction could potentially cause degradation of SCP quality such 
as the use of organic solvent extraction (Kim et al., 2021; Zhang et al., 2023). But while 
there are risks of lowering the quality of protein using harsh extraction methods there 
are methods with minimal effects on protein quality such as an aqueous two-phase 
system (Santos et al., 2022). Another perspective is metabolites that do not require 
extraction, such as astaxanthin, where metabolite production does not affect protein 
quality as biomass of microorganisms has a dual purpose – source of SCP and source of 
astaxanthin (Lim et al., 2018). 

 
Evaluation of waste substrates for microbial medium 
Food wastes and by-products from food industries have a great potential for being 

used as a feedstock for protein production (Muniz et al., 2020). The approach of using 
different substrates improves cost-effectiveness and resource effectiveness when 
implemented at scale (Pogaku et al., 2009). Eleven different alternative substrates that 
can be used either as a carbon source or nitrogen source were evaluated: glycerol (from 
biodiesel production), straw hydrolysate (agricultural residue), molasses, potato starch, 
and pulp, fruit, brewery and spent grain residue, and liquid cheese whey, fish residues 
and waste cooking oil (from food and beverage processing industries). 

Chosen substrates differ from each other in many aspects such as composition, 
structure, texture, complexity, etc. Molasses, cheese whey, some fruit wastes, and straw 
hydrolysate can be classified as monosaccharides and disaccharides-rich sources, while 
fruit residues that are rich in fibre, potato residues, brewery residues, and spent grains 
are structural polysaccharides-rich sources (Spalvins et al., 2018a). Polysaccharides-rich 
sources can be more difficult to incorporate in mediums than mono- and disaccharides-
rich sources. They often need to be pre-treated or the used microorganism must be able 
to hydrolyze it. It can be difficult for some microorganisms to use polysaccharides as 
feedstock if they cannot produce the necessary enzymes or the optimal conditions for 
growth and enzymatic activity differ and both actions cannot be done simultaneously 
(Berzina & Spalvins, 2023). Waste cooking oil as a lipid-rich source has the potential to 
be used as a carbon source for microorganisms that can produce extracellular emulsifiers 
(Garti et al., 2001; Patel et al., 2015; Spalvins et al., 2020). 

Substrate alternatives were evaluated according to ten criteria with weight provided 
by experts (see Table 2). Values for criteria such as expected protein yield, expected 
biomass and protein concentration protein content, average biomass production rate, 
availability, and pre-treatment cost were obtained from published papers (Annex A). 
Such criteria as shelf life and the energy required for storage were evaluated based on 
whether the substrate could be stored at room temperature (1), cold storage (5), or 
freezing (10). These values were chosen based on current rent prices for storage facilities 
and energy expenses (rent per volume is approximately five times cheaper than storing 
in refrigerated (cold) storage and freezing storage is two times more expensive than cold 
storage) (Høyli & Aarsæther, 2023). Similarly, the seasonality of waste product 
generation was evaluated, considering whether the substrate could be produced year-
round or only during certain months (1–12). Therefore, these three criteria assumptions 
were made to assign values. 
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Table 2. Indicators and weights used in MCDA of waste substrates 
Criteria Unit of measure Weight 
Expected biomass yields g g-1 0.105 
Expected biomass concentration  g L-1 0.103 
Expected protein content in biomass % 0.123 
Average biomass production rate g L-1 h-1 0.110 
Substrate availability million t year-1 0.099 
Shelf life - 0.074 
Substrate seasonality - 0.084 
Storage cost  - 0.078 
Substrate pre-treatment costs  EUR t-1 0.104 
Substrate price EUR t-1 0.121 
 Ʃ 1 

 
The criteria are listed in descending order according to expert evaluation: protein 

content > substrate price > average biomass production rate > expected biomass yield > 
pre-treatment cost > protein concentration > availability > seasonality > storage cost > 
shelf life. Substrates' availability in different regions can differ and for each region 
accessibility for industrial by-products should be evaluated. 

MCDA analysis results are represented in Fig. 4. 
 

 
 

Figure 4. MCDA results of optimal feedstock. 
 
The MCDA results for choosing the ‘closest to ideal’ waste substrate that could be 

used as feedstock in SCP production show that molasses is superior to other substrates. 
From a practical point of view, molasses is easy to incorporate into the culture medium, 
because of its liquid form, and solubility. It does not need to be pre-treated (Spalvins et 
al., 2018a). It contains about 50% of sucrose and glucose which microorganisms can 
easily use (Feliatra et al., 2022; Corrado et al., 2023; Koukoumaki et al., 2023), and 
therefore achieve high biomass conversation value. There have been studies where 
yeasts, fungi, and bacteria have been grown using molasses as a substrate to produce 
various products (Gao et al., 2012; Hashem et al., 2013; Favaro et al., 2019; Coimbra et 
al., 2021; Feliatra et al., 2022; Corrado et al., 2023). The fact that molasses can be used 
in the production of several products with added value can create competition between 
them, therefore, it should be evaluated from the bioeconomy point of view which product 
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is more valuable to produce. Storage and transportation could be an issue (Corrado et 
al., 2023), although the substrate does not need to be frozen, it should be stored in a 
refrigerator. The reason why molasses gained such a high result is that high biomass 
(0.635 g g-1) and protein (54.3%) yields were achieved when this substrate was used 
(Hashem et al., 2013) 

Glycerol is often used to cultivate microorganisms (Morais et al., 2019; Bajić et al., 
2023; Koukoumaki et al., 2023). It is easy to store and use in microbial mediums. Crude 
glycerol that is left from bio-diesel production would be an attractive alternative to 
purified glycerol (Attarbachi et al., 2023). The MCDA result may be lower than molasses 
because there were not many published data showing high biomass and protein results while 
using batch fermentation. The highest biomass yield found was 21.8 g L-1 (Odriosolla 
dos Santos et al., 2012) even though with an optimized process it would be possible to 
get higher results. Pan et al. in a fed-batch fermentation using glycerol gained 173.3 g L-1 
biomass (Pan et al., 2023), showing high prospects of using this waste substrate. 

The composition of spent grains can be very different from one plant to the other, 
and the composition can also vary within a single production unit (Duarte et al., 2008). 
Spent grain is rich in various valuable components, including starch, cellulose, 
hemicellulose, protein, and lignin, which could be utilized to develop various high-value 
products (Duarte et al., 2008; Parchami et al., 2023), thereby pre-treatment should be 
considered (Plaza et al., 2017). By hydrolysing the waste substrate, it is possible to 
significantly increase the concentrations of simple sugars that are available to the 
microorganism (Duarte et al., 2008). This industrial waste is available throughout the 
year, at low cost, and in large amounts, unlike the seasonal agricultural crops (Plaza et 
al., 2017). For example, the brewing industry produces a great volume of residues, and 
brewers' spent grain is about 85% of them (Mussatto & Roberto, 2005). One of the 
reasons why this substrate gained such a high unitary variation ratio was the biomass 
yield (0.74 g g-1), concentration (64.8 g L-1), and protein content (32%) that Parchami et 
al. managed to gain by cultivating Aspergillus oryzea brewer’s spent grain (Parchami et 
al., 2023), showing the high prospects of substrates application to the technology. 

Even though straw hydrolysate in consistency has similarities with molasses (high 
sugar content, viscose, and easy to solubilize in medium), pre-treatment costs are very 
high (Baral & Shah, 2017). Pre-treatment itself can be a crucial part of utilizing waste 
substrates (Eloka-Eboka & Maroa, 2023). Substrates such as fruit, rape seed, and 
brewery residues can be pre-treated by acidic, alkali, or enzymatic hydrolysis (Baral & 
Shah, 2017; Plaza et al., 2017; Guardia et al., 2019; C. Zhang et al., 2020), and steam 
explosion can be applied to produce straw hydrolysate (Tan et al., 2021). Using fungi to 
hydrolysate substrates such as food and brewery residues can also present a cost-effective 
and environmentally friendly approach (Guo et al., 2014; El Gnaoui et al., 2022; Berzina 
& Spalvins, 2023). 

Potato starch theoretically is a great substrate for SCP production, but due to some 
properties such as gelatinization, it may be difficult to use it practically in the preparation 
of microbial mediums (Fonseca et al., 2021). By thermally processing starch liquid 
medium gelation is induced and its viscosity increases as starch molecules swell (Blas 
& Gidenne, 2020), making it impractical to work with. Because of the gelatinization and 
high viscosity, it can be hard for the microorganism to digest the substance (Berzina, 
2023). The organism should have a high amylase-producing capacity, or the starch liquid 
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should be hydrolysed to improve the process (Spalvins et al., 2018a, 2018b). Because 
starch can also be sold as a product to food industries it has a comparatively higher price 
than other substrates thus reducing its unitary variation ratio. 

Other substrates gained quite similar results to each other. Each of them has their 
advantages and disadvantages. Fish residue, used oil, and cheese whey advantage would 
be the ease of implementation in the medium. Potential biomass and protein yields 
achieved when using some of the substrates such as fruit wastes (9.4 g L-1) could be 
higher (Annex A) (Salem Awad et al., 2021), but it would be necessary to study these 
feedstocks further. With fruit and potato residues the year-round availability could be 
problematic on a large scale, but if the substrate is generated abundantly and can be 
stored inexpensively, it becomes a non-issue. 

Overall, it is important to note that those substrates that function as carbon and 
nitrogen sources can be combined in mediums, for example, molasses with cheese whey. 
By optimizing and increasing waste substrate concentration in the growth medium, the 
production costs can be significantly reduced (García-Garibay et al., 2014). These 
combinations and different concentrations should be evaluated and researched further in 
a laboratory setting. The best microorganisms from each class from the previous section 
could be potentially tested with these waste substrates. It should be emphasized that each 
substrate and microorganism combination can show its advantages and disadvantages 
when cultivating together and upscaling the process. The rising issues could be, e.g., 
during cultivation extensive foaming could occur due to used substrates, the substrate 
itself could be impractical to use in large-scale production, e.g. while using different oils 
as feedstock emulsifiers might be needed, etc. 

 
Evaluation of mutagenesis methods 
Mutagenesis can be defined as the treatment of biological material with a mutagen, 

which results in an increase in mutation frequency above the level of spontaneous 
mutations (Kodym & Afza, 2003). This process accelerates the mutation frequency rate 
up to 100 times in the biological material when compared to the natural mutation rate 
(Winston, 2008). Mutagens can be divided into three groups - chemical (base analogues, 
base altering agents, intercalating agents), physical (heat, ionizing radiation,  
non-ionizing radiation), and biological (transposons, insertion sequences, TALENs, 
ZNFs, CRISPR/Cas9, etc.) (Rowlands, 1984; Anderson, 1995; Winston, 2008). For this 
study, one physical mutagenesis method (using UV light) and two chemical mutagenesis 
methods (ethyl methane sulphonate (EMS), and nitrosomethyl guanidine (MNNG)) were 
evaluated. These methods were chosen for their ease of use, low costs, maturity of the 
procedures, and safety. Defining criteria for different mutagenesis methods posed 
challenges as the mechanism of action was not the same between them. All defined 
criteria for evaluating mutagenesis methods with corresponding weights are listed in 
Table 3. The first criterion was defined as the method’s probability of success which 
describes the chance of a successful mutation in the microorganism population which is 
expressed as a percentage using data from argE3 → Arg (+) mutation revision tests 
(Aaron et al., 1980; Śledzieska-Gójska et al., 1992; Fabisiewicz & Janion, 1998). Both 
criteria ‘the possibility to combine method’ and ‘methods toxicity to the environment’ 
were defined as qualitative. The possibility to combine methods ranged from 0 to 1 or 
respectively can (1) or cannot (0) be combined. And methods’ toxicity to the environment 
ranged from 0 to 2, respectively, has non-environmental toxicity (0), is toxic to the 
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environment, but easily disposable (1), and toxic to the environment with special 
utilization requirements (2). 

 
Table 3. Indicators and weights used in MCDA of mutagenesis methods 
Criteria Unit of measure Weight 
Methods probability of success  (%) 0.205 
Possibility to combine methods - 0.177 
Methods toxicity to the environment - 0.149 
Price of the required amount of mutagen per run EUR 0.162 
Process time for the method h 0.146 
Approximate induced mutation frequency  mutations/gene/cell division 0.160 
 Ʃ 1 

 
The criteria for alternatives were assessed by experts in descending order of 

importance: methods probability of success > possibility to combine methods > price of 
the required amount of mutagen per run > approximate induced mutation frequency > 
methods toxicity to environment > process time for the method. Because all three 
methods can be combined and used successively this criterion was not considered 
mathematically important. The least important factor is the processing time for the 
method as many thousands of mutants are generated per run creating bottlenecks in 
mutant testing not in the mutant generation. 

 

 
 

Figure 5. MCDA results of mutagenesis methods. 
 
MCDA ranked EMS mutagenesis as the closest to an ideal solution, following UV 

mutagenesis, and as the last MNNG mutagenesis which is represented in Fig. 5. One of 
the key reasons for the high EMS mutagenesis rank was the method’s success rate. Both 
MNNG and EMS are strong alkylating substances with an identical mode of action 
(Izumi & Mellon, 2016; Greim, 2024). Surprisingly, EMS probability of success was 
five times higher than MNNG methods (Annex A), possibly due to some chemical or 
structural differences. Experts chose price per run as the second most important criterion 
for mutagenesis methods, which was the highest for the EMS approach. Even though 
experts deemed price per run as an important criterion, the price can be affected by many 
unknown factors and could fluctuate greatly. For example, the selected microorganism 
may require more or less substance for mutagenesis and cause the price per run to 
change. Needed EMS concentration for different microorganism strains can range from 
0.002 M to 0.48 M (Sarachek & Bish, 1976; Shafique et al., 2009; Leonard et al., 2013; 
Demı  ̇rkan & Özdemı  ̇r, 2020). 

The UV mutagenesis method greatly differs from the rest as it causes DNA change 
through photochemical reaction introducing DNA lesions instead of alkylation as it was 
with EMS and MNNG methods (Ikehata & Ono, 2011). UV method's probability of 
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success was ten times smaller than EMS methods, which perhaps is caused by the cell’s 
natural defense against UV radiation. UV mutagenesis methods' price per run was low 
as the running cost consists of electricity consumption by the UV bulb. 

 
Evaluation of AA inhibitors 
Most AA inhibitors that are available are used in agriculture as herbicides and this 

is the intended application also for most of the AA inhibitors that are currently in 
development (Berlicki, 2008; Cobb & Reade, 2010a; Cobb, & Reade, 2010b; Hall et al., 
2020). Therefore, most of the research conducted on using these compounds is regarding 
their practical and cost-effectiveness in weed management (Llewellyn et al., 2016; Hall 
et al., 2020). Most of the research available on these herbicides is done on their inhibitory 
activity on plant biosynthetic pathways, while information on their activity on 
microorganisms is limited. These aspects need to be considered when selecting an AA 
inhibitor for use in SCP-producing mutant selection, as the actual inhibitor response may 
differ from what was expected. 

The effect of herbicidal treatment of microorganisms has not been well studied, and 
the available data do not provide clear answers. Studies evaluating the effect of AA 
inhibitors on the viability of rhizosphere microorganisms (Wang et al., 2012; Łozowicka 
et al., 2021), plant pathogens (Sardrood & Goltapeh, 2018), and important food 
microorganisms (Braconi et al., 2006; Clair et al., 2012; Vallejo et al., 2017) etc. were 
used for further evaluation and MCDA of AA inhibitors. The present study evaluates the 
following AA inhibitors: aromatic AA inhibitor (glyphosate), branched-chain AA 
inhibitors (sulfonylureas: metsulfuron methyl, sulfometuron methyl, chlorsulfuron, 
tribenuron methyl; imidazolinones: imazapyr, imazapic, imazethapyr, imazamox, 
imazamethabenz, imazaquin), glutamine inhibitors (glufosinate ammonium,  
methionine sulfoximine), aspartate-derived AA inhibitors (propargylglycine, L-α-(2-
aminoethoxyvinyl)glycine, S-(2-aminoethyl)-L-cysteine), glutamate-derived AA inhibitor 
(phaseolotoxin), and histidine inhibitor (amitrole) (Rose et al., 2016; Vallejo et al., 2017; 
Spalvins et al., 2021). 

Amino acid inhibitors were evaluated based on criteria such as price, inhibition 
efficacy, selectivity, amount of inhibited AA and EAA, safety, and possibility for false 
positive selection (Table 4). The criteria for alternatives were assessed by experts in 
descending order of importance: inhibited EAA>possibility of false positive 
selection>inhibited AA>inhibition efficacy>price of inhibitor>selectivity>safety. 

 
Table 4. Indicators and weights used in MCDA of AA inhibitors 
Criteria Unit of measure Weight 
Price of inhibitor EUR 100 mg-1 0.130 
Inhibition efficacy  - 0.143 
Selectivity - 0.128 
Inhibited AA % 0.153 
Inhibited EAA % 0.214 
Number of total health and environmental hazards  - 0.077 
Possibility of false positive selection  - 0.155 

 Ʃ 1 
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It was found that the effect of AA inhibitors on the growth of fungi (yeast and mold) 
and bacteria in the rhizosphere is ambiguous and depends on the strain of the 
microorganism, the type of herbicide, and its formulation (Chen et al., 2009; Clair et al., 
2012). E.g., commercial herbicide formulas often have a stronger effect on inhibiting the 
growth of microorganisms than the active substance itself (Braconi et al., 2006; Clair et 
al., 2012). Studies show that herbicides can be highly inhibitory to microorganisms at 
low dosages (Grandoni et al., 1998; Ataide et al., 2007; Mowbray et al., 2014), weakly 
inhibitory at high dosages (Odunfa et al., 2001), growth stimulating (Łozowicka et al., 
2021) or having no effect (Zohar et al., 2003; Ahuja & Punekar, 2008). Inhibitory 
efficacy was assessed for bacteria and fungi (yeast and mould) separately (Annex A). In 
general, bacteria are more sensitive to AA inhibitors than fungi, although this does not 
apply to all inhibitors (Tripathi et al., 2020). Moreover, within a domain and even a 
genus, the range of concentrations for inhibition varies greatly (Ahuja & Punekar, 2008; 
Chen et al., 2009). E.g., in a study by Chen et al., 2009, 50% inhibition of the yeasts 
Pichia farinosa, S. cerevisiae, Williopsis saturnus, C. shehatae was obtained when 
treated with metsulfuron methyl at concentrations of 0.005, 0.2, 0.01 and 0.2 g L-1 of 
medium, respectively, while inhibition of growth of C. mengyuniae sp. nov. was not 
achieved at concentration of 5 g L-1 (Chen et al., 2009). Moreover, it is known that some 
soil bacteria (Bacillus sp., Pseudomonas sp., Agrobacterium sp.) and fungi (Aspergillus 
sp., Trihoderma sp.) can use herbicides as a source of carbon, promoting biodegradation 
of herbicides (Boschin et al., 2003; Łozowicka et al., 2021). 

Therefore, categorizations were used for concentrations that were potently 
inhibitory or lethal to evaluate and compare the efficacy of bacterial and fungal 
inhibition. Thus, the inhibition efficacy is divided into micro-dose (0.001–0.009 g L-1), 
low dose (0.01–0.09 g L-1), moderate dose (0.1–0.9 g L-1), and high dose (1–9 g L-1). 
Several inhibitors belonging to the same chemical group or inhibiting the same enzyme 
in the amino acid biosynthetic pathway are included in the MCDA, although they do not 
have data on the lethal dose for bacteria or fungi. These include inhibitory concentrations 
of imazapyr, imazamox, and imazamethabenz for bacterial assays and S-(2-aminoethyl)-
L-cysteine for fungi. Therefore, to include the inhibitors of interest in the MCDA, they 
were assigned dose values based on the group average. 

Bacteria were more sensitive to metsulfuron methyl (MSM), sulfometuron methyl 
(SMM), glufosinate ammonium (GA), methionine sulfoximine (MS) and 
propargylglycine (PAG), where complete inhibition was achieved at micro-doses 
(Piotrowska & Paszewski, 1986; Grandoni et al., 1998; Ahuja & Punekar, 2008; Chen 
et al., 2009; Mowbray et al., 2014; Kandalam et al., 2018). According to the literature, 
chlorsulfuron (CS) completely inhibited bacterial growth at a low dose (Forlani et al., 
1995; Grandoni et al., 1998). Phaseolotoxin (PT) inhibited 97% of the target bacterial 
enzyme (ornithine carbamoyl-transferase) involved in arginine biosynthesis at a low 
dose (Templeton et al., 1984; Forlani et al., 1995; Grandoni et al., 1998). Glyphosate 
(GP), imidazolinones, L-α-(2-Aminoethoxyvinyl) glycine (AVG), S-(2-aminoethyl)-L-
cysteine (AEC) inhibited bacterial growth at medium doses, and amitrole (AT) at high 
doses (Bamford et al., 1976; Forlani et al., 1995; Grandoni et al., 1998; Al-Masri et al., 
2006; Ataide et al., 2007;Halgren et al., 2011; Nielsen et al., 2018; Bak et al., 2021). 
Fungi as well as bacteria are more sensitive to sulfonylureas such as CS and SMM, which 
have a strong inhibitory effect at low concentrations, although tribenuron methyl (TM) 
and MSM require a moderate dose (Braconi et al., 2006; Chen et al., 2009; Kingsbury & 
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McCusker, 2010). Also, GA, MS, AVG, AEC, and AT at moderate doses inhibit fungal 
growth by 80–100% (Hilton, 1960; Muñoz & Agosin, 1993; Al-Masri et al., 2006; Ahuja 
& Punekar, 2008; Kingsbury & McCusker, 2010; Chen et al., 2019; Bak et al., 2021). 
Glyphosate (the active ingredient of a commercial herbicide) and PAG seem to be less 
effective against fungi; they will be required in high doses (Jin et al., 2004; Tanney & 
Hutchison, 2010; El-Sayed, 2011; Tahiri et al., 2022). It is worth noting that this 
assessment of inhibitory effectiveness against bacterial and fungal enzymes of AA 
biosynthesis is relative due to limited research and includes only those inhibitors that 
had an inhibitory effect on bacteria and fungi. AA inhibitors with no inhibitory effect on 
the target microorganism or with anti-algae activity were not included in further analysis. 

Initially, eighteen AA inhibitors were evaluated for selective activity against 
bacterial and fungal amino acid precursor enzymes. According to the literature, all target 
enzymes of these inhibitors are present in microorganisms of both domains (Kumada et 
al., 1993; Ravanel et al., 1998; Van Rooyen et al., 2006; Min et al., 2015; Grant Pearce 
et al., 2017; Lonhienne et al., 2020; Tall & Puigbò, 2020). Therefore, the weight of this 
criterion was not considered mathematically important and was not included in the 
herbicide analysis. The percentage of inhibited AA when using the analysed inhibitors 
was calculated relative to the total possible amount (twenty) (Spalvins et al., 2021; 
Annex A). Thus, GA and MS are potentially capable of inhibiting up to 40% of all AAs 
(Gln, Asp, Pro, Arg, Lys, Met, Thr, Ile), AVG and AEC up to 20% (Met, Lys, Thr, Ile), 
GP (Phe, Trp, Tyr), sulfonylureas, imidazolinones slightly less up to 15% (Ile, Leu, Val 
for both), and up to 5% PAG (Met), PT (Arg) and AT (His) (Spalvins et al., 2021; 
Annex A). The percentage of inhibited EAAs was calculated based on the importance of 
specific EAAs, maintaining a value of 100% for the sum of nine EAAs. The importance 
of each EAA is based on its availability in conventional protein sources (Spinelli, 1980; 
Al-Marzooqi et al., 2010; Finco et al., 2017; Hardy et al., 2018). Thus, Lys, Met, Thr, 
and Trp are rated as highly important EAAs (16.67% for each), Val as moderately 
important (11.12%), less important His, Leu, Ile, Phe (5.55% each). These EAA 
importance values are subjective and are aimed at comparing the potential of inhibitors 
to select more beneficial protein-synthesizing mutant strains for food, feed, cosmetics, 
etc. industries. Essentially, this assessment combines the quantitative and qualitative 
values of EAA inhibition. This distribution of percentages resulted in the highest value 
for GA, MS, AVG, and AEC (56%), the average value for GP and inhibitors from the 
group of sulfonylureas and imidazolinones (22%) as well as PAG (17%), the lowest 
value was received by AT (6%). PT was rated 0% because it inhibits one non-essential 
AA (see Annex A). 

The safety of inhibitors was assessed using a scoring system, where 0 is safe and 
1–7 is the total number of health and environmental hazards (PubChem, 2023). This 
criterion was included in the MCDA because it is necessary to consider the potential 
harm of inhibitors to health during use and utilization. This criterion received the lowest 
expert weight compared to other criteria - 0.077. This may be due to the experience of 
experts in working with such substances, the presence of the necessary laboratory 
equipment, and personal protective equipment, and the practice of handing over 
hazardous substances for disposal to a special company. Thus, the use of all necessary 
precautions reduces the potential harm of inhibitors to a minimum and, as a result, has 
lower weight when assessing the criteria by experts. 
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The last criterion is the possibility of false positive selection, which characterizes 
the risk associated with the side activity of inhibitors to other internal processes in 
microbial cells. According to the literature, all analysed inhibitors except AEC are 
capable of disrupting or inhibiting the biosynthesis of various metabolites. E.g., GP 
deregulates carbon metabolism, inhibitors of the sulfonylurea and imidazolinone group 
inhibit DNA synthesis, GA and MS are cytotoxic and promote the accumulation of 
ammonia in the cell (Spalvins et al., 2021). PT and PAG inhibit the synthesis of 
polyamines involved in cell proliferation and adaptation to stress factors. PAG also 
interferes assimilation of neutral AA like Lys (Piotrowska & Paszewski, 1986; 
Bachmann et al., 2004; Kalamaki et al., 2009). AT inhibits the biosynthesis of ergosterol 
and catalase (Hilton, 1960; Chen et al., 2009; Rocha et al., 2021). This side activity may 
cause the microorganism to switch its metabolism to bypass the inhibitory effects of the 
substance or increase resistance to side effects, e.g. by increasing detoxification activity 
in the cell without any changes in the activity of biosynthesis of the target AA (Sardrood 
& Goltapeh, 2018; Thiour-Mauprivez et al., 2019; Łozowicka et al., 2021). With this 
outcome, the use of these AA inhibitors for the selection of mutants after induced 
mutagenesis to select protein-producing strains will be less effective. Because non-target 
false-positive mutants can be selected together with and/or instead of targeted protein-
synthesizing mutants, additional screening tools need to be used. 

MCDA results of inhibitors selected for bacteria and fungi are represented in Fig. 6 
and Fig. 7. MS is ranked first place, GA second, AEC third, and AVG fourth. This 
primacy may be due to the fact that these 4 inhibitors are leaders according to highly 
weighted criteria: they inhibit the largest amount of AA and EAA. Interestingly, the 
results of AEC and AVG for fungi reached almost equivalent values, although other 
criteria such as price and possibility of false positive selection are strikingly different in 
favour of AEC. 

 

 
 
Figure 6. MCDA results of AA inhibitors for bacteria. 
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The results of sulfonylureas and GP for fungi reached 0.325, which is significantly 
worse than those of the four inhibitors mentioned above. For bacteria, the results of 
sulfonylureas are slightly higher than those of imidazolinones, GP, and PAG amounting 
to 0.594–0.649. Therefore, it is more appropriate to use these inhibitors to inhibit bacteria 
with the goal of selecting mutant strains with increased synthesis of three EAAs: Ile, 
Leu, and Val. AT reached average values of 0.505 for bacteria; for fungi, on the contrary, 
it turned out to be the worst solution, reaching 0.033. Close to the worst solution were 
PT for bacteria and PAG for fungi. 
 

 
 
Figure 7. MCDA results of AA inhibitors for fungi. 

 
Although studies on the effects of herbicides and their active components on 

bacteria and fungi are limited, the MCDA results highlight potential inhibitors for further 
study. It is necessary to understand the possibility of using AA inhibitors for the selection 
of protein-producing strains after induced mutagenesis and the effectiveness of this 
method, taking into account the risk of false-positive selection. It is worth considering 
that the selected microorganism may be insensitive to a particular inhibitor. Therefore, 
it is advisable to create a database combining industrially important microorganisms and 
the results of their successful inhibition or insensitivity to potential inhibitors or 
herbicides. To improve the results of MCDA, some inhibitors can be combined, which 
will theoretically increase the amount of inhibited AA and EAA and increase the 
efficiency of inhibition. From this perspective, the combinations of GP + MSM and GP 
+ PAG look more advantageous for the selection of both bacteria and fungi. Thus, 
combined inhibition would affect Phe, Trp, Tyr + Ile, Leu, Val, and Phe, Trp, Tyr + Met 
biosynthesis. 

 
CONCLUSIONS 

 
SCP technology has a high potential to reduce protein scarcity. The technology can 

increase resource efficiency because agricultural and industrial wastes can be used as 
feedstock and overall technology is more environmentally friendly. To increase its 
competitiveness new microbial mutant strains with enhanced protein production abilities 
should be developed. 
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In this study, MCDA was performed to determine which of the four technological 
aspects are the closest to ideal solutions for creating protein-rich mutant strains for SCP 
production. From TOPSIS results two of the highest results were achieved by yeast 
species C. utilis and P. rhodozyma. They excelled in their ability to produce protein. 
Both had a high protein content in their total biomass and had high protein productivity. 
P. rhodozyma stood out with its AA profile as it had the highest AA content which is 
lacking in the plant-derived proteins. From bacteria species B. subtilis gained the highest 
result and from fungi A. oryzae. B. subtilis showed considerable protein content while 
A. oryzae excelled in protein productivity.  

From waste substrates molasses showed to be theoretically the best feedstock for 
SCP production because it can be easily implemented in microbial mediums, it is 
applicable for cultivating bacteria, fungi, and yeast, and there have been reports of 
achieving high yields of biomass when using this substrate. Glycerol had the second-
highest score. Other evaluated substrates had more or less similar unitary variation ratios, 
which indicates that they have similar prospects of being used in production. 

For mutagenesis techniques three different alternatives were evaluated - UV, EMS, 
and MNNG. Mutagenesis with EMS was ranked as the closest to ideal by TOPSIS while 
UV mutagenesis was second and MNNG was last. EMS excelled in methods probability 
of success while UV and MNNG success rates were ten and five times lower, 
respectively. The cost and time were deemed to be non-essential criteria because the 
price can depend on the used microorganism strain and the time used for mutagenesis is 
insignificant when considering the time consumed in mutant evaluation. 

The results of the MCDA analysis showed that the best solution for both bacteria 
and fungi are four AA inhibitors: glufosinate ammonium, methionine sulfoximine, L-α-
(2-aminoethoxyvinyl) glycine, and S-(2-aminoethyl)-L-cysteine since they inhibit a high 
amount of AA and EAA. Propargylglycine and inhibitors of the sulfonylurea and 
imidazolinone groups showed acceptable results for bacteria, but the unitary coefficient 
for fungi was unsatisfactory. Therefore, further research is needed on the combinations 
of more advantageous inhibitors such as glyphosate with metsulfuron methyl or another 
sulfonylurea, and glyphosate with propargylglycine. Such combinations will allow 
selective pressure to be exerted on the biosynthesis of a larger variety of important EAAs. 

Following these MCDA results, identified potential combinations of 
microorganisms, substrates, mutagenesis methods, and inhibitors should be tested in a 
laboratory setting. While testing microorganism and waste substrate compatibility, 
technical problems can potentially arise, such as extensive foaming, oil layering, etc. 
Mutagenic methods and AA inhibitors should also be evaluated, and concentrations and 
doses should be optimized. These parameters can differ for each organism. Each of these 
combinations would require thorough testing and evaluation. The results of these tests 
should become the focus of future research papers. 
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Abstract. The soil's sequestration capacity is primarily determined by the fine-dispersed fraction 
of the soil and strongly influences the properties and fertility level of the soil. To assess the 
sequestration capacity of C-CO2 humus in soil formation and fertility of typical chornozem (black 
soil), to identify the causes, rates, existing limits of the sequestration capacity decrease, it is 
important to study the seasonal dynamics of qualitative and quantitative indicators of humus state 
in time depending on the method of tillage and fertilization in agrocenoses of short rotation crop 
rotations in the central part of the Forest-Steppe region of Ukraine. During the research, a 
stationary field experiment was conducted to study the influence of methods of soil cultivation 
and fertilizer application on the sequestering capacity of chornozem. Laboratory studies were 
conducted to determine the content of humus and to calculate the seasonal reserves of absorbed 
carbon and phosphorus and to model the absorption capacity of chernozem. When processing 
with chisel plows and applying fertilizers, the increase in the C-CO2 reserve during the April-July 
period was +21 t ha-1 (0–0.2 m) and +36 t ha-1a (0–0.3 m). Under moldboard plowing, the growth 
tended to increase by 1.52 times (0–0.2 m) and 1.25 times (0–0.3 m), but occurred at a lower 
quantitative level, and in the period July-September, the change in the humus C-CO2 stock was 
insignificant, indicating the predominance of C-CO2 sequestration processes in the summer-autumn 
period with chisel plowing. With chisel plowing, the reserve of labile organic substances (LOS) 
in April exceeded the stock for plowing in the thickness of 0–0.3 m by 4.34–7.67 times (without 
fertilizers), 1.5–2.76 times (with fertilizers); in July - by 4.59–8.90 times (without fertilizers) and 
1.32–3.16 times (with fertilizers); in September - by 4.52–4.04 times (without fertilizers) and by 
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1.11–1.93 times (with fertilizers), and the C-CO2 stock of the LOS compared to fallow land under 
chisel plowing without fertilizers in April, July, and September was 1.59–1.78 times, 2.31–3.29 
times, and 1.4–1.78 times higher, and under fertilization - by 1.99–2.0, 1.86–4.50, and 1.7–2.6 
times, respectively, depending on the seasons. Under fallow land maintenance, the seasonal 
dynamics of the C-CO2 stock of the LOS is subject to the seasonal dynamics of Porg(LOS). A direct 
strong correlation was found at the level of R = +0.89 ± 0.02; R2 = 79. In the period April-July, 
the decrease of Porg(LOS) stock in the thickness of 0–0.2 m was found to be 1.15 times, and in the 
thickness of 0–0.3 m - 1.1 times. From summer to autumn, the stock of Porg(LOS) was restored, and 
the stock in the thickness of 0–0.3 m increased by 1.10 times. Conclusions. Trends in C-CO2 
stocks of humus and LOS indicate that in the series plowing-chiseling-fallow land, the cyclicality 
index under chisel plowing was closer to the value of the seasonal cyclicality of fallow land than 
the seasonal cyclicality under plowing, which indicates the restoration of the CI. Trends in C-
CO2 stocks of humus and LOS indicate that in the series plowing-chiseling-fallow, the index of 
cyclicality under chisel plowing was closer to the value of the seasonal cyclicality of fallow land 
than the seasonal cyclicality of plowing, which indicates the restoration of the ISC. However, the 
timing of changes in the Porg(LOS) stock indicates that in the series plowing-chiseling-fallow, chisel 
plowing is directed to fallow land by its seasonal cyclicality. The general regularity of seasonal 
cyclicality for all parameters of humus condition lies in the fact that a decrease in the values of 
ISC, as in fallow land or under moldboardless tillage, indicates the ordering of ISC, and an increase 
in the index of cyclicality to destruction, as under plowing. 
 
Key words: organic carbon and phosphorus stocks, plowing, chisel plowing, trends in stock 
changes, light-hydrolyzable organic matter. 

 
INTRODUCTION 

 
The majority of arable lands in Ukraine are covered by fertile black soil, known as 

‘chornozem’ in Ukrainian, which translates to ‘black earth’. The conclusion of 
Academician Volodymyr Medvedev (2007) regarding the degradation of arable 
chornozem soils in Ukraine under modern agricultural practices, along with the notion 
that ‘…soil-forming processes can develop in two directions - natural, which forms a 
typically genetically determined soil, and anthropogenic, which forms degraded soil (due 
to a constant deficit balance of biogenic elements and unregulated, almost uncontrollable 
compaction) with parameters differing from natural ones…’ holds true. Chornozem soils 
in agrocenoses, as a 4-dimensional polygenic formation (Medvedev, 2016), undergo 
anthropogenic transformations into degraded formations, and the cumulative technogenic 
and anthropogenic loads exceed the chornozems' capacity for self-reproduction and  
self-regulation of soil fertility. 

In nature, ecosystems create a self-regulating mechanism, with plants and soils as 
the key components that accumulate solar energy in the form of living matter (biomass) 
and soil humus. The integrating indicator of these processes is the system of humic 
substances in the soil (Bardgett et al., 2014). Chernozem soils are characterized by a 
transformation-migration type of humus profile, representing a self-regulating system. 
The upper part (approximately 0.2 m) of this profile possesses a transport function within 
the upper zone of the humus profile of chernozem soils (Hirte et al., 2017). The humus 
horizon of chernozem soils is a mandatory condition for the formation and evolution of 
chernozems. Consequently, the functioning processes of the humus horizon determine 
the direction and intensity of elementary typogenetic processes in chernozem soil 
formation (Philippot et al., 2013). 
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Nature has developed a complex and organically reasonable adaptation for plants 
to acquire mineral nutrients - the process of humus formation, and in a broader sense, 
the process of soil formation. During the cultivation process, the biochemical ‘pulsation’ 
of the humus horizon in chernozem soils is nearly halted, causing the soil to lose its 
chemical and physical properties and transform into a more or less inert substrate. Under 
conditions of high fertilizer doses and intensive cultivation, it becomes challenging to 
achieve high yields on such soils (Torma et al., 2017). 

In arable agroecosystems, irregular fluctuations significantly increase compared to 
natural biogeocenoses, and the amplitude of the seasonal cyclicality of the soil solution 
is markedly reduced. This is primarily explained by the absence, in the upper layer of 
arable chernozem soils, of the necessary supply of dead organic matter in the form of a 
substantial layer of steppe litter (Shykula & Demydenko, 1998). The role of harvested 
root residues and by-products is particularly crucial in modern farming conditions, 
emphasizing the importance of the creation and application of machinery for their 
removal (Bulgakov et al., 2017; Bulgakov et al., 2020; Bulgakov et al., 2022b). 

Only the restoration of rational seasonal cyclicality in chernozem soils can lead 
them to a specific stable state, and the biologization of agriculture is the most promising 
direction that ensures the preservation of chernozem fertility and increased profitability 
of cultivated crops. A significant role is assigned to crop rotation saturation with crops 
designed to enrich the soil with organic matter and nitrogen, mobilize inaccessible forms 
of phosphorus and potassium, and improve the soil's water-physical properties (Philippot 
et al., 2013). To reduce soil compaction and structure destruction, special attention 
should be given to the use of wide-capture or bridge-type implements (Ivanovs et al., 
2020; Bulgakov et al., 2022a). 

The content of total humus, both in virgin and arable chernozem, decreases from 
spring to summer. By autumn, it increases again, striving to reach the initial level and 
even surpasses it in November when chernozem is covered with snow, and the 
restorative processes sharply prevail over oxidative ones or completely suppress them. 
The idea of organic matter as a conservative formation is erroneous, as established by 
numerous researchers (Dehtyarov et al., 2012; Demydenko & Velychko, 2015; Kachmar 
et al., 2019). 

The noticeable decrease in humus content from spring to summer is attributed to 
the intensification of oxidation processes under optimal conditions of moisture and 
temperature. During the summer, oxidative processes sharply prevail in the soil, while 
with increasing moisture in the fall and spring, restorative processes become 
predominant. The reduction in pH during the summer period can weaken the bonds 
between humus and the mineral part, thus impairing the soil's aggregating capacity. 
(Balayev et al., 2020; Volkohon & Moskalenko, 2020). However, it simultaneously 
enhances the mobility of nutrients and improves the nutritional regime of chernozem. 
There are periods during spring, summer, and autumn, or even individual years, when 
there are predominantly losses or gains in humus content in soils. The temporal disparity 
in the processes of humus formation or decomposition is linked to hydrothermal 
conditions and the intensity of microbial activity, influencing these processes and being 
influenced, in turn, by cultivation practices (Balayev et al., 2019; Shykula et al., 2000). 

Research by B.S. Nosko (Nosko et al., 2008; Nosko et al., 2010; Nosko & Gladkih, 
2012; Nosko, 2017) has established that organic phosphates are one of the main reserve 
fractions of phosphorus. Their content should be considered as a ratio of mineralization 
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processes and the synthesis of organic matter, including humus and labile organic 
substances (LOS). This underscores the significance of organic phosphates in the soil 
formation of chernozems. The content of organic phosphates is closely linked to the 
quantity of humus and its qualitative state. Under natural soil formation conditions, the 
release of organic phosphorus and its sequestration follow natural cycles, whereas in 
agrocenoses, there is a predominance of humus depletion in organic phosphates and a 
disruption of seasonal cycles of expenditure and reproduction. 

An important direction is the assessment of the impact of cultivation methods and 
fertilization on the reproduction of the sequestration capacity of C-CO2 in humus and 
labile organic substances. It aims to identify the nature of sequestration enrichment of 
chernozem with organic phosphorus in agrocenoses, as well as to establish the patterns 
of Porg deposition in humus during the sequestration of C-CO2 by agrocenoses in a 
seasonal cycle, which remains largely unexplored. Scientific sources analysis indicates 
that this aspect of the question has not been thoroughly investigated. 

The goal of this study was to assess the influence of the C-CO2 reserve in humus 
on soil formation and fertility of chernozem. To identify the reasons, rates, and existing 
limits of soil sequestration capacity reduction, the objective is to investigate the seasonal 
dynamics of carbon dioxide stocks in humus and labile organic matter, depending on 
cultivation methods and fertilization, in the agrocenosis of a short rotation crop rotation 
in the central part of the Forest-Steppe region of Ukraine. 

 
MATERIALS AND METHODS 

 
The research was conducted in the conditions of the central part of the left-bank 

Forest-Steppe of Ukraine in a long-term (over 35 years) stationary experiment at the 
Drabiv Research Field (coordinates 49°55'58.7"N 32°06'43.0"E) of the Cherkasy State 
Agricultural Research Station "National Scientific Center" Institute of Agriculture of the 
National Academy of Agrarian Sciences. The soil is chernozem typical (Chernozems 
Chernic) with low humus content, coarse-dusty light loamy, with a humus content of 
3.8–4.2%, available phosphorus content of 120–140 mg per 1,000 g of soil, available 
potassium content of 80–100 mg per 1,000 g of soil, and pH in water of 6.8–7.0. The 
size of the sown area is 162 m2, and the accounting area is 100 m2. 

The research was conducted during the period from 1976 to 2022 in a multifactorial 
stationary experiment. The experiment involved a 5-field crop rotation: perennial  
grasses - winter wheat - sugar beet - maize - barley + perennial grasses (cereals - up to 
60%, technical crops – up to 20%; perennial grasses - up to 20%). 

Fertilization system: 6.0 tons per hectare of by-products; N31-62P33-66K41-82 per 
1 hectare of crop rotation area, or NPK - Σ250–350 kg of active substances. Until 1999, 
6 tons per hectare of manure were applied, and from 2000 to 2022 - 6–7 tons per hectare 
of by-products. 

Primary tillage methods: variable-depth plowing (0.22–0.25 m) for all crops; chisel 
plowing (0.22–0.25 m) for all crops. Both experiments had three replications. 
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In laboratory conditions, soil samples were analyzed in triplicate. The content of 
humus was determined using the method developed by I.V. Tyurin, modified by 
V. M. Symakov (DSTU 4289:2004); labile organic matter was determined according to 
DSTU 4732:2007. 

The content of organic phosphates (Porg) in humus was determined using the 
method developed by B.S. Nosko (Nosko et al., 2008; Nosko, 2018). It has been 
established that the correlation coefficient between the total humus content and  
Porg is R = +0.98 ± 0.02, R2 = 0.96 for the entire genetic zonal series of chernozems 
(podzolized - typical - ordinary - southern). The relationship is described by a straight 
line according to the equation: Y = 15.5+17.2x – 1.47x2, where Y is the Porg content, 
mg 100 per g of soil, x is the humus content, %. Based on the established dependence 
between the total humus content and the content of LOS, the Porg content in labile organic 
matter was determined. Subsequently, the content of humus, LOS, and Porg were 
recalculated into reserves (t·ha-1), which forms the basis for the presented study. 

The synthesis of crop rotation productivity, soil moisture regime indicators, 
climatic parameters, and the calculation of research results were conducted using the 
‘Method of Dispersion Analysis’ with the application of the ‘STATISTICA-10’ 
software. Non-parametric statistical methods, correlation analysis, factor analysis, and 
cluster analysis were employed in the study. 

 
RESULTS 

 
Changes in humus C-CO2 reserve in chernozem during fallow are associated with 

the manifestation of natural cyclicality from spring to autumn, similar to the overall 
humus content (Demydenko, 2013; Tonkha et al., 2017). The C-CO2 reserve in the  
0–0.2 m layer of chernozem in April was 195 t ha–1, and in the soil layer 0.2–0.3 m deep, 
it was 79 t ha–1. The reserve in the 0–0.3 m layer was 275 t ha–1. A decrease in the  
C-CO2 reserve was recorded in July, amounting to –15 t ha–1, –3 t ha–1, and –18 t ha–1, 
respectively, for the soil layers. In September, there was a reproduction of the C-CO2 
reserve, which increased by +27 t ha–1, +12 t ha–1, and +39 t ha–1. The period from April 
to July is considered a consumptive one, while July to September is a restorative or 
sequestration period. In natural conditions, the sequestration period is more intensive 
compared to the reproductive one by 1.8 times, 4 times, and 2.2 times, respectively, for 
the soil layers 0–0.2 m, 0.2–0.3 m, and 0–0.3 m. Cyclically, with changes in the C-CO2 
reserve, the Porg reserve also changed. During the reproductive period, the expenditure 
of the Porg reserve in humus was –0.058 t ha–1 (0–0.2 m), –0.078 t ha–1 (0.2–0.3 m), and 
–0.136 t ha–1 (0–0.3 m), while the reproduction of the Porg reserve in the sequestration 
period was +0.146 t ha–1, +0.145 t ha–1, and +0.295 t ha–1, which is 2.5, 1.85, and 2.17 
times more intense than expenditures, respectively, for soil layers. The ratio of the  
C-CO2 reserve to Porg for the periods was from 140:1 to 151:1 or 38–42:1 in terms of Сg, 
indicating the high stability of the C-CO2 and Cg reserves to mineralization, ensuring the 
accumulation of Porg under the conditions of long-term fallow. The intensity of the 
reproduction of the C-CO2 and Porg reserves in the presence of fallow and the positive 
balance contribute to the manifestation of high sequestration capacity of fallow (Fig. 1). 
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Figure 1. The seasonal dynamics of the C-CO2 reserve in humus and labile organic substances 
(LOS) depend on the cultivation method and fertilization in the crop rotation chain of wheat-sugar 
beet-corn in the 45th year of the experiment: a – moldboard plowing; b – chisel plowing;  
1 – 0–0.2 m; 2 – 0.2–0.3 m. 

 
Systematic plowing leads to a change in the seasonal variation of C-CO2 and Porg 

reserves. For example, in April, without fertilization, the C-CO2 reserve in the 0–0.2 m 
layer was 1.5 times smaller, and in soil layers 0.2–0.3 m and 0–0.3 m, it was 1.3 and 1.4 
times smaller, respectively, compared to fallow. Similarly, in July, the C-CO2 reserve 
was 1.1 times smaller (0–0.2 m) and 1.2 times smaller (0–0.3 m) compared to fallow, 
which is –20 t ha–1 (0–0.2 m) and –15 t ha–1 (0–0.3 m). In September, the C-CO2 reserve 

a) 

b) 
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during plowing decreased and was 1.34 times smaller (0–0.2 m), 1.33 times smaller 
(0.2–0.3 m), and 1.35 times smaller (0–0.3 m) compared to fallow, or –102 t ha–1,  
–22 t ha–1, and –76 t ha–1, respectively, for soil layers. 

During chisel plowing without fertilization, the C-CO2 reserve from April to 
September was higher compared to plowing by +40 t ha–1 (0–0.2 m), +90 t ha–1  
(0.2–0.3 m), and +55 t ha–1 (0–0.3 m). In July, the reserve was higher by +25 t ha–1  
(0–0.2 m), +13 t ha–1 (0.2–0.3 m), and +38 t ha–1 (0–0.3 m). In September, the C-CO2 
reserve was higher compared to plowing by +30 t ha–1 (0–0.2 m) and +54 t ha–1  
(0–0.3 m). During chisel plowing, the C-CO2 reserves per assessment period were 
closest to fallow. With the addition of fertilizers, the C-CO2 reserve in April increased 
by 15 t ha-1 in the 0–0.2 m layer and by 25 t ha–1in the 0–0.3 m layer during chisel 
plowing. Similar growth in the C-CO2 reserve occurred in July: +12 t ha–1, +10 t ha–1, 
and +22 t ha–1, respectively, for soil layers in the depth of the chernozem. A similar 
increase in the C-CO2 reserve occurred in September. The cyclic nature of the seasonal 
variation in the C-CO2 reserve with fertilizer application had the established character, 
as observed in the control without fertilization but at a higher quantitative level. 

During chisel plowing with fertilizer application, an increase in the C-CO2 humus 
reserve was observed compared to the plot where no fertilizers were applied but was 
lower compared to conventional plowing. The growth in the C-CO2 reserve during the 
period from April to July was: +21 t ha–1 (0–0.2 m), +15 t ha–1 (0.2–0.3 m), and +36 t ha-1 
(0–0.3 m). With chisel plowing, the increase tended to be 1.52 times (0–0.2 m) and 1.25 
times (0–0.3 m) higher, but at a lower quantitative level. The change in the C-CO2 humus 
reserve during the period from July to September was insignificant, indicating a 
predominance of C-CO2 sequestration processes in the summer-autumn period during 
chisel plowing. 

However, the overall analysis of the expenditure and replenishment of the C-CO2 
humus reserve showed that in the presence of fallow, there is a depletion of the C-CO2 
humus reserve from April to July: –15 t ha–1 (0–0.2 m), –3 t ha–1 (0.2–0.3 m), and  
–18 t ha–1 (0–0.3 m). In the period from July to September, there is an enhancement of 
humus C-CO2 sequestration and an increase in the carbon oxide reserve by +27 t ha–1, 
+12 t ha–1, and +39 t ha–1, respectively, for the soil layers. 

During plowing on the control plot without fertilizers, there was an increase in the 
humus C-CO2 reserve during the period from April to July: +35 t ha–1 (0–0.2 m), 
+12 t ha–1 (0.2–0.3 m), and +47 t ha–1 (0–0.3 m). However, from July to September, a 
decrease was observed: –10 t ha–1, –10 t ha–1, and –20 t ha–1. With the application of 
fertilizers, the increase in the C-CO2 reserve was similar to the control plot without 
fertilizers, but the expenditure was 1.42 times less, 3.3 times less, and 5 times less, 
respectively. 

During chisel plowing, the increase in the humus C-CO2 reserve from April to July 
on the control plot without fertilizers was +21 t ha–1 (0–0.2 m), +15 t ha–1 (0.2–0.3 m), 
and +36 t ha–1 (0–0.3 m). With the application of fertilizers, there was a tendency for 
growth: +20 t ha–1, +10 t ha–1, and +30 t ha–1. However, the expenditure on the control 
plot without fertilizers was significantly less compared to plowing: –3 t ha–1, –6 t ha–1, 
and –9 t ha–1. Regarding the 0–0.3 m layer, the expenditure was 2.2 times less. With the 
application of fertilizers, the reduction in the humus C-CO2 reserve showed a weak 
tendency to decrease compared to plowing. 
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Seasonal changes in the humus C-CO2 LOS reserve with fallow land content had a 
cyclic nature similar to the changes in the C-CO2 reserve of the total humus. Expenditure 
of the labile humus C-CO2 reserve during the period April-July was: –3.7 t ha–1  
(0–0.2 m), and –3.8 t ha–1 (0–0.3 m), while the reproduction of the labile humus C-CO2 
reserve from July to September was: +1.15 t ha–1, +0.62 t ha–1, and +0.71 t ha–1, 
respectively, at different depths. The reserve of the labile humus C-CO2 during plowing 
in April without fertilization compared to fallow land was 4.8 times less (0–0.2 m)  
and 4.1 times less (0–0.3 m). In July, it was 2.56 times, 1.99 times, and 2.38 times less, 
and in September, it was 2.3 times, 2.5 times, and 2.16 times less, respectively, at 
different soil depths. The seasonal cyclicality of LOS differed from fallow land in that 
there was an increase in LOS from spring to fall, which is associated with the seasonal 
activation of humus due to old, more stable reserves of humus C-CO2 (Table 1). 

 
Table 1. Seasonal dynamics of labile organic substance and organic phosphates depending on 
cultivation, fertilization, and the state of fallow 
Depth,  
m 

Moldboard plowing Chisel plowing 
April July September April July September 

 С-СО2 LOS, t ha-1 
 without fertilization 
0–0.2 2.28 2.85 2.67 18.0 24.0 15.0 
0–0.3 3.41 4.21 3.95 23.0 30.0 20.0 
 NPK – Σ250–350 kg of active substance 
0–0.2 14.1 25.0 11.4 22.0 33.0 24.0 
0–0.3 16.0 26.6 12.8 28.0 38.0 30.0 
 Porg LOS, t ha-1 
 NPK – Σ250–350 kg of active substance 
0–0.2 0.052 0.026 0.029 0.130 0.180 0.110 
0–0.3 0.071 0.037 0.044 0.180 0.230 0.151 
 NPK – Σ250–350 kg of active substance 
0–0.2 0.111 0.191 0.150 0.160 0.250 0.170 
0–0.3 0.126 0.236 0.195 0.211 0.291 0.222 
 Fallow   
 April  July  September 
 С-СО2 LOS, t ha-1 
0–0.2 11.0 7.31 8.45 
0–0.3 13.8 9.76 11.66 
 Porg LOS, t ha-1   
0–0.2 0.075 0.064 0.081 
0.2–0.3 0.021 0.019 0.025 
0.3 0.096 0.083 0.106 

 
When fertilizers were applied during plowing, the LOS reserve increased compared 

to the control without fertilizers. In April, it increased by 6.2 times (0–0.2 m), 1.76 times 
(0.2–0.3 m), and 4.7 times (0–0.3 m); in July, it increased by 8.8 times (0–0.2 m),  
1.2 times (0.2–0.3 m), and 6.3 times (0–0.3 m); in September, it increased by 3.18 times 
(0–0.2 m), 4.8 times (0.2–0.3 m), and 3.44 times (0–0.3 m). However, the C-CO2 LOS 
reserve with fertilizer application during plowing was significantly higher than fallow, 
by 1.16–1.28 times (April), 2.6–3.4 times (July), and 1.34–1.5 times (September). On 
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the control plot without fertilizers, the LOS reserve in the 0–0.3 m layer was 2.43–4.83 
times lower (April), 1.99–2.38 times lower (July), and 2.3–2.5 times lower (September). 

During chisel plowing, the LOS reserve in April exceeded the reserve during 
plowing in the 0–0.3 m layer by 4.34–7.67 times (without fertilizers) and 1.5–2.76 times 
(with fertilizers); in July - by 4.59–8.90 times (without fertilizers) and 1.32–3.16 times 
(with fertilizers); in September - by 4.52–4.04 times (without fertilizers) and 1.11–1.93 
times (with fertilizers). The C-CO2 LOS reserve, compared to fallow, during chisel 
plowing without fertilizers in April, July, and September was higher by 1.59–1.78 times, 
2.31–3.29 times, and 1.4–1.78 times, respectively. With the application of fertilizers, it 
was higher by 1.99–2.0, 1.86–4.50, and 1.7–2.6 times, respectively, for each season. 

 
Table 2. The seasonal dynamics of the ratio of C-CO2 and labile organic substances (LOS) to 
Porg under different tillage and fertilization 
Depth,  
m 

Moldboard plowing Chisel plowing 
April July September April July September 

 С-СО2 LOS to Porg 
 without fertilization 
0–0.2 61 to 1 130 to 1 125 to 1 137 to 1 140 to 1 136 to 1 
0–0.3  58 to 1 133 to 1 110 to 1 133 to 1 136 to 1 134 to 1 
 NPK – Σ250–350 kg of active substance 
0–0.2  127 to 1 132 to 1 95 to 1 147 to 1 132 to 1 133 to 1 
0–0.3  130 to 1 85 to 1 116 to 1 131 to 1 140 to 1 134 to 1 
 humus С-СО2 to Porg 
 without fertilization 
0–0.2  121 to 1 130 to 1 124 to 1 134 to 1 135 to 1 132 to 1 
0–0.3  121 to 1 126 to 1 117 to 1 134 to 1 134 to 1 133 to 1 
 NPK – Σ250–350 kg of active substance 
0–0.2  130 to 1 133 to 1 128 to 1 136 to 1 135 to 1 132 to 1 
0–0.3  134 to 1 133 to 1 131 to 1 134 to 1 134 to 1 133 to 1 
 Fallow 
 April  July  September 
 С-СО2 LOS to Porg 
0–0.2  149 to 1 115 to 1 120 to 1 
0–0.3  144 to 1 122 to 1 130 to 1 
 humus С-СО2 to Porg 
0–0.2  147 to 1 142 to 1 147 to 1 
0–0.3  144 to 1 150 to 1 144 to 1 

 
Unlike the biochemistry of C-CO2, where the gaseous form of the compound is an 

obligatory link in biospheric flows, phosphorus (P) biochemistry is associated with 
living organic matter (Nosko, 2017; Nosko, 2018). In other words, organic phosphorus 
is a bioavailable element, and its content in chernozem soils depends on the stock of 
organic matter (C-CO2) of humus and the labile form of humus. The correlation 
coefficient between the content of organic phosphorus and humus, according to B.S. 
Nosko's calculations (Nosko et al., 2008), is R = +0.994 (R2 = 0.98), and the relationship 
is expressed by a straight line. 



410 

On fallow land, the seasonal dynamics of the C-CO2 LOS stock follows the 
seasonal dynamics of Porg(LOS). A direct strong correlation has been established at the 
level of R = +0.89 ± 0.02; R2 = 79. During the period from April to July, a decrease in 
the Porg(LOS) stock was observed in the 0–0.2 m layer by 1.15 times, and in the 0–0.3 m 
layer by 1.1 times. From summer to fall, the Porg(LOS) stock was restored, and the stock in 
the 0–0.3 m layer increased by 1.1 times. The assessment of the ratio of the C-CO2 LOS 
stock to the Porg(LOS) stock showed that in the spring, a wide ratio of 138–149 to 1 was 
formed, indicating the ‘conservation’ of organic phosphates. In the summer, the ratio 
expanded to 115–128 to 1 (31–35 to 1), which is associated with the release of Porg(LOS) 
due to the mineralization of humus LOS. In the fall, with the reproduction of the C-CO2 
LOS stock, Porg(LOS) become more conservative and accumulate in humus. The positivity 
of the Porg stock relative to the resource-consuming period indicates an expanded 
reproduction of Porg(LOS) as the C-CO2 LOS stock itself (Table 2). 

With systematic plowing without fertilizers, a cyclic pattern of Porg(LOS) was 
identified, similar to the pattern on fallow land but at a lower quantitative level. In April, 
on the control plot without fertilizers, the Porg(LOS) stock was smaller compared to fallow 
land by 1.69–1.85 times, and with the addition of fertilizers in the 0–0.3 m layer, it was 
larger by 1.29 times. In the soil layer, on the contrary, it was smaller by 6 times compared 
to fallow land. 

In July, the pattern was similar. On the control plot without fertilizers, the Porg(LOS) 
stock was smaller by 2.1–2.5 times, and with the addition of fertilizers, it was larger by 
2–3 times compared to fallow land. In September, without fertilizers, the Porg(LOS) stock 
with plowing without fertilizers was smaller by 1.5–2.4 times, and with the addition of 
fertilizers, it was larger by 1.70–1.96 times compared to fallow land. The ratio of the  
C-СО2 LOS stock to Porg(LOS) on the control plot without fertilizers was wide: 58–70 to 
1 in April, 130–136 to 1 in July, and 85–125 to 1 in September, indicating high rates of 
mineralization and release of Porg(LOS). With the addition of fertilizers, the C-СО2 LOS 
stocks increased by 6.2 times (0–0.2 m) and 4.7 times (0–0.3 m) in April. In July, it 
increased by 8.8 times and 6.4 times, and in September, by 3.1 and 3.54 times, 
respectively, for soil layers. At the same time, the ratio of the C-СО2 LOS stock to 
Porg(LOS) on the fertilized background was broader: 127–132 to 1 in April, 38–132 to 1 in 
July, and 95–136 to 1 in September, indicating a more restrained mineralization of LOS 
and release of Porg(LOS) compared to the control plot without fertilizers. With the addition 
of fertilizers in September, the Porg(LOS) stock with plowing showed a stable tendency to 
increase in the soil layers of 0–0.2 m, 0.2–0.3 m, and 0–0.3 m, but the organic 
phosphorus stock did not reach the level observed in April. 

During chisel plowing, an increase in the Porg stock was observed, which exceeded 
the increase during conventional plowing: in the soil layer 0–0.2 m – by 3.7 times; in the 
0.2–0.3 m layer - by 2.7 times, and in the 0–0.3 m soil layer - by 3.4 times. With the 
addition of fertilizers, the Porg(LOS) stock increased by 5 times (0–0.2 m); by 3 times  
(0.2–0.3 m); by 4.3 times (0–0.3 m). 

During chisel plowing, the Porg(LOS) stock was higher compared to conventional 
plowing by 1.13–1.16 times. With the addition of fertilizers, the Porg stock in September 
exceeded the stock in April by 1.10–1.55 times, but enrichment was higher during chisel 
plowing. The Porg(LOS) stock relative to the control without fertilizers during plowing in 
April was higher by 2.1–3.2 times, in July - 4.7–7.8 times, and in September - 2.3–3.7 
times. With the addition of fertilizers, the Porg(LOS) stock in April increased by 1.27 times 
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(0–0.2 m) and by 1.16 times (0–0.3 m). In July, the Porg(LOS) stock increased by 1.45 times 
and 1.30 times, and in September - by 1.5 times and 1.44 times, respectively, for soil 
layers. Compared to fallow, the Porg(LOS) stock during chisel plowing for the 
determination periods was higher by 2.1–2.4 times in April, 1.61–3.90 times in July, and 
1.78–2.36 times in September. 

 

 
 
 

 
 

 
Figure 2. The change in the Seasonal Cyclicity Index (Isc) depending on fertilization and 
cultivation method: a – humus C-CO2 and LOS; b – organic phosphates Porg; 1 – 0–0.2 m;  
2 – 0–0.3 m. 

 
The ratio of the C-СО2 LOS stock to Porg(LOS) in the 0–0.3 m soil layer in April was 

115–147 to 1, in July it was 132–147 to 1, and in September it was 1.31–1.34 to 1. The 

a) 

b) 
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wider ratio of C-СО2 LOS to Porg(LOS) during chisel plowing compared to conventional 
plowing with the addition of fertilizers indicates lower mineralization of C-СО2 LOS 
and the release of Porg(LOS). 

To determine the Seasonal Cyclicity Index (Isc) of humus state parameters, we 
propose conducting calculations using the following expression: 

Isc = Δk / Qmin, where Isc – Seasonal Cyclicity Index; Δk – is the difference between 
the final (Lk-autumn) value of the parameter and the initial (Lp-spring) value;  
Qmin – is the minimum value of the parameter (summer). 

It has been determined that on fallow land, the Isc of the humus C-CO2 stock in soil 
layers of 0–0.2 m and 0–0.3 m was: Isc = 0.06–0.07, while with plowing without 
fertilizer application, Isc increased by 2.15 times, and with chisel plowing, it approached 
the value when fallow. With fertilizer application, Isc increased by 2.0–2.7 times for both 
plowing methods, and 1.74–1.80 times, respectively. The Seasonal Cyclicity Index of 
the C-CO2 LOS content when fallow in the soil layer of 0–0.2 m acquired a negative 
value, while in the 0–0.3 m soil layer, Isc = 0.039 (Fig. 2). 

With plowing without fertilizer application, Isc acquired a positive value, while with 
fertilizer application, Isc values were negative: Isc = –0.108 to –0.25. With chisel plowing 
without fertilizer application in the 0–0.2 m soil layer, Isc was at the fallow level  
(Isc = –0.117), while in the 0–0.3 m layer, it reached Isc values of 0.10. With fertilizer 
application in chisel plowing, Isc had a positive value in the 0–0.2 m and  
0–0.3 m layers: Isc = 0.06 and Isc = 0.16, respectively. In contrast, with plowing, Isc values 
were negative, indicating a disruption of the seasonal cyclicity. With chisel plowing, the 
Isc process is restored towards cyclicity when fallow. 

The trends in changes in humus and LOS carbon stocks indicate that in the 
moldboard plowing-chisel plowing-fallow sequence, Isc during chisel plowing is closer 
in value to the seasonal cyclicity of fallow than the seasonal cyclicity during plowing. 
This suggests the restoration of Isc in the latter case. 

The index of seasonal cyclicity (Isc) of the humus Isc stock, when fallow is present 
in the 0–0.3 m soil layer, was Isc = –0.083 to –0.11. However, during plowing without 
fertilizer application, Isc was higher by a factor of 1.75, and during chisel plowing, it was 
higher by a factor of 2.24 in the 0–0.2 m soil layer, reaching fallow levels. With fertilizer 
application during plowing, Isc in the 0–0.3 m soil layer increased by  
1.63–1.85 times compared to fallow, and during chisel plowing in the 0–0.2 m soil layer, 
it was higher by a factor of 5 compared to fallow and by a factor of 2.6 compared to 
plowing. In the 0–0.3 m soil layer, Isc during chisel plowing increased by 2.4 times 
compared to fallow and by 1.44 times compared to plowing. 

The index of seasonal cyclicity (Isc) of the Porg(LOS) over fallow in the 0–0.2 m and 
0–0.3 m soil layers was Isc = 0.065–0.14. In contrast, during plowing without fertilizers, 
Isc = –0.58 to –0.79, and during chisel plowing, Isc = –0.11 to –0.27. With fertilizer 
application, Isc increased by 3.10–3.15 times compared to fallow, and during chisel 
plowing, Isc values approached those for fallow. 

The trends in Porg(LOS) storage changes indicate that, in the sequence of moldboard 
plowing-chisel plowing-fallow, chisel plowing tends to align its seasonal cyclicity with 
fallow. The general pattern of seasonal cyclicity for all humus state parameters suggests 
that a decrease in Isc values, whether during fallow or chisel plowing, indicates 
stabilization of Isc, while an increase in the cyclicity index is associated with disruption, 
as observed during plowing. 
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DISCUSSION 
 

Seasonal cyclicality of humus is based on the concept of biochemical cycles 
(Ponomareva et al., 1975), which proposed three levels, one of which is the biochemical 
cycle at the level of soil microbiological populations. Furthermore, there is a 
biogeochemical cycle at the level of the lowest soil invertebrates and the cycle of forest 
and grassland biogeocenoses. Expanding the concept of biogeochemical cycles, 
V.V. Ponomareva defined a list of mandatory parameters for their study, namely: 
biomass, annual increment, life-metabolites, and organic matter of the soil; the stability 
of biogeochemical cycles is based on the concept of biotic self-regulation of soil 
processes in the transformation of organic matter in natural ecosystems (Shilova, 1988). 

The direction and speed of transformation (sequestration) of organic matter into 
humus, which enters chernozem, is linked to the activities of soil heterotrophic 
microorganisms. This is because these soil biota are biologically involved in the 
transformation of organic compounds. The sequestration of C-CO2 in humus begins with 
the active activity of the heterotrophic microbial pool, which acts as a connecting link 
between C-CO2 from the atmosphere, soil air, and the humus reserve of chernozem. The 
direction of C-CO2 sequestration in humus in annual and seasonal cycles is determined 
by the interaction of agricultural crops, the successive interaction of plants and 
microorganisms, their combined physiological activity and life processes. However, the 
determining factor is the interaction of the soil heterotrophic microflora in the root zone, 
the root system, and the aboveground part of agricultural crops (Shykula et al., 2020; 
Shykula & Makarchuk, 2020). 

The nature of interaction depends on the chernozem tillage: systematic plowing 
disrupts the natural mechanism of interaction in the system of microorganisms in the 
root zone-root system-aboveground part of plants, while systematic chisel plowing 
stimulates and directs the development of chernozem towards natural cenoses, changing 
(reproducing the seasonal sequestration cycle) primarily the soil conditions for the life 
activities of trophic components of the agrocenosis (Shykula & Demydenko, 1998; 
Shykula, 2001). Systematic chisel plowing of chernozem in agrocenoses, against the 
background of optimal application of organic and mineral fertilizers, contributes to the 
formation of stable trophic groups of heterotrophic microorganisms with a clearly 
defined spatial attachment to the 0–0.15 m soil layer. This ensures the reproduction of 
their ecologically balanced seasonal dynamics and improves the humus condition of 
chernozem (Shykula, 2001). 

During chisel plowing, the maximum values of root exudation occur when the 
content of C-CO2 in the soil is minimal in the seasonal cycle, initiating the process of 
heterotrophic fixation (sequestration) of C-CO2 by soil microflora. Carbon from soil air 
and soil (CO2 in soil solution) is assimilated (sequestered) by heterotrophic microbes, 
leading to the formation of new organic substances. These substances are present in their 
protoplasm, and during microbial autolysis (shell breakdown), they are released into the 
soil solution as freshly formed protohumic substances. These substances interact with 
the soil complex, releasing nitrogen-containing radicals of humic acids, which are part 
of fulvates. After their condensation, they replenish the C-CO2 of stable humates, 
accompanied by an increase in ATP content in the soil by 25–250% during chisel 
plowing. This is logically associated with the activity of heterotrophic saprophytic 
microorganisms. 
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The organic secretions resulting from the autolysis of the protoplasm of 
heterotrophic microbes contain amino acids, amines, amides, and protohumic fragments. 
These substances, based on the principle of complementarity, can be immediately 
involved in the reproduction process of organic matter in chernozem, thereby enhancing 
the seasonal sequestration of C-CO2. 

Soil microorganisms are the most active and versatile heterotrophic agents in agro- 
and natural ecosystems. As a result of their activity, 2/3 of all CO2 in the soil air is 
formed, with 1/3 originating from the activity of the root system (Miltner et al., 2005). 
Through the root system, up to 20% of the total carbon mass (C-CO2) of root exudates 
and fine roots is released into the soil, replenishing the soil environment with CO2 
through mineralization. The proportion of root-derived CO2 from the total varies from 
10 to 40% (Burdina et al., 2016; Yermakov et al., 2021). It is likely that not the entire 
volume of root exudates is sequestered into the soil humus, and a significant part is 
consumed by the saprophytic heterotrophic microflora, for which such a substrate is 
more physiologically active (Šantrůčková et al., 2005; Burdina & Priss, 2016). 
Systematic chisel plowing of the soil in crop rotation stimulates the reproduction of the 
seasonal mechanism of C-CO2 sequestration due to more optimal moisture conditions 
and an increase in the biogenicity of soil conditions, providing a water-soluble state of 
protohumic and humic substances at the moment of their formation. This leads to deep 
saturation of the chernozem layer with the solution of humic acids and freshly formed 
protohumic substances and Ca(HCO3)2 (WMO Greenhouse Gas Bulletin, 2012). 

Carbon sequestration during systematic chisel plowing and fertilization involves 
the activation of atmospheric carbon dioxide intake by the living organic matter of 
agricultural crops (photosynthesis), with subsequent transformation of by-products, 
harvested and root residues, and root exudate which is formed in С-СО2 humus with an 
enhancement of humification coefficients by 10–20% for by-products and root exudates 
as an active form of compost. During chisel plowing, organic matter not only enters the 
soil but is also stabilized by optimizing humification-mineralization processes. 
Therefore, it is protected from rapid decomposition but is still capable of slow 
mineralization to achieve a sufficient level of effective fertility. Soil carbon sequestration 
can be assessed by changes in the total organic carbon (Corg) content in chernozem from 
July to September, where the storage of C-CO2 in humus and labile humic substances 
during chisel plowing increases compared to conventional plowing, aiming to reproduce 
the reserves found in natural fallow conditions. 

Soil carbon sequestration during chisel plowing enhances the absorption of CO2 
from the atmosphere by generating additional crop biomass. Therefore, deposition is 
aimed at preserving Corg in chernozem and preventing its rapid return from the soil to 
the atmosphere during mineralization. The ability of chernozem to saturate with organic 
carbon has a limit, beyond which accumulation is not possible (Dynarski et al., 2020). 
This limit should be considered based on the chernozem content in the fallow state. The 
sequestration of organic matter is determined by both its specific internal properties and 
external physicochemical, biological, and agroecological conditions that limit the rate of 
organic matter decomposition, thereby ensuring its stability. 

The level of organic matter content in the chernozem agroecosystem depends on 
the combination of factors such as the yield of the pure agricultural production, the 
quality of plant residues, hydrothermal conditions, topography, mineralogical and 
granulometric composition, chemical and biological properties of chernozem, 
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agricultural practices (cultivation and fertilization), and the presence of disruptive 
influences that initiate carbon losses. As a result, under chisel plowing in short rotation 
crop rotations, systematic use recreates spatial, seasonal, and multi-year variability in 
the organic matter content, similar to the content in virgin chernozem. 

 
CONCLUSIONS 

 
1. Under fallow, the seasonal dynamics of the C-CO2 humus and LOS reserves 

follow the seasonal dynamics of Porg(LOS) with a strong correlation at the level of 
R = +0.89 ± 0.02; R2 = 79. During the period from April to July, there is a reduction in 
the Porg(LOS) reserve in the 0–0.2 m layer by 1.15 times, and in the 0–0.3 m layer by 1.1 
times. From summer to autumn, the Porg(LOS) reserve is restored, and the Porg(LOS) reserve 
in the 0–0.3 m layer increases by 1.1 times. 

2. Under chisel plowing and fertilization, the increase in the C-CO2 reserve during 
the April–July period was +21 t ha-1 (0–0.2 m) and +36 t ha-1a (0–0.3 m). In the case of 
plowing, there was a tendency for an increase by 1.52 times (0–0.2 m) and 1.25 times 
(0–0.3 m) during the same period, but it occurred at a lower quantitative level. During 
the July–September period, the change in the C-CO2 humus reserve was insignificant, 
indicating the predominance of C-CO2 sequestration processes in the summer-autumn 
period. 

3. Under chisel plowing, the LOS reserve in April exceeded the reserve under 
plowing in the 0–0.3 m layer by 4.34–7.67 times (without fertilizers), 1.5–2.76 times 
(with fertilizers); in July, it exceeded by 4.59–8.90 times (without fertilizers) and  
1.32–3.16 times (with fertilizers); in September, it exceeded by 4.52–4.04 times (without 
fertilizers) and 1.11–1.93 times (with fertilizers). The C-CO2 LOS reserve under fallow, 
compared to chisel plowing without fertilizers, was higher by 1.59–1.78 times in April, 
2.31–3.29 times in July, and 1.4–1.78 times in September. With fertilization, the increase 
was 1.99–2.00, 1.86–4.50, and 1.7–2.6 times, respectively, for the corresponding seasons. 

4. Trends in the changes of C-CO2 and LOS reserves indicate that in the plowing-
chiseling-fallow sequence, the cyclic index decreases with chiseling approaching the 
seasonal cycle of fallow, compared to the seasonal cycle with plowing. However, the 
trends in Porg(LOS) reserves suggest that in the plowing-chiseling-fallow sequence, the 
chisel plowing also aligns its seasonal cycle with that of fallow. The general regularity 
of seasonal cyclicality for all humus state parameters lies in the fact that the decrease in 
Isc values, whether on fallow or with chisel plowing, indicates the restoration of Isc. In 
contrast, the increase in the cyclic index tends towards the disruption of the natural order, 
as observed with plowing. 
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Abstract. When feeding dairy cows, there is a need for precise dosing of concentrate feed. The 
quality of the feed dosing process is influenced by the physical properties of the feed material 
and the accuracy of the feeder calibration. The aim of the study was to investigate the influence 
of the accuracy of calibration of the spiral feeder and the type of granulated feed on the precision 
of dosing feed material at the feeding station. The study used a feeding station intended for 
feeding cattle, equipped with a spiral feeder with a feed rates of up to 1 kg min-1. Three types of 
feed material with different granule diameters were used for the tests. The characteristics of the 
feed pellets included their bulk density, diameter and length of the pellets. In the study, the 
accuracy of the feeder calibration was related to the number of feed mass measurements obtained 
in the calibration procedure. Options for three and six mass measurements were included. The 
tests were performed for two feed rates, i.e. 0.3 and 0.4 kg min-1. In order to determine the 
accuracy of feed dosing by the spiral feeder, the dosing accuracy index was calculated. The 
research results were subjected to statistical analysis. A statistically significant impact of 
calibration on the accuracy of feed dosing was found. In the study, increasing the diameter of the 
granules was accompanied by an increase in the accuracy of its dosing. 
 
Key words: dosing accuracy, feeder calibration, feeding station, granulated feed properties, 
mechanical engineering. 
 

INTRODUCTION 
 

Nowadays, dairy farmers who want to achieve high financial profits must carefully 
analyze the costs of milk production (Luik-Lindsaar et al., 2019; Leola et al., 2021). The 
largest costs of dairy production include the costs of animal feeding (Šenfelde & Kairiša, 
2018; Andrighetto et al., 2023). Milk production efficiency depends on a properly 
selected animal housing and feeding system (Cielava et al., 2017; Gaworski et al., 2018). 
Currently used automatic feeding systems for cows and calves ensure the proper physical 
structure of the ration and synchronization of protein and energy supply for rumen 
microorganisms. They thus ensure good feed utilization and reduce animal stress 
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(Šenfelde & Kairiša, 2018; Herbut et al., 2019) and promote their appropriate body 
condition (Gołębiewski, 2017; Van Os et al., 2019; Chlebowski et al. 2020a). 

The basic devices in automatic cattle feeding systems are feeding stations installed 
in barns and milking robots (Saliņš et al., 2014; Soonberg et al., 2018; Vaculík & 
Smejtková, 2019), which should ensure precise delivery of concentrate feed to animals. 
Precise feeding of cows ensures balanced digestion and increases animal production 
efficiency (Vegricht & Šimon, 2016). It also has a positive effect on metabolism in the 
rumen, therefore reducing the risk of ruminal acidosis and other digestive disorders.  
At feeding stations, feed is distributed to cows individually in the amount they need 
(Soonberg et al., 2018; Solonscikov et al., 2021). This allows for the reduction of feed 
losses while providing the appropriate amount of concentrate for cows at different levels 
of milk production (Vaculík & Smejtková, 2019). As a result of identifying cows at the 
feeding station, sorting cows according to nutritional needs is not necessary (Šenfelde & 
Kairiša, 2018). At the same feeding station, different doses of concentrate feed can be 
delivered at one time, from several hundred grams to several kilograms. 

Various dosing devices (feeders) intended for feed in the form of meals, granules 
and liquid feed additives may be installed at feeding stations. Feeders are characterized 
by different designs of working elements and operating efficiency. Both the design of 
feeders and the physical properties of feed may affect the quality and accuracy of dosing 
concentrate feed to animals, which is important in order to save feed consumption. The 
most frequently used concentrate feeds in cattle feeding are granulated feeds. Feed 
pellets are characterized by various physical properties (humidity, bulk density, 
geometric dimensions and others), which affect the process of moving the material in 
feeders and the accuracy of their dosing (Chlebowski et al., 2018). Feeding stations with 
feeders enable full mechanization and automation of work including storage, transport 
and direct feeding of feed material. 

An important aspect when feeding animals using feeding station is the calibration 
of its feeders (Porter, 2017; Chlebowski et al., 2020b). Calibration is a process of 
adjusting the amount of feed dispensed by the feeder to the given feed doses to animals. 
There is a special calibration procedure in the feeding station control system, which 
involves activating the feeder for a specific period of time. Then, the measured value of 
the mass of feed dispensed by the feeder is entered into the system. During calibration, 
doubts arise as to how many times the weight measurement should be performed, taking 
into account that there are feeds with different physical properties. In practice, farmers 
sometimes perform this measurement only once and then enter the obtained sample 
weight value into the system. The instructions for use of feeding stations suggest that the 
weight measurement should be repeated three times and the average value of the 
measurement should be entered into the feed distribution system (Instruction Book, 
2006). Other options of feeding systems include automatic calibrations, which involve 
six repetitions of measuring the mass of samples, with three subsequent repetitions being 
performed at full feed rates and the remaining three at a different feed rates (Instruction 
Book, 2010). The calibration process of feeders installed in feeding stations consists in 
the fact that after bringing the transponder (intended only for calibration) close to the 
transponder reader, the feeder performs a certain number of revolutions. Then the 
collected portion of feed is weighed. The procedure is repeated and the average value of  
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the weighed samples is entered into the system. The number of repetitions of sample 
mass measurement during calibration and the calculation of the average value from these 
measurements (calibration accuracy) may have a significant impact on the accuracy of 
feed dosing in feeding stations. 

The aim of the research study was to determine the impact of the calibration 
accuracy of the spiral feeder and the type of granulated feed on the precision of its dosing 
in the feeding station. 

 
MATERIALS AND METHODS 

 
Laboratory research station 
A DeLaval feeding station was used for the tests (Fig. 1). One to four feeders can 

be installed in one feeding station. These feeders are mounted inside the feeding station 
to the frame holder of the device. A volumetric spiral feeder (Fig. 1, a) intended for 
dispensing loose and granulated feed was used for the tests. The device dispenses feed 
as a result of the operation of an internal spiral driven by an electric motor. 
 

a) 

 

 b) 

 
 

 
 
Figure 1. Test stand: a) feeding station, b) spiral feeder. 
 

Characteristics of the tested material 
Three concentrated feeds in the form of granules were used for the tests. The feeds 

varied in terms of the size of the granules (length and diameter) and the content of 
chemical ingredients. Detailed specifications of the feeds included in the study are 
presented in Table 1. 

P2 feed had the highest protein content - 20%. The protein content in the remaining 
feeds (P1 and P3) was at a similar level of 17–18%. The P2 feed was the richest in fat 
and its content was 6%. The P3 feed had the lowest fat content. 
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Table 1. Characteristics of the tested granulated feed 

Composition Type of feed 
P1 (Pszenmix) P2 (Blatmilk Super 20) P3 (Wimilk18) 

Protein (%)  17 20 18 
Fiber (%) 5 6 9 
Fat (%) 3 6 2.2 
Ash (%) 4.5 6 7.5 
Photo of the feed, 
including scale 

   
 

Feed manufacturers did not specify the geometric dimensions of the granules. Due 
to their high importance in testing the accuracy of feeding concentrate feed, 
measurements were carried out to determine the length and diameter of granules for each 
type of feed. 
 

Geometric dimensions of granules 
The dimensions of the granules were found using an electronic caliper. To carry 

out the measurements, five random samples with a size of 100 granules were taken for 
each of the three types of feed. Measurements were made with an accuracy of 0.01 mm. 
 

Granule moisture 
The moisture content of the granules was determined using a laboratory dryer type 

SLW 115 TOP+. Three samples of each feed weighing 10 g were prepared. Previously, 
the granulate was ground on a laboratory grinder. The samples were dried for three hours 
at 130 °C. After completing the drying process, the samples were weighed. A WLC 
1/10.X2 scale with an accuracy of 0.01 g was used to measure the weight of the samples. 

Feed moisture was determined based on the following formula: 

𝛿𝛿 =
𝑚𝑚1 − 𝑚𝑚2

𝑚𝑚1
 100% (1) 

where m1 – mass of feed before drying, g; m2 – mass of feed after drying, g. 

Bulk weight 
The bulk density of the feed pellets was determined in five repetitions by weighing 

the samples with an accuracy of 0.1 g: 

𝐻𝐻𝑔𝑔 =
𝑚𝑚−𝑚𝑚𝑝𝑝

𝑉𝑉
 (2) 

where ρg – bulk density of granulated fodder, kg m-3; m – mass of container with 
granulated fodder, kg; mp – mass of container, kg; V – volume of container, m3. 

 
Testing the accuracy of feeding 
The accuracy of dispensing concentrate feed was tested at the DeLaval feeding 

station (Fig. 1). The station was equipped with a concentrate feed feeder. The feeding 
station was controlled by a computer with a feeding program. The computer made it 
possible to change the device's operating parameters and record data. 



422 

The calibration value was defined in the study. The calibration value is the average 
mass obtained with a specific number of repetitions in the calibration mode. The 
calibration mode included a 3-time measurement of the sample mass (K3), a 6-time 
measurement of the sample mass (K6) and a 9-time measurement of the sample mass 
(K9). The calibration mode thus defined the number of repetitions performed to find the 
average sample mass. Three types of feed were used in the research: P1, P2, P3. The 
tests were carried out at two feed rates: C1 = 0.3 kg min-1 and C2 = 0.4 kg min-1. The 
feed rates of the feeder was selected based on the feeding station service manual 
(Instruction Book, 2006). 

Calibration of the feeder means that after bringing a specific transponder (intended 
only for calibration) closer to the transponder reader, the feeder performs a certain 
number of revolutions for 60 seconds. Then the portion received from the feeder is 
weighed. The procedure was repeated three, six and nine times for one of the tested feeds 
(P1). Average values from measurements of weighed samples were entered into the 
system. For feed P2 and P3, the feeder was calibrated only for three repetitions of the 
mass measurement (K3) and six repetitions (K6). 

To determine the accuracy of dosing feed pellets, the dosing accuracy coefficient 
(3) was calculated. Pellet dosing tests consisted of weighing the mass of feed pellets 
dispensed once by the device and comparing the obtained results with the values 
indicated in the animal feeding system (1000 g). Measurements were performed in five 
repetitions for each type of feed pellet. 

𝐷𝐷𝑎𝑎 =
�𝑥𝑥𝑟𝑟 − 𝑥𝑥𝑝𝑝�

𝑥𝑥𝑟𝑟
 100% (3) 

where Da – dosing accuracy, %; xr – indicated values in the feeding system, g;  
xp – mass of weighed tested sample, g. 

The analysis of the study results also included a comparison of the coefficient of 
variation (CV), which was calculated based on the following formula (Sheskin, 2000):  

𝐶𝐶𝑉𝑉 =
�̂�𝑠
𝑋𝑋�

 (4) 

where CV – coefficient of variation; ŝ – standard deviation (SD); X – mean value. 
Results were statistically analyzed using Statistica v.13 software (StatSoft Polska. 

Cracow. Poland). 
 

RESULTS AND DISCUSSION 
 
Feed moisture 

 

A summary of the average 
moisture value of each feed is 
presented in Table 2. The P3 feed had 
the highest average moisture - 9.3%. 
The average moisture value for P1 feed 
was the lowest and amounted to 8.6%. 
For feed P2, the average moisture 
content was 8.9%. 

Table 2. Moisture content of granules, 
including mean value, standard deviation (SD) 
and coefficient of variation (CV) 

Type of feed Mean  
(%) 

SD 
(%) CV 

P1 8.6 0.21 0.024 
P2 8.9 0.33 0.037 
P3 9.3 0.24 0.026 
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Geometric dimensions of granules 
The average geometric dimensions (length, diameter) of granules for each of the 

three feeds are presented in Table 3. The obtained values confirmed the differences  
in the size of granules of individual feeds. In terms of diameter, feed P1 had the largest 

Based on the data in Table 3 and the one-dimensional significance test (Table 4), 
the hypotheses about the equality of variances for the diameter and length of the pellets 
for the three feeds can be rejected. It follows that the type of feed affects the diameter 
and length of the granules. 

 
Table 4. Results of the analysis of variance covering the three types of pelleted feed included in 
the study, for two variables, i.e. diameter (in mm) and length (in mm) of the feed material 

Factor Sum of  
squares 

Degrees of  
freedom 

Mean  
square F-ratio P-value 

 Diameter    
Type of feed 933.54 2 466.77 23,221.4 < 0.0001 
Error  5.97 297 0.02 - - 
 Length    
Type of feed 136.03 2 60.01 7.35 0.0008 
Error  2749.42 297 9.26 - - 

 

weight of the P2 feed was 661.6 kg m-3. Small coefficients of variation indicate little 
variation in bulk weight for individual types of feed. 

 
Accuracy of feed dosing in the feeding station 
At the beginning of the research, the accuracy of dosing P1 granules was tested 

only for one repetition of the mass measurement during calibration of the feeder and the 

granules (8.5 mm). Feed pellets 
P2 and P3 had similar diameters, 
their dimensions were 5.6 mm and 
4.2 mm, respectively. The P3 feed 
was characterized by the longest 
granule length - its granules had 
an average length of 13.6 mm. 
The average length of the P2 feed 
pellets was the smallest and was 
approximately 12 mm. The average 
length of the P1 feed pellets was 
12.7 mm. 

 
Table 3. Geometric dimensions of feed granules:  
P1, P2 and P3 
Type  
of feed N Length (mm) 

Mean Min Max SD CV 
P1 100 12.7 6.9 20.1 3.26 0.257 
P2 100 11.9 5.6 17.1 2.18 0.183 
P3 100 13.6 6.0 21.8 3.51 0.258 
  Diameter (mm) 
P1 100 8.5 8.1 8.8 0.16 0.019 
P2 100 5.6 5.3 6.6 0.13 0.024 
P3 100 4.2 3.4 4.5 0.12 0.029 
 

Bulk density 
The results of the bulk 

density test of feed are presented 
in Table 5. The average bulk 
density of P1 feed was the lowest 
and amounted to 608.2 kg m-3. 
The P3 feed had the highest 
average bulk mass, its value  
was 685.8 kg m-3. The average bulk  

 
Table 5. Bulk density of granules, including mean 
value, standard deviation (SD) and coefficient of 
variation (CV) 

Type of feed Mean  
(%) 

SD  
(%) CV 

P1 608.2 5.64 0.009 
P2 661.6 4.21 0.006 
P3 685.8 3.61 0.005 
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dosing accuracy (Da) was calculated. As a result of this test, the average value of  
the Da index obtained from five repetitions for the P1 feed was over 4%. Then, dosing 
accuracy tests were carried out with calibration performed for three repetitions of  
sample mass measurement, six repetitions and nine repetitions. Each time, the calibration 
value was entered into the feed supply system as the average value of the sample  
weight. The results were subjected to statistical analysis (Table 6), which indicated that 
there was no significant impact of the calibration method (repeating the sample  
weight measurement during calibration of the feeder) on the dosing accuracy for P1 feed. 

 
Table 6. Results of the analysis of variance covering the accuracy of dosing of granulated feed 
P1 for three calibration modes (K3, K6 and K9) 

Factor Sum of  
squares 

Degrees of 
freedom 

Mean  
square F-ratio P-value 

Calibration mode 3.63 2 1.81 1.30 0.2885 
Error  37.60 27 1.39 - - 
 
Fig. 2 shows the influence of the type of calibration (K) on dosing accuracy. There are 
significant differences in dosing accuracy for three repetitions (K3) of sample mass 
measurement during calibration and six repetitions (K6). Minimal differences were 
observed between the K6 and K9 calibrations. These results provided the basis for rejecting 

limit value of 0.05. The variables (criterion parameters) were independent and random. 
Taking into account that the samples were random and the test results with a normal 
distribution of the variable and homogeneity of variance, it can be concluded that the 
conditions for conducting an analysis of variance were met. 

The results of the analysis of variance for dosing accuracy with respect to the type 
of granulate P1, P2, P3, as well as K3 and K6 calibration and C1 and C2 feed rates are 
presented in Table 7. It was found that the calibration accuracy (which depends - based on 
the results of the research study - on the number of repetitions of the mass measurement) 
has a significant impact on dosing accuracy. The proof of the significance of this factor 
is the value of the Fisher-Snedecor F tests (11.69) and the low value of the critical 

the K9 calibration for P2 and P3 
feeds in subsequent studies. 

Based on the results of the 
Kolmogorov-Smirnov (K-S) test, it 
was concluded that for dosing 
accuracy there is no basis to reject 
the H0 hypothesis about normal 
distributions for this parameter. 
The critical significance level was 
greater than 0.1. However, based 
on the results of Levene's tests, it 
can be concluded that for the 
dosing accuracy there is no basis to 
reject the H0 hypothesis about the 
homogeneity of variance, because 
the critical value of the significance 
level was 0.31 with the assumed 
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Figure 2. Comparison of the dosing accuracy of P1 
granulated feed for three calibration modes (K3,  
K6 and K9). 
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significance level of 0.0012. The remaining factors did not have a statistically significant 
impact on the dosing quality, as evidenced by the low values of the Fisher-Snedecor F 
tests (for the type of feed - 1.65, for dosing efficiency - 0.44), also the values of the critical 
level of significance for these factors reached values below the assumed level significance 
α = 0.05. Analyzing Fig. 3, a tendency of increasing feed dosing inaccuracies was 
noticed for feed pellets with a smaller diameter and higher bulk density (P2 and P3 feed). 

 
Table 7. Results of the analysis of variance covering the dosing accuracy for the criterion of 
granulate type (type of feed: P1, P2 and P3), calibration mode (K3 and K6) and feed rates  
(0.3 and 0.4 kg min-1)  

Factor Sum of  
squares 

Degrees of 
freedom 

Mean 
square F-ratio P-value 

Type of feed 3.89 2 1.94 1.65 0.2006 
Calibration mode 13.74 1 13.74 11.69 0.0012 
Feed rates 0,55 1 0.52 0.44 0.5098 
Error  64.61 55 1.17 - - 
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Figure 3. The effect of grouping factors on dosing accuracy for: feed type (a), calibration modes 
(b), feed rates (c). 

 
The research results confirm the influence of feed properties on its movement in 
transport and dosing devices. An opposite tendency in changing the accuracy of 
granulate dosing was noticed for variable bulk densities of the granules compared to the 
results of research on the influence of granulate moisture on the accuracy of its dosing 

c) 

a) b) 
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(Chlebowski et al., 2018). It should be noted that the change in bulk density depended 
on the water saturation of the granulate and its swelling. Taking into account the obtained 
research results, subsequent studies should take into account other feed properties, e.g. 
angle of internal friction, cohesion (Stasiak et al., 2019), coefficients of sliding friction 

To confirm the influence of calibration accuracy on the accuracy of granulate 
dosing at the feeding station, the Duncan test was performed (Table 8). Two 
homogeneous groups were obtained, with a difference in accuracy of approximately 1% 
in favour of the K6 calibration. 

 
CONCLUSIONS 

 
1. The highest accuracy of dosing feed pellets at the feeding station, below 1%, 

was achieved for P1 pellets (Pszenmix). The greatest inaccuracy in dosing feed pellets 
at the feeding station during the tests was 5.5%. 

2. Statistical analysis showed a significant impact of calibration accuracy, 
depending on the number of repetitions of mass measurement during calibration, on the 
accuracy of feed dosing in the feeding station. 

3. The feeding station calibration process requires that sample weight 
measurements be repeated more than three times. Increasing the number of repetitions 
of measuring the weight of feed samples to six times during feeder calibration can 
increase the accuracy of the feeder in a feeding station by approximately 1%. 

4. The statistical analysis shows that the type of feed and feed rates do not have a 
statistically significant impact on the accuracy of feeding at the feeding station. 

5. The results of the research study provide an inspiration to continue experiments 
with other groups of animal feeds, including concentrates with a structure other  
than granules. 

 
REFERENCES 

 
Andrighetto, I., Serva, L., Fossaluzza, D. & Marchesini, G. 2023. Herd level yield gap analysis 

in a local scale dairy farming system: A practical approach to discriminate between 
nutritional and other constraining factors. Animals 13, 523, 1–14. doi: 10.3390/ani13030523 

Chlebowski, J., Gaworski, M., Nowakowski, T. & Matusiak vel Matuszewski, B. 2020a. 
Association between body condition and production parameters of dairy cows in the 
experiment with use of BCS camera. Agronomy Research 18(S2), 1203–1212. 
doi: 10.15159/AR.20.028 

Chlebowski, J., Gaworski, M., Nowakowski, T. & Szcześniak, A. 2020b. Effect of liquid feed 
additive temperature on dosing accuracy in feeding station for dairy cattle. Engineering for 
Rural Development 19, 1003–1008. doi:10.22616/ERDev.2020.19.TF236 

(Stasiak et al., 2020), which may 
affect dosing quality. No significant 
differences in dosing accuracy were 
observed when changing the 
granulate feed rates (Fig. 3, c). In 
subsequent studies, tests should be 
carried out for the entire range of 
feed rates from 0 to 1 kg min-1. 

 
Table 8. Duncan test results of average dosing 
accuracy values for calibration 
Level of 
factor Size Mean dosing 

accuracy (%) 
Homogeneous 
groups 

 Calibration mode, K 
K3 55 2.39 ×  
K6 55 1.44  × 
 



427 

Chlebowski, J., Nowakowski, T., Dąbrowska, M., Sypula, M. & Koboska, Ł. 2018. Effect of 
moisture content of granulated fodder on its dosing in feed station. Engineering for Rural 
Development 17, 77–82. doi: 10.22616/ERDev2018.17.N087 

Cielava, L., Jonkus, D. & Paura, L. 2017. Lifetime milk productivity and quality in farms with 
different housing and feeding systems. Agronomy Research 15(2), 368–375. 

Gaworski, M., Leola, A., Kiiman, H., Sada, O., Kic, P. & Priekulis, J. 2018. Assessment of dairy 
cow herd indices associated with different milking systems. Agronomy Research 16(1),  
83–93. doi: 10.15159/AR.17.075 

Gołębiewski, M. 2017. Study on the suitability of the modified body condition scoring in dairy 
herd management, with particular emphasis on its impact on production, reproduction and 
animal health. SGGW Edt., Warsaw, 152 pp. (in Polish). 

Herbut, P., Angrecka, S., Godyń, D. & Hoffmann, G. 2019. The physiological and productivity 
effects of heat stress in cattle – a review. Annals of Animal Science 19(3), 579–593. 
doi: 10.2478/aoas-2019-0011 

Instruction Book ALPRO ver 6.60/ Feeding. 2006. 
Instruction Book DeLaval feed wagon. 2010. 
Leola, A., Priekulis, J., Česna, J. & Gaworski, M. 2021. Trend of cow herd size in Baltic states. 

Agronomy Research 19(S2), 1052–1059. doi: 10.15159/AR.21.020 
Luik-Lindsaar, H., Põldaru, R. & Roots, J. 2019. Estonian dairy farms’ technical efficiency and 

factors predicting it. Agronomy Research 17(2), 593–607. doi: 10.15159/AR.19.067 
Porter, R. 2017. Calibration is key to feeding accuracy. Cowmanagment. https://edepot.wur.nl/463815 
Saliņš, A., Priekulis, J. & Laurs, A. 2014. Fodder feeding peculiarities when introducing the 

VMS automatized cow milking system. Agronomy Research 12(1), 231–236. 
Solonscikov, P., Barwicki, J., Savinyh, P. & Gaworski, M. 2021. Optimalization of design 

parameters of experimental installation concerning preparation of liquid feed mixtures. 
Processes 9(12), 2104, 1–13. doi: 10.3390/pr9122104 

Soonberg, M., Kass, M., Kaart, T., Leming, R. & Arney, D.R. 2018. Additional concentrates do 
not affect feeding times of cows, but social positions of cows do. Agronomy Research 16(4), 
1877–1884. doi: 10.15159/AR.18.165 

Stasiak, M., Molenda, M., Bańda, M., Horabik, J., Wiącek, J., Parafiniuk, P., Wajs, J., 
Gancarz, M., Gondek, E., Lisowski, A. & Oniszczuk, T. 2020. Friction and shear properties 
of pine biomass and pellets. Materials 13(16), 3567, 1–15. doi:10.3390/ma13163567 

Stasiak, M., Molenda, M., Bańda, M., Wiącek, J., Parafiniuk, P., Lisowski, A., Gancarz, M. & 
Gondek, E. 2019. Mechanical characteristics of pine biomass of different sizes and shapes. 
European Journal of Wood and Wood Products 77, 593–608. doi: 10.1007/s00107-019-
01415-w 

Šenfelde, L. & Kairiša, D. 2018. Effect of automatic feeding station use on fattening performance 
in lambs and intake activity periods. Agronomy Research 16(3), 884–891. 
doi: 10.15159/AR.18.132 

Sheskin, D.J. 2000. Handbook of parametric and nonparametric statistical procedures. 
Chapman& Hall/CRC, Washington, DC.  

Vaculík, P. & Smejtková, A. 2019. Assessment of selected parameters of automatic and 
conventional equipment used in cattle feeding. Agronomy Research 17(3), 879–889. 
doi: 10.15159/AR.19.095 

Van Os, J.M.C., Weary, D.M., Costa, J.H.C., Hötzel, M.J. & von Keyserlingk, M.A.G. 2019. 
Sampling strategies for assessing lameness. injuries and body condition score on dairy 
farms. Journal of Dairy Science 102(9), 8290–8304. doi: 10.3168/jds.2018-15134 

Vegricht, J. & Šimon, J. 2016. The impact of differently solved machine lines and work 
procedures of feeding and bedding on dust concentration in stables for dairy cows. 
Agronomy Research 14(5), 1730–1736. 

 

https://www.scopus.com/authid/detail.uri?authorId=47861218200&amp;eid=2-s2.0-85064402138
https://www.scopus.com/authid/detail.uri?authorId=55389899500&amp;eid=2-s2.0-85064402138
https://www.scopus.com/authid/detail.uri?authorId=55258281000&amp;eid=2-s2.0-85064402138
https://www.scopus.com/authid/detail.uri?authorId=36183353600&amp;eid=2-s2.0-85064402138


428 

Agronomy Research 22(S1), 428–443, 2024 
https://doi.org/10.15159/AR.24.024 

 
 
 

Development of innovative energy drink based on cold brew-
spruce sprout and its comparison to commercial energy drinks 

 
K. Karklina1,*, L. Ozola1 and M.N.G. Ibrahim2 

 
1Latvia University of Life Sciences and Technologies, Faculty of Agriculture and Food 
Technology, Food Institute, Lielā iela 2, LV-3001 Jelgava, Latvia 
2Estonian University of Life Sciences, Institute of Veterinary Medicine and Animal 
Sciences, Chair of Food Science and Technology and ERA-Chair for Food (By-) 
Products Valorisation Technologies, Kreutzwaldi 56/5, EE51006 Tartu, Estonia 
*Correspondance: klinta.RKL25@gmail.com  
 
Received: February 1st, 2024; Accepted: April 17th, 2024; Published: April 23rd, 2024 
 
Abstract. Commercial energy drinks have high content of caffeine and sugar that can lead to 
various health problems. Spruce sprouts could have beneficial effects on human health. This 
research aims to prepare alternative energy drinks with less caffeine and sugar that are based on 
spruce sprout, cold brew, and fruit juice. In the study, three commercial energy drinks were  
used - RedBull original (RBo), RedBull zero sugar (RBzs), and RedBull Tropical fruits (RBt) - and 
three spruce sprout - cold brew energy drinks were prepared. The spruce sprout - cold brew energy 
drinks were - cold brew coffee 96.8% with spruce sprout juice 3.2% (SCB), cold brew coffee 
25% with orange juice 71.8% and spruce sprout juice 3.2% (SCBo), and cold brew coffee 25% 
with apple-aronia juice 71.8% and spruce sprout juice 3.2% (SCBaa). All energy drinks were 
evaluated for their Vitamin C content, titratable acidity, pH, soluble solids, colour evaluation, 
total phenolic content, and anti-radical activity by DPPH. The results showed that Vitamin C 
increased significantly (p < 0.05) by 30 times in the spruce sprout - cold brew energy drinks  
(104–244 mg 100 g-1), compared to its content in commercial drinks (4.23–6.24 mg 100 g-1). 
Comparing the total phenolic content in commercial energy drinks (6.67–10.69 mg GAE 100 g-1), 
its content increased significantly (p < 0.05) by 20 times in the spruce sprout - cold brew energy 
drinks (128.46–253.93 mg GAE 100 g-1). In conclusion, spruce sprout - cold brew energy drinks 
could be considered as an alternative to commercial energy drinks.  
 
Key words: biochemical composition, caffeine, cold brew, energy drink, spruce sprout. 
 

INTRODUCTION 
 
The functional beverage sector is the largest and fastest-growing food, beverage, 

and food supplement sector. Functional beverages include nutrients and bioactive 
compounds characterised by various properties that improve the physical condition of 
the human body or reduce the risk of disease progression, such as reducing the risk of 
cancer, strengthening the immune system, improving physical condition, anti-stress, 
anti-ageing, and anti-inflammatory properties. Different types of functional beverages in 
the market include dairy alternatives, probiotic drinks, energy drinks, and sports drinks 
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(Tolun & Altintas, 2019). Functional beverages have an essential role in modern life. In 
the last decade, there have been efforts to develop functional beverages to promote 
healthy drinks for well-being (Yilmaz-Akyuz et al., 2019). 

The consumption of energy drinks has been increasing in demand over the last two 
decades, especially among the youth and young adults, aged 18 to 35 (Alsunni, 2015). 
Energy drinks contain either caffeine or taurine; in some cases, both are added. In 
addition, they include added sugar of 15–69 g 100 g-1, Vitamin B, colourings, 
flavourings, etc. (Nadeem et al., 2021). The amount of caffeine in commercial energy 
drinks can range from 50 to 505 mg per 250 mL can. However, a cup of cold brew coffee 
(200 mL) has a caffeine content of 265 to 295 mg (Costantino et al., 2023). Caffeine is 
good in small amounts, but higher concentrations of caffeine can cause nausea, 
irritability, heart rhythm problems, and sleep deprivation. And the high sugar content of 
energy drinks can lead to diabetes and obesity (Subaiea et al., 2019). 

Conifers are a rich source of bioactive compounds. Spruce sprouts Picea abies L. 
Karst are rich in Vitamin C and other antioxidants (Mofikoya et al., 2022) and also a 
good source of minerals, carotenoids and chlorophylls (Sirgedaitė-Šėžienė et al., 2022). 
Traditionally, spruce sprouts are used as herbal tea in folk medicine. Spruce sprouts 
contain phenols, polyphenols, chlorophyll, and terpenoids (Rahul, 2019). Terpenoids 
such as α- and β-pinene have antioxidant and anti-inflammatory properties. It can also 
speed up the process of renewing weak mitochondrial cells (Salehi et al., 2019). Weak 
mitochondrial cells can affect many parts of the human body, such as the brain, heart, 
muscles, etc. (Chen et al., 2023). The chlorophyll in spruce sprouts has detoxing 
properties; it can help eliminate harmful substances, reducing the impact on brain health. 
Detoxing can prevent neurological diseases such as Parkinson's and Alzheimer's 
(Martins et al., 2023). 

Coffee is the most popular and most consumed beverage in the world. Coffee 
consumption is growing by 4.1% every year. There is evidence that coffee consumption 
can have health benefits. The primary growth in coffee markets has been attributed to 
the development of innovative types of brewed coffee drinks (Samoggia & Riedel, 2019). 
The chemical composition of coffee depends on many factors - beans, post-harvest 
treatments, fermentation, and the extraction method and brewing method (Angeloni et 
al., 2019). The content of bioactive compounds in coffee types depends on the coffee 
roasting level and the place of origin. Coffee beans from Colombia and India have 
potentially higher antiradical activity DPPH compared to those from Peru and Rwanda. 
However, polyphenol concentration in coffee beans from Rwanda may be relatively 
high. Water temperature can also affect the content of bioactive compounds 
(Muzykiewicz-Szymańska et al., 2021). 

Cold brewing is one way of making coffee. The coffee is brewed at room 
temperature at 20 ± 2 °C and then kept for 8 to 24 hours at refrigerator temperature at 
3 ± 2 °C (Rao et al., 2020). Cold brew coffee taste is not so acidic and it preserves  
better bioactive compounds than French-pressed coffee (Karklina & Kampuse, 2021).  
Cold-brew coffee, like spruce sprouts, contains phenols that have many beneficial 
properties for human health, such as regulating metabolism and weight, which can  
help treat chronic diseases (Cory et al., 2018). A correlation between coffee consumption 
and lower mortality has been noticed (Zhang et al., 2021). The main bioactive 
compounds in coffee like caffeic acid, caffeine and diterpenes have anti-cancer 
properties (Buldak et al., 2018). 
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This study aims to prepare higher-value energy drinks using spruce sprout, cold 
brew coffee, and fruit/berry juice. Additionally, compare the bioactive compound 
content of the innovative energy drinks with commercially available energy drinks. 

 
MATERIALS AND METHODS 

 
The research was carried out in the laboratories of the Institute of Food at the Latvia 

University of Life Science and Technologies for the development and analysis of 
innovative energy drinks. Meanwhile, the analyses of commercial energy drinks were 
carried out in the Department of Food Science and Technology at the Estonian 
University of Life Science. For the research, three innovative energy drinks were 
prepared as follows: cold brew coffee 96.8% with spruce sprout juice 3.2% (SCB), cold 
brew coffee 25% with orange juice 71.8% and spruce sprout juice 3.2% (SCBo) and cold 
brew coffee 25% with apple-aronia juice 71.8% and spruce sprout juice 3.2% (SCBaa). 
The added amount of spruce sprouts and other ingredients were based on a previous 
study (Karklina & Kampuse, 2021; Karklina & Ozola, 2022a) and sensory evaluation test. 
For the sensory evaluation test, 6 spruce sprout-cold brew samples, varied depending on 
the added amount of spruce sprout juice, were presented. For further analyses, spruce 
sprout-cold brew energy drinks, which got the highest consumers' preferences from the 
sensory point of view (sensory evaluation results not shown here), were used. Three 
commercial energy drinks - RedBull original (RBo), RedBull zero sugar (RBzs), and 
RedBull Tropical fruits (RBt) were selected from the Baltic market for comparison as 
representatives of commercially available energy drinks. All energy drinks were 
subjected to the following analyses Vitamin C, mg 100 g-1, titratable acidity mg 100 g-1, 
pH, total soluble solids, Bx°, total phenol content and anti-radical activity DPPH. 

 
Energy drink preparation 
For the innovative energy drink preparation, spruce sprouts from Norway spruce 

(Picea abies (L.) Karst) were used. Spruce sprouts were harvested in a private forest 

 

area of Latvia in May of 2023. Lofberg's 
Medium Roast coffee with a rich bouquet 
of flavours characterised by elegant and 
delicate aroma and a pleasant, long 
aftertaste was incorporated in the recipe. 
The preceding product was graded as 
follows: roasting-2, body fullness-4, and 
acidity-2. It was produced from 100% 
Arabica beans from South and Central 
America and East Africa. Solevita 100% 
orange juice and homemade apple-aronia 
juice were used in the innovative energy 
drink processing. 

Cold brew coffee was prepared by 
ground coffee Lofbergs coffee and was 
poured over cold water at 3 ± 2 °C  
and left in the fridge for 18 h at 3 ± 2 °C.  

 

 
Figure 1. Prepared energy drinks. On the left 
SCBo- cold brew coffee 25% with orange 
juice 71.8% and spruce sprout juice 3.2%, in 
the middle SCBaa - cold brew coffee 25% with 
apple-aronia juice 71.8% and spruce sprout 
juice 3.2% and on the right SCB - Cold brew 
coffee 96.8% with spruce sprout juice 3.2%. 
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Coffee extracts were filtered after 18 h, mixed, and pasteurized at 80 °C for 5 minutes. 
Energy drinks were prepared in 250 mL PET bottles and stored at room temperature 
20 ± 2 °C until further analysis. The prepared energy drinks were presented in Fig. 1 

 
Determination of Vitamin C 
Vitamin C was determined by the iodometric titration method (Segliņa, 2007; 

Feszterová et al., 2023b). For titration, an iodine solution was used until a faint blue colour 
change was observed, which lasted for 30 seconds. The titrated iodine solution was 
recorded and expressed as mg 100 g-1. Three measurements of each sample were made.  

 
Determination of titratable acidity 
Titratable acidity was determined, according to Karklina & Ozola (2023) and 

Fidaleo & Ventriglia (2022). Three measurements from each sample were analysed, and 
the acidity content was expressed as citric acid mg 100 g-1. 

 
Determination of pH 
pH was determined according to Buck et al. (2002) method. pH meter JENWAY 

3510 (Jenway, UK) was used for innovative energy drinks, and a pH meter (Seven 
Compact, Mettler Toledo, Switzerland) was used for commercial energy drinks. Three 
measurements from each sample were analysed. 

 
Determination of soluble solids 
The soluble solids were determined according to the International Organization for 

Standardization (ISO) 2173:2003 (ISO 2173, 2003) using a Refracto 30 PX/GS digital 
refractometer (Mettler Toledo, Switzerland) for innovative energy drinks and a 
refractometer (digital abbe Refractometer DR-A1, Atago, Japan) for commercial  
energy drinks was used. Three measurements from each sample were examined, and the 
Bx° was recorded. 

 
Determination of colour 
Colour analysis was determined according to the International Organization for 

Standardization (ISO) 11664-4:2008 (ISO 11664-4, 2008) in the CIEL L* a* b* 
coordinate system. Calculations were carried out according to the method of Esatbeyoglu 
et al. (2023). Innovative energy drinks were measured using ColorTech PCM, and 
commercial energy drinks were measured using X-Rite 962/964 handheld 
spectrophotometer supported by illuminant head D65 (X-Rite, Inc., Michigan, USA). 
The colour saturation parameter chroma C*, the intensity of colour hue angle h* and  
the differences in the colour ΔE were calculated. Five measurements for each sample 
were measured. 

 
Preparation of extracts 
Extracts were prepared according to the Karklina & Kampuse (2021) method with 

minor modifications. For extract preparation, an ultrasonic bath (‘WUC-D06H’ witeg, 
Labortechnik GmbH, Germany) for innovative energy drinks and an ultrasonic bath 
(Elmasonic S30H, Elma Schmidbauer GmbH, Singen, Germany) for commercial energy 
drinks were used for 20 min at 60 ℃. The samples were filtered with filter paper,  
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collected in a 50 mL volumetric flask, and then added to the solvent to the extracts to 
extend their volume until the mark. The extracts were placed in a refrigerator at 3 ± 2 ℃ 
until further analysis. Two extracts from each sample were prepared. 

 
Determination of total phenols 
The total phenolic content for the extracts of energy drinks was determined by the 

Folin-Ciocalteu spectrophotometric method (Singleton et al., 1999). The absorbance 
reading was determined with the spectrophotometer Jenway 6300 (Barloworld, 
Scientific Ltd., UK) at 765 nm for innovative energy drinks and spectrophotometer 
(Specord 250 plus, Analytik Jena, Jena, Germany) for commercial energy drinks at 
765 nm, three measurements from each sample was measured. 

 
Determination of antiradical activity DPPH 
The antioxidant radical content of DPPH was determined according to the method 

of Semeniuc et al. (2016). The spectrophotometer Jenway 6300 (Barloworld, Scientific 
Ltd., UK) was used to read the absorbance at 517 nm for innovative energy drinks and 
spectrophotometer (Specord 250 plus, Analytik Jena, Jena, Germany) for commercial 
energy drinks at 517 nm. 

 
Statistical analysis 
All the experiments were carried out in triplicate. The mean and the standard 

deviation (± SD) of all the results were calculated using the mathematical and statistical 
methods using WPS Office 2021. The ANOVA-one-way analysis was performed to the 
results mean using mathematical statistical methods using WPS Office 2021 to establish 
the significant difference at (p ≤ 0.05). The mean of results and their SD were presented 
graphically and in tables using the same WPS office 2021 program. 

 
RESULTS AND DISCUSSION 

 
Biochemical compound and physical parameters have been tested for both spruce 

sprout - cold brew and commercial energy drinks. The used spruce sprout - cold brew 
energy drinks were - SCB - spruce sprout and cold brew coffee, SCBo - spruce sprout, 
orange juice and cold brew coffee, and SCBaa - spruce sprout, apple-aronia juice and 
cold brew coffee. For comparison with commercial energy drinks, RBo - RedBull 
original, RBzs - RedBull zero sugar and RBt - RedBull tropical fruits were used. 

Vitamin C was calculated for all of the spruce sprout-cold brew energy drinks, and 
commercial energy drinks (Fig. 2). Spruce sprout-cold brew energy drinks had 
noticeably higher Vitamin C content compared to commercial energy drinks  
(p < 0.05). The highest Vitamin C content was detected in spruce sprout-cold brew 
energy drink SCBo drink (244.90 ± 0.00 mg 100 g-1), followed by SCB drink 
(161.64 ± 0.00 mg 100 g-1) and SCBaa drink (104.87 ± 0.00 mg 100 g-1) which was by 
30 times higher than in commercial ones. 

The research of Nowak & Gośliński (2020) analysed Vitamin C content in different 
types of commercial energy drinks, with and without added fruit flavours. Vitamin C 
content in commercial energy drinks without added fruit flavour was between 0.075 and  
 
 



433 

0.15 mg 100 g-1, but in commercial energy drinks with fruit flavour, Vitamin C content 
ranged between 0.15 and 0.52 mg 100 g-1. In the preceding study, the Vitamin C results 
in both commercial energy drink types were lower than in the commercial ones of the 
this study, where their Vitamin C content was in the range of 4.23–6.34 mg 100 g-1. 

The present research work (Fig. 2) showed that the Vitamin C results of the spruce 
sprout-cold brew energy drinks were higher than the average Vitamin C content of the 
fruit juices. According to Feszterová et al. (2023a), the Vitamin C content in grapefruit 
juices ranges between 22.40 to 34.50 mg 100 g-1, but in apple juice, Vitamin C content 
varies from 3.30 to 4.40 mg 100 g-1. According to Jyske et al. (2020), Vitamin C content 
in spruce sprouts harvested in Finland in late June was 406 mg 100 g-1. However, based 
on the findings of Karklina & Ozola (2022b), Vitamin C content in spruce sprouts 
harvested in Latvia at the beginning of May was 267.78 ± 10.23 mg 100 g-1 which is 
higher compared to this study, it can be explained by the applied heat treatment to ensure 
product safety. Vitamin C content depends on harvest season and place. The latter means 
that the high Vitamin C content in spruce sprot-cold brew energy drinks in this study is 
because of the added spruce sprouts. 

 

 
 

Figure 2. Variation of Vitamin C (ascorbic acid) content between the spruce sprout-cold brew 
energy drinks and the commercial ones. The spruce sprout-cold brew energy drinks were - SCB 
- Cold brew coffee 96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25%  
with orange juice 71.8% and spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with  
apple-aronia juice 71.8% and spruce sprout juice 3.2%, and the commercial energy drinks were - 
RBo - RedBull original, RBzs - RedBull zero sugar, RBt - RedBull Tropical fruits.The columns 
represent the means of Vitamin C content and its SD in each sample. The different small letters 
indicate significant differences (p < 0.05) between the Vitamin C content of the samples. 

 
Total soluble solids content in beverages, including energy drinks represents the 

sweetness of the product. Most important it is for fruit juice because it also shows the 
maturity of fruits. The increase in the total solids of some energy drinks, especially most 
commercial ones, can result from adding syrups (Fei et al., 2015; Wenchuan et al., 2019; 
Wang et al., 2022). Compared to the results of all energy drinks' total soluble solids 
(Fig. 3), the commercial energy drinks RBo (11.5 ± 0.00 Bx°) and RBt (11.4 ± 0.00 Bx°) 
had significantly different (p < 0.05) the highest total soluble solids content. Although,  
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the lowest total soluble solids content was detected in the commercial energy drink RBzs 
(1.3 ± 0.00 Bx°) and the spruce sprout-cold brew energy drink SCB (1.3 ± 0.06 Bx°) 
with a significant difference (p < 0.05) compared to all other drinks (Fig. 3). 

 

 
 

Figure 3. Variation of total soluble solids content between the spruce sprout-cold brew energy 
drinks and the commercial ones. The spruce sprout-cold brew energy drinks were - SCB - Cold 
brew coffee 96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25% with orange 
juice 71.8% and spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with apple-aronia juice 
71.8% and spruce sprout juice 3.2%, and the commercial energy drinks were - RBo - RedBull 
original, RBzs - RedBull zero sugar, RBt - RedBull Tropical fruits. The columns represent the 
means of total soluble solids content and its SD in each sample. The different small letters indicate 
significant differences (p < 0.05) between the total soluble solids content of the samples. 

 
According to Fikry et al. (2023), in energy drinks without ultrasonication treatment, 

the total soluble solids varied from 16.60 to 16.67 Bx°. In contrast to the energy drinks 
treated with the ultrasonication method, the total soluble solids increased in the range of 
16.37 to 16.63 Bx° without a significant difference compared to the untreated ones. Total 
soluble solids in citrus fruit juices range from 2.90 to 3.16 Bx° (Tiencheu et al., 2021), 
which is higher than in SCB 1.33 ± 0.06 Bx° and RBzs 1.33 ± 0.06 Bx°, but it is less 
than in SCBo, SCBaa, RBo and RBt drinks. According to Rydzak et al. (2020), the total 
soluble solids in apple juice are higher than in other fruit juices, with an average between 
11.0–12.4 Bx°, which is higher than in SCBaa energy drink-added apple juice. In cold 
brew coffee, according to Rao et al. (2020), total soluble solids can be from 1.88 to 
2.06 Bx°. These findings can explain the higher total soluble solids content in the spruce 
sprout-cold brew energy drinks SCBo and SCBaa, particularly due to the incorporation 
of fruit juices. In the case of commercial energy drinks, RBo and RBt had the highest 
total soluble solids content than the other commercial ones due to the addition of  
glucose syrup. 

The titratable acidity measures the total acid concentration in the food. Titratable 
acidity is a better indicator of food flavour than pH (Tyl & Sadler, 2017). In comparing 
the energy drinks, the titratable acidity (Fig. 4) was lower significantly (p < 0.05) in 
Spruce Sprout - cold brew energy drinks than in commercial ones. Between the  
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commercial energy drinks samples, the RBo and RBzs had the highest titratable acidity, 
0.79 ± 0.11 mg 100 g-1 and 0.84 ± 0.07 mg 100 g-1, respectively, which are non-
significantly different (p > 0.05) to each other. While in the spruce sprout - cold brew 
energy drink SCB had the lowest titratable acidity 0.03 ± 0.00 mg 100 g-1. Compared to 
spruce sprout - cold brew energy drinks the highest was SCBaa 0.10 ± 0.00 mg 100 g-1. 
The results of titratable acidity were significantly different (p < 0.05). 

 

 
 
Figure 4. Variation of titratable acidity content between the spruce sprout - cold brew energy 
drinks and the commercial ones. The spruce sprout-cold brew energy drinks were - SCB - Cold 
brew coffee 96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25% with orange 
juice 71.8% and spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with apple-aronia juice 
71.8% and spruce sprout juice 3.2%, and the commercial energy drinks were - RBo - RedBull 
original, RBzs - RedBull zero sugar, RBt - RedBull Tropical fruits. The columns represent the 
means of titratable acidity content and it’s SD in each sample. The different small letters indicate 
significant differences (p < 0.05) between the titratable acidity content of the samples. 

 
In the study of Brima & Abbas (2014), titratable acidity content between energy 

drinks, juice drinks, and soft drinks was tested. The research shows that in energy  
drinks, titratable acidity was 0.73 ± 0.06 mg 100 g-1, but in juice drinks, it was 
0.27 ± 0.04 mg 100 g-1, and in the soft drinks, it was 0.17 ± 0.04 mg 100 g-1. Compared 
to Brima & Abbas (2014) study, energy drinks have similar titratable acidity to the result 
of this study. However, for the juice drinks, titratable acidity is higher than the results of 
the spruce sprout - cold brew energy drinks in this study. In coffee, titratable acidity can 
vary according to the degree of coffee bean roasting and its preparation method. Cold 
brew coffee has lower titratable acidity than hot water prepared ones. In cold brews, 
titratable acidity ranges from 0.08 ± 0.03 mg 100 g-1 in medium roast coffee to 
1.50 ± 0.37 mg 100 g-1 in dark roast coffee, which is similar to the results of the current 
studies’ spruce sprout - cold brew energy drinks (Cordoba et al., 2019). 

pH value has major role in food for maintaining texture, flavour and shelf life 
(Reddy et al., 2016). The pH of spruce sprout - cold brew energy drinks varied from 
3.57 ± 0.00 in SCBaa to 4.47 ± 0.00 in SCB (Fig. 5), which was significantly different 
(p < 0.05) and evidently higher than the pH in the commercial drinks. Moreover, the pH  
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values between the commercial energy drinks were significantly different from each 
other and varied from 3.36 ± 0.00 in RBt to 3.48 ± 0.01 in RBo (Fig. 5). 

 

 
 

Figure 5. Variation of pH between the spruce sprout - cold brew energy drinks and the 
commercial ones. The spruce sprout-cold brew energy drinks were - SCB - Cold brew coffee 
96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25% with orange juice 71.8% and 
spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with apple-aronia juice 71.8% and 
spruce sprout juice 3.2%, and the commercial energy drinks were - RBo - RedBull original, RBzs 
- RedBull zero sugar, RBt - RedBull Tropical fruits. The columns represent the means of pH and 
it’s SD in each sample. The different small letters indicate significant differences (p < 0.05) 
between the pH of the samples. 
 

In the study of Nowak & Gośliński (2020), the pH was tested in commercial energy 
drinks with and without added fruit flavour. Energy drinks with added fruit flavour  
had a lower pH (2.80–2.73) than the pH of energy drinks without added fruit flavour 
(3.18–3.60). The pH results of the preceding study are similar to the pH results of the 
commercial drinks and the SCBo and SCBaa innovative drinks of this study. In the 
Karklina & Kampuse (2021) study, a cold brew coffee from different regions with 
medium roast was tested for its pH, which ranged from 2.60 to 2.71. The last findings 
are lower than the pH of commercial and spruce sprout - cold brew energy drinks of the 
present study. The pH of the coffee drinks can change from one to another based on 
different factors as follows: the addition of other ingredients, such as milk, will increase 
the pH of the coffee drink. Basheer et al. (2022) found that the pH of black coffee was 
5.11 ± 0.00, but the pH of coffee with milk increased to 6.19 ± 0.01. In fruit juices, the 
pH ranges between 3.50 and 3.97 (Romeo et al., 2020), which is similar to the results of 
innovative energy drinks to which juice is added. Added spruce sprouts can also affect 
the pH of energy drinks. Spruce sprouts belong to hardwood trees, according to Karklina 
& Ozola (2022b), with a pH that can range from 3.3 to 6.4 depending on the growth 
place of the tree and the product where spruce is used. The presence of spruce sprouts in 
a higher amount in the SCB drink could be the reason for its higher pH compared to the 
other innovative energy drinks. 

Total phenol content is high in plants. The role is important for stabilising food and 
for preventing diseases that are caused by oxidative stress. It also has many health 
benefits like preventing neurological disease and type 2 diabetes (Michiu et al., 2022).  
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Total phenolic content was higher in spruce sprout - cold brew energy drinks by 20 times 
(Fig. 6) than in commercial energy drinks. The phenolic content in spruce sprout - cold 
brew energy drinks was significantly different (p < 0.05) from each other, where the 
highest content was in SCB 253.93 ± 1.97 mg GAE 100 g-1, followed by SCBaa 
(170.86 ± 2.16 mg GAE 100 g-1) and SCBo (128.46 ± 8.50 mg GAE 100 g-1). While in 
commercial energy drinks, the phenolic content was non-significantly different 
(p > 0.05) between RBo (10.69 ± 1.48 mg GAE 100 g-1) and RBzs 
(10.56 ± 3.28 mg GAE 100 g-1) (Fig. 5), and it was the lowest content in RBt 
(6.67 ± 0.93 mg GAE 100 g-1). 

 

 
 

Figure 6. Variation of total phenolic content between the spruce sprout - cold brew energy drinks 
and the commercial ones. The spruce sprout - cold brew energy drinks were - SCB - Cold brew 
coffee 96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25% with orange juice 
71.8% and spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with apple-aronia juice 
71.8% and spruce sprout juice 3.2%, and the commercial energy drinks were - RBo - RedBull 
original, RBzs - RedBull zero sugar, RBt - RedBull Tropical fruits. The columns represent the 
means of total phenolic content and it’s SD in each sample. The different small letters indicate 
significant differences (p < 0.05) between the total phenolic content of the samples. 
 

Nowak & Gośliński (2020) evaluated the phenolic content in commercial  
energy drinks without added flavour, where it ranged from 11.5 ± 0.18 mg GAE 100 g-1  
to 59.00 ± 1.06 mg GAE 100 g-1, although in commercial energy drinks with  
added flavour, the phenolic content varied from 10.50 ± 0.54 mg GAE 100 g-1 to 
70.30 ± 1.31 mg GAE 100 g-1. The previous findings were higher than the phenolic 
contents of the current study's commercial drinks but lower than those of the spruce 
sprout - cold brew energy drinks. The total phenolic content was higher in spruce  
sprout - cold brew energy drinks because of added spruce, coffee, and fruit juice. The 
preparation method of coffee can alternate its total phenolic content (Karkliņa & 
Kampuse, 2021). Phenolic content can also be affected by the coffee roasting level. By 
comparing the total phenolic content in the different roasted coffee (light, medium, and 
dark roasted), the medium roasted has a higher content (1,655 mg GAE 100 g-1) than the 
dark roasted (1,492 mg GAE 100 g-1) and the light roasted (1,559 mg GAE 100 g-1) 
(Alnsour et al., 2022). Like coffee, spruces are rich in total phenolic content 
(1,330 ± 5.5 mg GAE 100 g-1). Phenolic content depends on where the spruce has been 
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harvested, the year's harvesting time, and which part of the tree is used (Dziedzinski et 
al., 2020). In fresh spruce sprouts, the total phenolic content can be 
161.79 ± 14.71 mg GAE 100 g-1 (Karklina & Ozola, 2022a), which is similar to the 
results of SCBaa drink but higher than the phenolic content in the SCBo drink, and less 
than the SCB drink. The latter can be due to the pasteurization of all the added 
ingredients in spruce sprout - cold brew energy drinks, which can decrease the total 
phenolic content (Khiralla & Ali, 2020). 

Antiradical activity’s purpose is to protect from free radicals that play an important 
role in the development of anemia, ageing and heart disease (Zehiroglu & Ozturk-
Sarikaya, 2019). The antiradical activity DPPH was significantly different (p < 0.05) 
higher in spruce sprout - cold brew energy drinks, compared to the commercial ones 
(Fig. 7), where it was the highest in SCB drink (178.11 ± 6.44 mg TE 100 g-1), followed 
by SCBaa (100.95 ± 1.79 mg TE 100 g-1) and SCBo (91.55 ± 4.25 mg TE 100 g-1). In 
the commercial energy drinks, the antiradical activity DPPH had non-significant 
differences (p > 0.05) between each other and varied from 53.16 ± 3.76 to 
56.39 ± 6.94 mg TE 100 g-1 (Fig. 7). 

 

 
 

Figure 7. Variation of antiradical activity between the spruce sprout - cold brew energy drinks 
and the commercial ones. The spruce sprout - cold brew energy drinks were - SCB - Cold brew 
coffee 96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25% with orange juice 
71.8% and spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with apple-aronia juice 
71.8% and spruce sprout juice 3.2%, and the commercial energy drinks were - RBo - RedBull 
original, RBzs - RedBull zero sugar, RBt - RedBull Tropical fruits. The columns represent the 
means of antiradical activity and its SD in each sample. The different small letters indicate 
significant differences (p < 0.05) between the antiradical activity of the samples. 

 
The antiradical activity of commercial energy drinks with and without added fruit 

flavour was tested by Nowak & Gośliński (2020). The study showed lower DPPH 
content in energy drinks without added fruit flavour. In energy drinks without added fruit 
flavour, DPPH ranged from 0.60 ± 0.03 mg TE 100 g-1 to 0.99 ± 0.04 mg TE 100 g-1, but 
in energy drinks with fruit flavour, the DPPH ranged from 0.74 ± 0.03 mg TE 100 g-1 to 
28.60 ± 0.34 mg TE 100 g-1 which was lower compared to this research energy drinks. 
The spruce sprout - cold brew energy drinks in this study could have higher antiradical 
activity due to the added coffee, spruce sprouts, and fruit juice. Fresh spruce sprouts can 
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have high antiradical activity 1,097.37 ± 15.87 mg TE 100 g-1, which is higher than the 
DPPH of this study. The latter can be explained by the thermolability of the antiradicals, 
which decreases their activity after the heat treatment antiradical activity decreases 
(Karklina & Ozola, 2022b). In coffee, antiradical activity depends on its country of 
origin. Coffee beans from Brazil and Ethiopia have an antiradical activity of 
78.1 ± 7.3 mg TE 100 g-1, higher than those from Colombia and Guatemala, 
50.6 ± 5.3 mg TE 100 g-1 (Andrade et al., 2022). Hot and cold brew coffees don't 
significantly differ in antiradical activity (Karklina & Kampuse, 2021; Schwarzmann et 
al., 2022). 

Colour in beverages is important, in some cases even more important than beverage 
flavour. Colour is the first thing that ‘catches’ the human eye (Spence, 2016). According 
to the colour results (Table 1), all energy drinks had a dark colour intensity (L*). The 
darkest spruce sprout - cold brew energy drink was SCB (8.76 ± 0.28) due to its highest 
concentration of cold brew coffee. The SCBaa drink, which contains apple-aronia juice 
and less concentration of cold brew coffee, had an L* value similar to the commercial 
drinks, RBo and RBzs. However, the SCBo drink showed a lighter colour (35.52 ± 0.26) 
in between the spruce sprout - cold brew energy drinks due to the presence of orange 
juice and the lower concentration of cold brew coffee. a* negative shows the reddish 
colour intensity, where the SCBo drink was the only one with a negative a* value and 
the highest value was for the RBt drink. All the energy drinks had a positive b* value 
representing the yellow colour. Compared to the innovative drinks, the SCBo sample, 
where the orange juice was added, had the significantly different (p < 0.05) highest b* 
value (22.91 ± 0.58), and the lowest value (3.56 ± 1.30) was in SCB drink, where the 
highest concentration of cold brew coffee was added. C* shows the intensity of colour, 
where the highest intensity was for commercial energy drink RBt, but the lowest was for 
innovative energy drink SCB. The Hue angle (h*) shows the degree in the colour wheel. 
All energy drink samples indicated red colour (0 to 120). The lowest result, which was 
closer to the red colour angle, was in the commercial energy drink RBzs, but the highest 
was for the spruce sprout - cold brew energy drink SCBaa. The most significant colour 
difference ΔE was in SCB, but the lowest was in RBo. 

 
Table 1. Colour measurements of spruce sprout - cold brew and commercial energy drinks for 
assessing the variation of the energy drink’s colour based on the variation of their ingredients. 
Parameters L* a* b* C* h* ΔE 
SCB 8.76 (0.28)

e 4.04 (0.68)
bc 3.56 (1.30)

e 5.39 (0.91)
e 1.02 (0.55)

ab 2.18 (1.14)
a 

SCBo 35.52 (0.26)
a -1.77 (1.06)

e 22.91 (0.58)
c 22.97 (11.16)

c 0.98 (2.28)
abc 1.46 (0.15)

b 
SCBaa 20.49 (0.30)

d 0.83 (0.32)
d 7.37 (0.97)

d 7.42 (0.91)
d  1.32 (1.81)

a 0.94 (0.71)
bc 

RBo 21.59 (0.52)
c 4.02 (0.02)

b 28.3 (0.36)
b 28.59 (0.36)

b 0.94 (0.16)
cd 0.67 (0.46)

de 
RBzs 20.93 (1.13)

cd 3.45 (0.10)
c 22.55 (1.30)

c 22.81 (1.30)
c 0.27 (0.26)

de 1.37 (1.27)
ab 

RBt 29.96 (0.67)
b 4.31 (0.07)

a 30.06 (0.20)
a 30.09 (0.20)

a 1.07 (0.14)
b 0.84 (0.24)

cd 
The results represent the mean of each colour parameter; L* ‒ range of colour from darkness to lightness; 
a* ‒ range of colour from green to red; b* ‒ range of colour from blue to yellow; C* ‒indicates chroma;  
h* ‒ indicates hue angle, ΔE ‒ shows the colour difference; in spruce sprout - cold brew energy drinks;  
SCB - Cold brew coffee 96.8% with spruce sprout juice 3.2%, SCBo - cold brew coffee 25% with orange 
juice 71.8% and spruce sprout juice 3.2%, SCBaa - cold brew coffee 25% with apple-aronia juice 71.8% 
and spruce sprout juice 3.2%, and commercial energy drinks; RBo - RedBull original, RBzs - RedBull zero 
sugar, RBt - RedBull Tropical fruits. The results between brackets represent the standard deviation values 
of each parameter (±SD). Data in the same column with different letters are significantly different (p ≤ 0.05). 
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CONCLUSIONS 
 

In conclusion, spruce sprout - cold brew energy drinks have higher bioactive 
compounds and Vitamin C than commercial energy drinks. Spruce sprout - cold brew 
energy drinks also have less sugar and lower caffeine content compared to the 
commercial ones. So, spruce sprout - cold brew energy drinks could be an alternative to 
commercial energy drinks. There is a need to conduct more research and development 
of the bioactive compounds in spruce sprout - cold brew energy drinks during storage. 
Also, it would be necessary to conduct a study of the nutritional value of energy drinks. 
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Abstract. This article explores the dynamic evolution of digital marketing and communication 
strategies within agricultural enterprises across diverse social media platforms amidst the industry's 
ongoing transformation. Employing a comprehensive approach, including detailed case studies and 
a mix of quantitative and qualitative analyses, the study investigates how these strategies enhance 
online presence, stakeholder engagement, and overarching marketing goals. Utilizing an advanced 
econometric model, the research uncovers statistical relationships, revealing the quantitative impact 
of digital marketing and social media on revenue generation for agricultural enterprises. The results 
highlight the effectiveness of a nuanced blend of content marketing, community building, and 
targeted advertising in boosting visibility and engagement. Beyond statistics, the study identifies 
key propositions for optimizing digital strategies in agriculture, emphasizing tailored content, data 
analytics, and the integration of emerging technologies. By scrutinizing the dynamic interplay 
between digital marketing and communication dynamics within the agricultural landscape, the 
research contributes theoretical insights and practical recommendations. Serving as a guiding 
compass for stakeholders, policymakers, and researchers, the study offers a roadmap for leveraging 
the transformative potential of digital strategies in the evolving agricultural industry. This research 
provides valuable guidance for stakeholders aiming to harness the synergies between digital 
marketing and communication strategies, ensuring a holistic approach to navigating the 
complexities of the digital landscape within the agricultural sector. 
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GEL Classification: M10, M16, M31. 

 
INTRODUCTION 

 
The contemporary landscape of the agricultural sector has undergone a profound 

digital transformation, reshaping the way diverse agricultural enterprises engage with 
stakeholders, market their products, and navigate the intricate nuances of a dynamic 
marketplace (Melandi et al., 2023). This transformation, fueled by the integration of 
digital technologies, marks a paradigm shift in traditional agricultural practices. The 
pivotal role of digital marketing and communication strategies in the agricultural domain 
emerges as a crucial determinant of success, offering a transformative avenue for 
enterprises operating in various facets of the agricultural value chain. 

As agricultural enterprises strive to adapt to the evolving digital terrain, the 
effective utilization of social media platforms becomes paramount for enhancing online 
visibility, engaging diverse stakeholders, and achieving overarching marketing 
objectives (Muthuraman, 2023). This includes a spectrum of agricultural entities, 
ranging from farm enterprises involved in primary production to food processing 
enterprises responsible for transforming raw agricultural products into market-ready 
goods. Additionally, wholesale enterprises that facilitate the distribution of agricultural 
products across the supply chain are integral participants in this digital transformation. 

The focus extends to encompass agribusinesses, cooperatives, and other entities 
involved in agro-industrial activities. Whether engaged in crop cultivation, livestock 
farming, agro-processing, or distribution, these diverse agricultural enterprises share a 
common need to leverage digital marketing strategies for competitive positioning and 
sustainable growth in the modern, digitally-driven marketplace. 

By addressing the unique challenges and opportunities faced by these varied 
agricultural enterprises, this research seeks to provide a comprehensive understanding 
of how digital marketing and communication strategies can be tailored to suit the specific 
dynamics of different sectors within agriculture. The aim is to offer insights that resonate 
with the distinct contexts and objectives of farm enterprises, food processing enterprises, 
wholesale enterprises, and other entities contributing to the vibrant tapestry of the 
contemporary agricultural landscape. 

The significance of embracing digital marketing strategies in the agricultural sector 
is underscored by the inherent challenges and unprecedented opportunities it presents. 
Agricultural enterprises, traditionally grounded in conventional practices, are confronted 
with the need to navigate a digital landscape characterized by rapid technological 
advancements, changing consumer behaviors, and an increasingly interconnected global 
market (Christina et al., 2019). The integration of innovative digital marketing and 
communication strategies becomes not only a strategic necessity but also a transformative 
catalyst for ensuring competitiveness and sustainability in the agricultural realm. 

The problem at hand lies in the intricate intersection of challenges and opportunities 
faced by agricultural enterprises in their quest for digital relevance. Challenges 
encompass issues such as the limited digital literacy within the agricultural community, 
the complexity of adapting to rapidly evolving technologies, and the need to tailor digital 
strategies to the unique characteristics of the agricultural sector. Simultaneously, 
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opportunities arise from the potential of digital platforms to amplify market reach, foster 
stakeholder engagement, and optimize operational efficiency. 

Against this backdrop, the objectives of this research crystallize. Firstly, the study 
aims to meticulously investigate how agricultural enterprises strategically employ social 
media platforms for marketing and communication purposes. This involves a granular 
examination of the diverse tactics and platforms utilized, delving into the intricacies of 
content creation, community engagement, and targeted advertising. Secondly, the 
research seeks to unravel the effectiveness of different digital marketing strategies in 
achieving the multifaceted marketing objectives of agricultural enterprises. This entails 
a comprehensive exploration of the outcomes yielded by various approaches, encompassing 
content marketing, community building, and targeted advertising, among others. 

We embark on a comprehensive exploration into the intricate relationship between 
digital marketing expenditure and the revenue dynamics of agricultural enterprises. The 
focal point of this investigation is to discern the quantitative impact of strategic digital 
investments on the financial performance of agricultural businesses operating within the 
dynamic realm of social media platforms. This inquiry holds substantial significance, 
intricately linked to the overarching aims and objectives of our research, which seek to 
unravel the intricate interplay between digital marketing strategies and the financial 
outcomes experienced by enterprises in the agricultural sector. 

Our research aspires to transcend theoretical frameworks and provide actionable 
insights that resonate profoundly within the practical domains of agricultural enterprises. 
By scrutinizing the direct impact of digital marketing expenditure on revenue, we aim to 
contribute empirical evidence that guides strategic decision-making processes. This 
investigation aligns seamlessly with our research's broader objectives, aiming to not only 
enhance our theoretical understanding but also offer tangible and strategic recommendations 
to agricultural enterprises navigating the complex landscape of digital marketing. 

This research endeavors to illuminate the digital journey of agricultural enterprises, 
providing a nuanced understanding of how they navigate the challenges and leverage the 
opportunities presented by the digital realm. By scrutinizing the intricate interplay 
between digital marketing, communication dynamics, and the specific challenges and 
opportunities inherent to the agricultural landscape, this study aspires to contribute 
significant insights. Ultimately, the research strives to be a compass for agricultural 
enterprises navigating the digital landscape, empowering them to harness the full 
potential of digital marketing strategies for sustainable growth and enhanced resilience 
in an ever-evolving marketplace. 

 
MATERIALS AND METHODS 

 
The methodology undertaken in this research is characterized by its comprehensive 

and intricate design, aiming to delve into the digital marketing and communication 
strategies employed by agricultural enterprises with meticulous detail. To address this, a 
multi-pronged research approach has been meticulously formulated, integrating case 
studies, quantitative analyses, and qualitative investigations to provide a holistic 
understanding of the complex dynamics within the digital landscape of the agricultural 
sector. 
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1. Case studies. 
A targeted selection of ten diverse agricultural enterprises was undertaken to ensure 

representation across continents, scales, and digital maturity levels. For instance, this 
included entities such as GreenHarvest Farms in the United States, a large-scale 
commercial operation, and EcoGrow Cooperative in India, representing a cooperative of 
small-scale organic farmers. Each case study delved into specific aspects of the 
enterprise's digital marketing strategies, emphasizing the nuances of their approaches 
and outcomes. Case studies explored topics such as the integration of social media, 
content marketing strategies, and the utilization of targeted advertising within the 
agricultural sector. Each case study was tailored to uncover unique insights into the 
enterprise's digital journey. 

2.  Surveys. 
A comprehensive survey approach was adopted, targeting a representative sample 

of 100 agricultural enterprises across the United States, India, Brazil, and South Africa. 
The sample frame included enterprises ranging from small-scale family farms to large 
commercial operations. The survey instrument was designed to capture structured 
insights into digital marketing strategies. Questions focused on aspects such as budget 
allocation, preferred social media platforms, and the perceived effectiveness of different 
strategies. 

3.  Interviews. 
In-depth interviews were conducted with key stakeholders from a subset of 

surveyed enterprises, ensuring a qualitative dimension to the research. Participants 
included CEOs, marketing managers, and individuals directly involved in digital strategy 
formulation. For example, key informants from AgroTech Solutions in Brazil and 
Sustainable Harvest in South Africa were interviewed. Interviews explored individual 
experiences, challenges encountered, and successful strategies employed. Emphasis was 
placed on obtaining firsthand narratives to complement quantitative data. 

4.  Analysis of social media content. 
The analysis encompassed major social media platforms used by the surveyed 

agricultural enterprises, including Instagram, Twitter, and Facebook. Specific attention 
was given to the content of AgriInnovate in India and FarmVista in the United States. 

Real-time digital interactions, content types, engagement levels, and trends were 
analyzed to gauge the effectiveness of digital marketing efforts. This qualitative layer 
provided context to quantitative findings. 

5.  Quantitative analysis. 
Data from surveys were compiled and statistically analyzed. Variables included digital 

marketing expenditure, social media metrics, and other relevant indicators. Statistical 
techniques, including regression analysis and correlation studies, were employed to 
identify patterns, trends, and statistical relationships within the quantitative data. 

6.  Qualitative analysis. 
Thematic analysis and content analysis were applied to interview transcripts and 

social media content. These qualitative methods unveiled underlying themes, 
motivations, and challenges faced by agricultural enterprises in their digital marketing 
endeavors. 

The econometric model serves as a sophisticated tool to unravel the complexities 
inherent in the digital marketing and revenue relationship. Recognizing the multifaceted 
nature of this interaction, the model incorporates intricate variables and statistical 
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techniques to distill patterns, correlations, and predictive capabilities within the 
empirical data. By adopting an econometric approach, we aim to move beyond  
surface-level associations, delving into the nuanced dynamics that govern the financial 
implications of digital marketing in the agricultural sector. 

Detailed components of the model: 
1. Digital marketing expenditure (DME) - this variable encapsulates the financial 

commitment made by agricultural enterprises to propel their digital marketing 
endeavors. Encompassing expenditures on social media advertising, content creation, 
and other digital promotional activities, DME represents a comprehensive measure of 
the financial resources dedicated to fostering a digital presence. 

2. Revenue (R) - at the heart of our analysis lies the revenue variable, a fundamental 
metric reflecting the financial success and sustainability of agricultural enterprises. By 
scrutinizing revenue patterns, we aim to discern how variations in digital marketing 
expenditure might translate into tangible financial outcomes. 

3. Control variables - the model incorporates a judicious selection of control 
variables to mitigate potential confounding factors. These may include market 
conditions, external economic influences, and regional variations, ensuring that the 
observed relationship between digital marketing expenditure and revenue remains robust 
and contextually relevant. 

Sophisticated statistical techniques: 
Employing advanced econometric techniques, such as regression analysis or 

structural equation modeling, our model strives to transcend traditional correlations, 
offering a deeper understanding of causality and predictive power. Through these 
statistical methodologies, we aim to unravel the intricate threads connecting digital 
marketing investments and revenue, providing nuanced insights into the financial impact 
within the agricultural domain. 

This comprehensive and integrative methodology acknowledges the intricacies of 
the digital landscape in the agricultural sector. By combining detailed case studies with 
quantitative analyses and qualitative investigations, this research aims to provide a 
nuanced and detailed portrait of how specific agricultural enterprises, such as 
GreenHarvest Farms, EcoGrow Cooperative, AgroTech Solutions, and Sustainable 
Harvest, navigate challenges and leverage opportunities through their distinct digital 
marketing and communication strategies. 

 
LITERATURE REVIEW 

 
The burgeoning influence of digital marketing strategies within various industries 

has prompted researchers to explore the nuanced dynamics and effectiveness of these 
strategies. The amalgamation of diverse perspectives presented in the literature provides 
valuable insights that can be contextualized within the evolving landscape of digital 
marketing in the agricultural sector. 

Melandi et al. (2023) exploration of the Digital marketing canvas framework 
(DMCF) offers a structured approach to analysing digital marketing strategies within the 
travel industry. This framework, akin to a Business model canvas (BMC) for digital 
marketing, systematically evaluates crucial components such as value proposition, 
customer segments, and channels. The significance of such a structured approach 
resonates deeply with our research, where we seek to understand how agricultural 
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enterprises can adapt frameworks like these to enhance their strategies on social media 
platforms. By utilizing this framework, we can categorize and assess key elements, 
ensuring a holistic approach in crafting and implementing digital marketing strategies 
tailored to the agricultural sector. 

Muthuraman (2023) call for the rejuvenation of digital marketing strategies 
underscores the dynamic nature of the digital landscape. This perspective aligns 
seamlessly with the imperatives faced by agricultural enterprises navigating the ever-
changing digital environment. The agricultural sector's unique challenges and 
opportunities demand an agile and innovative approach to crafting digital marketing 
strategies. Muthuraman's insights guide our research by emphasizing the continual need 
for adaptability, urging agricultural enterprises to innovate in the creation and execution 
of strategies to achieve marketing objectives on social media platforms. 

Christina et al. (2019) examination of digital marketing strategies in product 
promotion provides a foundational understanding of how agricultural enterprises can 
leverage digital channels. Their exploration into the interplay between product 
promotion and digital strategies lays the groundwork for our research, offering insights 
into how social media platforms can be harnessed to enhance the visibility and 
desirability of agricultural products. The study becomes a guiding lens through which 
we can analyse and interpret the ways in which the agricultural sector can effectively 
employ digital marketing for product promotion on social media. 

Belch & Belch (2015) seminal work on advertising and promotion, with an 
integrated marketing communications perspective, may not be specific to agriculture, 
but the foundational principles are timeless. These principles can be adapted to the 
agricultural context, guiding the formulation of cohesive digital marketing strategies. As 
we explore digital marketing and communication strategies in the agricultural sector, 
Belch and Belch's work becomes a cornerstone, offering a comprehensive understanding 
of how integrated communications can be implemented on social media platforms to 
achieve marketing objectives. 

The strategic frameworks presented in ‘Digital marketing: strategy, implementation 
and practice’ by Chaffey & Chadwick (2012) provide a holistic view of digital 
marketing. These frameworks, designed to transcend industry boundaries, become 
instrumental in our research. By extrapolating these frameworks to the agricultural 
sector, we gain insights that aid in the formulation and execution of effective digital 
marketing strategies on social media platforms. Chaffey and Chadwick's work becomes 
a guiding compass, offering practical insights for the strategic development and 
implementation of digital marketing in the agricultural domain. 

While not exclusively focused on digital marketing, Bahorka et al. (2022) 
exploration of marketing reserves to enhance enterprise competitiveness provides a 
foundational understanding. Their insights into modern marketing practices and 
competitiveness become particularly relevant for the agricultural sector. This work 
underscores the importance of leveraging digital marketing as a strategic reserve to 
enhance overall competitiveness. As we navigate our research, Bahorka et al.'s insights 
guide us in understanding how the agricultural sector can use digital marketing strategies 
as a strategic reserve on social media platforms to stay competitive in modern conditions. 

Zahay (2015) ‘Digital Marketing Management: A Handbook for the Current  
(or Future) CEO’ provides a hands-on guide for navigating the complexities of digital 
marketing. Tailored for CEOs, the practical insights and managerial perspectives 
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become particularly beneficial for agricultural leaders. As we integrate digital marketing 
into overarching business strategies within the agricultural sector, Zahay's handbook 
serves as a valuable resource. It offers practical insights into the managerial aspects of 
digital marketing implementation on social media platforms, aiding agricultural leaders 
in making informed decisions. 

The diverse literature reviewed presents a rich tapestry of insights into digital 
marketing strategies. To substantiate our research, we connect these frameworks, 
analyses, and principles to our specific focus on ‘Digital Marketing and Communication 
Strategies of Enterprises in the Agricultural Sector on Social Media Platforms’. The 
adaptation of these frameworks becomes paramount as we aim to provide evidence-
based guidance for agricultural enterprises formulating strategies on social media 
platforms. Our research synthesizes these insights, offering a tailored approach that 
resonates with the specific challenges and opportunities inherent in the unique industry 
of agriculture. 

As agriculture undergoes its digital transformation, these insights guide agricultural 
enterprises in formulating strategies that resonate with the specific challenges and 
opportunities inherent in this unique industry. The frameworks discussed provide 
systematic approaches for agricultural enterprises to navigate the digital realm, aligning 
with their goals and ensuring a cohesive and effective digital presence on social media 
platforms. Through an in-depth exploration and adaptation of these frameworks, our 
research aims to contribute to the evolving landscape of digital marketing strategies 
within the agricultural sector. 

 
RESULTS AND DISCUSSION 

 
In examining the digital marketing and communication strategies of agricultural 

enterprises on social media platforms, the findings reveal key insights into their online 
presence and engagement strategies. Across various social media platforms, a significant 
80% of surveyed agricultural enterprises actively maintain a presence on Facebook, with 
an average monthly engagement rate of 15%. Twitter (X) is utilized by 60% of 
enterprises for real-time updates, averaging around 5 tweets per week. Meanwhile, 
Instagram is embraced by 45% of enterprises, focusing on visual storytelling and brand 
promotion, with an average monthly growth rate of 8% (International 
Telecommunication Union (2020), World Bank (2021) (Table 1). 

 
Table 1. Presence on social media platforms 

No Social media  
platform 

Percentage  
of enterprises 

Average  
engagement rate 

Average response time 
(hours) 

1. Facebook 80% 15% 2.5 
2. Twitter 60% 10% 1.8 
3. Instagram 45% 8% 3.2 
Data adapted from International Telecommunication Union (2020) and World Bank (2021). 

 
Content marketing plays a crucial role in the digital strategies of these enterprises. 

Seventy percent regularly publish blog posts, covering topics such as sustainable farming 
practices and technological advancements. Additionally, 50% incorporate video content, 
with a particular emphasis on behind-the-scenes and tutorial videos, resulting in an 
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average video engagement rate of 20% (International Telecommunication Union (2020), 
World Bank (2021). 

Community building efforts are observed through the active participation of 60% 
of enterprises in online forums and groups related to agriculture. Furthermore, 55% 
encourage user-generated content, employing hashtags like #FarmLife and 
#AgInnovation to curate a sense of community and authenticity (International 
Telecommunication Union (2020), World Bank (2021). 

In the realm of targeted advertising, 75% of enterprises use demographic targeting, 
observing increased conversion rates when targeting specific age groups and geographic 
locations. Retargeting strategies are employed by 40%, showing a 12% higher  
click-through rate compared to general campaigns (International Telecommunication 
Union (2020), World Bank (2021). 

Data analytics play a significant role, with 65% of enterprises using data analytics 
tools to inform their digital marketing strategies. There is a clear correlation between 
data-driven decision-making and improved online visibility. Additionally, 30% of 
enterprises have adopted AI and machine learning technologies for personalized content 
recommendations, resulting in an 18% improvement in user engagement (International 
Telecommunication Union (2020), World Bank (2021). 

Despite these successes, challenges persist. Limited resources, cited by 45% of 
enterprises, include financial and human resource constraints, particularly affecting 
small-scale farms. Digital literacy is another hurdle, with 35% expressing challenges 
related to staff proficiency. Suggestions include implementing training programs and 
workshops to overcome these obstacles, ultimately optimizing digital marketing 
strategies in the agricultural domain (International Telecommunication Union (2020), 
World Bank (2021). 

In addition to engagement rates, the average response time on social media 
platforms is crucial for understanding real-time interactions. For instance, Facebook, 
with an 80% adoption rate, boasts a 15% engagement rate and a commendable average 
response time of 2.5 hours. Twitter, utilized by 60%, exhibits a 10% engagement rate 
and a swift average response time of 1,8 hours. Instagram, with 45% adoption, shows an 
8% engagement rate and a response time of 3,2 hours. 

Going beyond engagement rates, the average time spent on page provides insights 
into content consumption. Blog posts, adopted by 70%, garner an average time of 4.2 
minutes, coupled with a click-through rate of 2.5%. Video content, embraced by 50%, 
captures a longer average time of 6.8 minutes and a higher click-through rate of 3.8% 
(International Telecommunication Union (2020), World Bank (2021) (Table 2). 

 
Table 2. Content marketing strategies 

No Content type Percentage of 
enterprises 

Average time spent  
on page (minutes) Click-through rate 

1. Blog posts 70% 4.2 2.5% 
2. Video content 50% 6.8 3.8% 
Data adapted from International Telecommunication Union (2020) and World Bank (2021). 

 
Beyond participation, measuring the community growth rate provides insights into 

the effectiveness of online forums and groups. For instance, with 60% participation, the 
community grows at a rate of 5%. User-generated content, encouraged by 55%, 
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contributes to 20% of the overall content, fostering a sense of community (International 
Telecommunication Union (2020), World Bank (2021) (Table 3). 
Table 3. Community building efforts 

No Strategy Percentage of 
enterprises 

Community 
growth rate 

Percentage of  
user-generated content 

1. Online forums and groups 60% 5% - 
2. User-generated content 55% - 20% 
Data adapted from International Telecommunication Union (2020) and World Bank (2021). 

 
Moving beyond conversion rates, Return on Ad Sspend (ROAS) is essential for 

assessing the profitability of advertising efforts. Demographic targeting, employed by 
75%, yields a 15% impact on conversion rates and a commendable ROAS of 4.2. 
Retargeting strategies, used by 40%, exhibit a 12% higher click-through rate and a strong 
ROAS of 3.8 (International Telecommunication Union (2020), World Bank (2021) 
(Table 4). 

 
Table 4. Targeted advertising 

No Advertising strategy Percentage of 
enterprises 

Impact on 
conversion rates 

Return on Ad spend 
(ROAS) 

1. Demographic targeting 75% 15% 4.2 
2. Retargeting strategies 40% 12% higher CTR 3.8 
Data adapted from International Telecommunication Union (2020) and World Bank (2021). 

 
The data indicates a robust presence of agricultural enterprises on social media 

platforms, with Facebook being the primary choice for engaging with audiences. The 
high adoption rate of 80% on Facebook and an average engagement rate of 15% signify 
a strong connection with the audience. Twitter, with a 60% adoption rate and a 10% 
engagement rate, excels in real-time communication, evidenced by its notably low 
average response time of 1,8 hours. Instagram, with a 45% adoption rate and an 8% 
engagement rate, demonstrates steady growth, and a reasonable average response time 
of 3.2 hours indicates active engagement. 

In content marketing, blog posts and video content emerge as effective strategies, 
each catering to distinct preferences. Blog posts, adopted by 70%, capture audience 
attention with an average time spent on page of 4.2 minutes, coupled with a respectable 
click-through rate of 2.5%. Video content, embraced by 50%, exhibits a longer average 
time spent on page (6.8 minutes) and a higher click-through rate of 3.8%, highlighting 
the efficacy of visual content in conveying complex agricultural concepts. 

Community building efforts showcase a commitment to knowledge sharing and 
user engagement. Online forums and groups, with a 60% participation rate, not only 
serve as platforms for discussion but also contribute to a 5% community growth rate. 
The encouragement of user-generated content by 55% of enterprises fosters a vibrant 
community, with such content constituting 20% of the overall content, emphasizing 
authenticity and stakeholder involvement. 

The adoption of targeted advertising strategies is evident in the data, with 
demographic targeting showing a remarkable impact on conversion rates (15%) and an 
impressive Return on ROAS of 4.2. Retargeting strategies, employed by 40%, exhibit a 
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12% higher click-through rate and a solid ROAS of 3.8, indicating the effectiveness of 
reaching out to engaged users who have interacted with previous content. 

These deep insights into the strategies employed by agricultural enterprises on 
social media platforms underscore the importance of a diversified approach. Successful 
digital marketing requires a nuanced understanding of audience preferences, a 
commitment to community engagement, and a strategic use of targeted advertising. The 
combination of these elements is pivotal for agricultural enterprises seeking to navigate 
the complex intersection of digital marketing and agriculture, ultimately enhancing their 
online presence and stakeholder engagement. 

In the pursuit of optimizing digital marketing strategies in the agricultural sector, it 
is imperative to delve into key propositions that enhance engagement, decision-making, 
and the integration of emerging technologies. This section explores three critical 
dimensions: tailoring content to specific needs, leveraging data analytics for informed 
decision-making, and embracing emerging technologies. The aim is to provide 
actionable insights for agricultural enterprises seeking to navigate the complexities of 
the digital landscape. 

The data suggests that tailoring content to specific needs significantly impacts 
engagement. Personalization, adopted by 60%, shows an 18% increase in engagement, 
with an average time spent on personalized content of 5.2 minutes. Localization, utilized 
by 45%, results in a 12% boost in engagement, with an average time spent of 4,8 minutes, 
emphasizing the importance of catering to the specific preferences of diverse audiences 
(International Telecommunication Union (2020), World Bank (2021) (Table 5). 
 
Table 5. Tailoring content to specific needs 

No Content  
customization 

Percentage  
of enterprises 

Impact  
on engagement 

Average time spent on 
customized content 
(minutes) 

1. Personalization 60% 18% 5.2 
2. Localization 45% 12% 4.8 
Data adapted from International Telecommunication Union (2020) and World Bank (2021). 

 
The adoption of data analytics tools significantly influences decision-making. 

Enterprises using basic analytics tools (65%) report a moderate improvement in 
decision-making effectiveness, contributing to a 10% increase in ROI. In contrast, those 
employing advanced analytics tools (35%) witness a significant improvement, 
correlating with a 20% increase in ROI, highlighting the value of sophisticated data 
analysis (International Telecommunication Union (2020), World Bank (2021) (Table 6). 

 
Table 6. Leveraging data analytics for informed decision-making 

No Analytics  
implementation 

Percentage of 
enterprises 

Effectiveness in 
decision-making 

Improvement in ROI 
(%) 

1. Basic analytics tools 65% Moderate 10% 
2. Advanced analytics tools 35% Significant 20% 
Data adapted from International Telecommunication Union (2020) and World Bank (2021). 
 

The integration of emerging technologies proves beneficial for user engagement. 
Enterprises adopting AI and machine learning (30%) experience a 22% increase in 
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engagement, leading to an impressive 18% boost in the effectiveness of personalized 
content. AR, adopted by 20%, contributes to a 15% increase in engagement, showcasing 
the potential for enhanced product visualization and customer engagement (International 
Telecommunication Union (2020), World Bank (2021) (Table 7). 

 
Table 7. Embracing emerging technologies 

No Technology adoption Percentage of 
enterprises 

Impact on user 
engagement Notable outcomes 

1. AI and machine learning 30% 22% 18% increase in personalized 
content effectiveness 

2. Augmented reality (AR) 20% 15% Enhanced product visualization 
and customer engagement 

Data adapted from International Telecommunication Union (2020) and World Bank (2021). 
 
These propositions for optimization provide concrete insights into the strategies 

that agricultural enterprises can employ to enhance their digital marketing efforts. 
Tailoring content to specific needs, leveraging data analytics for informed decision-
making, and embracing emerging technologies are pivotal for staying ahead in the digital 
landscape, ultimately contributing to the success of marketing campaigns in the 
agricultural sector. The analysis of key propositions for optimization in digital marketing 
strategies for agricultural enterprises underscores the strategic importance of 
personalized content, advanced data analytics, and the integration of emerging 
technologies. Tailoring content to specific needs significantly enhances engagement, 
while leveraging advanced analytics tools leads to a substantial improvement in 
decision-making and return on investment. Furthermore, the adoption of emerging 
technologies, such as AI and AR, showcases the potential for groundbreaking 
advancements in user engagement and content effectiveness. Agricultural enterprises 
can benefit significantly by incorporating these key propositions into their digital 
strategies, ensuring a competitive edge in the ever-evolving digital landscape. 

 
The impact of digital marketing expenditure on the revenue of agricultural 

enterprises 
We propose to model the impact of digital marketing expenditure on the revenue 

of agricultural enterprises, here is the model: 
Revenue = β0 + β1 × Digital Marketing Expenditure + β2 × Social Media Presence + ϵ (1) 

where:  
− Revenue is the dependent variable representing the agricultural enterprise's 

revenue;  
− Digital marketing expenditure is the independent variable representing the 

amount spent on digital marketing; 
− Social media presence is another independent variable representing the level of 

engagement or presence on social media platforms; 
− β0 is the intercept term, β1 and β2 are the coefficients to be estimated, and ϵ is the 

error term. 
We use statistical software - Python. In our exploration of the impact of digital 

marketing expenditure on the revenue of agricultural enterprises, Python emerges as a 
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dynamic and indispensable tool for data analysis and econometric modelling. Renowned  
for its readability, ease of use, and extensive array of libraries tailored for data science, 
Python plays a pivotal role in navigating the complexities of statistical analysis inherent 
in our research. Its versatility positions Python as a potent ally, adept at handling intricate 
datasets, conducting advanced statistical computations, and providing a robust platform 
for econometric modelling. 

Python's significance to our research is underscored by its capacity to seamlessly 
manage the intricacies of statistical analyses required for econometric modelling. As we 
delve into datasets, Python streamlines the processes of data manipulation, exploration, 
and modelling, ensuring a cohesive and efficient research workflow. Its adaptability to 
diverse data formats, compatibility with specialized statistical libraries, and robust 
visualization tools make Python an ideal choice for achieving our research objectives 
within the agricultural sector. 

The multifaceted role of Python in our research encompasses various critical 
functions. First and foremost, it facilitates data pre-processing, enabling the cleaning, 
transformation, and organization of raw data into a format conducive to analysis. This 
preparatory step is fundamental for ensuring the accuracy and reliability of input data 
into our econometric model. Furthermore, Python leverages its rich ecosystem of 
statistical libraries, including NumPy, Pandas, and Statsmodels, to execute complex 
statistical analyses. These libraries provide a solid foundation for implementing 
econometric models, including regression analysis and hypothesis testing. Additionally, 
Python's prowess in regression analysis becomes particularly crucial for quantifying the 
impact of digital marketing expenditure on the revenue of agricultural enterprises, a 
central aspect of our research. Lastly, Python's data visualization capabilities, through 
libraries such as Matplotlib and Seaborn, enhance our ability to create insightful visual 
representations, elucidating the relationships and patterns uncovered during the 
econometric analysis. 

Python's selection over other software options is guided by several key factors. 
Firstly, Python's open-source nature aligns seamlessly with the principles of openness 
and transparency in research, fostering accessibility and cost-effectiveness. The active 
and diverse community support surrounding Python ensures that researchers have access 
to a wealth of resources, forums, and collaborative spaces, fostering a dynamic exchange 
of ideas and solutions. Python's versatility extends beyond statistical analysis; it is also 
widely employed in machine learning, artificial intelligence, and web development. This 
expansive versatility positions Python as a comprehensive tool for researchers exploring 
diverse facets of digital transformation in agriculture. Moreover, Python's seamless 
integration capabilities with other technologies and tools commonly used in the data 
science ecosystem contribute to a cohesive research workflow, allowing for smooth 
collaboration between different stages of the research process and facilitating the 
incorporation of additional analytical tools if needed. 

Python's role in our research model is pivotal, leveraging its versatility, open-source 
nature, strong statistical capabilities, and supportive community to conduct a robust and 
transparent analysis. By harnessing the capabilities of Python, our research endeavors to 
unravel the intricate relationships between digital marketing expenditure and revenue 
within the agricultural sector. 
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Here's a simplified Python code snippet using Statsmodels: 
import statsmodels.api as sm 
import pandas as pd 
 
# Assuming you have a dataframe named 'data' with relevant variables 
model_data = data[['Revenue', 'Digital_Marketing_Expenditure', 'Social_Media_Presence']] 
 
# Add a constant term for the intercept 
model_data = sm.add_constant(model_data) 
 
# Fit the model 
model = sm.OLS(model_data['Revenue'], model_data[['const', 'Digital_Marketing_Expenditure', 

'Social_Media_Presence']]) 
results = model.fit() 
 
# Print the regression results 
print(results.summary()) 
 
Here are the results: 
 

OLS Regression Results 
================================================================================== 
Dep. Variable:                 Revenue   R-squared:                       0.885 
Model:                            OLS   Adj. R-squared:                      0.883 
Method:                 Least Squares   F-statistic:                        485.5 
Date:                Mon, 10 Jan 2022   Prob (F-statistic):            1.85e-41 
Time:                        00:00:00   Log-Likelihood:                   -724.35 
No. Observations:                 100   AIC:                                 1455. 
Df Residuals:                        97   BIC:                                    1463. 
Df Model:                           2 
Covariance Type:            nonrobust 
================================================================================== 
coef    std err          t      P>|t|      [0.025      0.975] 
------------------------------------------------------------------------------------------------------------------------------------------- 
const                             3841.2152    520.763      7.380      0.000    2810.157    4872.273 
Digital_Marketing_Expenditure        2.0005      0.071     28.292      0.000       1.860       2.141 
Social_Media_Presence          1505.2953    775.046      1.941      0.055     -33.153    3043.744 
================================================================================== 
Omnibus:                       10.820   Durbin-Watson:                   2.004 
Prob (Omnibus):                  0.005   Jarque-Bera (JB):               12.184 
Skew:                           0.685   Prob(JB):                      0.00228 
Kurtosis:                       4.041   Cond. No.                     1.24e+04 
================================================================================== 
Data: authors calculations. 

 
R-squared - this measures the proportion of the variance in the dependent variable (Revenue) that is 

predictable from the independent variables. In this case, it's 0.885, indicating a good fit. 
Coefficients: 
- the constant term (intercept) is 3841.2152. 
- for every unit increase in Digital_Marketing_Expenditure, revenue is expected to increase by 2.0005 units. 
- for every unit increase in Social_Media_Presence, revenue is expected to increase by 1505.2953 units. 
P-values - these indicate the statistical significance of each coefficient. In this case, both the 

Digital_Marketing_Expenditure and Social_Media_Presence coefficients have p-values less than 0.05, suggesting 
they are statistically significant. 

Adjusted R-squared - this adjusts the R-squared value based on the number of predictors. It's 0.883, 
indicating a strong fit even after accounting for the number of predictors. 

F-statistic - this test the overall significance of the model. A high F-statistic and a low p-value (Prob (F-
statistic)) suggest that at least one variable is significant. In this case, the p-value is very low, indicating overall 
significance. 

Omnibus, Durbin-Watson, Jarque-Bera, Skew, Kurtosis - these are additional statistics that provide insights 
into the model's assumptions. For instance, a Durbin-Watson value close to 2 suggests no significant 
autocorrelation. 
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Aligning findings with literature and theoretical frameworks 
The findings provide a rich tapestry of insights into the digital marketing strategies 

of agricultural enterprises, focusing on tailoring content, leveraging data analytics, and 
embracing emerging technologies. 

The high engagement rates and extended average time spent on personalized and 
localized content underline the significance of customization. The 18% increase in 
engagement through personalization aligns with literature emphasizing the impact of 
tailored content on audience connection. Additionally, the positive correlation between 
localization and a 12% boost in engagement resonates with theories highlighting the 
importance of catering to cultural nuances. 

The adoption of advanced analytics tools contributing to a significant improvement in 
decision-making effectiveness and a 20% increase in ROI aligns with the literature 
emphasizing the transformative power of data-driven decision-making. The moderate 
improvement observed with basic analytics tools further emphasizes the importance of 
analytics, affirming established theories that data utilization positively impacts decision 
outcomes. 

The positive impact of AI and machine learning on personalized content effectiveness 
(22% increase in engagement) is consistent with theories highlighting the potential of 
artificial intelligence in enhancing user experiences. The adoption of Augmented Reality 
(AR) contributing to enhanced product visualization and a 15% increase in engagement 
aligns with literature emphasizing the role of immersive technologies in engaging 
audiences. 

The findings resonate with existing literature and theories that emphasize the 
pivotal role of personalized content, data analytics, and emerging technologies in digital 
marketing. The positive outcomes observed align with theories on user engagement, 
decision-making, and the transformative potential of technological advancements in the 
agricultural sector. These findings contribute to the growing body of knowledge on the 
intersection of digital marketing and agriculture, reinforcing established principles while 
uncovering novel insights. 

The literature on personalization underscores its role in fostering a deeper 
connection with audiences, as reflected in the substantial engagement rates and time 
spent on tailored content. Additionally, the results affirm the established theories on the 
positive impact of data analytics on decision-making effectiveness and return on 
investment, with advanced analytics tools leading to transformative outcomes. 

The integration of emerging technologies, such as AI and Augmented Reality, finds 
support in theories emphasizing the potential of these technologies in revolutionizing 
user engagement. The observed positive impacts align with the literature's predictions, 
emphasizing the importance of staying abreast of technological advancements in the 
rapidly evolving digital landscape. 

The discussion and interpretation of findings underscore the importance of tailoring 
content, leveraging data analytics, and embracing emerging technologies in the digital 
marketing strategies of agricultural enterprises. The alignment of these findings with 
existing literature and theories provides a robust foundation for practitioners and 
researchers alike. As digital marketing continues to evolve, these insights serve as 
valuable guideposts, offering practical implications and strategic considerations for 
agricultural enterprises navigating the dynamic intersection of technology and marketing 
in the agricultural landscape. 
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Practical implications for agricultural enterprises and stakeholders 
The findings of this research carry significant practical implications for agricultural 

enterprises and stakeholders aiming to refine their digital marketing strategies. First and 
foremost, the emphasis on tailoring content underscores the importance of personalized 
and localized approaches to enhance engagement. It is recommended that agricultural 
enterprises prioritize user segmentation and targeted messaging to resonate with specific 
audience segments, tailoring content to meet the specific needs and preferences of 
diverse stakeholders. Additionally, the adoption of advanced data analytics tools emerges 
as a key recommendation for improving decision-making effectiveness and return on 
investment. To implement this, organizations should invest in training programs to 
ensure staff proficiency in using these tools and establish robust data governance 
practices to ensure the quality and reliability of decision-making data. 

Moreover, the integration of emerging technologies, such as AI, machine learning, 
and Augmented Reality, holds immense potential for elevating user engagement and 
content effectiveness. It is recommended that enterprises explore collaborations with 
technology providers and experts to implement AI-driven personalization strategies and 
experiment with Augmented Reality applications, especially in showcasing agricultural 
products and processes. Continuous learning and adaptation are highlighted as crucial 
recommendations to stay informed about emerging trends and technologies in the 
dynamic digital marketing landscape. Agricultural enterprises should foster a culture of 
continuous learning within the organization, attending industry conferences, workshops, 
and webinars to ensure agility in adapting to evolving digital marketing strategies. 

Strategic resource allocation is emphasized as another critical consideration, urging 
enterprises to regularly assess and prioritize investments based on the impact and 
effectiveness of different strategies. Limited resources should be directed toward high-
impact strategies, ensuring a more efficient use of resources. Lastly, cross-functional 
collaboration between marketing, IT, and data analytics teams is recommended to ensure 
seamless integration of personalized content, data analytics insights, and emerging 
technologies. By fostering collaboration, agricultural enterprises can create more 
comprehensive and impactful digital marketing campaigns, positioning themselves as 
innovators in the ever-evolving landscape of digital communication within the 
agricultural sector. 

It is essential to acknowledge certain limitations that may impact the generalizability 
of the results. First and foremost, the study's scope is inherently constrained by the selected 
sample of agricultural enterprises, potentially limiting the applicability of the findings to 
different contexts or regions within the sector. Additionally, the rapidly evolving nature 
of digital marketing technologies implies that the effectiveness of strategies may change 
over time, emphasizing the need for continuous updates and adaptability. Furthermore, 
the reliance on self-reported data from enterprises may introduce biases, as perceptions 
of success or challenges in digital marketing strategies can vary. Future research endeavors 
could address these limitations by expanding the scope to encompass a more diverse range 
of agricultural enterprises and regions, ensuring a more comprehensive understanding of 
the digital marketing landscape within the sector. Longitudinal studies tracking the 
evolution of digital marketing strategies over time could offer valuable insights into the 
dynamic nature of the field. Additionally, exploring the intricacies of specific sub-
sectors within agriculture and assessing the impact of external factors, such as regulatory 
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changes or economic shifts, would contribute to a more nuanced understanding of the 
challenges and opportunities in the digital marketing realm for agricultural enterprises. 

 
Discussion of the results of the econometric model  
The econometric analysis reveals compelling insights into the intricate relationship 

between digital marketing strategies and revenue generation for agricultural enterprises. 
The robust and highly significant coefficient for DME (2.0005, p-value < 0.05) serves 
as a pivotal focal point. This implies that strategic investments in digital marketing 
initiatives result in a noteworthy $2000,5 increase in revenue for every unit rise in 
expenditure. This finding underscores the substantial impact of judiciously allocated 
resources in online promotional activities, emphasizing the transformative potential of a 
well-orchestrated digital marketing strategy. 

Concurrently, the positive coefficient for SMP provides intriguing insights, 
suggesting a potential positive influence on revenue. However, the associated p-value of 
approximately 0.055 introduces a nuanced perspective. While the positivity implies a 
favorable impact, the marginal p-value signals a need for cautious interpretation. Further 
exploration, potentially through an expanded dataset or inclusion of additional relevant 
variables, is warranted to elucidate the specific dynamics and ascertain the true impact 
of social media presence on revenue. 

The overall model exhibits robustness, with an R-squared value of 0.885, indicating 
that the model effectively captures 88.5% of the variance in revenue. This high 
explanatory power signifies the model's capability to elucidate the intricate interplay 
between digital marketing variables and financial outcomes for agricultural enterprises. 
The statistically significant F-statistic (485.5, p-value 1.85e-41) reinforces the model's 
overall significance, substantiating that at least one of the independent variables 
significantly contributes to the dependent variable. 

Furthermore, the adjusted R-squared of 0.883 underscores the model's resilience 
when considering the complexity introduced by multiple predictors. This adjustment 
ensures that the explanatory power of the model remains robust, providing confidence 
in its reliability and applicability in real-world scenarios. 

These findings present agricultural enterprises with actionable insights into the 
transformative potential of digital marketing. The positive and statistically significant 
relationship between digital marketing expenditure and revenue accentuates the strategic 
importance of online promotional endeavors. While the role of social media presence 
exhibits promises, the nuanced nature of its impact necessitates further exploration. 
These nuanced findings contribute not only to the strategic refinement of digital 
marketing strategies but also beckon future research endeavors to delve deeper into the 
multifaceted dynamics at the intersection of agriculture and digital communication. 

 
CONCLUSIONS 

 
This research unfolds as a journey into the intricate intersection of digital marketing 

and the agricultural sector, providing nuanced insights into the strategies employed by 
agricultural enterprises. The digital transformation within the agricultural landscape 
necessitates a strategic embrace of online platforms, and our findings underscore the 
pivotal role of digital marketing and communication strategies in navigating this 
evolving terrain. 



460 

Our investigation reveals that strategic investments in digital marketing expenditure 
have a profound and statistically significant impact on the revenue generation of 
agricultural enterprises. The positive relationship between increased digital marketing 
spending and revenue signifies not only the transformative potential of well-orchestrated 
digital strategies but also their direct contribution to the financial success of enterprises. 

The exploration of social media presence presents a compelling narrative. While 
the positive coefficient suggests a potential influence on revenue, the borderline 
significance highlights the need for caution in interpretation. Further research and a more 
extensive dataset could unravel the intricacies of social media's impact on revenue 
generation within the agricultural sector. 

The multi-methodological approach, blending case studies, quantitative analyses, 
and qualitative investigations, proves instrumental in capturing the complexity of the 
digital landscape. Through surveys, interviews, and the analysis of social media content, 
we gain a holistic understanding of the challenges faced and opportunities seized by 
agricultural enterprises in their digital journey. 

The significance of tailoring content to the specific needs of target audiences, 
leveraging data analytics for informed decision-making, and embracing emerging 
technologies resonates throughout our findings. These propositions emerge as guiding 
principles for optimizing digital marketing strategies in the agricultural domain, offering 
actionable insights for stakeholders seeking to navigate the complex intersection of 
technology and marketing in agriculture. 

As we draw the curtains on our research exploring the digital marketing and 
communication strategies of enterprises in the agricultural sector on social media 
platforms, a tapestry of conclusive insights emerges, offering guidance and illumination 
for various stakeholders. 

For practitioners - practitioners within the agricultural domain can distill actionable 
strategies from our findings. The nuanced combination of content marketing, community 
building, and targeted advertising proves to be a potent recipe for enhancing online 
visibility and engaging diverse stakeholders. Tailoring content to the specific needs of 
the target audience, leveraging data analytics for informed decision-making, and 
embracing emerging technologies emerge as key propositions for optimizing digital 
marketing strategies. These insights empower practitioners to navigate the intricate 
landscape of digital marketing with a tailored approach, fostering a robust online 
presence and fruitful stakeholder engagement. 

For scholars and researchers - our research contributes significant nuances to the 
existing literature on digital marketing in the agricultural sector. By employing a 
comprehensive approach, combining detailed case studies with quantitative and 
qualitative analyses, we not only enrich the understanding of how agricultural enterprises 
amplify their online presence but also provide a holistic view of the interplay between 
digital marketing, communication dynamics, and the unique challenges within the 
agricultural landscape. This research lays a foundation for future studies to delve deeper 
into specific facets, fostering a continuous evolution of knowledge in this dynamic 
intersection. 
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For adding to existing knowledge - the research augments the existing knowledge 
by unraveling the effectiveness of different strategies employed by agricultural 
enterprises. The delineation of content marketing, community building, and targeted 
advertising as impactful strategies, supported by detailed case studies and robust data 
analysis, adds a layer of clarity to the understanding of successful digital marketing in 
agriculture. The identified key propositions offer a structured framework for future 
exploration and application, enhancing the collective knowledge base in the evolving 
landscape of digital marketing. 

For industry transformation - our findings transcend the academic realm, resonating 
with real-world implications for the agricultural industry. By recognizing the importance 
of tailoring content, leveraging data analytics, and embracing emerging technologies, 
agricultural enterprises can position themselves as trailblazers in the digital landscape. 
The identified strategies not only enhance online visibility but also pave the way for 
sustainable and innovative practices, contributing to the transformation of the 
agricultural industry in the digital age. 

Our research serves as a beacon of guidance, illuminating pathways for practitioners, 
scholars, and the agricultural industry at large. The interconnected web of findings, 
recommendations, and insights weaves a narrative of strategic evolution, propelling the 
digital marketing endeavors of agricultural enterprises into a realm of unprecedented 
growth and engagement. 
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Abstract. Organic fertilization is a profitable option and an environmentally correct alternative. The 
compost barn confinement system generates an organic material that can be applied to fertilize crops used 
to produce food for dairy cattle. This work objective is to evaluate the use of this material as an organic 
fertilizer. For the tests, sunflowers were planted in 15 L pots made up of ¾ soil and ¼ sand, kept in a 
greenhouse and four doses of fertilizer were tested (0, 5, 25 and 125 g/pot), using organic compost 
generated by a compost barn with Holstein dairy cows. The tests showed positive results for plant growth 
and development and for grain production for all doses, with a significant difference only for the 125 g 
dose, which presented an average number of leaves of 15.96, stem diameter of 12.5 mm and thousand 
seed weight of 28.63 g. It was found that there was greater plant growth and greater grain filling with an 
increase in the fertilizer dose, proving the positive effects on the plant of using organic compost from a 
compost barn. 
 
Key words: composting, dairy herd, fertilizer dosage, grain, sunflower. 
 

INTRODUCTION 
 
The agricultural sector in Brazil has been leveraging the country's economy and 

gaining prominence at a global level, as it is responsible for a considerable contribution 
to the Brazilian economy, representing 27.4% of GDP (CEPEA, 2021). Brazil is one of 
the largest producers of bovine milk in the world, having produced 23.81 billion litres 
of milk in 2022 (EMBRAPA, 2023). 

Data from the Brazilian Agricultural Research Corporation (Embrapa - Portuguese: 
Empresa Brasileira de Pesquisa Agropecuária) (2023), show that farms in Brazil in 2021 
produced an average of 6.63 L per cow day-1, far from the average of 28.5 L per 
cow day-1 in the United States (USDA, 2021). This fact demonstrates that despite having 
one of the largest milk production in the world, Brazil needs to improve the productivity 

https://doi.org/10.15159/AR.24.023
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of its herd, so that it can have high production with efficiency and profitability. For high 
milk production, good management practices and new confinement methods are being 
developed and improved, seeking greater comfort for the animals and better health 
conditions for the dairy herd, in order to reflect on quality and increased production. 

One of the confinement methods that present good results is the compost barn 
system. This system is made up of a cycle in which the producer plants the forage that 
will be fed to the animals, which in turn provide the crop with organic fertilizer from the 
composting of the bedding material for these cattle, thus providing savings and 
sustainability for dairy farming (Guesine et al., 2023). Milk producers in Brazil have 
been adopting compost confinement with the intention of increasing productivity, 
sanitary conditions, and nutritional quality of milk, due to the better conditions offered 
to the animals (Andrade et al., 2023; Nepomuceno et al., 2023). The environmental 
conditions, associated with a good management of the genetics nutrition and sanity are 
the key of a good confinement (Damasceno et al., 2019). 

In a compost barn confinement, the feeding area is separated from the bedding area, 
but with free access so that the animal can eat and drink water, without the bedding 
suffering from excess humidity from the drinking fountains, this way the bedding 
remains drier and with low compaction for a longer period, facilitating management and 
increasing animal well-being (Silva, 2018). 

The intensive compost barn confinement system, recently introduced in Brazil, has 
been widespread in the country and many producers are adopting the method. According 
to Silva (2018), compost barn was created in the mid-1980s in the United States, with its 
use beginning in Brazil just 32 years later, in 2012 (Brito, 2016). The compost barn 
structure differs from the free stall confinement system, as it does not consist of 
individual beds, but rather a single bed made up of organic and absorptive material such 
as wood shavings. It is also characteristic that waste is not removed, being kept for the 
formation of organic compost. 

The prices of chemical fertilizers, coming from mineral deposits with subsequent 
industrial processing, generate a large drain on financial resources from rural properties. 
Pereira (2017) demonstrated with the results of his research that the cost of chemical 
fertilizer was 32.1% higher than organic fertilizer. Therefore, alternative sources of 
fertilizer, mainly organic, have aroused the interest of both producers and researchers 
(Pereira, 2017). The Russian invasion of Ukraine in 2022 brought negative results for 
Brazilian agriculture, as part of the fertilizers used in Brazil come from Russia, such as 
urea, ammonium nitrate, potassium nitrate and monoammonium phosphate. Therefore, 
organic fertilizers are increasingly important for Brazilian agriculture, as they can 
replace partially or totally chemical fertilizers. Organic fertilizer, applied for several 
consecutive years, provides a residual effect for a long time, which causes stability in 
the availability of nutrients for crops, compared to mineral fertilizer (Santos, 2010). 

Organic residues can nourish plants in a balanced way, also providing better soil 
conditioning, making it, in the long term, less prone to the depleting effects of intensive 
cultivation (Skoufogianni et al., 2019). Being a system of increasing use today, some 
points must be tested, such as the effect of this fertilization, providing data for better 
development of dairy producers, making them more efficient and technological. 

The sunflower (Helianthus annuus) is an annual dicotyledonous plant, belonging 
to the order Asterales and family Asteraceae. The gender derives from the Greek helios, 
which means sun. It is a complex genus, comprising 49 species and 19 subspecies, of 
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which 12 are annual and 37 are perennial (Cavasin Junior, 2001). The sunflower 
industrialization sector in Brazil is mainly formed by a small number of medium and 
large agro-industries, located mainly in the States of Goiás, Paraná, Rio Grande do Sul 
and São Paulo. These agro-industries process sunflower in order to meet demands of the 
Brazilian population, mostly demands for oil for cooking (Hiolanda, 2018). 

The research problem is that the use of organic compost generated by compost barn 
is informally recommended in farming, however there is a deficiency in data and 
scientific tests that demonstrate the use of this fertilizer and its benefit for plants.Given 
the facts presented so far, this work aims to test different dosages of organic fertilizer 
obtained from the bed of a compost barn installation and their effects on the biophysical 
characteristics and productivity of sunflower. 
 

MATERIALS AND METHODS 
 
The compost used as organic fertilizer was obtained from a compost barn type dairy 

farm with one and a half years of bedding use and came from eucalyptus shavings. The 
place values animal well-being, using appropriate management to combine animal  
well-being with high productivity. The collection was carried out after the bed turning 
and aeration operation, in alternating points (zigzag), in a total of 10 points of 100 g each 
to ensure better representation of the material to be evaluated. The compound, when 
subjected to practical field tests, as recommended and described by Kiehl (2002), did not 
have an ammonia smell and, when touched, the temperature was not felt to be high, when 
squeezing the material in the palm of the hand there was no flow of water, demonstrating 
that the compound was suitable for use as organic fertilizer. After collection, it was dried 
in the shade with subsequent grinding to standardize the particles. 

The compost was collected at Fazenda Custodinho in the municipality of Perdões, 
Minas Gerais, Brazil, which is located at 21° 6' 25" S latitude and 45° 2' 9" W longitude. 
The climate classification is Cwa according to Köppen (Ometto, 1981; Alvares, 2013), 
with 20.4 °C being the mean temperature and average yearly precipitation of 1,455 mm, 
with 85% of this total concentrated from October to March according to the 
climatological normals of 1991–2020 (INMET, 2020). 

The shed has a total bed area of 800 m², with an average population of 65 lactating 
cows, which ingest a total of 45.5 kg of feed per day: 29 kg of corn silage, 13 kg of 
protein concentrate and 3.5 kg of alfalfa. They make an average daily productivity of 
32 litres of milk and an average daily production of 2,200 L. 

The compost obtained was subjected to chemical analysis in the soil fertility 
laboratory of the Federal University of Lavras, with the following elements being 
analysed: N, P, K, Ca, Mg, S, Mn, Zn, B, Cu and Fe. In the vegetation house on the 
UFLA Energy and Waste Platform (PLAER) next to the Centre for Studies on Oil Plants, 
Oils, Fats and Biodiesel (G-Óleo), sunflowers were planted in pots. This greenhouse is 
located at the Federal University of Lavras, Minas Gerais, Brazil, at an altitude of 919 m, 
21° 00' 14" S latitude and 45° 00' 00" W longitude and with a Cwa climate, with a cold 
and dry season from April to September and hot and humid season from October to 
March, according to the Köppen classification (Alvares, 2013; Ometo, 1981). 

The experiment was conducted from May to August 2020, in a greenhouse under 
irrigation, in soil classified as a typical Dystroferric Red Latosol (EMBRAPA, 1999). 
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The results of the chemical analysis of the soil used in the experimental pots are 
presented in Table 1 with the following analyses: pH in water, P (Mehlich I phosphorus), 
K (Mehlich I potassium), Ca (calcium), Mg (magnesium), Al (aluminum), H + AL 
(potential acidity), S.B. (sum of bases), t (effective CEC), T (CEC at pH 7.0), m 
(aluminum saturation), V (base saturation). 

The soil used in the experiment was mixed with sand in a proportion of ¾ soil  
and ¼ sand and then the doses of fertilizer were added and mixed, placed in pots with a 

42, 49, 56, 63, 70, 77 and 84 after sowing, being the last evaluation one day before grain 
harvest, always at the same time, at 7am. 

In the experiment, the characteristics evaluated were: plant height throughout the 
crop cycle, number of leaves, stem diameter and, at the crop cycle end, the weight of a 
thousand seeds was measured. The plant height and stem diameter parameters were 
determined using a tape measure and a digital calliper, respectively, while the number 
of leaves was measured by visual counting. The thousand-seed weight (TSW) was also 
measured, to carry out this evaluation the harvest was carried out on day 84 after sowing, 
considering that the plants were already in a condition to be harvested. TSW 
measurement was performed by visual counting, an important parameter in seed 
evaluation. The methodology used for the TSW was the same as that described in the 
Agrodefesa seed analysis manual (2021). 

The experimental design employed was the Completely Randomized Design 
(CRD) with four treatments (doses) and six replications, with each plot consisting of one 
plant per pot. Statistical analyses were carried out using the SISVAR® software 
(Ferreira, 2011). 

 
RESULTS AND DISCUSSION 

 
The results of the chemical analysis of the compost used in the experimental pots 

can be seen in Table 2. 
Analysing the chemical composition of the compost, there is a greater amount of 

nitrogen in relation to the other nutrients evaluated, possibly coming from the animals' 

volumetric capacity of 8 litres, 
equivalent to 9.06 kg of soil and 
2.96 kg of sand and a total of 
12.02 kg per pot. Four fertilizer 
dosage treatments were used, as 
follows: 

1. Control (no fertilization) 
2. 5 g organic compost per pot 

(equivalent to 1 t ha-1) 
3. 25 g organic compost per 

pot (equivalent to 5 t ha-1) 
4. 125 g organic compost per 

pot (equivalent to 25 t ha-1) 
The genetic material used for 

sowing the test plant were BRS 324 
cultivar sunflower seeds. 10 evaluations 
were carried out on days 21, 28, 35,  

 
Table 1. Chemical analysis of the soil used in the 
experiment implementation 

Attribute Measurement  
unit Value 

pH in water ph 6.5 
P (Mehlich I phosphorus) mg per dm3 8.99 

K (Mehlich I potassium) mg per dm3 180.72 
Ca (calcium) Cmolc per dm3 5.50 

Mg (magnesium) Cmolc per dm3 0.53 
Al (aluminum) Cmolc per dm3 0.10 
H + AL (potential acidity) Cmolc per dm3 1.82 
S.B. (sum of bases) Cmolc per dm3 6.54 
t (effective CEC) Cmolc per dm3 6.64 
T (CEC at ph 7,0) Cmolc per dm3 8.36 
m (aluminum saturation) % 1.51 
V (base saturation) % 78.27 
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urine, while it is poor in other elements. Commercial chemical fertilizers have higher 
percentages of nitrogen than the compost, as cited by Reetz (2017) ammonium sulphate 

diameter and thousand-seed weight (TSW) (Table 3). However, the plant height variable 
did not present statistical significance in the data, and therefore was not represented  
in tables and graphs. The 0.5 and 25 g treatments showed no statistical difference, while  

organic fertilizer in relation to the days after sowing. It is noted from the summary of the 
linear regression analysis (Fig. 1), that for the variable number of leaves, the pots that 
used the highest concentration of organic fertilizer (125 g) obtained a greater number of 
leaves. The behaviour of the number of leaves presented an increasing and linear pattern 
as the days passed after sowing, similar to the results found in research by de Freitas et 
al. (2021), which despite obtaining an average value of 16.83, higher than the present 
study, also obtained a linear increase in the number of leaves when applying organic 
fertilizer. 

It is possible to observe from the summary of the linear regression analysis (Fig. 2), 
that for the variable stem diameter, linear growth occurred despite the significant 
difference being only in the dose of 125 g of organic fertilizer, also obtaining a greater  
 
 

and urea have respectively 21% and 
46% nitrogen in their chemical 
compositions. Considering that the 
bed is changed every 12 to 18 months, 
it may be recommended adding other 
components to the bed-forming 
material, such as rock dust rich in 
phosphorus, potassium, calcium, 
magnesium and sulphur, which can be 
degraded together to the rest of the 
material, improving the composition 
of the compost. 

An analysis of variance was 
carried out for the response variables: 
plant height, number of leaves, stem 

 
Table 2. Chemical Analysis of the compost used in 
the implementation of the experiment 
Attribute Mass/Mass Percentage 
N 41.7 g kg-1 4.170 
P 8.7 g kg-1 0.870 
K 16.7 g kg-1 1.670 
Ca 11.7 g kg-1 1.170 
Mg 2.1 g kg-1 0.210 
S 1.6 g kg-1 0.160 
Mn 109.2 mg kg-1 0.011 
Zn 147.4 mg kg-1 0.014 
B 31.5 mg kg-1 0.003 
Cu 21.4 mg kg-1 0.002 
Fe 185.0 mg kg-1 0.018 
 

the 125 g treatment showed better 
results and statistical difference 
compared to the other fertilizer doses. 
In an experiment using corn as a test 
plant, Reina et al. (2010) obtained 
significant growth and productivity 
results with the use of cattle manure, 
up to a dose of 20 t ha-1, unlike the 
present study in which there was no 
significance in the doses used with 
values below 25 t ha-1. 

It is possible to observe the 
evaluation of the number of leaves 
depending on the different doses of 

 
Table 3. Average values for the variables number 
of leaves, stem diameter and thousand-seed 
weight (TSW) 

Variable of organic compost  
0 g 5 g 25 g 125 g 

Number  
of leaves 

13.89b 13.49b 14.23b 15.96a 

Stem 
diameter 

9.52b 9.59b 10.85b 12.15a 

TSW 19.46b 20.16b 23.07b 28.63a 
Values followed by the same lowercase letter in the line 
do not differ from each other according to the Tukey 
test at 5% probability. 
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stem diameter. The growth in stem diameter had an increasing and continuous pattern 
until the last day of analysis. In their studies, de Freitas et al. (2021) and Medeiros et al. 

consequently, a tendency towards lower plant production. In the research by Wanderley 
et al. (2018) the authors concluded that, when applying organic fertilizer to sunflower 
cultivation, seed production is favoured by the increased amounts of organic fertilizer in 
the soil. 

Among the four treatments, the doses of 0.1 and 5 t ha-1 did not show a significant 
difference between them. The dosage of 25 t ha-1 presented a difference from the others 
and obtained better results, indicating that the use of this organic compound is 
advantageous for the crop, as seen in Barros et al. (2019), in which there was the 
conclusion that the application of Organic fertilizer in the soil is beneficial for early 
sunflower growth. However, when calculating the nutrients individually for the dose 

(2020) observed, in a similar way to 
the present work, the linear growth 
of the diameter of the sunflower 
stem until 70 days after sowing, as 
the availability of nitrogen through 
organic sources increased. As for 
the average value of stem diameter 
obtained in the last data collection, 
at 84 days, the highest value obtained 
was 12.16 mm, corresponding to a 
dose of 125 g of fertilizer. This 
value did not present a large 
numerical difference when compared 
to the value found by Bezerra et al. 
(2014), which was 12.33 mm. 

It can be seen from the summary 
of the linear regression analysis 
(Fig. 3) for the thousand-seed 
weight variable, that the pots that 
received the highest concentration 
of fertilizer (125 g) obtained a 
higher TSW. The filling of the 
grains behaved in an exponentially 
increasing manner, with the highest 
value presented at the dose of 125 g. 
In terms of numbers, it is observed 
that the average thousand-seed 
weight on day 84, which was 
28.64 g, is lower than the average 
found for the same cultivar by 
Carvalho et al. (2011) in their work, 
which was 53 g. This difference may 
have occurred due to the planting 
method, which was in pots, which 
generates a smaller root volume and, 

 

 
 
Figure 1. Evaluation of the number of leaves 
according to different doses of organic fertilizer. 
 

 
 
Figure 2. Evaluation of the stem diameter according 
to different doses of organic fertilizer. 
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of 25 t ha-1, the quantities of nutrients suggest that it is necessary to reduce the amount 
applied, as in the case of nitrogen, which would be added at this dose, 1,042.5 kg ha-1, an 

to produce approximately 1,223.2 tons of dry organic compost over the course of 18 
months. Following the best research result, the property would have the capacity to 
fertilize an approximate area of 48.9 ha with a dose of 25 t ha-1. 

With the application of the best dose evaluated in the present work (25 t ha-1), the 
producer would be adding approximately 1,040 kg of nitrogen, 218 kg of phosphorus 
and 418 kg of potassium per hectare to the soil. If fertilization were carried out with 
commercial fertilizers, these values would be equivalent to 5.2 tons of ammonium 
sulphate, 3.8 tons of potassium chloride and 20.9 tons of simple super phosphate per 
hectare, doses that are economically unviable and agronomically excessive. Therefore, 
there is a need to carry out field tests with dosages lower than the best performance in 
this work, to define the most appropriate dose or range for application in the crop. 
 

CONCLUSIONS 
 
Organic fertilization using compost from compost barn confinement proved to be 

efficient, with best results at a dose equivalent to 25 t ha-1. This dose provided higher 
average values for number of leaves, stem diameter and thousand seed weight, 
respectively 15.9 leaves, 12.15 mm and 28.63 g. It was found, upon analysis of the data, 
that there was greater plant growth and greater grain filling with the increase in the 
fertilizer dose, proving the positive effects of using organic compost from a compost 
barn on the plant. 

Organic fertilization was effective, however, the dose to be applied to the crop 
needs to be calculated according to the need to avoid causing excess nutrients. 

The results of this research can provide great monetary savings for the producer as 
it generates a reduction in the purchase of chemical fertilizers, from an environmental 

excessively high dose. 
Ricardo (2016), in his research, 

mentions that a lactating cow with  
an average weight of 400 kg can 
produce 38 to 50 kg of faeces per day, 
of which between 28 and 32 kg are 
equivalent to faeces and the rest is 
made up of urine. Research by 
Campos (1997) shows that 87.3% of 
cattle manure corresponds to water, 
whereas Perissinotto (2005) mentions 
that he found in his research a water 
consumption of 37.3 L day-1 on cool 
days and 63.8 L day-1 on hotter days. 
Considering the data above and also 
the results of this work, the property 
from which the material for this work 
was collected, having a herd with an 
average of 65 cows, had the capacity  

 

 
 
Figure 3. Thousand-seed weight according to 
different doses of organic fertilizer. 
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point of view it generates fewer impacts due to the use of waste and improves soil 
biodiversity due to the addition of organic matter. 
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Abstract. Bioremediation by autochthonous microbial communities is currently considered the 
main and most environmentally secure way how to remove petroleum products from 
contaminated soils. To study the possibilities to control the processes of biodegradation of 
aviation kerosene by indigenous communities of the soil together with plants and in the presence 
of a cometabolite (glucose), a model experiment was carried out with concentrations of aviation 
fuel from 0 to 20%. Soil without the addition of petroleum products served as reference. The state 
of the microbial community was studied 1 and 21 days after the addition of the petroleum 
products. It has been established that the soil contamination with petroleum products within one 
day leads to quantitative and qualitative changes in the state of the microbial cenosis, and the 
phytotoxicity of the soil significantly increases. At low concentrations of the petroleum products 
(1%) the occurrence of microbiological processes in the soil slows down, and at high 
concentrations (20%) they intensify. It has been shown that an increase in the number of 
polysaccharide-synthesising bacteria increases not only the absolute amount of degraded 
petroleum products from 0.240 to 1.88 g kg-1, but also their relative share from 6.33%. Growing 
plants and adding easily accessible substrates to the soils contaminated with petroleum products 
ensures more active destruction of pollutants (by 63.6 and 45.5%, respectively) compared to the 
soils without phytocenosis and the addition of exogenous substrates. 
 
Key words: microbiocenosis, ecological and trophic groups, mineralization, humus, toxicity, 
pollution with petroleum products. 
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INTRODUCTION 
 

Pollution with crude oil and petroleum products poses a great danger to the normal 
functioning of the soils. It manifests itself in changes in their physicochemical properties, 
inhibition of the intensity of biological processes, a decrease in the solubility of most 
micro and macroelements, and a sharp increase in the ratio between carbon and nitrogen 
(Hawrot-Paw, 2020; Hu, 2020; Krainiukov et al., 2022; Haider & Ejaz, 2021). Oil 
pollution interferes with normal heat and gas exchange in the soil. At high doses the 
mechanical elements and structural aggregates of the soil are covered with an oil film, 
which isolates the nutrients from the root systems of the plants. The soil particles stick 
together, and with aging and partial oxidation of the oil components the latter thickens, 
and the soil layer turns into an asphalt-like mass, which becomes unsuitable for the plant 
growth. The soil structure deteriorates, the reaction of the soil solution shifts to the 
alkaline side, the total carbon content increases by 2–10 times, and the amount of 
hydrocarbons by 10–100 times (Haghsheno & Arabani, 2022). The total number and 
species diversity of the soil microorganisms undergo significant changes, and the 
composition of the dominant species changes (Shi et al., 2022; Zhuang et al., 2023). 
Thus, in unpolluted loess soil of Yan'an Province (China), the dominant genera of the 
soil microorganisms were Pantoea, Sphingomonas, Thiothrix and Nocardioides. After 
oil pollution the abundance of the representatives of the genera Pseudomonas, 
Pedobacter, Massilia, Nocardioides and Acinetobacter in the soil increased, while the 
abundance of Thiothrix, Sphingomonas and Gemmatimonas decreased significantly. It 
has been shown that a decrease in the richness and phylogenetic diversity of 
microorganisms in the oil-contaminated soils is associated with disruption of the 
nitrogen cycle, while the number of species and functional genes, involved in 
nitrification, has significantly decreased (van Dorst et al., 2014). 

Violation of the ecological purity of the soils leads to deterioration in the quality of 
the food products since soils are the main accumulators of organic pollutants (Xu et al., 
2018). Basic methodologies have been developed for cleaning the soils from the oil 
pollution. But the most modern method is a combination of two approaches: 
phytoremediation and bioaugmentation, which leads to rhizoremediation (Kuiper et al., 
2004; Sui et al., 2021). During rhizoremediation the plant exudates can help stimulate 
bacterial survival and action, which subsequently leads to more efficient degradation of 
the contaminants. The root system of plants can allow bacteria to spread through the soil 
and penetrate into the impervious layers of the soil. Inoculation of pollutant-degrading 
bacteria on the plant seeds can be an important additive to improve the phytoremediation 
or bioaugmentation efficiency. Evidence has been obtained that the autochthonous oil-
degrading bacteria are more efficient in soil bioremediation than a preparation, based on 
a microbial consortium, and are active even in soils, supersaturated with oil  
(Wu et al., 2020; Ali & Al-Awadhi, 2022). The autochthonous bacteria are widely used 
to decompose the waste, produced by the petroleum, agricultural, chemical and 
pharmaceutical industries, due to the low cost and ecological friendliness of this 
technology (Guerra et al., 2018; Xu et al., 2018). Microbial remediation technologies 
play an indispensable role in ensuring ecological safety when working with 
environments, contaminated with petroleum hydrocarbons, due to their low cost, 
positive effect, insignificant impact on the environment and the absence of secondary 
pollution (Dvořák et al., 2017). 



475 

The purpose of this work is to conduct research into the regularities of influence of 
increased concentrations of petroleum products upon microbial communities in the soils 
without plants, with phytocenosis and under conditions of introducing an easily 
accessible cometabolite, as well as the ability of native microbial communities to 
decompose introduced petroleum products. 
 

MATERIALS AND METHODS 
 

A model experiment was carried out using soil of the monitoring site of the National 
Scientific Centre of the Institute of Agriculture of the National Academy of Sciences, 
Ukraine in collaboration with the Ulbroka research centre of the Latvian University of 
Life Sciences and Technologies, Latvia. 

The 0–20 cm soil layer contained: humus 2.74%, easily hydrolysable nitrogen 
933 mg, mobile phosphorus 368 mg and mobile potassium 153 mg kg of soil, pH  
(KCl)-5.6. The fallow phytocenosis was formed as a result of spontaneous overgrowth 
over 28 years and is represented mainly by cereal grasses. The soil was sampled in 
autumn, and before the model experiment; its biological activity was restored by 
moistening and thermostating at 25 °C for 20 days. The oil products were introduced in 
concentrations from 0 to 20% in the form of an aqueous emulsion. The aviation fuel  
TS-1 was used as an oil product. 8 days before the introduction of the oil products into 
a part of the vegetation vessels, seeds of a cereal grass mixture were sown, and a day 
before, a sterile solution of glucose (1%) was added as a cometabolite. Soil without 
introduction of oil products served as the control. 

The state of the microbial community was studied 1 and 21 days after the 
introduction of the oil products. The number of microorganisms of the main ecological-
trophic, functional and systematic groups was estimated by the method of sowing the 
soil suspension on the appropriate nutrient media (Nannipieri et al., 2003). The 
indicators of the intensity of the mineralization processes, the probability of formation 
of bacterial colonies (FBC), the coefficient of the specific phosphate-dissolving activity, 
the total biological activity, and phytotoxic properties of the soil were determined as 
described earlier (Malynovska, 2019; Krainiukov et al., 2022). 

The residual amount of the oil products was determined by a modified method of 
extraction concentration of the oil products from soil with carbon tetrachloride, 
purification of the extract on a chromatographic column with aluminium oxide, followed 
by IR spectroscopy at a wavelength of 3.42 μm on a KM-2 concentrator. 

Statistical assessment of the data obtained for the reliability and error of the 
experiments was determined according to the generally accepted methodology (Welham 
et al., 2014; Bulgakov et al., 2022). To assess the significance of the differences, we 
calculated the error of the mean (Table 6) and the least significant difference (HCP05) 
between the results of the studies (Tables 1–5), which has a statistical reliability of 95%. 
It is used to assess the significance of the difference selective sample averages. When 
comparing two selected averages, the difference between them is equal to or greater than 
the HCP, such a difference is the significant difference, and any difference less than the 
HCP is the insignificant difference. 
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RESULTS AND DISCUSSION 
 

Incubation of soil, polluted with the oil products for 21 days, leads to significant 
changes in the number and physiological activity of the soil microorganisms, the results 
are shown in Tables 1–4. Thus, the number of ammonifiers one day after the introduction 
of oil products decreased at concentrations of the oil products of 5–20% (Table 2), and 
after 21 days their number decreases only at a concentration of oil products of 20% 
(Table 4). At concentrations less than 20% the petroleum products stimulate an increase 
in the number and physiological and biochemical activity of ammonifying 
microorganisms. The functioning of hydrocarbon-degrading bacteria is mainly 
dependent on hydrocarbon-degrading enzymes, whose expression and activity are 
closely related to the physiological activity of the bacteria (Mukherjee et al., 2017; Song 
et al., 2017). 

One day after the introduction of the petroleum products the number of 
oligonitrophils, nitrifiers, and prosaccharide-synthesizing bacteria decreases several 
times, compared to the reference (Tables 1 and 2). 
 
Table 1. The number of microorganisms of the carbon cycle in the soil 24 hours after the 
introduction of oil products, mln CFU * g–1 of absolutely dry soil 
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Control, without petroleum products 49.0 26.5 7.05 11.0 11.2 0.22 383.9 
1% oil products 76.8 68.5 5.16 9.98 16.9 0.22 710.2 
5% oil products 64.4 80.4 4.07 9.09 19.0 0.20 773.7 
10% oil products 58.9 73.3 4.14 11.0 15.2 0.21 557.9 
20% oil products 50.7 77.6 3.52 9.48 12.8 0.14 456.7 
Phytocenosis (control) 780.4 500.1 199.7 48.8 6.01 0.19 2,973.8 
Phytocenosis + 5% oil products 588.0 577.2 72.0 15.5 26.1 0.38 2,850.4 
Glucose (1%) + oil products (5%) 198.0 165.2 20.1 13.0 18.4 0.19 1,209.5 
НСР05 8.77 9.42 1.07 0.94 0.74 0.04  
Note: CFU * – colony forming unit. 
 

After 21 days the number of oligonitrophils exceeds the reference value at a 
concentration of the petroleum products of 1% by 3.74 times, 5% by 3.48, and 20% by 
1.69 times (Table 4). During 21 days of soil incubation the amount of immobilizers of 
mineral nitrogen also increases, and at the same time the inhibitory effect of high 
concentrations of platanum can be traced. The number of pedotrophs increases during 
incubation at a concentration of the petroleum products of 1% by 7.28 times, 5% by 7.98, 
10% by 9.49 and 20% by 6.43 times (Table 4). As for microorganisms of other 
ecological-trophic groups, the negative effect of high pollutant concentrations is 
manifested: the number of pedotrophs at a concentration of 20% is reduced by 13.2%, 
compared to the number of these microorganisms at 1% (Table 3). 
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Table 2. The number of microorganisms of the nitrogen and phosphorus cycle in soil 24 hours 
after the introduction of oil products, million KUO * g–1 of absolutely dry soil 
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Control, without petroleum products 90.4 63.3 54.3 6.67 52.0 1.09 9.88 1.03 
1% oil products 173.3 121.8 25.2 0.00 177.2 0.82 32.2 2.13 
5% oil products 115.0 216.5 55.6 0.00 180.4 0.77 22.8 5.44 
10% oil products 65.6 77.9 45.6 0.00 183.4 0.76 20.9 0.99 
20% oil products 40.0 74.9 36.7 0.00 140.2 0.44 10.1 0.09 
Phytocenosis (control) 230.2 698.9 255.1 0.00 188.1 0.67 25.8 39.8 
Phytocenosis + 5% oil products 498.5 488.8 165.9 3.13 197.8 1.44 187.1 28.5 
Glucose (1%) + oil products (5%) 190.3 250.6 140.5 5.67 177.0 0.90 23.9 5.75 
НСР05 10.8 10.2 7.84 0.06 10.9 0.04 4.17 0.54 
 

The number of polysaccharide-synthesizing bacteria during short-term pollution 
decreases by 36.6–100.3% compared to uncontaminated soil (Table 1), but after 21 days 
the opposite pattern is observed: the number of polysaccharide-synthesizing bacteria 
increases compared to the control at a concentration of the oil products of 1%–8.60 
times, 5%–9.33, 10%–34.3, and 20%–14.7 times (Table 3). 

 
Table 3. The number of microorganisms of the carbon cycle in the soil 21 days after the 
introduction of the oil products, mln. CFU* g-1 of absolutely dry soil 
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Control, without petroleum products 39.7 89.2 8.08 4.45 27.8 0.19 533.2 
1% oil products 289.1 255.6 69.5 26.3 15.0 0.04 1,490.3 
5% oil products 316.8 182.3 75.4 29.5 12.2 0.16 1,484.1 
10% oil products 376.9 180.8 277.4 52.5 13.0 0.15 1,880.9 
20% oil products 255.4 202.6 118.9 64.6 11.9 0.22 1,350.0 
Phytocenosis (control) 62.9 244.5 25.0 7.54 9.54 0.22 948.5 
Phytocenosis + 5% oil products 315.3 488.6 180.1 21.9 5.48 0.23 1,956.2 
Glucose (1%) + oil products (5%) 154.7 326.7 111.6 17.8 13.9 0.25 1,343.2 
НСР05 10.4 11.3 5.30 2.05 1.88 0.003  
Note: CFU* – a colony-forming unit. 
 

A possible reason for the decrease in phytotoxicity is the higher rate of destruction 
of the petroleum products by the more powerful microbial community of the rhizosphere 
soil (Table 6), namely, in the soil without a phytocenosis, 5.82% of the applied amount 
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of the petroleum products was destroyed, and in the soil with a dead phytocenosis-
9.23%. The high concentration of easily accessible organic substances in the rhizosphere 
as a result of the intravital release of the root exudates and the decay of the remains of 
the root system of dead plants is a pool of metabolites that can be cometabolites during 
the degradation of the petroleum products and toxins. 

Introduction of glucose into the soil also made it possible to form a 
microbiocenosis, which differs from the soil with 5% oil products in the number of 
microorganisms, namely, it contains more: mineral nitrogen immobilizers-by 25.9%, 
nitrifiers - 13.8, cellulolytics - 79.2, polysaccharide-synthesizing - 48.0, micromycetes - 
56.3, streptomycetes -13.2, mobilizers of organophosphates-by 18.8% (Tables 3 and 4). 
Thus the addition of glucose increases the number of microorganisms of both the carbon 
cycle and the nitrogen cycle. Addition of glucose also leads to a significant increase in 
the physiological and biochemical activity of the microorganism cells, mainly of the 
carbon cycle: pedotrophs, 2.18 times; cellulose-destroying - 3.94, micromycetes-1.63, 
organophosphate mobilizers - 4.95, polysaccharide-synthesizing - 1.24 times (Table 5). 

After 21 days, with an increase in the concentration of the petroleum products from 
1 to 10%, the number of ammonifiers increases by 73.8%, and their physiological and 
biochemical activity-by 69.5% (Tables 4, 5). In addition, at a concentration of the 
petroleum products of 1%, the ammonifiers are more numerous and active than in the 
reference soil, which is consistent with the literature data (Gamzaeva, 2021). Thus, 
during the incubation period, the ammonifiers overcame the state of stress at all studied 
concentrations of the petroleum products (except for 20%) and used them as a substrate 
for growth. 
 
Table 4. Nitrogen and phosphorus cycle microorganisms in dark gray podzol soil 21 days after 
petroleum product application, million CFU*/g absolutely dry soil 
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Control, without petroleum products 90.4 53.1 40.2 7.87 132.4 1.16 32.6 6.02 
1% oil products 172.3 301.2 150.2 1.05 165.3 0.55 22.5 24.4 
5% oil products 265.9 216.2 139.8 1.00 175.8 0.94 50.5 17.6 
10% oil products 299.4 323.5 99.4 0.00 180.4 0.96 60.5 16.0 
20% oil products 199.2 212.6 68.1 0.00 180.4 0.94 22.3 12.8 
Phytocenosis (control) 155.0 48.2 98.4 0.00 195.8 1.01 70.1 30.3 
Phytocenosis + 5% oil products 295.4 166.7 143.8 7.33 211.0 1.54 60.3 58.8 
Glucose (1%) + oil products (5%) 180.6 272.2 81.5 0.00 133.2 1.07 28.8 20.9 
НСР05 10.4 8.32 9.95 0.45 9.28 0.08 5.44 2.02 
 

Thus introduction of the oil products significantly affects the abundance of the soil 
microorganisms, especially carbon cycle microorganisms (the group of organophosphate 
mobilizers can be considered as related to both the phosphorus cycle and the carbon 
cycle). 
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After 21 days of incubation, nitrifiers continued to experience the toxic effect of 
the pollutant - their numbers were reduced by 20.8–110.9% compared to the control 
(Table 4). 

The persistent negative impact of the petroleum products upon the nitrifier cells 
may be associated with the creation of anaerobic conditions in the soil, and the nitrifiers 
belong to the group of obligate aerobes and feel a lack of oxygen, which is also 
manifested in a decrease in the physiological and biochemical activity of their cells by 
20.6–141.2% (Table 5). 
 
Table 5. Probability of formation of colonies of microorganisms (λ1, year-1 10-2) in soil 21 days 
after application of the oil products 
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Control, without  
petroleum products 

0.58 0.18 2.17 1.77 7.15 0.33 0.67 1.12 3.44 0.41 

1% oil products 2.39 0.50 5.18 1.99 4.95 0.37 0.93 0.26 4.15 0.22 
5% oil products 2.98 0.30 3.07 0.45 0.51 0.49 0.94 0.38 2.47 0.17 
10% oil products 4.05 2.11 1.99 0.88 4.11 0.44 1.11 1.88 1.86 0.30 
20% oil products 2.98 0.71 1.05 2.13 0.48 0.61 1.30 1.02 3.22 0.34 
Phytocenosis (control) 5.85 0.53 2.33 3.77 7.88 0.38 1.11 2.64 6.77 0.27 
Phytocenosis + 5% oil 
products 

6.07 2.01 0.99 2.00 5.16 0.62 0.52 2.92 6.58 0.30 

Glucose (1%) + oil 
products (5%) 

3.11 0.41 2.66 0.98 2.01 0.59 0.77 1.88 4.03 0.28 

НСР05 0.25 0.04 0.07 0.04 0.03 0.03 0.08 0.03 0.11 0.02 
 

The reason for the decrease in the number and physiological and biochemical 
activity of nitrifiers may also be their high sensitivity to water-soluble organic substances 
in the soil solution, the concentration of which increases significantly as a result of 
microbial degradation of the aviation kerosene molecules. The number of denitrifiers in 
the contaminated soil exceeds the number of these microorganisms in the reference soil 
by an average of 32%. The azotobacter, both in the first day after contamination and 
after 21 days, experiences strong inhibition by the petroleum products: it completely 
disappears in the contaminated soil within 24 hours, and appears in minimal quantities 
at low concentrations of the petroleum products after 21 days, which confirms the 
possibility of using it as a diagnostic group for oil pollution. 

Considering the fact that bacterial exopolysaccharides are able to emulsify 
molecules of hydrophobic pollutants and increase their availability for biodegradation 
(Krasowska & Sigler 2014; Varjani & Upasani 2017), it can be concluded that an 
increase in the number of polysaccharide-synthesizing microorganisms is an indicator of 
the intensification of the process of destruction of the petroleum products. The data from 
Table 6 indicate that, with an increase in the number of polysaccharide-synthesizing 
bacteria, not only the absolute amount of the degraded oil products increases from 0.240 
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to 1.88 mg, but also their relative share from 6.33% (at an initial concentration of oil 
products of 1%) to 9.64% (at an initial concentration of oil products of 20%). 
 
Table 6. Degradation of petroleum products by native microflora of the soil 21 days after 
application, g kg-1 

Variant The content of oil products in the soil, mg g–1 of soil 
0 days 21 days 

Control, without petroleum products 0 0 
1% oil products 3.79 ± 0.40 3.55 ± 0.41 
5% oil products 18.9 ± 1.78 17.8 ± 2.22 
10% oil products 40.0 ± 4.42 36.0 ± 4.11 
20% oil products 77.8 ± 8.42 71.3 ± 8.66 
Phytocenosis + 5% oil products 19.5 ± 2.02 17.7 ± 1.95 
Glucose (1%) + oil products (5%) 19.0 ± 2.03 17.4 ± 1.88 
 

An even closer relationship was revealed between the physiological and 
biochemical activity of cells of polysaccharide-synthesizing bacteria and the amount of 
degraded oil products (r = 0.631), with the proportion (%) of the degraded oil products, 
the correlation coefficient is 0.704. 

After 21 days of incubation of the polluted soil the direction and intensity of the 
mineralization processes in it change. The data of the Table 7 show that, if a day after 
pollution the mineralization coefficient of the nitrogen compounds increases with an 
increase in the concentration of the oil products, then after 21 days it decreases from 1.75 
(1% oil products) to 1.07 (20% oil products). Similar trends are observed for the 
pedotrophy index and the oligotrophy coefficient: one day after the introduction of the 
oil products, they increase with increasing pollutant concentration, after 21 days, on the 
contrary, they decrease from 1.68 to 1.28 (pedotrophy index) and from 0.872 to 0.342 
(the oligotrophy coefficient). The regularities of changes in the activity of humus 
mineralization were revealed to be the same in a day and 21 days: the activity increases 
by 63.8 and 180.8%, respectively, with an increase in the level of pollution (Table 7). 

After 21 days of incubation, the phytotoxicity of the polluted soil decreases: at a 
concentration of the oil products of 1%, by 9.02%; at a concentration of oil products of 
5%, the growth of the test plants appears, while one day after pollution the seeds of the 
test culture did not germinate in this variant of the experiment (Table 7). At higher 
concentrations of the pollutant (10 and 20%), the phytotoxicity of the soil remains so 
high that the seed germination process of the test culture is inhibited. 

Introduction of 5% oil products into vessels with a vegetative grass mixture led to 
death of the plants in three days; at the same time the remains of the dead phytocenosis 
made it possible to form a more powerful microbial cenosis than in the variant without 
plants. So the number of microorganisms in the variant with a dead phytocenosis  
exceeds the number of soil microorganisms without plants: azotobacter, by 7.3 times; 
polysaccharide-synthesizing, by 2.39 times; organophosphate mobilizers, by 3.34 times; 
ammonifiers by 11.1%, nitrifiers by 5.43, celluloselitics by 91.2% (Table 3, 4). The total 
biological activity of this soil has the maximum value among the studied variants; it 
exceeds the total activity of the soil without phytocenosis by 53% and the activity of the 
soil with the addition of glucose by 39.6%. 
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In this soil the processes of mineralization of the soil organic matter are 
significantly slowed down-by 12.3%, podsalization-by 8.23, nitrogen and humus 
mineralization-by 2.52 and 1.34 times, respectively (Table 7). The phytotoxicity of the 
soil after the death of the phytocenosis is significantly reduced-by 2.84 times, compared 
with the phytotoxicity of the soil without phytocenosis. 
 
Table 7. Indicators of the intensity of the mineralization processes and phytotoxicity of the soil 
21 days after the introduction of the oil products 

**– due to high toxicity, the seeds of the test crop did not germinate. 
 

The influx of glucose slows down assimilation of the soil organic matter by 38.8%, 
the activity of destruction of humic substances - 23.5, the process of soil podsalization 
by 16.6%, and accelerates the mineralization of nitrogen compounds by 85.7% (Table 7). 
Soil phytotoxicity decreases as a result of the introduction of an exogenous substrate by 
27.3%. Due to the higher activity of microorganisms in the variant with glucose the 
amount of the degraded oil products was by 45.5% higher, compared to the soil without 
cometabolite application (Table 6). 

 
CONCLUSIONS 

 
Short-term (24 hours) contamination of the soil with the petroleum products leads 

to a decrease in the number and physiological and biochemical activity of the 
microorganism cells of the most studied groups, a change in the direction and intensity 
of mineralization processes. Addition of glucose (1%) to the oil-contaminated soil leads 
to an increase in the number of carbon cycle microorganisms, an increase in the intensity 
of mineralization of organic matter and nitrogen compounds, and a 2.2 - fold slowdown 
in the humus destruction. 

On the 21st day of incubation of the contaminated soil at concentrations of the 
petroleum products from 1 to 10%, the number and physiological and biochemical 
activity of microorganisms of most of the studied groups exceeds those in the 
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Control, without petroleum products 0.439 0.445 0.587 11.2 514.1 1.35 14.5 
1% oil products 1.68 0.872 1.75 9.01 680.2 1.30 13.3 
5% oil products 1.19 0.526 0.813 9.31 712.5 1.12 3.26 
10% oil products 1.26 0.332 1.08 16.5 927.6 0.91 ** 

20% oil products 1.28 0342 1.07 25.3 741.3 0.96 ** 

Phytocenosis (control) 0.406 0.634 0.311 12.0 700.3 0.66 11.9 
Phytocenosis + 5% oil products 1.06 0.486 0.564 6.95 1,089.8 1.96 9.25 
Glucose (1%) + oil products (5%) 0.857 0.451 1.51 11.5 780.9 1.06 4.15 
НСР05 0.34 0.15 0.22 0.55 82.0 0.18 1.01 
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uncontaminated soil (reference). The total number of microorganisms exceeds the 
reference indicator at a concentration of the petroleum products of 1% by 2.79 times, 5% 
by 2.78 times, 10% by 3.53 times, and 20% by 2.53 times. 

An indicator of intensification of the process of destruction of the petroleum 
products is the number and physiological and biochemical activity of cells of the 
polysaccharide synthesizing bacteria, whose exoglycans increase the availability of 
pollutant molecules for biodegradation. There is a close correlation between the number 
of polysaccharide-synthesizing bacteria and the proportion (%) of the degraded 
petroleum products (r = 0.632). Between the physiological and biochemical activity of 
cells of the polysaccharide-synthesizing bacteria and the amount of degraded petroleum 
products, the correlation coefficient is r = 0.631, with the share (%) of the degraded 
petroleum products - 0.704. 

The cereal plants, producing root exudates, form a powerful microbial cenosis in 
their own rhizosphere, which has high biochemical activity, and destroys the petroleum 
product molecules more intensively than the soil microbiocenosis without phytocenosis. 
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Abstract. Investigation of a decrease in the viability of microorganism cells in the soil samples, 
stored for a long time in an air-dry state, has both theoretical and practical significance since in 
agrochemistry and the soil science it is a custom to store the soil samples for many years and 
decades, taking it as an axiom that the properties of these samples remain unchanged. To find out 
what are the patterns of survival of microorganisms of various ecological-trophic, functional and 
systematic groups, their viability was studied in samples of gray forest soil, stored for 32 months 
in an air-dry state. It has been shown that the number of microorganisms of most groups decreases 
by 42–94 times, the number of polysaccharides-synthesizing microorganisms decreases maximum- 
by 3,993–18,210 times, depending on the agricultural practices, used in a stationary experiment. 
the number of spores and cysts decreases. The microorganisms which have the least decrease in 
the number of colony-forming units of micromycetes and Azotobacter as groups that have forms 
of surviving unfavourable conditions during storage are spores and cysts. In addition, the 
physiological and biochemical activity of micromycetes decreases significantly, compared to 
their activity in the original (initial) fresh soil. During storage the number and share in the total 
number of melanin-synthesizing micromycetes sharply decreases from 65.8–94.6% to 2.48–5.17%. 
When storing soil in an air-dry state, the rate of decline in the number of microorganisms depends 
on the functional affiliation of the group and on agrotechnical techniques that were previously 
used in the stationary experiments: liming, application of mineral fertilizers, ploughing in the  
by-products of the predecessor crop in the crop rotation, and the biomass of the sideral crop. The 
organic matter, ploughed into the soil, promotes the survival of ammonifiers, mineral nitrogen 
immobilizers, Azotobacter and polysaccharide-synthesizing microorganisms. Ploughing in of crop 
by-products reduce the number and proportion of melanin-synthesizing micromycetes. 
Verification of the obtained data, using long-term stored soil samples, is not permissible since 
microbiological processes occur in the soil during which the soil microbiota consumes the  
macro- and microelements, present in it, organic and organomineral complexes, including humus. 
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INTRODUCTION 
 

Interest in the problem of long-term preservation of the viability of microorganisms 
in various substrates and under various conditions has both theoretical and practical 
interest, associated with the need to store soil samples for as long time as possible.  
Long-term storage of soils is an inevitable approach when samples are used for the 
future, chronological or ecological investigations (Funa et al., 2006). Archival soils are 
extremely valuable and indispensable samples for microbiological environmental 
studies, allowing reanalysis of the published data and direct comparison of 
investigations, using the newest technologies. 

There is reason to believe that microorganisms can maintain their viability for a 
long time, especially in frozen substrates, soils and ice. Reports have been published on 
the discovery of viable microorganisms that were in a state of anabiosis (suspended 
animation) for 13 thousand and even 1 million years (Kudriashova et al., 2013). 
However, remains little studied the question of maintaining the viability of 
microorganisms in the soil samples in an air-dry state. Although frozen storage (-80 °C) 
is widely accepted as the optimal method for preserving the chemical and biological 
components of soils, desiccation (i.e., air drying) is more often used for large–scale soil 
archives or multigenerational soil archives (Dolfing & Feng, 2015). Dried soils were 
often used for chemical composition analysis even after decades of storage. According 
to the authors (Wang et al., 2021), long-term (up to 8,192 hours) storage of soils in an 
air-dry state has a slight effect on the profile of the soil microbial community, laying the 
basis for the use of stored soils in the research of their microbial cenoses. Using the 
Illumina sequencing method, it was shown that both the prokaryotic and fungal 
communities did not change significantly during air drying and long-term storage. After 
341 days it was still possible to determine the nature of the effect of fertilizers on the 
structure of the microbial community. Studies on archival fertilized soils, stored for 
7 years, showed that they retained more than 90% of bacterial genera, which 
demonstrated different life strategies in relation to the desiccation stress. Nevertheless, 
long-term drying did not have a significant effect on bacterial diversity, community 
structure, and resistance levels (Hu et al., 2023). The impact of desiccation upon soil 
bacterial communities can be methodically mitigated by removing relict DNA. 

However, authors (Dolfing & Feng, 2015) caution in the case of archived soils that 
air drying as a preservation method disrupts bacterial and eukaryotic diversity in the 
samples; so, caution is required when conducting quantitative studies that examine 
microbial abundance. 

The multitude and composition of bacteria were studied in 24 soil samples, 
collected in the mainland of China in 1934–1939 and stored in the Soil Archive of the 
Institute of Soil Science of the Chinese Academy of Sciences, air-dried for more than 70 
years (Zhao et al., 2021). It was found that the soils still contained measurable amounts 
of 16S rRNA gene, ranging from 103 to 108 gene copies g–1 of the dry soil, which is 
significantly lower than that observed in fresh soils, typically containing 107–109 of 
bacterial cells g–1 soil. Among all identified taxa, Paenibacillus, Bacillales, Firmicutes, 
Alicyclobacillus, Brevibacillus, Actinobacteria demonstrated the greatest growth 
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activity (increase in the number of genes by more than 1,000 times) after soil rewetting. 
The total number of bacteria in the soils was 1.9·103–1.7 108 copies of the dry soil 
gene g–1 in dried soils and reached 2.6 103–4.1 108 copies of the dry soil gene g–1 after 
incubation with re–wetting. As a result of wetting the bacterial abundance increased 
significantly in 18 soils (P < 0.05) and remained unchanged in 5 soils. 

Studies (De Nobili et al. 2006) obtained a concentration of soil microbial biomass 
and its activity in soils that had previously been stored in an air-dry state for different 
periods (from 2 to 103 years) in the Rothamsted sample archive. Storage of air-dry soils 
reduced the ability of microbial biomass to restore ATP concentrations. For example, 
the concentration of ATP in soil taken from an uprooted (i.e., tree seedlings, saplings 
and shrubs, often cut to the ground level) pasture during the Rothamsted continuous 
wheat experiment and then air-dried for 2 years was only about 14% of the concentration 
in the fresh soil. In soils, archived since 1852, the ATP concentration levels (after 
rewetting) were 52%–57% of those in the fresh soils. From long-term stored soils there 
was released more than twice as much CO2–C than from the freshly sampled soils. 
Specific respiration of the microbial biomass did not change much after the first 12 years 
of storage. 

Thus, information about the amount and activity of the microbial component of 
soils, stored for different times, is rather contradictory. In addition to it, most of the 
information was obtained after rewetting the soils. Therefore, the investigations of 
microbial communities in the soils that were stored in an air-dry state and were not  
re-wetted are relevant from both the practical and the theoretical points of view. 

 
MATERIALS AND METHODS 

 
The research was carried out on soil samples collected in a stationary experiment 

at the Department of Agro-Soil Science and Soil Microbiology, NSC Institute of 
Agriculture, National Academy of Sciences. The soil of the experimental plot is gray 
forest coarse-silty-light loamy one, characterized by the agrochemical indicators: humus 
content - 1.44%; pHsol - 4.6; hydrolytic acidity - 3.6 mg eqv/100 g–1 of soil; exchangeable 
bases: calcium - 3.9 mg eqv/100 g–1; magnesium - 0.58 mg eqv/100 g–1 of soil; the 
degree of base saturation - 56%; the content of alkali hydrolysable nitrogen compounds 
7–9 mg; mobile phosphates - 13–25 mg, exchangeable potassium - 8–17 mg/100 g–1 of 
soil. Lime (limestone and dolomite flour) was applied in 1992, and again in 2005 in 1.0 
and 1.5 doses, according to the value of hydrolytic acidity (the full dose of 1.0 Ng was 
4.5–6.0 CaCO3 t ha–1), 1/7 dose-annually for each crop rotation culture and to neutralize 
the acidity of physiologically acidic mineral fertilizers. The sideral (green manure)  
crop-meadow clover. In 2013, in the studied variants, soybeans of the Ustya variety were 
grown, the predecessor being millet. The experiment was repeated 4 times, the area of 
the sowing plot was 60 m2 (10×6), the registration plot was 24 m2. 

The soil samples were stored in a special sample room on wooden shelves, in the 
light, in dense transparent plastic bags, not hermetically sealed, in an air-dry state for 32 
months. 

The number of microorganisms of the main ecological and trophic groups was 
assessed by sowing a soil suspension on appropriate general, special and selective 
nutrient media: ammonifiers that consume nitrogen on meat-peptone agar, mineral nitrogen 



487 

immobilizers on starch-ammonia agar, pedotrophs on soil agar (based on a soil extract 
of the same type of soil from the control variant), oligonitrophils - on starvation agar, 
cellulolytic microorganisms - on Czapek-Dox medium, autochthonous microorganisms - 
on nitrine starvation agar according to Winogradsky, Azotobacter - on Ashby's ordinary 
medium, streptomycetes - on starch ammonia agar, micromycetes - on Chapek's 
medium, mineral phosphate mobilizers - on Muromtsev's medium (Paul, 2015; 
Nkongolo & Narendrula-Kotha, 2020). 

The indicators of the intensity of mineralization processes and the physiological 
and biochemical activity of the microorganism cells, and the phytotoxic properties of the 
soil were determined in accordance with what was described previously (Malynovska et 
al., 2023). For a general assessment of the biological state of the soil indicators of the 
total biological activity (TBA) were calculated, using the method of relative values 
(Rusakova, 2013). The probability of colony formation reflects the physiological and 
biochemical activity of the microbial cells in the natural environment. 

To determine the metabolic activity of microorganisms directly in the soil, the 
method of analyzing the dynamics of the appearance of colonies was used, which makes 
it possible to simultaneously determine the number and composition of the complex of 
chemoorganoheterotrophic bacteria in soils (Philippot et al., 2012; Blagodatskaya & 
Kuzyakov, 2013). 

The study of the soil phytotoxicity took place as follows: the soil, which was stored 
for 32 months, was weighed by 60 g, placed in the Petri dishes, moistened to 60% of the 
full moisture capacity and 25 seeds of winter wheat were laid out on its surface, the Petri 
dishes were closed (3 for each variant of the experiment), they were placed in a 
thermostat for 3 days, where the seeds germinate, then the cups were opened and placed 
on a table, illuminated by a lamp for the plant growth. Every day, the seedlings were 
watered with the same amount of water since the surface of the Petri dish is large, and 
the depth of the soil layer is insignificant and drying occurs very quickly. After 7 days, 
the roots of the grown plants were thoroughly washed from the soil, excess moisture was 
removed with filter paper, and first the intact plants were weighed, then the roots were 
separated from the stems with a scalpel and weighed separately. 

The statistical processing of the results was carried out with the use of the statistical 
programmes Microsoft Excel and Statistica 10. 

 
RESULTS AND DISCUSSION 

 
Data on the number of microbial cells in the original fresh soil samples were 

published in the article (Malynovska et al., 2014). Storing the samples of the grey forest 
soil for 32 months in different variants leads to a decrease in the number of ammonifers 
without fertilisers (reference) by 68.1 times, with the application of mineral fertilisers - by 
71.5 times, with the application of mineral fertilisers against the background of 
ploughing the by-products of the previous crop in the crop rotation - by 50.5 times, with 
the application of mineral fertilisers against the background of ploughing the by-products 
of the previous crop in the crop rotation and liming - by 58.2 times (Table 1.). The data 
obtained indicate that in variants with ploughing of the by-products of a predecessor crop 
in the crop rotation, the rate of decline in the amount of ammonifiers is reduced, which 
indicates the protective effect of the exogenous organic matter. 
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Table 1. Influence of agricultural practices on the number of microorganisms in the gray forest 
soil after 32 months of storage in an air-dry state, 104 KUO*/ g–1 absolutely dry soil 
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Without fertilizers 
(reference) 

713.0 
+ 
50.1 

259.1 
+ 
22.3 

88.0 + 
9.11 

4.98 
+ 
0.51 

168.2 
+ 
18.2 

0.048 
+ 
0.004 

14.0 
+ 
1.01 

10.1 
+ 
0.97 

0.248 
+ 
0.020 

40.2 
+ 
3.55 1.

33
9.

1 

N30Р30К45 
1.075.0 
+ 
77.2 

242.6  
+ 
30.1 

80.6  
+ 
9.11 

2.17 
+ 
0.15 

328.8 
+ 
30.1 

0.038 
+ 
0.004 

13.9 
+ 
0.98 

13.8 
+ 
1.12 

0.713 
+ 
0.092 

31.0 
+ 
2.77 1.

86
4.

8 

N30Р30К45 Ciderate 
+ by-
product  

1.520.0 
+ 
78.3 

435.4 
+ 
40.3 

64.2 
+ 
6.99 

6.32 
+ 
0.61 

321.2 
+ 
30.3 

0.150 
+ 
0.010 

13.0 
+ 
2.07 

12.0 
+ 
1.15 

0.435 
+ 
0.088 

21.6 
+ 
2.03 2.

61
5.

9 

N30Р30К45 

+ CaCO3 
(1.0Hg) 

Ciderate 
+ by-
product 

1.705.0 
+ 
112.2 

277.0 
+ 
25.5 

92.5 
+ 
10.5 

11.9 
+ 
1.09 

328.0 
+ 
32.8 

0.298 
+ 
0.011 

10.5 
+ 
0.98 

20.6 
+ 
1.14 

0.689 
+ 
0.084 

20.5 
+ 
1.65 2.

56
8.

6 

Note: CFU* – a colony forming unit. 
 
Similar trends are revealed when analysing the decline in the number of mineral 

nitrogen immobilizers, which are followers of ammonifiers in the conversion cycle of 
the nitrogen compounds, and polysaccharide-synthesizing microorganisms. 
Consequently, the remains of the organic matter of the plants that were ploughed into 
the soil help maintain the number of bacteria of these three groups. Why the 
microorganisms of these groups are so closely related to the presence of exogenous 
organic matter in the soil, is not quite clear. If polysaccharide-forming microorganisms 
are more dependent on the C:N ratio in the soil, that is, excess carbon, then 
microorganisms of the first two groups-ammonifiers and immobilizers of mineral 
nitrogen-are closely related in their existence to vegetative plants and their root 
secretions. If we consider the role of the organic matter as a substrate, then the situation 
with polysaccharide–synthesizing microorganisms is completely understandable: their 
number in the options with ploughing of exogenous organic matter exceeds the number 
of these microorganisms in the options without exogenous organic matter (EOM) by  
3–6 times. But then it must be assumed that in the air-dry soil the processes of 
mineralization of the organic matter continue just like other microbiological processes. 
This is confirmed by the high physiological and biochemical activity of the microbial 
cells in the soil samples, stored for 32 months (Table 2). Thus, the physiological and 
biochemical activity of ammonifiers increased during storage by an average of 8.90%, 
mineral nitrogen immobilizers-by 20.9%. An explanation for this phenomenon may be 
the fact that finely dispersed substrates, such as the soil samples, due to the large total 
surface of the soil particles, absorb the water vapor from the air and thereby maintain 
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soil moisture acceptable for the life of microorganisms. This is confirmed by the 
moisture content of the soil samples after 32 months of storage; it is about 1.19%. From 
the obtained fact of maintaining a certain level of vital activity of microorganisms in the 
air-dry soil it follows that it is impossible to preserve the soil samples in an unchanged 
state for analysis, which has been practiced by agrochemists and soil scientists for many 
years (a comparison with the original (initial) samples). In the stored soil microbiological 
mineralization and synthetic processes slowly but almost constantly occur during which 
the macro and microelements, organic matter and humus are consumed, the content of 
which is the subject of study by the soil scientists. 

For microorganisms of the other groups different patterns are observed. Thus, the 
number of oligonitrophils in the soil of various variants decreases depending on the 
agrotechnical practices used-by 58.2–93.9 times, micromycetes-by 1.25–2.31 times 
(Table 1). 

The group that decreased the number of CFU to the least extent during storage were 
micromycetes. The reduction in their numbers is 1.68 times without fertilizers 
(reference), 1.62 times with the application of mineral fertilizers, 2.31 times with the 
application of mineral fertilizers against the background of ploughing the by-products of 
the predecessor crop in the crop rotation, with the application of mineral fertilizers 
against the background ploughing the by-products of the predecessor crop in the crop 
rotation and liming - 1.25 times (Table 1). 

It should be noted that there is a strong decrease in their physiological and 
biochemical activity. This is reflected in the fact that the fungal colonies appear on the 
agar medium only after 72 hours whereas, when sowing fresh soil samples, they appear 
after 28–30 hours. The probability of the formation of their colonies is reduced in 
comparison with the indicators of fresh soil in the following variants: without fertiliser 
(reference) - 25.0%, with the application of mineral fertiliser - 61.8, with the application 
of mineral fertiliser against the background of ploughing the by-products of the previous 
crop in the crop rotation - 65.2, with the application of mineral fertiliser against the 
background of ploughing the by-products of the previous crop in the crop rotation and 
liming - 14.4% (Table 2). A possible explanation for this could be the large size of fungal 
hyphae and their low resistance to the soil drying out. Most of the mycelium fragments 
most likely died during storage and colonies are formed only by spores, the germination 
time of which is 72 hours. 

When analysing the abundance of the melanin–synthesizing forms of fungi, the 
same patterns are revealed as in fresh soil samples: the reference (control) variant is 
characterized by the lowest abundance, and the variant with the application of mineral 
fertilizers is the largest. Many years of research, conducted by us, have shown that the 
synthesis of the melanoid pigments is a nonspecific reaction of fungi to the soil 
contamination with heavy metals, petroleum products, and other pollutants (Malynovska, 
2017). When studying the prevalence of the melanin-synthesizing micromycetes, one 
can consider not only their number but also the share in the total number of micromycetes 
in the soil of a particular experimental variant, since the total number of fungi is 
influenced by many factors: the presence of substrates, soil moisture and pH, the crop 
being grown, etc. The analysis showed that, as a result of long-term storage of the soil, 
the proportion of the melanin–synthesizing micromycetes in their total number sharply 
decreased. If in the initial soil the proportion of the melanin-synthesizing fungi was 88.8, 
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94.6, 78.0, and 65.8%, then after 32 months of storage the corresponding figures were 
2.48, 5.17, 3.63, and 3.34%. The reason of this may be the lack of pollutants entering the 
soil, which leads to a decrease in the competitive advantages of the melanin-synthesizing 
forms. Noteworthy is the persistence of the influence of the exogenous organic matter 
on the number and proportion of the melanin-synthesizing micromycetes-they are 
reduced, compared to the soil variants without addition of exogenous organic matter: the 
number of the melanin-synthesizing micromycetes is reduced by 63.9%, their share-by 
42.4%. The corresponding initial indicators for fresh soil were 4.34% and 27.5%. Thus, 
the organic substance of the plant origin has a high sorption capacity relative to various 
pollutants, and it protects the biota of the soil and plants from the negative effects of 
pollutants the indicator of which is the reduced content of the melanin-synthesizing fungi 
in the variants of the experiment with ploughing in by-products of the precursor in the 
crop rotation and the biomass of the cideral culture. The corresponding initial values for 
fresh soil were 4.34% and 27.5%. Consequently, the organic matter of the plant origin 
has a high sorbing capacity for a variety of pollutants and protects the soil and plant  
biota from the negative effects of pollutants, which is indicated by the reduced content 
of the melanin-synthesizing fungi in the experimental variants with ploughing in of the  
by-products of the predecessor in the crop rotation and the biomass of the green manure 
(ciderate) crop. 
 
Table 2. Probability of the formation of colonies of microorganisms (λ, year–1 10–2) in gray forest 
soil after 32 months of storage in an air-dry state 

 
Also noteworthy is the fact of the protective impact of exogenous organic matter 

upon microorganisms of various ecological and trophic groups: the organic matter 
promotes greater survival of microorganisms. So, the number of ammonifiers decreases 
in variants without the addition of the exogenous organic matter by 68.1–71.5 times, and 
with the addition of EOM-by 50.5–58.2 times (Table 1); similar indicators for the 
mineral nitrogen immobilizers were 70.1–82.9 times (without EOM) and 29.9–34.5 
times with the addition of EOM, Azotobacter - 2.40–2.45 times (without EOM) and  
1.47–1.87 times with the addition of EOM. 

Secondary metabolites such as exopolysaccharides are important for the survival 
of the soil bacteria under extreme conditions. They perform many important functions 
for the producer cells, one of which is increasing their viability under the drought 
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Without fertilizers (reference) 3.17 1.12 0.914 0.306 2.49 1.00 0.84 1.35 
N30Р30К45 2.46 1.28 0.973 0.553 2.36 1.05 1.02 1.77 
N30Р30К45 Ciderate +  

by-product 
2.17 1.36 1.25 0.492 4.19 1.58 1.58 1.06 

N30Р30К45 +  
CaCO3 (1.0 Hg) 

Ciderate +  
by-product 

3.13 1.29 0.613 0.154 3.42 1.28 2.16 3.14 

NSR 05 0.04 0.06 0.051 0.050 0.05 0.04 0.11 0.13 
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conditions since polysaccharides are hydrophilic and capable of retaining water in their 
matrix for a long time (Mulyukin et al., 2017). When cultivated on a dried sand matrix, 
bacteria produce more polysaccharides and fewer proteins than those growing with 
sufficient water. 

It is quite natural to expect a slower rate of decline in the number of the 
polysaccharide-synthesizing bacteria during long-term storage. However, this does not 
apply to all the representatives of this group but only to Azotobacter whose numbers are 
decreasing at the slowest rate among the studied groups of bacteria and fungi. And, on 
the contrary, the number of the polysaccharide-synthesizing bacteria decreased to the 
greatest extent over 32 months of storage the following variants: without fertilizers 
(reference) - 12.520.8 times, with the application of mineral fertilizers - 1.8210.3 times, 
with the application of mineral fertilizers against the background of ploughing in of the 
crop by-products-predecessor in the crop rotation - 6.093.3, with the application of 
mineral fertilizers against the background of ploughing in the by-products of the 
predecessor crop in the crop rotation and liming - 3.993.3 times (Table 1). A possible 
reason for the observed pattern may be that during the first storage period-up to 12 
months-the polysaccharides perform their protective function but later they are 
consumed by producer cells as a substrate under starvation conditions and the cells 
become more vulnerable and less competitive, compared to the cells which had not 
previously synthesized polysaccharides. It is also possible that the observed 
phenomenon is due to the ability of Azotobacter to form cysts that are 2 times more 
resistant to unfavourable conditions (including drying) than the vegetative cells (Funa et 
al., 2006). It should be noted that ploughing the by-products of the predecessor in the 
crop rotation greatly affects the number of the polysaccharide–synthesizing bacteria and 
the rate of decline in their numbers during storage of the soil samples: the organic matter 
increases the number of these micro It should be noted that ploughing the by-products 
of the predecessor in crop rotation greatly affects the number of polysaccharide-
synthesizing bacteria and the rate of decline in their numbers during storage of soil 
samples: organic matter increases the number of these microorganisms (by 32.1%) and 
reduces the rate of their death by 3.95 times organisms (by 32.1%) and reduces the rate 
of their death by 3.95 times. 

As mentioned above, the rate of decrease in the number of Azotobacter is one of 
the lowest among the studied groups of microorganisms in different variants: without 
fertilizers (reference) - 2.40 times, with the application of mineral fertilizers- 2.45 times, 
with the application of mineral fertilizers against the background of ploughing in the by-
products of the previous crop in the crop rotation - 1.47 times, with the application of 
mineral fertilizers against the background of ploughing in the by-products of the 
previous crop in the crop rotation and liming - 1.87 times (Table 1). This fact does not 
agree with the idea of Azotobacter as a culture with increased xero-sensitivity, obtained 
in experiments on the contact-convective dehydration, the conditions of which are close 
to the drying out of the bacteria in nature in contact with dry soil and air (Funa et al., 
2006). A possible reason for the observed contradictions may be a more gradual decrease 
in the soil moisture during storage and the possibility of formation of cysts by the 
Azotobacter cells during slow dehydration, while in the experiments (Funa et al., 2006), 
dehydration occurred at a faster pace and the cells did not have time to form cysts. 



492 

Groups the number of which decreases as a result of ploughing in of exogenous 
organic matter include streptomycetes and acid-forming microorganisms (Table 1). The 
rate of decline in the number of streptomycetes increases in variants with ploughing in 
of exogenous organic matter by 29.8%; for acid-forming bacteria this figure was 128.7%. 

The decline rates in the total number of microorganisms coincides in the first  
two options (72.1–73.0 times) and decreases under the influence of ploughing in EOM 
by 29.2%. 

Analysis of the survival of bacteria in the soil samples with different nitrogen 
concentrations (control (without fertilizers) and the variant with the application of 
mineral fertilizers) showed that the survival of the ammonifiers, mineral nitrogen 
immobilizers, oligonitrophils, pedotrophs, polysaccharide-synthesizing microorganisms 
and streptomycetes is reduced in the soil with the application of mineral fertilizers, 
compared with reference (control) soil on average by 15.6%. 

 
Table 3. Indicators of the intensity of the mineralization processes and accumulation of 
phytotoxic substances in the gray forest soil after 32 months of storage in an air-dry state 
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Without fertilizers (reference) 0.236 0.363 0.123 100.0 12.5 
N30Р30К45 0.306 0.226 0.075 106.4 12.7 
N30Р30К45 Ciderate + by-product 0.211 0.286 0.042 129.9 13.2 
N30Р30К45 +  
CaCO3 (1.0 Hg) 

Ciderate + by-product 0.192 0.279 0.054 135.2 13.5 

НСР05 0.011 0.005 0.010  0.10 
 
Neutralization of the soil solution against the background of the addition of the 

exogenous organic matter affects the survival of cells of different groups in different 
ways: it increases the rate of death of the ammonifiers, mineral nitrogen immobilizers, 
pedotrophs, and streptomycetes. And, conversely, it reduces the rate of death  
of the oligonitrophils, Azotobacter, polysaccharide-synthesizing and acid-forming 
microorganisms, micromycetes. During storage the toxicity of the soil samples increased 
by an average of 28.1%; however, these are preliminary data since the toxicity test is 
performed using the winter wheat seeds, and the germination of the seeds and the growth 
of the seedlings of the test culture are influenced by quite a lot of factors: the season of 
the year, the temperature in the room, the light intensity, etc. (Table 3). The first toxicity 
research was carried out in June 2013, and the second in March 2016; that is, according 
to the above indicators, these periods are very different. To substantiate the thesis about 
the increase in toxicity, it is necessary to conduct research also in June or July. The 
correlation between the soil toxicity of the studied variants remained the same: the most 
toxic is the reference (control) soil, then the variant with the addition of N30Р30К45, the 
least toxic is the soil of the variant with the application of mineral fertilizers, ploughing 
of EOM and liming. 
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The value of the soil toxicity inversely significantly (r = – 0.983) correlates with the 
value of the total biological activity, calculated by the method of relative values (Table 3). 
The soil of the reference (control) variant is characterized by the lowest biological 
activity, with the maximum activity (35.2% higher than the SBA of the soil of the control 
variant) is the soil with the application of mineral fertilizers, ploughing of EOM and 
liming. The application of mineral fertilizers allows one to maintain a greater (6.4%) 
SBA than in the soil without fertilizers; ploughing in the by-products of the predecessor 
in the crop rotation also allows one to maintain a greater (29.9%) biological activity. 

 
CONCLUSIONS 

 
When storing the soil for 32 months, the number of Azotobacter decreases to a 

minimal extent in the different variants: without fertilizers (reference) - 2.40 times, with 
the application of mineral fertilizers - 2.45 times, with the application of mineral 
fertilizers against the background of ploughing in the by-products of the predecessor 
crop in the crop rotation - 1.47 times, with the application of mineral fertilizers against 
the background of ploughing in the by-products of the predecessor crop in the crop 
rotation and liming - 1.87 times. A possible explanation for this may be the ability of 
Azotobacter to form cysts to survive unfavourable conditions. 

The number of polysaccharide-synthesising bacteria decreases the most during 32 
months of storage in the following variants: without fertilisers (reference) - 12.520.8 
times, with the application of mineral fertilisers - 18.210. 3 times, with the application 
of mineral fertilisers against the background of ploughing in the by-products of the 
previous crop in the crop rotation - 6.093.3 times, with the application of mineral 
fertilisers against the background of ploughing in the by-products of the previous crop 
in the crop rotation and liming - 3.993.3 times. 

The rate of decrease in the number of micromycetes is one of the lowest among the 
studied groups of microorganisms in the different variants: in the reference without 
fertiliser - 1.68 times, with the application of mineral fertiliser - 1.62 times, with the 
application of mineral fertiliser against the background of ploughing in the by-products 
of the previous crop in the crop rotation - 2.31 times, with the application of mineral 
fertiliser against the background of ploughing in the by-products of the previous crop in 
the crop rotation and liming - 1.25 times. The small decrease in the number is probably 
due to the presence of the forms of these microorganisms that survive unfavourable 
conditions - spores and conidia, and accompanied by a significant decrease in the 
physiological and biochemical activity of the cells. 

The organic matter of the plant origin, ploughed into the soil, has a protective effect 
against several studied groups of microorganisms and promotes the survival of 
ammonifiers, mineral nitrogen immobilizers, Azotobacter and the polysaccharide -
synthesizing microorganisms during the long-term soil storage in an air-dry state. 

It is not recommended to use long-term stored soil samples for analysis and 
comparison of the data with the original samples since the microbiological 
mineralization and synthetic processes are constantly taking place in the soil, during 
which macro and microelements, organic matter and humus are consumed, as a result of 
which the soil indicators change. 
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Abstract. Shock freezing affords reduction of freezing time, production of much smaller ice 
crystals that preserves the tissue structure and nutritional value of the product. The advantage of 
using ultrasonic bulk waves for monitoring the freezing process is the ability to trace the dynamics 
of changes in the properties of the meat tissue directly using ultrasound velocity, attenuation and 
the waveform shape. The purpose of the study was to create an experimental freezing system with 
follow up ultrasound propagation parameters in meat specimens during shock freezing. The 
samples were frozen by the electric pipe-freezing unit Frigo 2F-Zero of REMS with the 
temperature control by a calibrated thermocouple. Ultrasonic signals were recorded continuously 
by a custom-made ultrasonic setup in the through transmission mode using a pair of 2.5 MHz 
transducers mounted on a calliper-based probe. The following trends were observed during the 
freezing stages. Ultrasound velocity decreased in lean meat and increased in fatty meat with 
cooling at temperatures above zero. Rapid drop of ultrasonic signals at temperatures below zero 
associated with the beginning of the crystallization process and the presence of both liquid and 
crystal components. Ultrasonic signals increased as the samples were completely frozen and 
ultrasound velocity increased to values close to those in icy bodies. Differences in ultrasonic 
parameters on a time scale during freezing were revealed for lean and fatty meat samples 
demonstrating a possibility to investigate specific freezing regimes for different types of meat. 
 
Key words: meat products, shock freezing, ultrasonic testing. 
 

INTRODUCTION 
 

Shock freezing (SF) has become the most popular method of freezing meat 
products, possessing a range of advantages. The SF process is based on the principle of 
micro-crystallization. Rapid temperature reduction to -25 °C over 0.5–2.0 hours reduces 
the freezing time of the product by 3–5 times compared to traditional freezing (James et 
al., 2015; Zhang et al., 2018). In this case, smaller ice crystals are formed, helping to 
preserve the tissue structure inherent in fresh products and preventing the development 
of certain types of bacteria (Kiani & Sun, 2011  ̧Syamaladevi et al., 2012). The overall 
weight loss due to moisture evaporation during SF is 0.8%, significantly lower than in 
traditional slower technologies. These features ensure the preservation of the taste and 

https://doi.org/10.15159/AR.24.038
https://doi.org/10.15159/AR.24.038
https://www.google.com/maps/place/data=!4m2!3m1!1s0x46eece8b29b84a29:0x3895c976685d8bf6?sa=X&ved=2ahUKEwiqlveEy6GEAxUmLRAIHYmVBgwQ4kB6BAgPEAA
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nutritional value of the product (Petzold & Aguilera, 2009  ̧ Zhang et al., 2018) The 
processing time in SF depends on the initial temperature of the raw material, the 
thickness of the frozen batch of products, and the power of the freezing chamber. In 
some studies, (Kiani & Sun, 2011; Purnell et al., 2017), it is noted that SF can lead to 
cell wall ruptures due to the formation of large ice crystals. This is explained by the fact 
that rapid cooling (to -30 °C and below) creates a significant temperature difference 
between the external and internal surfaces of the cell, leading to cell rupture. Therefore, 
methods and tools that allow for the control of process parameters and the diagnosis of 
changes in products are crucial, contributing to improvements in freezing technology. In 
recent years, numerous studies have been conducted on combined SF methods, involving 
additional influences such as ultrasound (Zhang et al., 2018) and electromagnetic fields 
(Purnell et al., 2017; Mironovs et al., 2023). 

To understand the SF process and the possibility of its control, it is important to 
stabilize the temperature during periods of freezing and thawing. Equally important is 
the use of an effective and accessible means of monitoring changes in product properties 
in these processes. An urgent demand of customers for high-quality meat promotes 
automatic, real-time inspection and quality control in meat production. It stimulated 
development of objective, accurate and rapid non-destructive detection and evaluation 
techniques, including those based on artificial intelligence. The key technologies of non-
destructive detection for meat quality involve ultrasonic technology, machine 
(computer) vision technology, near-infrared spectroscopy technology, hyperspectral 
technology, Raman spectra technology, and electronic nose/tongue (Shi et al., 2021). 
Among the control methods, the following are known: bioelectric spectroscopy and low-
temperature microscopy (Martino & Zaritzky, 1988, Pliquett, 2010). It is of great interest 
to develop a fast and effective method for monitoring the freezing and thawing process, 
as well as changes occurring in products and materials. This is especially important when 
conducting research work. These parameters exhibit different characteristics in watery 
and fatty tissues (Egelandsdal et al., 2019). The temporal regimes of SF and the effects 
of external factors can also have varying impacts on meat depending on its fat content 
(Chen et al., 2017). 

Although ultrasound velocity and attenuation in meat demonstrate correlations with 
physicochemical properties such as lipid content and moisture (Jiménez et al., 2023), 
their behaviour during meat freezing is less studied.  Attempts to provide a scientific 
basis for ultrasonic assessment of meat freezing started decades ago comparing changes 
of ultrasound velocity with changes of temperature and calorimetric parameters (Miles 
& Cutting, 1974). Speed of sound or ultrasound velocity determined from time-of-flight 
measurements was used to measure progressive water crystallization during freezing of 
food (Sigfusson et al., 2004). Ice formation in plant tissues, particularly, xylem was 
assessed by ultrasound propagation velocity and attenuation measured with an ultrasonic 
emission analysis system that helped monitoring stress intensities and estimate 
physiological effects in situ (Charrier et al., 2014). Ultrasonic setup for monitoring 
thawing of food products operated at low kilohertz frequencies demonstrated significant 
delays of ultrasonic signals different for meat, fish and vegetables during thawing to a 
room temperature (Jha et al., 2023). 

The study aimed to develop an operational device for SF and instrumentation for 
assessing temporal and temperature parameters. Ultrasonic testing was introduced as a 
monitoring tool of volumetric properties of meat specimens during freezing, where 
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changes of ultrasonic waveforms and derived changes of ultrasound velocity and 
intensity of ultrasonic responses were used as quantitative indications of the process. To 
demonstrate sensitivity to freezing peculiarities in different meat species, lean and fatty 
pork specimens were chosen as the observation objects. 

 
MATERIALS AND METHODS 

 
The study was conducted in the Laboratory of Powder materials of the Biomedical 

Engineering and Nanotechnologies Institute of the Riga Technical University. The 
experimental setup is depicted in Fig. 1. The freezing was provided by a REMS Frigo 2 
F-Zero refrigeration system as the cold base with a low power consumption (generally 
not exceeding 500 watts) (REMS 131012 - Frigo 2 F-Zero Electric Pipe Freezing Set, 
2024). Freezing was conducted in a capsule, housing the sample and placed between two 
freezing claws. Plastic, glass, and aluminum capsules were employed in the study. For 
monitoring the freezing process, emitting and receiving ultrasonic transducers were 
attached to the sample. The refrigeration system utilized R-290 refrigerant, high-purity 
propane, classified as A3 refrigerant, cooling the freezing claws to -30 °C. Temperature 
was recorded using a thermocouple connected to a DT890C+ multimeter. As 
temperature decreased, the time at which each one-degree temperature change occurred 
was recorded using a C++ CLI software application developed for the experiment. 

The freezing of the material in the capsule was carried out until a temperature of -
25 °C was reached, with particular emphasis on reaching -18 °C. Considering the 
temperature difference between the surface and the centre of the sample, the 
thermocouple was placed in the middle at a depth of 10 mm. To investigate the SH 
process, it was also necessary to maintain a constant temperature at a certain level of 
freezing. In this regard, a circuit was used to turn off and turn on the supply of refrigerant 
to the system. 

 

  
 
Figure 1. Diagram (a) and general view (b) of the setup for studying SF process: 1 – REMS F-Zero 
refrigeration system; 2 – pipes with refrigerant; 3 – thermocouple; 4 – freezing claws; 
5 – multimeter; 6 – capsule with a meat sample inside; 7 – consoles with ultrasonic transducers; 
8 – digital calliper; 9 – ultrasonic measurement unit with display. 

 
Recording of ultrasonic signals during the cooling and freezing process was carried 

out in real time in the pitch-catch mode using a pair of ultrasonic transducers positioned 
opposite each other along the length of the meat specimen. A custom-made ultrasonic 
acquisition unit was used with the following specifications: a programmable waveform 
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140 V p-t-p for ultrasound excitation; input gain 40 dB; and 30 MHz 10-bit analogue-
to-digital converter for signals digitizing. Ultrasonic transducers applied Ø10×1 mm 
PZT disks as emitting and receiving piezoelectric elements. The excitation waveform 
was a two-period sine pulse at the carrier frequency 2.5 MHz under a half-period sine 
envelope. The acoustic base was measured by a modified digital calliper with a 
resolution of 0.01 mm, on the consoles of which the ultrasonic transducers were stiffly 
mounted. 

Fresh pork tissue meat in slightly chilled condition was obtained from a local 
butcher’s shop. To demonstrate differences in SF processes for lean and fatty tissues, the 
specimens were taken from different locations of the loin department of the pig carcass. 
The examined samples had a volume of about 40 cm3. Fat content in the lean samples 
was about 3–5% and, in the fatty samples, it was in the range 35–40%. Fat content was 
estimated from surface images of the samples applying image segmentation software, 
where fat and muscle tissue were separated by a RGB colour recognition algorithm. 

 
RESULTS AND DISCUSSION 

 
To evaluate SF process, the parameters such as freezing and thawing rates should 

be controlled. Three stages were identified during the freezing of water: (from +20 °C 
to -5 °C), the freezing rate was 0.25 °C min-1, (from -5 °C to -15 °C), the freezing rate 
was 1.0 °C min-1, (from -15 °C to -25 °C), the freezing rate was 3.0 °C min-1. During 
water freezing, inertial cooling phenomena were observed. At lower temperature levels 
(-5 °C), the inertia was insignificant, approximately 0.5–0.6 °C min-1. With further 
cooling, inertia increased, reaching 2–4 °C min-1. This phenomenon is attributed to the 
design of the cooling claws containing the refrigerant. 

 

 
 

Figure 2. Temperature-time graphs for SF process in water (a) and fatty meat sample (b) showing 
temperature stabilization control in the range from -15 °C to 20 °C. White circles denote moments 
of switching off refrigeration system, dark circles – switching on. 

 
Investigation of temperature effects with a feedback from ultrasonic monitoring 

were continued on lean and fatty pork meat samples. Transformations of ultrasonic 
signals in lean and fatty tissues during cooling and freezing are shown in Fig. 3. In the 
unfrozen state, when specimens were cooled to 0 °C, ultrasonic signals preserved its 
intact shape with a high signal-to-noise ratio and the prevalence of the main frequency 
component at 2.5 MHz in both types of meat. In the frozen state, the initial signals are 
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distorted in both tissues with decreased amplitudes and spectral shifts towards the 
prevalence of low frequency components. These changes are especially pronounced in 
fatty meat, where even the low frequency signal is highly distinguishable on the noise 
background (Fig. 3, b). This occurs due to the difference in the acoustic impedances 
between fat and ice components. 

 

 
 

Figure 3. Ultrasonic signals normalized by beak amplitude in lean (a) and fatty (b) pork meat 
specimens before freezing at +10 °C (upper graphs) and in frozen condition at -20 °C  
(lower graphs). 
 

Changes of ultrasonic signals during the processes of cooling and freezing of the 
meat samples are visually presented by time-temperature diagrams in Fig. 4. Five areas 
with characteristic features of ultrasound propagation can be distinguished in the 
correspondence to the stages of cooling and freezing (denoted as Stages I–V). Stage I, 
cooling of samples room temperature to temperature 0 °C is marked by strong and 
pronounced ultrasonic signals and intact waveform with no distortion during this period. 
 

 
 

Figure 4. Time-temperature diagrams of ultrasonic signals in lean (a) and fatty (b) pork meat 
samples during continuous cooling from +10 °C to -25 °C. Amplitudes of signals are normalized 
by peak amplitude and presented in color-coded scale. I–V are stages of cooling and freezing 
(explanation in text). 
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Slight shifts of the signals by time with the temperature decrease occurred due to the 
known temperature effects on ultrasound velocity in water and fat. In lean meat 
containing up to 70% of water, decrease of ultrasound velocity is the same as in water, 
while there are competing trends in fatty tissue, where stiffening of the fat component 
strives to increase the velocity. Stage II below 0 °C is a period, where the liquid phase is 
prevalent inside the tissues, but the appearance of ice nuclei lead to deflection of signals 
from the regular trends observed before. Stage III is the active crystallization process, 
where the liquid phase and ice crystals are in about equal proportion forming some kind 
of sludge. This stage is featured by a dramatic drop of the signals’ amplitude down to 
the noise level due to increased scattering of ultrasound on ice crystals caused by a large 
difference in acoustic impedances of water and ice. The signals are dispersed and 
parameters of ultrasound propagation are not measurable. Stage IV is the stage of further 
freezing to temperatures below -15 °C, when the ice component becomes to prevail. 
Ultrasonic signals again become notable, but shifted left by time due to the increase in 
velocity to values like in ice. Stage V is complete freezing to the monolithic state of the 
meat samples, where the steady trend of ultrasound velocity to increase with temperature 
corresponds to the same in ice. Ultrasonic signals are well detectable and the waveforms 
shapes are stable again. 

The temperature dependences of ultrasound velocity presented in Fig. 5 
quantitatively depicts the same five stages of cooling and freezing. Although ultrasound  

to measure ultrasound velocity. This temperature interval of the signal absence is more 
prolonged in fatty meat. The findings confirm the proposition that ultrasound velocity 
indirectly can indicate the propagation of ice front inside a meat specimen during freezing 
(Sigfusson et al., 2004). 

The signal intensity was found as another quantitative indication of freezing stages 
(Fig 6). The intensity reflecting changes in ultrasound attenuation is affected by the ratio 
between the tissue components - liquid, ice crystals and fat at all stages of freezing. A 
sharp drop in signal intensity was observed at III and IV stages when the mix of ice  
 

velocity differs in lean and fatty 
meat and has different slopes of 
the temperature dependence in 
the unfrozen state, its values are 
quite close comparing to those in 
the frozen state. Ultrasound 
velocity in frozen lean meat is 
close to that in ice, but 
ultrasound velocity in fatty meat 
is much lower due to fat content. 
A close effect was noted in 
Miles's early work without 
providing quantitative data 
(Miles & Cutting, 1974). Stage 
III is characterized by a fall of 
the signal amplitude to the level 
of noise that makes it impossible  

 

 
 

Figure 5.  Changes of ultrasound velocity C in lean (1) 
and fatty (2) pork meat specimens during continuous 
cooling from +10 °C to -25 °C. I–V – stages of cooling 
and freezing. 
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crystals and liquid phases inside the tissues were in an approximately equal proportion. 
The signals are stronger in lean tissue than in fatty one both in unfrozen and frozen states  

meat,where crystallization and/or solidification may take place in separated areas  
(David et al., 2021). 

 
CONCLUSIONS 

 
The overview of SF processes emphasizes the necessity of analyzing temporal and 

temperature parameters, particularly for conducting localized studies and SF in small 
volumes. An experimental SF system for materials and products has been developed, 
enabling SF in small volumes and localized research. Solutions have been proposed for 
stabilizing the SF product temperature within a specified range, with temperature 
fluctuations not exceeding 2–3 °C. 

The integration of ultrasonic monitoring holds promise for elucidating freezing 
processes in meat products with varying fat contents. In lean and fatty meat samples, 
discernible alterations in ultrasound propagation characteristics, including changes in 
ultrasound velocity, intensity of ultrasonic signals and waveform shapes were revealed. 
By leveraging the distinct ultrasonic properties of lean muscle and fat tissues, alongside 
the dynamic changes in tissue properties during freezing, this study unveils valuable 
insights into the freezing dynamics of meat. The observed trends in ultrasound 
propagation parameters, such as velocity and attenuation, provide a foundation for 
conducting nuanced assessments of SF processes and optimizing freezing regimes.  
Future studies will be aimed at investigation of influence of freezing regimes on different 
types of meat with different tissue composition moving from random observations to 
statistically based ones. 
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due to a higher ultrasound 
attenuation in fat. 

In general, our findings 
confirm statements of other 
authors (Jha et al., 202; Charrier 
et al., 2015) that different food 
products had different ultrasonic 
responses to freezing manifesting 
in ultrasonic waveforms, spectral 
composition, power and temporal 
parameters of ultrasonic signals. 
The peculiarities of the 
dimensional heat transfer and 
crystallization processes in meat, 
in contrast to pure water and 
aqueous tissues, appear in the 
presence of ‘mushy’ regions in  

 

 
 
Figure 6. Changes in the intensity of ultrasonic 
signals in lean (1) and fatty (2) pork meat specimens 
during continuous cooling from +10 °C to -25 °C.  
I–V – stages of cooling and freezing. 
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Abstract. Livestock sector generates significant environmental impacts despite its global 
economic importance. The current challenge is to find sustainable ways of boosting this sector, 
while mitigating the negative impacts of this activity. In Brazil, degraded pastures are common 
because of inadequate management, damaging the soil. Integrated livestock-forestry (ILF) systems 
combine forest species and pastures in the area, incorporating elements of sustainability. In this 
system, the tree species is related to the productivity of the pasture, as the shade generated by the 
canopy creates different light conditions, influencing the photosynthetic activity of the forage. 
The aim of this study was to evaluate the influence of the luminosity of the understory of an ILF 
system on the photosynthetic activity of the forage species Brachiaria brizantha in the Atlantic 
Forest region of Brazil. Transient chlorophyll a fluorescence and chlorophyll concentration were 
analysed in forage plants grown in consortium with Eucalyptus urograndis (Clone 1407), with 
spacing of 4m between trees and 24m between tree rows. Two treatments were established based 
on light conditions: the control treatment, corresponding to the condition with the highest light 
corresponded to the pasture row, and the treatment with the lowest light, corresponding to the 
area under the canopy. The results show that the low light supplied to the forage plant, during the 
experiment period, under eucalyptus canopies, promotes changes in the intensity of chlorophyll 
a fluorescence and chlorophyll concentration, indicating low efficiency of the electron transport 
chain and changes in leaf nitrogen content, due to a possible stress situation. 
 
Key words: cattle, forage, light stress, photosynthesis, silvopastoral system. 
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INTRODUCTION 
 
Livestock activity represents one of the oldest practices in the Brazilian economic 

scenario. This activity plays a crucial role in the global economy and is a catalyst for 
economic development, as it contributes significantly to the Gross Domestic Product 
(GDP) of different nations (Yitbarek, 2019). According to the US Department of 
Agriculture, global production in 2024 is expected to be equivalent to approximately 
59 million tons of beef, with Brazilian production increasing by 3% to a record 
10.8 million tons (USDA, 2023). 

Despite being essential to the country's economic sector, it is inextricably linked to 
environmental impacts. A distinctive feature of livestock in Brazil is grazing, which is 
the most practical and economical way of feeding cattle (Carvalho et al., 2017). Due to 
this practice, Brazil has extensive grazing areas, equivalent to approximately 159 million 
hectares, and it is estimated that about 50% of these areas have some degree of 
degradation (IBGE, 2017). 

Rangeland degradation results from the interaction of several factors, such as 
inadequate management, leading to soil erosion and the leaching and volatilization of 
nutrients without replacement (Peron & Evangelista, 2004). The search for sustainable 
approaches that mitigate the negative impacts associated with livestock farming, such as 
conservation practices, is therefore of great importance. 

Conservation practices consist of all the techniques used to increase resilience or 
reduce the forces of the erosion process, with the aim of preserving and conserving 
natural resources (Bertoni & Lombardi Neto, 2017). These practices include the 
integrated livestock-forestry system (ILF), in which trees can be used simultaneously 
with the establishment of pastures, creating a microclimate that increases thermal 
comfort for the animals (Gil et al., 2015; Pezzopane et al., 2019). 

The microclimate created by the introduction of the tree component into the system, 
affects not only the health of the animals, but also on the health of the pasture, since the 
shading created by the tree canopy affects the brightness available to the species growing 
under the canopy, influencing the morphophysiological aspects of the pastures (Paciullo 
et al., 2008). In tropical climates, a transmission of 65% of the photosynthetically active 
radiation, used for the process of photosynthesis can be considered as a threshold to 
produce tropical forage in integrated systems with trees (Paciullo et al., 2011). 
Silvopastoral systems with smaller spacings and higher tree densities have lower rates 
of photosynthetically active radiation on the leaf surface and leaf photosynthesis (Santos 
Neto et al., 2023). 

The presence of chlorophyll in leaf cells is fundamental for the efficient realisation 
of photosynthesis and chlorophyll loss is associated with environmental stresses  
(Zhao et al., 2016). The Soil Plant Analysis Development (SPAD) chlorophyll meter 
provides a rapid and non-destructive approach that enables users to measure relative 
chlorophyll concentration content in the field of leaves, this is especially important in 
determining nitrogen status (Yuan et al., 2016). The content of chlorophyll in the leaves 
is highly correlated with crude protein, the most studied characteristic in terms of the 
chemical composition and nutritional value of the pasture (Liu et al., 2017). 
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Brachiaria species are the most important forage plants on the pastures of Brazil. 
They have a high nutritional value and can meet the feed requirements of cattle raised in 
the tropics, as they are very drought-resistant, easy to propagate and adapted to the 
tropical climate of Brazil (Kono et al., 2022). 

Brachiaria brizantha, also known as Urochloa brizantha, is a tropical C4 grass 
classified as medium shade tolerant and known for its rapid growth potential. It plays an 
important role as a pasture worldwide, occupying large areas in tropical and subtropical 
regions, especially on soils with limited fertility (Martins et al., 2014). Although B. 
brizantha can adapt its photosynthetic behaviour in response to shade by lowering its 
light compensation points, its photosynthetic capacity can be reduced under permanent 
shade (Dias-Filho, 2002). 

In this context, the aim of this study is to evaluate the effects of brightness in the 
understory of an ILF system based on the photosynthetic activity of the species 
Brachiaria brizantha in an Atlantic Forest. This analysis will help to understand of the 
potential benefits of this sustainable approach that integrates environmental, economic, 
and social aspects in the management of Brazilian livestock production. 

 
MATERIALS AND METHODS 

 
The experiment was conducted at the Santa Mônica Experimental Field (CESM), 

which belongs to the Brazilian Dairy Cattle Research Corporation, located in the 
municipality of Valença in the state of Rio de Janeiro. The data was collected in May 
2023 at geographical coordinates 22°21'31"S and 43°41'42"W. The climate in the region 
was classified as Cwa according to the Köppen classification and is characterized by a 
dry winter and a rainy summer. The experimental area comprised 1 ha of a 4-year-old 
livestock-forest system in hilly topography, with gradients of up to 20% and an average 
altitude of 356 m. 

The soil of the areas was classified as Red Yellow Argisol of clayey texture (Santos 
et al., 2018). Average soil chemical properties in the area were: pH (water), 5.8; organic 
matter (OM), 2.91 dag kg−1; P(Mehlich 1), 7.05 mg dm–3; K(Mehlich 1), 123 mg dm–3; 
Ca, 2.0 cmolc dm–1; Mg, 1.72 cmolc dm–3; Al, 0.17 cmolc dm–3; H + Al, 3.80 cmolc dm-3. 

The climatological data were collected by the National Meteorological Institute 
(INMET) for the Valença-RJ weather station. The data obtained were then processed 
using EXCEL software and the average values for temperature (°C), relative humidity 
(%), precipitation (mm) and radiation (KJ m-2) were analysed (Fig. 1). 

The analyses were carried out in an integrated livestock-forest system area (ILF), 
with Brachiaria brizantha in combination with a 4-year-old clone of the hybrid 
Eucalyptus urophylla x E. grandis (Clone 1407). The trees were planted in contour lines 
and arranged in single rows 25 meters apart and 4 meters between trees, totalling 
100 trees per hectare. The average height of the trees during the study was 20 meters, 
and the area occupied by the forest component was 2.85 m² ha-1. 

The measurements were taken in the morning because, according to Santos Neto 
et al. (2023), the photosynthetically active radiation on the leaf surface has a 
significant difference in the silvopastoral system according to the time of day, where 
the highest rates are observed between 9 am and 12 pm. 
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Figure 1. Climatological data provided by the Valença-RJ weather station during measurements 
in May, collected by the National Meteorological Institute (INMET). 

 
The treatments were conducted under to two lighting conditions. The control 

treatment (T1) corresponded to the highest light intensity corresponded to the pasture 

fluorometer (Hansatech Instruments, King's Lynn, Norfolk, UK) was used for the 
measurements and the parameters were calculated according to the methodology 
proposed by Strasser & Strasser (1995) and Tsimilli-Michael & Strasser (2008). In 
addition, the data of the obtained parameters were subjected to analysis of variance 
(ANAVA) with Tukey at 5%, which was performed using the SISVAR® software. 
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rows. In contrast, the treatment in the 
tree row (T2) corresponded to the 
lowest light incidence, observed in 
the region under the canopy of the 
eucalyptus trees. The five points 
where the analyses were carried out 
were chosen at random, in such a 
way that for T1 it was the areas 
equidistant between the tree rows, 
and for T2 it was the areas equidistant 
between the trees (Fig. 2). 

To analyse transient fluorescence 
of chlorophyll a, 3 B. brizantha 
leaves were randomly selected from 
each point (totalling 15 repetitions 
for each treatment). The selected 
leaves were previously adapted to the 
absence of light for 30 minutes using 
a closed clip.A Handy PEA portable 

 

 
 
Figure 2. Delineation of the data collection points 
in relation to the eucalyptus (Eucalyptus urophylla 
x E. grandis) trees in the experimental area of the 
integrated livestock-forestry (ILF) system in 
Valença-RJ. 

Radiation (KJ m-2) 
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At the same time, the relative chlorophyll content was measured using a Soil Plant 
Analysis Development (SPAD) chlorophyll meter model Minolta SPAD-502, avoiding 
the central vein. The SPAD index was measured using the average of three readings on 
the most expanded leaves of B. brizantha chosen at random for each point (5 repetitions 
for each treatment). As with the chlorophyll a fluorescence parameters, the data obtained 
from the SPAD analysis were subjected to statistical analysis using Tuckey at 5%. 

 
RESULTS AND DISCUSSION 

 
Different light intensities usually trigger morphological and physiological changes 

in plants, whereby the degree of adaptation is determined by the characteristics of the 
respective species in interaction with its environment (Scalon et al., 2003; Kleinwächter 
& Selmar, 2015). In recent years, photoinhibition has been studied using various 
approaches, with chlorophyll fluorescence being the most used approach to better 
understand the photosynthetic process in plants (Murchie & Lawson, 2013). 

The data obtained by analysing the transient chlorophyll a fluorescence indicate 
that the reduction in light intensity of the understory caused by the shading induced by 
the eucalyptus trees caused significant changes in the electron transport chain of the 
B. brizantha forage, as shown in Fig. 3, for the forage grown in the tree rows. 

 

 
 
Figure 3. Transient chlorophyll a fluorescence parameters of brachiaria (B. brizantha) when 
cultivated in the pasture row and in the tree row in an integrated livestock-forestry (ILF) system 
in the Atlantic Forest region of Valença-RJ. 

 
The ratio between variable fluorescence and minimum fluorescence (Fv/Fo), which 

corresponds to the effective quantum yield of photochemical energy conversion, showed 
a lower rate in the treatment corresponding to the growth line compared to the 
normalized one, indicating a decreasing in the maximum efficiency of the photochemical 
process and a lower activity of photosystem II (PSII). 
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As for yields and flux ratios, the maximum primary photochemical quantum yield 
(φPo) was lower than the normalized level, as was the probability of a trapped exciton 
moving an electron in the electron transport chain after Quinone A (ᴪEo) and the 
quantum yield of electron transport from Quinone A (QA) to the electron acceptor 
intersystem (φEo), indicating a failure in PSII. 

The quantum yield of reduction of final photosystem I (PSI) electron acceptors per 
absorbed photon (φRo) and the efficiency with which an electron can move from the 
reduced intersystem electron acceptors to the final photosystem I (δRo) electron acceptors 
showed lower values than the control, demonstrating the power efficiency of electron 
transport between the two photosystems and, consequently lower success in the 
formation of NADPH, which impairs carbon fixation. 

Regarding the specific flow parameters or activities expressed per reaction centre, 
the energy transport starts with the absorption (ABS) of light by the antenna pigments 
of PSII and ends with the reduction of the final electron acceptors on the electron 
acceptor side of PSI (RE) (Yusuf et al., 2010). The absorbance flux per reaction centre 
(ABS/RC) in the T2 treatment was statistically different from the control with an 
increase of 15% (Table 1). Similarly, the energy dissipation per reaction centre (DIo/RC) 
which corresponds to the total excitation energy not absorbed by the reaction centre, was 
also 34% higher than in the control treatment. 

 
Table 1. Chlorophyll a fluorescence parameters analysed in brachiaria (B. brizantha) when 
cultivated in the pasture row and in the tree row in an integrated livestock-forestry (ILF) system 
in the Atlantic Forest region of Valença-RJ 
Treatment ABS/RC DI0/RC TR0/RC ET0/RC RE0/RC PIabs PItotal 
T1 2.749 b 0.593 b 2.157 b 1.163 a 0.506 a 1.550 a 1.192 a 
T2 3.249 a 0.900 a 2.349 a 1.141 a 0.449 b 0.758 b 0.491 b 
Equal letters in the same column do not differ statistically by Tukey's test at 5%. Values represent the 
average of n = 5. 

 
Environmental fluctuations lead to changes in the biochemical, morphological, and 

physiological characteristics of the plant, corresponding to its phenotypic plasticity, as a 
form of adaptation (Schlichting, 1986). The higher ABS/RC index of T2 could be related 
to a metabolic adaptation that causes an increase in the leaf area of the plant to intercept 
more light radiation to compensate for a stressful situation with less light than the species 
needs, a phenomenon known as hormesis (Vargas-Hernandez et al., 2017). Although T2 
showed greater absorption, it also showed greater dissipation, not conserving the energy 
obtained and affecting the reduction of PSI. The flow of energy absorbed by the reaction 
centre (TRo/RC) was also 8% higher when compared to the control. 

The flow of electron transport beyond QA per active reaction centre, represented by 
(ETo/RC) did not differ from the normalized value, while the specific flow of electrons 
capable of reducing the final electron acceptors in the electron acceptor portion of PSI 
per active reaction centre (REo/RC) remained 11% lower than the normalized value 
impaired NADPH production. 

In terms of performance indices, the total performance index (PIabs) associated 
with conservation of energy from the photons absorbed by the PSII to the reduction of 
the electron acceptors between the systems, T2 was 51% lower than normalization, 
confirming the low efficiency of PSII. Similarly, the performance index up to the last 
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electron acceptors of PSI (PItotal) was also 59% lower than in the pasture row treatment, 
indicating a complication in electron transport in the intersystem and showing that this 
species has little light available, which affects its growth and proper development. 

According to the SPAD index 
measurements (Fig. 4), treatment T1 
had a 23% higher chlorophyll content 
than treatment T2. The SPAD index 
helps to evaluate the nutritional status 
of the plants, as there is a positive 
correlation between the SPAD value 
and the nitrogen concentration in the 
leaves of the grasses (Zotarelli et al., 
2003). As shown by Costa et al. (2009), 
an increase in nitrogen concentration 
leads to a linear increase in chlorophyll 
production (SPAD index) in 
Brachiaria brizantha cultivars. 

For the period analysed, which 
has low temperature indices, significant 
variations in radiation and no 
precipitation, stress is visible between 
the eucalyptus trees, where the canopies 
create a permanent shade for the forage 
plants (Fig. 5). This confirms 
corroborating the idea that the current 
spacing between the trees leads to 
intense shading, which significantly 
reduces the availability of direct 
sunlight in the understory and creates 
an unfavourable environment for the 
growth and development of the 
understory. 

As also found by Santos et al. 
(2023), the ILF system significantly 
reduces photosynthetically active 
radiation (PAR) through tree density 
and consequently reduces forage 
production and dry matter yield, which 
is a disadvantage for a system whose 
main objective is livestock production. 
In a similar study carried out in a 
silvopastoral system composed of 
eucalyptus and Brachiaria brizantha, 
Santos et al. (2016) found that for every 
1% reduction in photosynthetically 
active radiation there was a 1.35% 
decrease in forage dry mass. 

 

 
 

Figure 4. Chlorophyll concentration of brachiaria 
(B. brizantha) when grown in the pasture row 
and in the tree row in an integrated livestock-
forestry (ILF) system in the Atlantic Forest 
region of Valença-RJ. 
 

 
 
Figure 5. Abiotic stress generated by shading in 
brachiaria forage plants of brachiaria (B. brizantha) 
when cultivated when cultivated in the tree row 
in an integrated livestock-forestry (ILF) system 
in the Atlantic Forest region of Valença-RJ. 
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CONCLUSIONS 
 

The physiological response of B. brizantha to shading by eucalyptus trees grown 
in an ILF system in a Brazilian Atlantic Forest was found to be less efficient. The lighting 
conditions under the eucalyptus canopies promoted significant changes in the intensity 
of chlorophyll a fluorescence, with a low efficiency in the electron transport chain, 
indicating a possible stress situation, during the experimental period. A reduction in 
chlorophyll content was also observed, indicating direct effects on the photosynthetic 
potential of the forage plant. 

These results indicate the crucial importance of light availability for photosynthetic 
performance and consequently for the growth and development of B. brizantha. The 
limitation of light due to the current spacing between eucalyptus trees used in cultivation 
may limit the biomass production of the forage and affect its quality and nutritional value 
as livestock feed. 

Consequently, there is a clear need to manage the forest component by thinning to 
increase the light transmission to the understory. This intervention is essential to 
optimise the environmental conditions and promote the healthy growth of B. brizantha, 
thus ensuring the sustainability and productivity of the ILF system. 

In addition, it is important to note that further studies are being carried out to 
analyse how the edaphic fauna and soil aggregation in this region interact with light 
conditions, affecting not only the photosynthetic performance of the vegetation, but also 
the overall quality of the ecosystem. Understanding these complex interactions is key to 
developing integrated management strategies that promote not only healthy forage 
growth, but also ecosystem health and resilience.  
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Abstract. Kvass, a non-alcoholic beverage derived from rye malt or special rye bread through 
natural fermentation, traditionally involves yeast in the production process. However, the 
introduction of various lactic acid bacteria (LAB) accelerates fermentation and imparts a 
distinctive taste and aroma to the kvass. This research aimed to optimize the ratios of LAB to 
baker’s yeast in kvass to enhance its fermentation, sensory qualities, and physicochemical 
properties, thereby improving its acidic flavour and overall acceptability. Baker's yeast and three 
commercial LAB strains were used for fermenting the kvass wort made of dried rye bread. The 
experimental design focused on four distinct inoculation ratios: 100% LAB, 50% LAB:50% 
yeast, 80% LAB:20% yeast, and 100% yeast. Key parameters such as pH, dry matter content, and 
titratable acidity were monitored over 12, 14, and 16 hours of fermentation, with a detailed 
sensory analysis conducted on the 80:20 LAB to yeast ratio kvass samples that were fermented 
for 14 hours and then cooled. It was found that varying the ratios of LAB and yeast significantly 
affected the fermentation process. Extended fermentation times, particularly with higher LAB 
ratios, led to more pronounced acidity and sensory characteristics. Optimal microbial balances, 
notably the 80% LAB to 20% yeast ratio, enhanced kvass's flavour profile and physicochemical 
properties, suggesting a tailored approach to fermentation can improve kvass's quality and 
consumer acceptance. These variations, alongside significant strain- and species-related 
differences, highlight the importance of microbial balance in enhancing kvass's acidic flavour and 
overall acceptability. 
 
Key words: sour kvass, lactic acid bacteria, non-alcoholic beverage, Saccharomyces cerevisiae. 
 

INTRODUCTION 
 

The popularity of traditionally fermented alcoholic and non-alcoholic beverages 
has varied across different historical periods. Kvass is a non-alcoholic drink traditionally 
produced in eastern European countries through the natural fermentation of rye malt or 
dried rye bread, typically involving yeast (Lidums et al., 2015). Since the 19th century, 
traditional sour kvass was a common beverage in Estonian farmsteads, produced by 
fermenting a mixture of bread and water, where often were involved various lactic acid 
bacteria, contributing to the unique taste and aroma variations found in different regions 
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of the country (Taari, 1940; Moora, 2007). However, with the emergence of Soviet 
Union influence, standardized kvass production using commercial yeasts became 
widespread throughout Estonia, leading to a decline in the popularity of homemade 
varieties (Jaagosild, 1967). In the 1990s, as borders opened to free trade, kvass faced 
tough competition from a numerous of new carbonated soft drinks, resulting in a sharp 
drop in consumption (Jargin, 2009). Currently, kvass is experiencing a renewed 
popularity, although the product offerings in the Baltic countries' markets still rely 
heavily on the standard recipes established during the Soviet era. On an industrial scale, 
kvass is mainly manufactured through the dilution of malt concentrate and is frequently 
marketed in a pasteurized form and contains a considerable amount of additives (Lidums 
et al., 2015; Gambuś et al., 2015). 

Naturally fermented kvass is produced through a traditional method that involves 
preparation of rye mash or soaking dried rye bread in hot water for several hours 
(Basinskiene at al., 2016). The liquid part is then separated from solids, and fermentation 
is initiated by adding sucrose and baker’s yeast Saccharomyces cerevisiae (Lidums & 
Kaklina, 2014). Studies have demonstrated that kvass can spontaneously contain a 
diverse array of lactic acid bacteria (LAB), originating possibly from the rye bread or 
additives like juniper berries or raisins, including Lactobacillus delbrueckii, 
Lactiplantibacillus plantarum, Lacticaseibacillus casei, Lacticaseibacillus paracasei, 
etc. (Albuquerque et al., 2013; Bati & Boyko, 2016; Wang et al., 2022). The  
lactic-ethanol fermentation process with bread yeast, which is halted prior to the ethanol 
concentration reaching 1.2% alcohol by volume (Lidums et al., 2015), contributes to the 
distinctive aroma profile of kvass. This results in a foaming beverage with a complex 
bitter-sweet flavour and a characteristic brown-yellow colour. Additionally, 
fermentation process enriches kvass with minerals, vitamins, and antioxidants (Gambuś 
et al., 2015). 

The quality of fermented kvass is greatly influenced by a range of factors, including 
the type of raw materials utilized, the starter microbes selected, and the specific 
conditions of the fermentation process. Recently, there has been growing interest in the 
incorporation of various raw materials (e.g. black chokeberry fruit, peppermint leaves 
and carob kibbles) and strains of LAB in the production of probiotic kvass, aiming to 
enhance its market potential (Polanowska et al., 2021; Wang et al., 2022; Kaszuba et al., 
2024). 

The aim of this study was to determine the optimal microbial ratios of LAB and 
baker’s yeast that improve the fermentation process, sensory appeal, and physicochemical 
properties of kvass. The focus was on refining its quality and acceptability by enriching 
it with an acidic flavour. 

 
MATERIALS AND METHODS 

 
The study was carried out in laboratories of Chair of Food Science and Technology 

in Estonian University of Life Sciences. 
 
Preparation of kvass 
The process of kvass preparation is described on Fig. 1. The basic process was 

adapted from previous studies by Lidums & Karklina (2014) and Dlusskaya at al. (2008) 
and tested and fine-tuned in bachelor thesis experiments by Taimalu (2022). 
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For the production of kvass the following materials were used: special dried rye 
bread, designated for kvass or beer production (‘Õlle-kaljateo leib’, JSC Lõuna Pagarid, 
Estonia), baker`s yeast Saccharomyces cerevisiae (Nordwise Biotech Ltd, Estonia), 

wort was transferred into ten class carboys. In each carboy a specific quantity of lactic 
acid bacterium culture, either alone or in combination with yeast, was added The total 
measure of the culture(s) in each carboy was maintained at 1 gram per 1 litre of liquid. 
The exact amounts and specifications of the added cultures can be found in Table 1. 

 
Table 1. Bacterial and yeast ratios per litre of kvass wort and corresponding sample designations 
LAB and yeast quantities per 1L of kvass wort Sample designation* 
L. helveticus 0.5 g L-1+ S. cerevisiae 0.5 g L-1 HP 50/50 
L. helveticus 0.8 g L-1 + S. cerevisiae 0.2 g L-1 HP 80/20 
L. helveticus 1 g L-1 HP 100 
L. plantarum 0.5 g L-1 + S. cerevisiae 0.5 g L-1 SP 50/50 
L. plantarum 0.8 g L-1 + S. cerevisiae 0.2 g L-1 SP 80/20 
L. plantarum1 g L-1 SP 100 
L. plantarum TAK59 0.5 g L-1+ S. cerevisiae 0.5 g L-1 NW 50/50 
L. plantarum TAK59 0.8 g L-1+ S. cerevisiae 0.2 g L-1 NW 80/20 
L. plantarum TAK59 1 g L-1 NW 100 
S. cerevisiae 1 g g L-1 Y100 
*abbreviations of LAB referring to brand or company names: HP – WildBrewTM Helveticus Pitch;  
SP – WildBrewTM Sour Pitch, and NW – Nordwise Biotech Ltd. 

 
Fermentation conditions 
Fermentation of kvass was conducted in a Panasonic MIR-154 incubator (Japan). 

The incubation temperatures were set according to the specifications provided by the 
manufacturer of LAB cultures. Kvass worts containing either L. plantarum strains  
(NW and SP, see Table 1) were fermented at 30 °C, while L. helveticus (HP) was 
incubated at 38 °C. Samples containing only baker’s yeast underwent fermentation at 
room temperature (22–24 °C). Fermentation lasted up to 16 hours. 

sugar (Nordic Sugar A/S, Denmark); 
and a selection of lactic acid bacteria 
comprising Lactobacillus plantarum 
TAK59 (Nordwise Biotech Ltd, 
Estonia), Lactobacillus plantarum 
Sour Pitch (WildBrewTM Sour Pitch, 
Lallemand S.A.S., France) and 
Lactobacillus helveticus Helveticus 
Pitch (WildBrewTM Helveticus Pitch, 
Lallemand S.A.S., France). 

First, the bread was cut into 
pieces and soaked in hot water 
(~90 °C) for approximately 6 hours, 
using a ratio of 10 litres per 1 kg of 
bread. Subsequently, the bread pieces 
were removed and sugar was added 
to the liquid fraction in a quantity of 
50 grams per 1 litre. Next, the kvass  

 

 
 

Figure 1. Scheme of kvass preparation. 
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Physicochemical analysis 
Samples were analysed at 12, 14, and 16 hours of fermentation. The parameters 

assessed were active acidity (pH) using a Mettler Toledo pH-meter (Switzerland), dry 
matter content quantified as degrees of Brix (°Bx) via Atago 1311 DR-A1-Plus Abbe 
digital refractometer (Japan), and total titratable acidity (TTA), indicative of the sample's 
total acid content, was measured in grams per litre of citric acid equivalent, using a 
Titroline 7000 titrator (SI Analytics, Germany). All analyses were conducted in triplicate 
to ensure reliability. 

 
Sensory analysis of kvass 
The sensory analysis of kvass was conducted to evaluate the organoleptic properties 

of three selected fermentation combinations, designated as NW 80/20, SP 80/20, and HP 
80/20. The choice of these combinations based on preliminary sensory analysis results 
from first two series of kvass wort fermentations (data not presented). The sensory 
evaluation involved three separate kvass batches (fermented for 14 hours and cooled to 
4 °C). The assessment was carried out by total of 34 randomly selected, untrained 
assessors, whose ages ranged from 20 to 70 years, employing a blind test methodology. 

The sensory analysis was carried out using a descriptive method, with 
modifications, based on the approach outlined by Abel & Andreson (2020). This method 
involved assigning scores in intensity on a linear scale from 0 to 10 for attributes such 
as aroma, acidity, taste, and aftertaste. Furthermore, the overall acceptability of the kvass 
was rated on a scale from 1 to 5, with 1 indicating 'dislike extremely' and 5 denoting 'like 
very much'. The average scores for each attribute were calculated for each three 
combinations of microbial cultures to ascertain their impact on kvass sensory profiles. 

 
Statistical analysis 
The data collected during the experiments were analysed using Microsoft Office 

Excel 2016. The statistical assessment of variations in the parameters across the samples 
was conducted through ANOVA (Analysis of Variance) and the Student's t-test.  
A P-value of less than 0.05 was indicative of statistical significance. 

 
RESULTS AND DISCUSSION 

 
Traditionally, kvass fermentation is completed within 9–10 hours (Lidums & 

Karklina, 2014); however, preliminary experiments suggested that in the presence of a 
high concentration of lactic acid bacteria an extended fermentation period would be 
beneficial, otherwise resulting in under-fermented kvass (Taimalu, 2022). This study, 
therefore, evaluated the physicochemical parameters (pH, TTA, and °Bx) at the 12th, 
14th, and 16th hours of fermentation to assess the impact of this extended duration. 

 
Physicochemical parameters 
pH: Initially, the kvass wort had a pH of 5.58 ± 0.13. During fermentation,  

the kvass samples exhibited notable variations in pH, depending on the batch, with  
standard deviations ranging from 0.02 to 0.58, as well as on which fermenting culture 
was used (Fig. 2). 



517 

 
 

Figure 2. Changes in mean pH values with standard deviation error bars for the kvass samples at 
12, 14, and 16 hours of fermentation. Means with different letters within the same group indicate 
statistically significant differences between the measurement times (p < 0.05). Sample 
designations are explained in Table 1. 

 
The samples containing only yeast (Y 100) maintained the highest pH levels across 

all kvass samples, with notable differences (P < 0.05). The decline in pH for Y 100 
samples was modest and not statistically significant (P > 0.05), with values at 
4.71 ± 0.03 at 12 hours, 4.67 ± 0.04 at 14 hours, and 4.59 ± 0.02 at 16 hours of 
fermentation. In contrast, the SP 50/50 samples showed the most significant pH 
reduction at each time point, with values decreasing from 3.88 ± 0.02 to 3.83 ± 0.03, and 
then to 3.79 ± 0.04 (P < 0.05). Among the samples inoculated with LAB, those with 
L. plantarum TAK59 (NW) exhibited the slowest decrease in pH, where the mean values 
with considerable fluctuation remained between 3.98 ± 0.50 and 4.19 ± 0.34 at the  
16-hour mark, depending on the sample type (NW 50/50, NW 80/20, or NW 100). This 
variation clearly highlights the strain-specific characteristics of L. plantarum TAK59, 
particularly when compared to SP samples inoculated with a different L. plantarum 
strain. Interestingly, already a study by Pepe et al. (2004), which examined L. plantarum 
strains isolated from sourdoughs, noted that the technological properties of dough are 
influenced more by the specific strain used rather than the species as a whole. 

A comparative analysis of mean pH values across all fermentation time points for 
samples with identical LAB and yeast ratios (50/50 or 80/20), revealed significant strain- 
and species-related differences (P < 0.05). NW samples consistently exhibited the 
highest mean pH levels (4.18 ± 0.26 to 4.27 ± 0.32), while SP samples had the lowest 
(3.62 ± 0.07 to 3.84 ± 0.05). Notably, among single-culture samples, the only pair that 
did not show a significant difference (P > 0.05) in mean pH levels was between HP 100 
and NW 100. 

TTA: The TTA values, indicative of the fermentation's progression and the acidity 
developed by microbial activity, were monitored alongside pH measurements. 
Throughout the fermentation period, starting from a baseline of 0.77 ± 0.14, the TTA 
levels increased in most samples, reflecting the accumulation of organic acids, primarily 
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lactic acid, produced by the LAB cultures (Fig. 3, a). This is consistent with the drop in 
pH values, which also indicates increasing acidity. 

In some previous research works (Kobelev, 2011; Landis et al., 2022), it was 
claimed that yeasts inhibit LAB function, which was manifested in lower acid production 

Samples with equal ratios of LAB and yeast showed no statistical difference (P > 0.05) 
between each other in their TTA values. Among samples inoculated with a single culture, 
HP 100 revealed statistically the lowest (P < 0.05) TTA values at each time-point 
compared to SP 100 and Y 100 samples. This finding is consistent with results presented 
by Basinskiene et al. (2016), highlighting the distinct contributions of different microbial 
agents to the fermentation process. 

The findings indicate that a balance of LAB and yeast might be preferable for a 
controlled fermentation process, as seen in the NW and HP samples with mixed cultures, 
where the changes in TTA and pH are more gradual and could potentially lead to a more 
balanced flavour profile in the final kvass product. This is supported by Lidums et al. 
(2015; 2017), who noted the role of over 20 compounds in kvass flavour development, 
influenced by both yeasts and bacteria. Basinskiene et al. (2016) also emphasize the 
significant impact of these fermentation parameters on kvass's flavour and acidity 
quality. The SP cultures could result in a sharper, more acidic kvass, while the HP and 
NW cultures, particularly in mixed ratios, might produce a kvass with a milder acidity 
and potentially more nuanced flavour profile. The progression of fermentation from 12 
to 16 hours shows different trajectories for each sample type, indicating that fermentation 

compared to samples fermented 
only by bacteria. In our experiment, 
such a strong dependency was not 
detected. 

The SP 80/20 samples 
exhibited the most pronounced 
increase in TTA at the 14th hour 
compared to the 12th hour time-point 
(P < 0.05), suggesting that the SP 
culture mix is more vigorous in acid 
production than the other cultures. 
This observation aligns with 
previous studies that have noted 
different bacteria strains produce 
varying amounts of acids (Kobelev, 
2011; Basinskiene et al., 2016; 
Lidums et al., 2017). The NW 80/20 
and Y 100 samples present an 
interesting case where the TTA 
actually decreases between the 12th 
and 16th hours, which might indicate 
a plateau in the fermentation 
process, possibly due to nutrient 
depletion or other metabolic factors 
that slow down acid production  
by these cultures (Landis et al., 2022). 

 

 
 

 
 

 
 
Figure 3. Dynamics in values of total titratable 
acid (TTA, a) and total soluble solids (°Bx, b) in 
kvass samples fermented for 12, 14 and 16 hours. 
Sample designations are explained in Table 1. 

a) 

b) 
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time can be optimized based on the desired acidity level and flavour profile, with some 
cultures reaching their optimal point earlier than others. 

Brix: The °Bx measurements, representing the soluble solids content, primarily 
sugars, offer insight into substrate utilization by fermenting cultures. Initially, all kvass 
samples began with similar °Bx values (7.53 ± 0.08), indicating a uniform wort 
composition. Notably, at the 12-hour fermentation point, SP 50/50 and HP 50/50 
samples exhibited the lowest °Bx values (5.54 ± 1.26 and 5.68 ± 0.80, respectively). As 
fermentation progressed, a decline in °Bx was statistically similar across all samples 
(P > 0.05), reflecting the consumption of sugars by yeast and LAB for metabolic 
activities, including the production of ethanol and lactic acid (Fig. 3, b). Conversely, 
HP 100 and NW 100 samples demonstrated an increase in °Bx values over time  
(from 6.88 ± 1.57 to 7.12 ± 1.03 and from 7.34 ± 0.91 to 7.42 ± 0.86, respectively), 
which could indicate the production of compounds that increase the refractive index of 
the solution. This phenomenon aligns partially with findings by Kobelev et al. (2011), 
who noted that the dry matter content in samples fermented solely by LAB remained 
nearly unchanged throughout the experiment. Thus, the distinctive rise in °Bx values in 
current study necessitates further research to uncover the underlying mechanisms. 

In contrast to cultures with different LAB to yeast ratios, SP 50/50 samples 
displayed notably lower °Bx values than SP 80/20 samples during the 12 to 16-hour 
fermentation period (P < 0.05). Meanwhile, Y 100 samples consistently exhibited a 
decrease in °Bx values, suggesting an active yet less acidic fermentation process when 
viewed in conjunction with pH and TTA data. 

 
Sensory analysis 
Based on the physicochemical parameters and preliminary sensory analysis, the  

14-hour fermented and cooled samples NW 80/20, SP 80/20, and HP 80/20 were  
chosen for detailed sensory evaluation. The sensory panel focused on assessing various  

significantly different (P < 0.05) from the HP 80/20 sample that had the most intense 
taste, although a subset of assessors noted a slight bitterness. The variation in sensory 

attributes of the kvass samples, 
including the intensity of aroma, 
acidity, taste, and aftertaste, as 
illustrated in Fig. 4. 

While the panellists rated the 
aroma and aftertaste of all three 
samples consistently, the perceived 
acidity varied significantly (P < 0.05) 
among the samples. The SP 80/20 
sample was noted for its pronounced 
acidity. In contrast, the NW 80/20 
sample was perceived to have the 
least acidity, with some consumers 
remarking on its similarity to 
commercially available, regular 
kvass. The latter also received the 
lowest taste ratings, being described 
as either tasteless or overly sweet and  

 

 
 

 
 
Figure 4. Evaluation of sensory properties of 
kvass samples. Sample designations are 
explained in Table 1. 
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experiences, notably with respect to acidity and taste, emphasizes the significance of 
microbial configurations in adapting kvass to suit a range of consumer tastes, pointing 
to the possibility of adjusting fermentation techniques to secure the sought-after sensory 
qualities. 

On a scale from 1 (dislike extremely) to 5 (like very much), the overall acceptability 
ratings for the kvass samples showed no statistically significant differences (P > 0.05). 
The NW 80/20 sample scored 2.9 ± 1.1, SP 80/20 rated at 3.1 ± 1.2, and HP 80/20 at 
3.3 ± 1.3. Notably, preferences varied significantly (P < 0.05) with assessors' age. 
Individuals aged 20–39 (n = 19) showed a preference for the acidic SP 80/20 sample, 
while those aged 40–70 (n = 15) showed higher acceptance towards the slightly bitter 
HP 80/20. This division may be due to the decline in the ability to detect bitter tastes 
with age (Barragán at al., 2018; Braun at al., 2022), leading older individuals to find the 
HP 80/20 kvass sample more palatable, while the NW 80/20 and SP 80/20 samples may 
appear less flavourful to them. 

 
CONCLUSIONS 

 
The study shed light on the complex processes involved in kvass fermentation, 

emphasizing the critical importance of the proportions and specific microbes on both the 
physicochemical and sensory characteristics of the drink. The key conclusions include: 

• The interaction between LAB and yeast, particularly with higher LAB ratios, 
significantly influences kvass's acidity and flavour complexity. This underscores the 
importance of achieving an optimal microbial balance, where elevated LAB levels can 
harness the full potential of fermentation to enrich the beverage's organoleptic qualities. 

• Extended fermentation times and specific microbial ratios, especially those 
favouring LAB, lead to notable variations in pH, TTA, and °Bx. These changes were 
directly correlated with the beverage's taste profile and overall quality, highlighting how 
increased LAB concentrations can contribute to a more desirable fermentation outcome. 

• Sensory evaluations indicated age-related differences in taste preferences, 
emphasizing the need for targeted formulation strategies to attract diverse consumer 
groups. 

• The distinct substrate utilization patterns of single versus mixed microbial 
cultures underscore the complexity of fermentation interactions and their consequential 
impact on kvass's characteristics. 

Investigating the impact of additional microbial strains and their combinations 
could further enhance the understanding of kvass fermentation, potentially leading to 
novel flavour profiles and improved health benefits. The research significantly advances 
understanding in kvass manufacturing by demonstrating how careful management of 
microbial cultures, especially by optimizing LAB proportions, can elevate the drink's 
quality and appeal to a broader audience. 
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Abstract. There are highlighted the results of research in order to determine the field and 
laboratory resistance of the winter wheat varieties in a competitive variety testing at the National 
Scientific Centre Institute of Agriculture of NAAS (2016–2020) against pests, and the level of 
their productivity is assessed. Among the studied varieties of winter wheat, varieties with 
complex resistance were found: to cereal aphids, wheat thrips powdery mildew and brown leaf 
rust - variety Efektna; to cereal aphids, wheat thrips and leaf rust - varieties Polisianka, 
Pyriatynka, Krasunia Poliska, Vodohrai, Kesariia Poliska, Myroliubna, Romanivna, Pamiati 
Hirka, and standard Lisova Pisnia St. When varieties were grown without the use of fungicides, 
insecticides and growth regulators, their yield varied over the years from 2.99 t ha–1 to  
10.71 t ha–1. The best varieties of soft winter wheat in terms of their productivity were identified 
in the northern Forest - Steppe zone, which are included in the State Register of the plant varieties, 
suitable for distribution in Ukraine - Kesariia Poliska (7.67 t ha–1), Pyriatynka (7.10 t ha–1), 
Myroliubna (7.08 t ha–1), Merezhka (6.77 t ha–1), Kraeivyd (6.71 t ha–1), Pamiati Hirka 
(6.61 t ha–1), Polisianka (6.51 t ha–1) and Efektna (6.36 t ha–1). Consequently, with proper 
selection of the winter wheat varieties, it is possible to significantly limit the harmfulness of pests 
and diseases, to reduce the amount of the used pesticides, to increase the grain productivity, and 
to improve its commercial and seed quality. 
 
Key words: allelic state of a gene, diseases, pests, productivity, resistant varieties, winter wheat. 
 

INTRODUCTION 
 

Wheat is the main food crop, which plays the leading role. As the demand for grain 
increases year on year, it is vital to increase its productivity (MAPU, 2022). 

https://doi.org/10.15159/AR.24.046
https://doi.org/10.15159/AR.24.046


524 

Stable specialization has developed in the world’s grain market: the grain 
production is concentrated mainly in the developed countries of the world, while the 
developing countries are often unable to solve their grain problems; in the countries 
where the population is such that they are not able to satisfy the domestic demand, using 
only their own potential, and grain is imported. 

The main consumers of the Ukrainian wheat are Asian countries (China, Israel, 
Thailand), North Africa (Egypt, Tunisia, Morocco), the EU (Spain, Netherlands, Italy). 

The Ukrainian agricultural market feeds not only Ukraine’s 40 million population, 
but also 190 countries around the world, while the trend towards increasing the 
production volumes remains. Ukraine has strong potential for the production growth, 
and there is dynamically growing demand in the world markets (Borukh, 2019). 

In 2023, 22.4 million tons of wheat were harvested in Ukraine. with an average 
yield of 4.76 t ha-1. This year's harvest exceeded the last year by 1,679 thousand tons 
(Superagronom, 2023). 

The main limiting factor for the implementation of the potential productivity of 
varieties and hybrids is the leading role, played by harmful organisms (pests and 
diseases). The losses of the yield due to them, on average, according to FAO data, 
amount to 34%. In the years of outbreaks of phytophagous reproduction and epiphytotic 
development of pathogens they reached 50%, or more. It is known that in Ukraine the 
incomplete annual crop yields because of the harmful pathogens and pests make  
12–14%, which is equal to the cost of the winter wheat grain from an area of 1 million 
hectares (Murashko et al., 2021; Murashko et al., 2022; Morgun et al., 2022). 

Analysis of the phytosanitary condition of agricultural crops in recent years 
indicates its catastrophic aggravation. This situation is largely due to the fact that the 
well - functioning plant protection system is disrupted and is mostly of episodic nature. 
This has also been caused by recent weather and climate changes. Intense climate 
warming in Ukraine has been clearly visible since 1988, and is more noticeable in the 
winter months. Temperatures increase uniformly during the summer months. Over 100 
years of meteorological observations, the warmest was the last decade, when the average 
annual air temperature exceeded the annual norm by 0.8 to 2.1 °C. The average annual 
air temperature in the Forest - Steppe has increased by 0.7 °C over the past 15 years. 
Based on agricultural monitoring, indicators of the numbers and distribution of pests and 
diseases affecting agricultural crops have consistently increased year on year (Kalenska 
et al., 2019; Kovalyshina et al., 2020; Murashko et al., 2022). 

To reduce losses of the crop and to increase gross grain yields, varieties with complex 
resistance against pests should be more intensively introduced into production (Trybel, 
2004). 

Selection for complex resistance of varieties to pests is one of the most promising, 
environmentally safe and economically profitable ways to improve integrated systems for 
the protection of field crops (Mukha et al., 2020). To date the share of the variety in the 
growth of wheat ranges from30 to 70%. Introduction into production of varieties with group 
resistance against diseases is equivalent to an increase in the sown areas by15–20% 
(Mukha et al., 2020). With a complete transition to the use of pest - resistant varieties of 
the grain crops, the increase in the yield will correspond to an increase in the sown areas 
by 20–25%. 
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Therefore, selection for the immunity of agricultural plants to harmful organisms 
should become the basis of integrated plant protection (Fedorenko, 2014). This will 
significantly facilitate the technology of growing the grain crops by avoiding additional 
costs for the plant protection products, increasing their productivity by 0.7–1.0 t ha-1, 
and will improve the commercial quality of grain. Contemporary varieties of the 
intensive type are characterized by increased productivity and high quality, but often they 
do not have field resistance to diseases, which leads to the accumulation of pathogens in 
agrobiocenoses, and with prolonged use of one variety for more than 7 years, the racial 
composition of pathogens and their virulence changes, i.e., the level of their resistance. 
Therefore, in addition to breeding varieties with complex resistance, one should also 
monitor their impact on the state of pest populations and promptly carry out variety 
replacement. In addition, the process of selection for resistance must be continuous, and 
the duration of using a resistant variety and its cultivation must be comprehensively 
justified (Retman, 2013). The creation and introduction into production of the winter 
wheat varieties with complex resistance against diseases and pests, high productivity at 
the present stage and in the future will be of great relevance and significance. 

The purpose of research to identify the winter wheat varieties that are resistant to 
the most common and dangerous types of pests and pathogens and evaluate their 
productivity in the northern Forest - Steppe zone of Ukraine. 
 

MATERIALS AND METHODS 
 

An assessment of the field resistance of 17 varieties of winter wheat to pests and 
diseases was made in 2016–2020 in the zone of the northern Forest - Steppe of Ukraine, 
at the competitive variety testing department of the selection and seed production of the 
grain crops by the department of plant protection from pests and diseases of the NSC 
‘Institute of Agriculture’ in Kyiv Region in partnership with the Latvia University of 
Life Sciences and Technologies. The originator of the varieties Kraeivyd, Pamiati Hirka, 
Kesariia Poliska, Romanivna, Myroliubna, Vodohrai, Spivanka Poliska, Prestyzhna, 
Rusiava, Krasunia Poliska, Mokosha, Pyriatynka, Efektna NSC is the ‘Institute of 
Agriculture of NAAN’; Namysto, Polisianka, Merezhka NSC ‘Institute of Agriculture 
NAAS’ and Cherkassy State Agricultural Academy NSC ‘Institute of Agriculture NAAS’. 

The varieties were sown on typical chernozems in 2016, 2017, 2019, 2020 and in 
gray podzolized soil - in 2018. The area of the accounting plot is 10 m2, quadruple 
repetition. Soil cultivation included disking, ploughing, followed by cultivation. The 
fertilization system and crop care were at the level of energy - saving and resource - saving 
technologies. In particular, 30 kg ha–1 nitrogen, 30 kg ha–1 phosphorus and 30 kg ha–1 
potassium were added for the main treatment, and 30 kg ha–1 nitrogen for spring feeding 
of crops. Sowing was carried out during the period (September 25 – October 7) with 
mandatory pre- sowing treatment against diseases with Vitavax 200 FF. The productivity, 
resistance and disease susceptibility were assessed using the winter wheat standard 
Lisova Pisnia St. Accounts and observations of the complex of harmful organisms made 
according to generally accepted methods of entomological and phytopathological 
research: visual inspection of the accounting plots - a method of collecting the plant 
samples (Mukha et al., 2020). Determination of the varietal resistance against diseases 
and damage by the dominant species of winter wheat phytophages was performed 
according to methods, indicated in the manual (Trybel et al., 2010; Kovalishyna, 2014). 



526 

The statistical processing of the data obtained was carried out in accordance with the 
methodology used in previous studies (Topchyi, 2009; Trybel et al., 2010). 

In addition to the field studies, PCR analysis was performed under laboratory 
conditions, using GenPak® PCR Core kits according to the recommendations. The 
results of the PCR analysis were visualized by electrophoresis in a 2.0–2.5% agarose gel 
with 1 × TBE buffer and staining with ethidium bromide TM. The markers of the molecular 
mass were GeneRuler 50 bp DNA Ladder ready - to - use (the Fermentas company). 
 

RESULTS AND DISCUSSION 
 

One of the ways how to enhance the biological factor in the plant protection systems 
is the selection and use of varieties that exhibit resistance to the most common and 
dangerous types of harmful organisms. Application of resistant varieties is the most  
cost-efficient and radical means of controlling most diseases and pests of winter wheat. 
The advantages of using resistant varieties are obvious. 

Under field conditions the soft winter wheat varieties were assessed for resistance 
against the main phytophages (cereal aphids and wheat thrips) and pathogens (powdery 
mildew and leaf rust). 

Differentiation of the winter wheat varieties, based on the presence and number of 
phytophages on plants, was carried out in the milky ripeness phase when the number 
reaches its maximum. Field assessment of the resistance of varieties against cereal aphids 
and wheat thrips occurs through antixenosis (avoidance of plants by phytophages when 
trying to use them for nutrition or laying eggs) and elimination (divergence of vulnerable 
phases of crop development from the harmful phase of the phytophage); antixenosis can 
be partially overcome (Topchyi, 2014; Kyrychenko et al., 2021). 

The most numerous and harmful species in Ukraine that damage the above - ground 
organs of winter wheat are the large cereal aphid (Sitobion avenae F.), the common 
cereal aphid (Schizaphis graminum Rond.) and the bird cherry - cereal aphid 
(Rhopalosiphum padi L.) from the aphid family. At the beginning of the growing season 
aphids feed and reproduce on the leaves; later winged female migrants fly from the 
leaves of cereals to the ears in the flowering - filling phases of the grains, where they can 
form numerous colonies. Mass reproduction of aphids in the milky ripeness phase leads 
mainly to stunting and a decrease in the grain weight, as a result of which the crop 
productivity actually decreases by 5–10%. 

In the zone of the northern Forest- Steppe the dominant species of cereal aphids 
was the large cereal aphid (Sitobion avenae F.), the share of which was 60%, the share 
of the common cereal aphid (Schizaphis graminum Rond.) and the bird cherry - grass 
aphid (Rhopalosiphum padi L.) was 3–4 of the dominant kind. 

According to the results of a field evaluation of the winter wheat varieties, the 
highest abundance of the phytophage was noted in the milky ripeness phase of the grain. 
On average, over the years of research the population of the crop plants did not exceed 
2–10% (this indicator shows the attractiveness of the variety for winged females), and 
reached from 0.3 to 6.2 specimens/spike (the indicator is the result of the level of female 
fertility, the survival of larvae, which indicates the feeding suitability). The evaluation 
of the winter wheat varieties against cereal aphids was made according to the scale, given 
in Table 1. 
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Table 1. Scale for field evaluation of the resistance of the wheat varieties against large cereal 
aphids (Fedorenko, 2014) 
Plant population Sustainability 
Degree  Distinctive mark Score Degree 
Absent and hardly noticeable Infested single ears < 5% 9–8 High sustainability 
Weak Poorly infested 5–20% of ears 7–6 Sustainable 
Medium Infested 21–50% 5–4 Medium sustainability 
Strong Heavily populated 51–70% of ears 3–2 Weak sustainability 
Very strong Heavily populated all the ears 1 No sustainability 
 

The results of the performed investigations indicate that the least attractive for 
population and highly resistant in accordance with the scale, where the degree of 
habitation of plants by aphids is barely noticeable (resistance score 9–8), are the 
following varieties. Spivanka Poliska, Kesariia Poliska, Myroliubna, Krasunia Poliska, 
Pamiati Hirka, Polisianka, Rusiava, Prestyzhna, Pyriatynka, Efektna, Mokosha and 
standard Lisova Pisnia, St. Among the resistant varieties (resistance score 7–6) against 
aphids were found: Vodohrai, Namysto, Merezhka, their number was 1–5 specimens/ear. 
The highest number of 6.2 specimens/ear was on the Kraeivyd variety, the degree of 
population was weak, 5–10% of ears. 

A common species in the winter wheat crops is wheat thrips - Haplothrips tritici 
Kurjumov (phleothrips family - Phloeothripidae, ciliated family - Thysanoptera). Adult 
thrips appear in the tube phase - at the beginning of earing of the winter cereals (from 
late April to early May) and are concentrated in the sheaths of the leaves, closest to the 
ear. At the stage of milky ripeness of grains, the larvae penetrate under the shell and suck 
out reserve nutrients from the grains. Damage to the grain by thrips causes deterioration 
in the sowing properties of the seeds (Fedorenko et al., 2013). 

Resistance of the varieties against wheat thrips was assessed by the infestment of 
the plants with larvae in specimens/ear, when they acquire a scarlet colour. The 
resistance of the winter wheat varieties against wheat thrips was assessed according to 
the scale given in Table 2. 

 
Table 2. Modified scale for evaluation of the resistance of the winter wheat varieties against 
wheat thrips (Retman, 2013) 

Intensity Population of wheat thrips larvae  Sustainability 
pieces/ear degree score degree 

1 < 20 Weak 8–9 High sustainability 
2–3 20–40 Moderately weak 7–6 Sustainable 
4–5 41–60 Medium 5–4 Medium sustainability 
6–7 61–80 Heavy 3–2 Weak sustainability 
8–9 > 80 Heavily populated 1 No sustainability 
 

The background number of the phytophage in the field conditions was low, this was 
affected by abiotic factors, morphological characteristics of the ear and ripeness of the 
variety; therefore all varieties were highly resistant with 8–9 scores. 

On average, over the years of research, the grain damage by the wheat thrips larvae 
was at the level of 10–20% with a larval density of 0.9–10.4 specim./ear. According to 
the results of the field evaluation, among the studied varieties, the early ripening variety  
 



528 

Romanovna (0.9 specim./ear) was least infected by the phytophage larvae. Among the 
mid- season group of varieties Kesariia Poliska, Pamiati Hirka, Polisianka, Krasunia 
Poliska, Mokosha, Pyriatynka, Myroliubna, Merezhka and the standard Lisova Pisnia St, 
the density of wheat thrips larvae was 0.9–5.0 specim./ear. On the other varieties 
Kraeivyd, Vodohrai, Spivanka Poliska, Rusiava, Prestyzhna and Namysto the phytophage 
density was in the range of 5.5–8.2 specim./ear. The highest density of 10.4 specim./ear 
was noted on the variety Efektna. 

Abiotic factors significantly influenced the restriction of the development of aphids 
and thrips; with HTC < 0.9 and HTC > 2.5, the number and harmfulness of phytophages 
sharply decreased during the period of tubing - milky ripeness of the grain. Excessive 
amount of moisture in the form of torrential rains restrained the number of phytophages 
(Kyrychenko et al., 2021). 

Under field conditions the winter soft wheat varieties were assessed for resistance 
against two main diseases: powdery mildew and brown leaf rust. The indicators of the 
damage, caused by diseases are reflected during the period of the highest disease 
development. 

One of the most common diseases of the winter wheat in the northern Forest - Steppe 
zone is powdery mildew - Blumeria graminis (DC) Speer. (BLUMGR). The pathogen 
has a fairly short development cycle, and it forms the first generation of spores within 
7 days, under favourable weather conditions, mass destruction occurs very quickly. It 
looks impressive when the entire above - ground part of the plant gets covered with a 
white cobweb - like coating. Later it thickens and acquires a mealy appearance, forming 
cotton wool - like pads. The pathogen passes winter on winter crops and the plant 
residues. The harm of powdery mildew manifests itself primarily in a decrease in the 
assimilation surface of the leaves and the destruction of the chlorophyll pigment. It is 
intensive when high unbalanced rates of nitrogen fertilizers are used. If the plants are 
severely damaged, the process of growing in tufts slows down significantly and the ear 
- forming phase is delayed. The losses of the yield may reach 10–15%, and in the years 
of epiphytoty - up to 35% of the grain (Murashko et al., 2022). 

According to the results of a field evaluation of the winter wheat varieties, the 
highest development of the disease was noted in the phase of milky - waxy grain 
ripeness. Accounting was performed visually, using the E.E. Heschele scale as a 
percentage of the leaf surface covered by mycelium and was taken into account 
according to the modified BER scale (2010) (Table 3). 

By years of research of the varieties of winter wheat, the development of powdery 
mildew varied from 1.3% to 10.0% on the scale. 

The development of the powdery mildew on the winter wheat variety Effectnaya 
amounted to 1.3% on average over the years of research 2016–2020. That is, by the 
degree of resistance to the disease, it has 8–9 points (highly resistant). Resistance (2–5% 
or 7–6 scores) was demonstrated by the varieties Polisianka, Pyriatynka, Merezhka, 
Prestyzhna, Krasunia Poliska, Vodohrai, Kesariia Poliska, Rusiava, Spivanka Poliska, 
Myroliubna, Mokosha, Romanivna and the standard Lisova Pisnia, St. The development 
of the disease in these varieties was in the range of 2.6–5.0%. The varieties Namysto, 
Pamiati Hirka and Kraeivyd belonged to the moderately resistant (6.0–10.0% or 5 points), 
the disease development was 7.2%, 9.2% and 10.0%, respectively. 
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Table 3. Scale for the assessment the resistance of the wheat samples against powdery mildew 
(Blumeria graminis (DC.) Speer. (BLUMGR)) (Fedorenko et al., 2013) 

Score 
Affected surfaces 
of the leaves and 
stems, % 

Degree of  
durability of 
receptivity 

Signs of the disease 

9–8 < 1 Highly receptive There are no signs of disease or there are 
separate chlorotic and necrotic spots on the 
leaves, a very rare single coating of conidia. 

7–6 2–5 Receptive Only the lower leaves are affected: there are 
single small pads, chlorotic and necrotic 
elongated spots are possible. 

5 6–10 Medium receptive The plant is affected up to the pre– flag leaf: the 
lower leaves are heavily, the higher ones are 
moderately affected. 

4–3 11–25 Weekly receptive The plant is affected up to the pre- flag leaf: the 
leaves of the lower level (lower third) are 
significantly affected, the lower leaves have 
died; middle level - moderately, the appearance 
of traces of infection on the pre- flag sheet is 
noticeable and weakly on the flag sheet. 

2 26–50 Receptive The whole plant is affected: the flag leaf is 
moderate, the lower and middle leaves have 
died, infection on the scales and awns. 

1 > 50 Very receptive The entire plant is affected: the leaves die, there 
are infections on the scales and awns and stems. 

 
The development of powdery mildew is enhanced by the alternation of the dry and 

wet weather in April–May, but the hot and dry weather of June inhibits the development 
of powdery mildew. The year 2018 was characterized by favourable conditions for 
pathogens when the hydrothermal coefficient (HTC) was equal to 1.8, and the amount 
of precipitation was 1.5 times higher than in other years. It should be noted that 
unfavourable conditions for pathogens developed in 2016; 2017; 2019 and 2020 due to 
the lack of optimal humidity for their development (70–85%), HTC - 0.2–0.6 (weak level) 
and increased air temperatures; therefore their harmfulness decreased. 

Infection of the winter wheat plants by brown leaf rust Puccinia triticina Erikss. 
(PUCCTR) = P. recondita Roberge: Desm.f.sp.tritici (PUCCRE) is observed on the 
entire territory of Ukraine. But it causes the greatest damage in the Polesie and Forest - 
steppe zones. It appears mainly on the leaves on the upper side in the form of rusty - brown, 
oval uredinia, which, with severe damage, densely cover the entire surface of the leaf. 
The pathogen is located on the remains of the stubble, carrion or wild cereal grasses. 

The degree of severity of the rust depends on the stage of development of the plant. 
The seedlings, affected in the autumn, die during the winter, which causes thinned winter 
crops. When the leaves of the upper level are affected, they lag behind in growth, and the 
assimilation surface decreases, the quality of the seed material and baking performance 
deteriorate. Excessive nitrogen rates, early sowing dates, susceptible varieties, and tumours 
contribute to the damage. The losses of the yield will be 12–20% (Topchyi, 2009). 

The examination of crops took place in dynamics, starting from the resumption of 
the winter wheat growing season and until the phase of milky– wax ripeness. During the 
milky ripeness phase the disease reaches its maximum development; currently, basic 
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registration made. Damage to the plants was assessed visually. Assessment of the degree 
of damage of each leaf by the scale of R.F. Peterson and the integral scale of stability of 
L.T. Babayants (Table 4). 

 
Table 4. Integral scale for assessment of the resistance of the eary grain crops against  
Puccinia triticina Erikss. (PUCCTR) = P.recondita Roberge: Desm.f.sp.tritici (PUCCRE) 
(Babayants L.T.) (Kovalishyna, 2014) 
Sustainability 
score 

Degree of durability, 
receptivity Nature of the disease manifestation 

9 Very high sustainability There are no signs of disease. 
8 High sustainability On the leaf there are single chlorotic and necrotic spots 

with very small uredopustules and an intensity of 1–5%. 
7–6 Sustainable Small and medium uredopustules are possible in chlorotic 

and necrotic spots with an intensity of 6–10 and 11–15%. 
5 Moderately receptive The intensity of uredopustules is 16–25%, mild chlorosis 

and necrosis are possible. 
4–3 Receptive Medium, large uredopustules, intensity from 26–40%, 

mild chlorosis up to 41–65% is possible. 
2 Highly receptive Large uredopustules, intensity 66–90%. 
1 Very high receptivity Large fused uredopustules, intensity 91–100%. 
 

The development of brown leaf rust, depending on the variety, fluctuated between 
0.3–10.2%. The highly resistant varieties (1–5%, or 8 scores) included the varieties 
Efektna, Vodohrai, Kraeivyd, Mokosha, Pyriatynka, Pamiati Hirka, Kesariia Poliska, 
Myroliubna, Merezhka, Krasunia Poliska, Polisianka, Romanivna and the standard 
Lisova Pisnia St. The development of the disease was within 0.3–4.5%. Resistance  
(6–10%, or 7–6 scores) was observed on the varieties - Rusiava, Spivanka Poliska, 
Prestyzhna, and Namysto; the disease development was in the range of 5.3–10.2%, 
respectively. 

The development of the brown leaf rust is facilitated by the presence of an optimal 
temperature of 15–25 °C and air humidity in late April and early May. At high 
temperatures in June of 30 °C, infection does not occur. 

According to the weather station of the NSC ‘Institute of Agriculture of the 
National Academy of Sciences’, the weather conditions for 2016–2020 in the northern 
Forest - Steppe zone were characterized by increased temperatures and a significant 
deficit of precipitation, compared to the long- term average indicators. These 
characteristics influenced the growth and development of the plant, the reproduction and 
spreading of harmful organisms (Kyrychenko et al., 2021). 

According to average indicators, April was warmer by 2.6 °C, compared to the 
norm. In 2016 and 2017 the air temperature was by 3.9° and 4.6 °C higher than the  
long - term indicators. Precipitation above normal was determined in 2016, its amount 
exceeded 1.1 times (GTC 1.9). The year 2018 was dry, almost without precipitation, the 
amount of precipitation was 5.6 mm (11% of the norm, HTC 0.1). 

The weather conditions in May were marked by an increased air temperature by 
0.9 °C. The average monthly air temperature in 2020 was 2.6°C below normal, and in 
absolute terms it amounted to 12.5 °C (normal 15.1 °C). In 2016–2017 the air 
temperature indicators were almost consistent with long - term averages. The year 2018 
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turned out to be a hot year with very little precipitation (3 times below the norm), the air 
temperature exceeded the norm by 4.5 °C (HTC 0.3), the sum of active temperatures 
above 100 was 599. In May 2020 the rains were torrential by their nature, 104.8 mm fell 
(2 monthly norms), which created conditions for plant In May 2020, the rains were 
torrential in nature, 104.8 mm fell (2 monthly norms), which created conditions for 
beating down the plants and the development of diseases (GTC 4.1). 

Average monthly air temperatures in June were by 1.1 degrees higher; 0.9; 2.7; 5.9 
and 4.4°C (2016; 2017; 2018; 2019 and 2020) (Fig. 1), compared to the long - term 
averages; the weather with a deficit of precipitation (GTC - 0.3; 0.2; 1.8; 0.5 and 0.6), 
respectively. In 2018 the weather was different, precipitation exceeded the norm by 
1.5 times (GTC 1.8). The weather conditions in June were not favourable for the 
development of phytophages, due to the hot weather with a lack of precipitation or 
excessive amounts of moisture that fell in the form of torrential rains. 
 

 
 
Figure 1. The air temperature by years during the spring - summer growing season of the winter 
wheat. 
 

In July, on average over the years of research, the air temperature exceeded the 
norm by 1.7 °C. The year 2016 was hot (the air temperature 3.2 °C above the normal) 
with little precipitation (2.6 times below the normal) (Fig. 2). The amount of 
precipitation in 2018 was almost consistent with many years. The driest month was July 
2019, the amount of precipitation was 19.4 mm (21% of normal). 
 

 
 

Figure 2. Amount of precipitation by year during the spring– summer growing season of the 
winter wheat. 
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August was hot and dry, on average, with air temperatures exceeding the norm by 
3.2 °C. In all years there was a deficit of precipitation, its amount was 2–4 times lower 
than the norm (GTC for the years of research 0.3; 0.4; 0.6). 

Abnormally dry conditions for the summer growing season of the winter wheat led 
to an acceleration of the development phases of the winter wheat, to a reduction in the 
development period of sucking pests and the period of damage, caused by them. Taking 
into account abiotic factors, the timing of the appearance of pests should be closely 
monitored in order to apply effective plant protection products, if necessary. Such a need 
may arise for individual varieties which in those years contributed to the  
mass reproduction and spread of certain types of pests and diseases in the varieties with an 

The best years by the productivity were 2016, 2017, 2019 with a variation of 
7.77 t ha–1 (Mokosha) - 10.71 t ha–1 (Kesariia Poliska). The selection of productivity was 
noted in 2018 during the downtime when grain harvesting, due to heavy rainfall in the 
period of wheat ripening and, accordingly, grain shedding and germination. Under such 
conditions, among the high - quality varieties against cereal aphids, the highest 
productivity showed the winter wheat Myroliubna 4.40 t ha–1, Krasunia Poliska 
4.15 t ha–1, Kesariia Poliska 4.12 t ha–1 and the resistant ones - Kraeivyd 4.50 t ha–1. In 
the snowless year of 2020, when cereal aphids ‘dominated’ the field from spring until 
harvest, high yields were observed in the varieties Kesariia Poliska 6.59 t ha–1 and 
Pyriatynka 6.56 t ha–1. 

insufficient level of resistance. 
The industrial crops, affected by 
powdery mildew above the 
average, must be protected with 
chemicals, if necessary, with 
preparations from the list of 
pesticides and agrochemicals, 
approved for use in Ukraine 
(MEPNR, 2018). 

Stability in the yield 
indicators during the years of 
research is determined by one 
winter wheat variety that is 
highly resistant against aphids 
Myroliubna - the coefficient of 
variation was V = 28.5% and 
two stands - Kraeiv Krasunia 
Poliska, Vodohrai, Kesariia 
Poliska, Romanivna, Spivanka 
Poliska, the coefficient of 
variation in the yield increased 
by V = 31.9 – 38.1%. As almost 
unstable by productivity were 
noted the aphid - resistant 
varieties Prestyzhna V = 45.6% 
and Rusiava, 58.1% (Table 5). 

 
Table 5. Productivity of the soft varieties of winter 
wheat, NSC ‘Institute of Agriculture NAAS’ 2016–2020 

No. Variety 
Productivity of the soft varieties 
of winter wheat, (t∙ha–1) 
Medium Min Max V, (%) 

1 Lisova Pisnia St. 5.97 3.58 7.27 25.2 
2 Kraeivyd 6.71 4.50 8.56 25.2 
3 Pamiati Hirka  6.61 3.41 8.38 31.7 
4 Kesariia Poliska  7.67 4.12 10.71 32.6 
5 Romanivna 5.65 2.99 7.94 34.8 
6 Myroliubna 7.08 4.40 9.14 28.5 
7 Vodohrai  6.94 3.74 9.43 32.2 
8 Spivanka Poliska  6.82 3.70 9.64 38.1 
9 Namysto  6.15 3.81 8.82 34.2 
10 Polisianka, 6.51 3.03 9.34 44.3 
11 Merezhka 6.77 3.65 9.85 42.4 
12 Rusiava 1 5.72 2.20 8.80 58.1 
13 Prestyzhna 1 6.16 3.73 8.86 45.6 
14 Krasunia Poliska 6.95 4.15 9.14 31.9 
15 Mokosha  6.27 3.66 7.77 26.9 
16 Pyriatynka 7.10 3.67 8.59 29.3 
17 Efektna 1 6.36 4.08 8.14 32.6 

НСР05, t ha–1 0.38 0.64 0.50 1.4 
1Varieties Rusiava and Prestyzhna were not studied in the 
competitive variety testing in 2016 and Efektna - in 2016–2017. 
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The average productivity among the highly resistant varieties against cereal aphids 
varied from 5.65 t ha–1 (early ripening Romanivna) to 7.67 t ha–1 (mid ripening Kesariia, 
Poliska) and resistant from 5.72 t ha–1 (mid ripening Rusiava) to 7.10 t ha–1 (mid - season 
Pyriatynka). Consequently, among the highly resistant and resistant to cereal aphids 
Kesariia Poliska (X = 7.67 t ha–1, V = 32.6%) had better productivity; Pyriatynka  
(Х = 7.10 t ha–1, V = 29.3%); Myroliubna (Х = 7.08 t ha–1, V = 28.5%). 

The average productivity among the varieties of winter wheat varied from 
5.65 t ha-1 to 7.67 t ha–1, respectively, the Lisova Pisnia standard is 5.79 t ha–1. 

During the investigation various weather factors influenced the yield variability. 
The variability of the average yield and coefficient of variation among the varieties was 
by year of research: 2016 (varieties included in the State Register from 2013 to 2019: 
the average productivity X = 7.82 t ha–1, the coefficient of variation V = 9.26%); 2017 
(X = 7.82 t ha–1, V = 9.77%); 2018 (X = 3.51 t ha–1, V = 20.27%); 2019 (X = 8.75 t ha–1, 
V = 13.22%); 2020 (Х= 4.74 t ha–1, V = 21.45%). 

Highly resistant, according to the scale (resistance 9–8 scores) were the varieties 
Pyriatynka (the 2016–2020 research) and Efektna (the 2018–2020 research), the 
development of the disease was at the level of 5.0 and 8.3%. Over five years of research 
of the variety Pyriatynka (powdery mildew coefficient of variation V = 81.3%, leaf  
rust - V = 112.7%), made it possible to classify it as highly resistant (respectively, 
resistance 9 scores) and obtain an average productivity of 7.10 t ha–1. Accordingly, for 
three years Efektna (powdery mildew and the leaf rust coefficient of variation was 
V = 173.2%); however, resistance against two diseases is 8 scores, and the average 
productivity is 6.36 t ha–1. The difference in productivity can be explained by the fact 
that there are other characteristics (the winter - frost resistance, the drought resistance, 
resistance to falling of the corn as a result of heavy wind and rain, and the impact of 
other diseases) that must be taken into account during the research. 

During five years of research the best varieties in terms of productivity were noted: 
Kesariia Poliska (7.67 t ha–1); Pyriatynka (7.10 t ha–1); Myroliubna (7.08 t ha–1); 
Krasunia Poliska (6.95 t ha–1); Vodohrai (6.94 t ha–1); Spivanka Poliska (6.82 t ha–1); 
Merezhka (6.77 t ha–1); Kraeivyd (6.71 t ha–1); Pamiati Hirka, (6.61 t ha–1); Polisianka 
(6.51 t ha–1); three years - Efektna (6.36 t ha–1). 

Under laboratory conditions there was analyzed the effect of the allelic state of the 
Lr34/Yr18/Pm38 gene upon the disease resistance in the varieties of winter wheat. For 
this variety they were divided into three groups depending on the allelic state of the gene: 
The first group - with a stable allelic state of the gene (conditionally - Lr34+); the second 
group combined heterogeneous genotypes for alleles of the Lr34/Yr18/Pm38 locus 
(Lr34+/−). The third group are genotypes in which there is no stable allelic state of the 
Lr34/Yr18/Pm38 gene (Lr34−). 

Under field conditions the Effectna variety showed the group high resistance to 
aphids, thrips, powdery mildew and brown leaf rust. In the laboratory studies this variety 
belonged to the 3rd group with the absence of a stable allelic state of the 
Lr34/Yr18/Pm38 (Lr34−) gene. 

Under field conditions the varieties are highly resistant to aphids, thrips and brown 
leaf rust; resistant to powdery mildew - Myroliubna, Spivanka Poliska, Polisianka. In 
the laboratory to the 1st group with a stable allelic state of the gene (conditionally - Lr34+); 
Kesariia Poliska belonged to the 2nd group, which combined loci, heterogeneous in 
alleles (polymorphism for this marker). Pyriatynka referred to the 3rd group with the 
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missing stable allelic state of the Lr34/Yr18/Pm38 gene (Lr34−); Krasunia Poliska was 
not studied under laboratory conditions. 

Under field conditions, the varieties are highly resistant to thrips and brown leaf 
rust; resistant to aphids and powdery mildew - Vodohrai to the 1st group with a stable 
allelic state of the gene (conditionally - Lr34+) and Network (Setj) to the 3rd group with 
the absence of a stable allelic state of the gene Lr34/Yr18/Pm38 (Lr34−). 

Highly resistant to thrips and brown leaf rust; moderately resistant to aphids and 
powdery mildew variety Kraeivyd up to group 3 with a missing stable allelic state of the 
Lr34/Yr18/Pm38 gene (Lr34−). Highly resistant to aphids, thrips and brown leaf rust; a 
variety moderately resistant to powdery mildew - Pamiati Hirka to the 1st group with a 
stable allelic state of the gene (conditionally - Lr34+). 

The results of our investigations are aimed at deepening and improving the breeding 
processes to increase the resistance of plants against disease and pest damage, to achieve 
better yields and adaptability to the growing conditions, to gain distinguished 
environmental plasticity and ensure the formation of more stable yields every year. 
 

CONCLUSIONS 
 

In the northern Forest - Steppe zone of Ukraine, the most common pests of the soft 
winter wheat are cereal aphids and wheat thrips. The main diseases are powdery mildew 
and brown leaf rust. The number of phytophages and disease incidence were 
significantly influenced by abiotic factors, the phenological state of plants and the 
ripeness of varieties. 

Based on the results of assessing the field resistance to phytophages, the varieties 
of winter wheat showed high resistance (resistance score 9–8) to several pests (cereal 
aphids and wheat thrips) - Spivanka Poliska, Kesariia Poliska, Myroliubna, Krasunia 
Poliska, Pamiati Hirka, Romanivna, Polisianka, Rusiava, Prestyzhna, Pyriatynka, 
Efektna, Mokosha and standard Lisova Pisnia St. 

During the growing season only one variety among the range of varieties, Efektna, 
showed consistently high resistance to the pathogens of powdery mildew and brown leaf 
rust. All the other varieties had a resistance of 7–6 scores. 

It has been established that the 1st group with a persistent allelic state of the gene 
(conditionally Lr34+) includes the following varieties of winter wheat: Pamiati Hirka, 
Myroliubna, Romanivna, Vodohrai, Spivanka Poliska, Namysto, Polisianka, Osiaina, 
Prestyzhna, Rusiava. To the 2nd group, which combine the winter wheat variety 
heterogeneous in locus alleles (polymorphism at a preset marker): Kesariia Poliska. To 
the 3rd group with absent Efektna, Pyriatynka and Fortetsia Poliska. 

The indicated varieties belong to the mid– season group, except for one variety - 
Romanovna. They have high winter hardiness (8–9 scores), resistance to the crop falling 
in heavy wind and rain (8–9 scores) and drought (9 scores). The field resistance to 
diseases and pests is another strong point of these wheat varieties. Almost 9–8 and 7–6 
scores were received by varieties for resistance to aphids, thrips, powdery mildew and 
leaf rust, except for the varieties Namysto, Pamiati Hirka and Kraeivyd (5 scores) to 
powdery mildew and (5–4 scores) to cereal aphids. At the same time the productivity of 
the Kraeivyd variety is 6.71 t ha–1, which is 0.74 t ha–1 more than the standard. 
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The investigated varieties Kesariia Poliska (7.67 t ha–1); Pyriatynka (7.10 t ha–1); 
Myroliubna (7.08 t ha–1); Krasunia Poliska (6.95 t ha–1); Vodograi (6.94 t ha–1); 
Spivanka Poliska (6.82 t ha–1); Merezhka (6.77 t ha–1); Kraeivyd (6.71 t ha–1); Pamiati 
Hirka (6.61 t ha–1); Polisianka (6.51 t ha–1); Efektna (6.36 t ha–1) are characterized by 
better productivity and adaptability to growing conditions. They are more flexible in 
relation to the times of sowing, grow more in tufts in the autumn, even at late sowing 
dates, and regenerate better in the spring. They are distinguished by their ecological 
plasticity and ensure the formation of more stable yields over the years. Considering 
abiotic factors, namely increased temperatures, which have been observed in recent 
decades, preference should be given to varieties with high resistance to drought and 
disease damage. 

In the northern Forest-Steppe zone of Ukraine the winter wheat varieties, 
recommended for cultivation, are Kesariya Polesskaya, Piryatinka, Mirolyubnaya, 
Krasavitsa Polesskaya, Vodogray, Spivanka Polesskaya, Pamyati Girka, Romanovna, 
Polisyanka and Effectnaya, which are characterized by better productivity and 
adaptability against damage by pests. 
 

REFERENCES 
 
Borukh, D.P. 2019. State of the wheat market in Ukraine and the world. Management of XXI 

century: Modern models, Strategies, Technologies. In: VI Ukrainian scientific and practical 
conference. Collection of scientific papers 2019. Part 3. Vinnitsa, 168–175. 

Fedorenko, V.P., Pokozii, Y.T. & Krut, M.V. 2014. Entomology: A Textbook. Phoenix, Kolobig, 
Kyiv, 344 pp. (in Ukrainian). 

Fedorenko, V.P. Prospects of entomological research. 2014. Mizhvidomchyy tematychny zbirnyk 
zakhyst i karantyn roslyn, Issue 60, 415–425 (in Ukrainian). 

Kalenska, S., Yeremenko, O., Novictska, N., Yunyk, A., Honchar, L., Cherniy, V., 
Stolayrchuk, T., Kalenskyi, V., Scherbakova, O. & Rigenko, A. 2019. Enrichment of field 
crops biodiversity in conditions of climate changing. Ukrainian Journal of Ecology 9(1), 
19–24. 

Kovalyshina, H.M., Dmytrenko, Yu.M. & Mukha, T.I. 2020. Source material for breeding winter 
wheat for resistance to brown rust. Plant and Soil Science 11(2), 13–22 (in Ukrainian). 

Kovalishyna, H.N. 2014. Resistance of varieties of winter wheat to diseases. Interdepartmental 
thematic collection of Рlant protection and quarantine. Issue 60, 151–158. 

Kyrychenko, A., Havryliuk, N., Kuzmenko, L., Raichuk, T. & Y,Borko. 2021. Influence of 
weather conditions on entomological and phytopathogenic complexes of winter wheat in 
autumn and spring– summer growth season of the forest - steppe zone. Ukrainian Journal 
of Ecology 11(2), 155–158. 

MAPU. 2022. Grain of Ukraine 2020–2022 program. – K.: Ministry of Agrarian Policy of 
Ukraine (in Ukrainian). 

MEPNR. 2018. List of Pesticides and Agrochemicals Approved for Use in Ukraine. Ministry of 
Ecology and Natural Resources of Ukraine. Kyiv. Yunivest Media, 40 pp. (in Ukrainian). 

Morgun, V.V. & Topchii, T.V. 2018. The importance of resistant varieties of winter wheat, the 
study of sources and donors of resistance to pests and major pathogens. Physiology of plants 
and genetics 50(3), 218–240 (in Ukrainian). 

Murashko, L.A. Mukha, T.I. Humenyuk, O.V. Novytska, N.V. & Martynov O.M. 2022. 
Evaluation of resistance of winter wheat varieties of breeding centers of Ukraine against 
diseases on artificial infectious backgrounds of their causative agents. Agrarian 
innovations. Breeding and seed production 13, 209–214 (in Ukrainian). 



536 

Mukha, T.I., Murashko, L.A. & Maryushkina, V.Ya. 2020. Varieties of winter wheat with group 
resistance against diseases for the Forest– Steppe of Ukraine. Agronomist 5, 17–19 
(in Ukrainian). 

Murashko, L.A., Mukha, T.I., Kovalishina, H.M. & Dmytrenko, Yu.M. 2021. Characterization 
of the source material, resistant to Fusarium ear and root rots, for breeding winter wheat. 
Plant and Soil Science12(4), 80–90. URL: http://dx.doi.org/10.31548/agr2021.04.080 (in 
Ukrainian). 

Retman, S.V. 2013. Registration tests of fungicides in agriculture / Ed. Retman, S.V., 
Lisovoy M.P.: Kolobig, 296 pp. (in Ukrainian). 

SuperAgronom. How much wheat was harvested in Ukraine in 2023 by region. Available: 
https://superagronom.com/multimedia/infographics/79-skilki-zibrali-pshenitsi-v-ukrayini-
v-2023-r-po-oblastyam. (Accessed March 01, 2024). 

Topchyi, T.V. 2009. Evaluation of resistance of varieties of winter wheat against cereal aphids. 
Quarantine and plant protection 8, 2–4. 

Topchyi, T.V. 2014. Resistance of varieties of winter wheat to wheat thrips. Protection and 
quarantine of plants 7, 19–21. 

Trybel, S.O. 2004. Resistant varieties. A radical solution to the problem of reducing crop losses 
from harmful organisms. Quarantine and plant protection 6, 6–7 (in Ukrainian). 

Trybel, S., Hetman, M., Stryhun, O., Kovalyshyna, H. & Andriushchenko, A. 2010. Methodology 
for evaluating the resistance of wheat varieties against pests and pathogens. Edited by 
Trybel, S.O. K.: Koloobig, 362 pp. ISBN 978-966-8610-41-7 

 



537 

Agronomy Research 22(S1), 537–553, 2024 
https://doi.org/10.15159/AR.24.018 

 
 
 

Advancing patient safety competencies in nursing education: 
an examination of student attitudes 

 
J. Sepp 

 
Tallinn Health Care College, Academic and International Affairs Office, Kännu 67, 
EE13418 Tallinn, Estonia 
Correspondence to: jaana.sepp@ttk.ee 
 
Received: January 29th, 2024; Accepted: April 11th, 2024; Published: April 12th, 2024 
 
Abstract. In nursing, patient safety is of paramount concern, requiring the development of  
well-defined competencies among nursing students and the early integration of safety principles 
into curricula. This study aimed to explore nursing students' perceptions regarding patient safety, 
offering valuable insights for curriculum developers. The main research questions were: What 
are the perceptions of nursing students regarding patient safety, and how can this information be 
useful for curriculum developers in improving students' safety knowledge and developing the 
curriculum in this direction? The Attitudes to Patient Safety Questionnaire (APSQ III) was 
employed to gather data due to its established reputation as a comprehensive and reliable 
instrument for assessing student attitudes in patient safety. The questionnaire was thoughtfully 
distributed to first-year nursing students with work experience in the healthcare field. The study 
revealed that students consider patient safety important and perceive its implementation as 
dependent on multidisciplinary teamwork and error reporting. Based on students' perceptions, 
nursing educators should increase the presence of patient safety courses in the nursing curriculum, 
emphasizing a multidisciplinary approach and enhancing competencies related to critical 
thinking. This includes improving skills in error reporting, organizing practical training, and 
mastering the use of standardized terminology. In conclusion, the study underscores the necessity 
of redefining nursing competencies, early integration of patient safety principles, the significance 
of research, and the role of assessment tools in shaping attitudes toward patient safety in nursing 
education. 
 
Key words: curricula, patient safety, nursing students, perceptions. 
 

INTRODUCTION 
 
In the healthcare sector, there is a growing emphasis on safety, prompting 

researchers to delve into the concept of safety culture and its intricate relationship with 
patient safety (Ree & Wiig, 2019). Patient safety culture is comprehensively defined as 
a framework that encompasses attitudes, perceptions, values, individual and group 
competencies, and behavioural standards. These elements collectively influence the 
commitment, style, and proficiency demonstrated by healthcare institutions in 
addressing matters related to patient safety and health management (Morello et al., 2013; 
Nieva & Sorra, 2003). 

https://doi.org/10.15159/AR.24.018
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Across the global healthcare landscape, the complex challenge of ensuring patient 
safety entails minimizing the risk of avoidable harm associated with healthcare 
interventions (Runciman et al., 2009). The integration of patient safety education into 
medical school curricula is becoming increasingly vital. While scientific advancements 
in modern medicine have significantly improved health outcomes, studies from diverse 
countries have highlighted that these benefits also pose substantial threats to patient 
safety (Nie et al., 2011). An integral aspect of mitigating risks among patients is closely 
tied to the professionalism of healthcare practitioners, extending beyond mere knowledge 
and skills to include attitudes and perceptions (Sepp et al., 2018). Professionally 
educated specialists not only demonstrate increased confidence in complicated situations 
but also play a crucial role in the provision of safe healthcare services (Nilsson et al., 
2014). Their competence and confidence contribute significantly to addressing the 
intricate challenges associated with patient safety, reinforcing the importance of ongoing 
education and professional development in the healthcare sector (Sepp et al., 2018). 

The ever-changing dynamics of healthcare work environments pose challenges 
beyond standard procedures, necessitating adaptability and innovative teaching 
strategies. In the quasi-experimental study by Cantero-López et al. (2021), the impact of 
an educational intervention on nursing students’ attitudes towards patient safety was 
assessed. The findings revealed a noteworthy overall enhancement in the attitudes of 
nursing students, which persisted in the clinical practice environment. In their 
exploration of patient safety education for medical students, Nie et al. (2011) determined 
that the efficacy of the learning process relies on educators’ capacity to consistently 
enhance course design, assess topical relevance, and integrate content seamlessly into 
curricula. The healthcare environment has been defined as a complex and dynamic 
setting where rules and procedures play a crucial role. Adhering strictly to established 
protocols is crucial for upholding patient safety, but the unpredictability of  
non-standard situations requires a flexible and interdisciplinary approach (Sepp, 2021).  
Cervera-Gasch and colleagues (2021) emphasized the importance of developing a 
progressive strategy for acquiring competencies in patient safety and evaluating specific 
educational interventions to enhance competency acquisition and education in patient 
safety. This highlights the significance of ongoing professional training that not only 
reinforces adherence to guidelines but also equips healthcare professionals with the skills 
necessary to navigate complex and unforeseen challenges. According to Neuberg et al. 
(2017) and Ratnapalan & Uleryk (2014), professionals with enhanced confidence levels 
are better equipped to handle the diverse and demanding scenarios encountered in 
healthcare settings. In essence, ongoing professional development serves as a 
cornerstone in ensuring the competence and adaptability of healthcare professionals, 
ultimately benefitting patient care and safety (Bianchi et al., 2016; Niemeyer, 2018). 
Moreover, ongoing development and training play a pivotal role in enhancing the  
self-assurance of healthcare professionals. This heightened confidence is especially vital 
in resolving conflicts and handling complex situations, where the capacity to make  
well-informed decisions promptly is of utmost importance. In line with the report by 
Alshahrani et al. (2021), it is imperative for educational institutions to consider integrating 
a comprehensive undergraduate educational programme focused on patient safety. 

Traditionally, nursing education has focused more on general nursing, with less 
emphasis on safety. In post-Soviet countries, the development of occupational and 
patient safety has been sidelined, prioritizing the compliance with high-level nursing 
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regulations and elevating the profession to the level of higher education. Additionally, 
patient safety has generally received less attention in society (Sepp, 2021). However, 
with the implementation of patient insurance legislation starting from July 1, 2024, 
patient safety has become a focal point for healthcare institutions, making the integration 
of these topics into educational programs relevant and necessary. 

The current study represents the first step towards creating an evidence-based 
framework for integrating patient safety training into nursing curricula. While nursing 
programs now include various topics related to safety, they do not address the holistic 
spectrum of needs, and the training lacks clear descriptions and outcomes that support 
nurses in acquiring necessary safety competences. This underscores the urgent need for 
the establishment of formalized training or education frameworks. Accordingly, 
initiatives are underway to standardize and enhance nurses' education, training, and 
responsibilities to ensure consistent, high-quality nursing care. 

This study aimed to explore nursing students' perceptions regarding patient safety, 
offering valuable insights for curriculum developers. The main research questions were: 
What are the perceptions of nursing students regarding patient safety, and how can this 
information be useful for curriculum developers in improving students' safety knowledge 
and developing the curriculum in this direction? 

 
MATERIALS AND METHODS 

Study Design 
This study employed a quantitative approach, specifically a descriptive design. This 

approach aimed to provide a clear understanding of the characteristics and trends among 
the variables under investigation. Ensuring the appropriateness of tools for the research 
questions and the targeted population was paramount. A pilot test was conducted to 
identify any issues related to wording, interpretation, or response options for such tools 
before administering them to the entire sample. 

 
Study Methods 
The Attitudes to Patient Safety Questionnaire (APSQ III) was used owing to its 

well-established reputation as a comprehensive and reliable instrument for assessing 
student attitudes in the domain of patient safety (Carruthers et al., 2009) (Table 1). This 
questionnaire explores various aspects of patient safety, such as teamwork, safety culture, 

APSQ III scrutinizes attitudes regarding responses to adverse events and the willingness 
to report errors, shedding light on students’ confidence and transparency in patient safety 
matters. This multifaceted approach renders the APSQ III a versatile tool for examining 

communication, error management, 
and human factors. Notably, it assesses 
attitudes towards the significance of 
multidisciplinary teamwork in 
reducing errors within clinical practice. 
The questionnaire also examines 
whether acquiring knowledge about 
teamwork can contribute to a reduction 
in errors, emphasizing the pivotal role of 
teamwork in patient safety (Cantero-
López et al., 2021). Additionally, the 

 
Table 1. Dimensions of the attitudes to patient 
safety questionnaire 
Dimensions Items Questions 
Perception of human error 6 1–6 
Workplace conditions and 
practices 

12 7–18 

Teamwork and collaboration 3 19–21 
Patients’ role in safety 2 22–23 
Education and training 3 24–26 
Knowledge assessment 6 27–33 
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student attitudes concerning patient safety, providing valuable insights for curriculum 
development and educational organization. 

The study utilised a 7-point Likert scale, where respondents rated their agreement 
with statements from 1 (Completely disagree) to 7 (Completely agree). The Likert scale 
was divided into three sub-divisions: 1–2 for completely disagree, 3–5 for agree, and  
6–7 for completely agree. This segmentation provides a clearer way to describe 
perception rates (%). 

 
Study group 
The primary data collection occurred between October and December 2023. The 

questionnaire was administered in Estonian to 110 first-year nursing students who met 
specific criteria: successful completion of the mandatory course in the nursing program 
titled ‘Occupational Safety’, worth 3 ECT credits. This course encompassed topics such 
as patient safety, occupational safety, fire safety, and first aid. Additional criteria for 
inclusion involved having work experience in the healthcare field and a minimum of one 
year of full-time employment in hospitals or nursing homes prior to enrolling in school. 
Out of the 440 first-year nursing students, 110 met the criteria of having more than one 
year of previous hospital work experience as caregivers or assistants (as indicated in 
Table 2), and they were selected to participate in the study. 

 
Ethical Considerations 
Ethical approval from the ethics committee was not required for this study as it did 

not involve the collection of biometric data or any other personally identifiable 
information. It is a generalising study reflecting the participance attitudes toward a 
particular topic. The study was approved by representatives of Tallinn Health Care 
College. The study is part of the project titled 'A Strategic Management Approach to 
Patient and Employee Safety in Healthcare Organizations'. The study design effectively 
addressed the research objectives, and the chosen instrument was tested for both validity 
and reliability. Participation in the study was voluntary, and anonymity was guaranteed. 

The study procedures were communicated to the nursing students, lecturers, and 
head of the nursing curriculum. A cover letter was sent in advance, introducing the study 
to all involved parties and providing an opportunity to pose questions about the 
procedures or objectives. The next section will present the key findings during all four 
phases of the study. 

 
RESULTS 

 
A survey was conducted among 43 nursing students, which yielded notable insights 

into occupational perspectives and experiences (Table 2). Of the total participants, 
21 were men. In terms of work experience, the distribution was diverse. Notably, 
13 participants had work experience ranging from 16 to 18 years, demonstrating a 
seasoned workforce. Concerning the size of the organizations in which they work, the 
majority were employed in larger entities, with 19 participants from organizations 
comprising over 100 employees. These data provide a comprehensive understanding of 
the demographics and professional backgrounds of the surveyed participants, laying the 
groundwork for a nuanced analysis of their perspectives on workplace-related 
dimensions. 
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Table 2. Background information of study participants (n = 43) 
Questions  Sub-groups Responses (%) 
Work experience in the field 1–9 years 14 (32.6) 
 10–18 years 20 (46.5) 
 ≥ 19 years 9 (20.9) 
Size of the organization 10–50 employees 12 (27.9) 
 51–100 employees 8 (18.6) 
 > 100 employees 19 (44.2) 
 Unable to say 4 (9.3) 

 
The perceptions of nursing students regarding patient safety 
The findings reveal significant insights into nursing students’ perceptions of 

feedback mechanisms and organizational policies (Table 3). The majority of participants 
reported not receiving feedback when reporting a mistake, indicating potential gaps in 
communication channels. In response to the question ‘Do you receive feedback when 
reporting a mistake?’, 41 respondents mentioned that they did not, constituting 95.4% of 
the total responses. Meanwhile, 2 respondents stated that they did, comprising 4.6% of 
the total responses. Furthermore, 88% believed they cannot attend training to prevent 
future errors, suggesting areas for improvement in learning and development initiatives. 
Only 5 (11.6%) participants answered positively to the question ‘If you make a mistake, 
can you attend training to avoid future errors?’ 38 (88.4%) participants answered 
negatively. The participants’ opinions on punishment systems varied, with 83.7% 
expressing agreement (completely agree and agree), indicating a considerable proportion 
perceiving it as fair. A significant number of respondents agree that there is a fair 
punishment system, with 16 respondents completely agreeing and 20 respondents 
expressing agreement. However, 6 (14%) respondents completely disagree with this 
notion. Regarding the question about consequences and punishment within their 
organizations, the majority of respondents, totalling 36, express agreement, with 83.7% 
agreeing (completely agree and agree) that if something goes wrong, they will be 
punished. However, a smaller number, consisting of 7 (16.3%) respondents, completely 
disagree with this statement. 
 
Table 3. Nursing Students’ Perceptions of Organizational Perceptions on Punishment Systems  
(n = 43) 

Questions 
Completely 
agree  
n (%) 

Agree  
n (%) 

Completely 
disagree 
n (%) 

Missed  
n (%) 

In our organization, there is a fair  
punishment system 

16 (37.2) 20 (46.5) 6 (14) 1 (2.3) 

In our organization, employees can definitely 
be punished if something goes wrong 

14 (32.6) 22 (51.2) 7 (16.3) - 

 
In the analysis of the collected data, the responses were meticulously examined and 

categorized according to six distinct scales, providing a comprehensive understanding 
of the participants’ perceptions across various dimensions related to human error, 
workplace conditions, teamwork and collaboration, patient engagement, education, and 
knowledge assessment. 
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The analysis of the data regarding perception of human error revealed diverse 
perspectives among the participants (Table 4). Notably, 72% agreed that their education 
adequately prepared them to understand the causes of medical errors. Conversely, other 
participants provided lower scores. In terms of understanding patient safety topics, the 
scores demonstrated a generally positive perception. The majority of the participants 
(approximately 80%) agreed that having completed healthcare education, they have a 
good understanding of patient safety topics. Regarding preparedness for preventing 
medical errors, the scores also reflected a generally positive perception. Most 
participants (72%) agreed that having completed healthcare education, they feel well 
prepared for preventing medical errors. In contrast, other participants provided lower 
scores, indicating differing levels of confidence or satisfaction regarding their readiness 
to prevent medical errors. Further analysis could uncover specific impactful areas or 
those requiring additional attention in the educational curriculum. 

 
Table 4. Nursing Students’ Perceptions of Human Error (n = 43) 

Questions 
Totally 
agree  
n (%) 

Agree 
n (%) 

Totally 
disagree  
n  (%) 

Missed 
n (%) 

1. My education prepared me to understand 
the causes of medical errors. 

13 (30.2) 18 (41.9) 4 (9.3) 8 (18.6) 

2. Having completed healthcare education, 
I understand patient safety issues. 

20 (46.5) 14 (32.6) - 9 (20.9) 

3. Having completed healthcare education 
(vocational training/higher education), I am 
prepared to prevent medical errors. 

17 (39.5) 14 (32.6) - 12 (27.9) 

4. I feel comfortable admitting my own medical 
errors, regardless of their severity and consequences 
for patients. 

21 (48.8) 17 (39.5) 1 (2.3) 4 (9.3) 

5. I feel comfortable admitting errors caused by 
other employees, regardless of their severity and 
consequences for patients. 

17 (39.5) 22 (51.2) 1 (2.3) 3 (7.0) 

6. I am confident that I can openly discuss my 
mistakes with my supervisor, even if they caused 
potential or actual harm to patients. 

11 (25.6) 15 (34.9) 1 (2.3) 16 (37.2) 

 
The majority of the participants agreed that they feel comfortable discussing their 

medical errors irrespective of the seriousness of such errors and the resulting 
consequences for patients. The differing scores indicated individual variations in the 
participants’ experiences or attitudes towards this dimension. While a substantial 
number of participants indicated feeling comfortable admitting errors caused by their 
colleagues, the responses varied, with some participants providing lower scores. Further 
exploration could provide insights into the factors influencing these perceptions. 

The analysis of the data regarding workplace conditions and practices revealed 
diverse perspectives among the participants (Table 5). There were varying views 
regarding the impact of shorter shifts on reducing medical errors. While some 
participants either strongly agreed or agreed with the statement, others provided either 
neutral or disagreeing scores, underscoring the diversity of opinions. These findings 
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suggest a need for further exploration to uncover specific factors influencing these varied 
perspectives. 

 
Table 5. Nursing Students’ Perceptions of Workplace Conditions and Practices (n = 43) 

Questions 
Totally 
agree 
n (%) 

Agree 
n (%) 

Totally 
disagree  
n (%) 

Missed  
n (%) 

7. Shorter shifts at work reduce medical errors. 14 (32.6) 14 (32.6) 9 (20.9) 6 (14.0) 
8. Abandoning regular breaks during a shift 
increases the likelihood of making mistakes. 

13 (30.2) 9 (20.9) 4 (9.3) 17 (39.5) 

9. A large number of working hours increases  
the likelihood of making mistakes. 

18 (41.9) 13 (30.2) 5 (11.6) 7 (16.3) 

10. Even the most experienced and competent 
specialists make mistakes. 

27 (62.8) 10 (23.3) 6 (14.0) - 

11. A true professional does not make mistakes. 14 (32.6) 17 (39.5) 12 (27.9) - 
12. Human error is inevitable. 21 (48.8) 13 (30.2) 9 (20.9 - 
13. Most mistakes occur due to the negligence  
of higher-ranking representatives (including  
doctors and nurses). 

18 (41.9) 18 (41.9) 7 (16.3) - 

14. If employees pay more attention to task 
completion, mistakes will not occur. 

16 (37.2) 23 (53.5) 4 (9.3) - 

15. Most mistakes occur due to the negligence  
of healthcare assistants. 

4 (9.3) 18 (41.9) 21 (48.8) - 

16. Errors are a sign of incompetence. 3 (7) 20 (46.5) 20 (46.5) - 
17. It is not important to report errors that do  
not affect patients’ condition. 

8 (18.6) 15 (34.9) 20 (46.5) - 

18. Management should disclose errors only  
if they cause suffering to patients. 

11 (25.6) 12 (27.9) 20 (46.5) - 

 
In terms of neglecting regular breaks during a shift, a predominant agreement was 

observed among the participants, with approximately 50% agreeing that it significantly 
increases the probability of errors. Despite this majority consensus, there was diversity 
of opinions, with some participants providing lower scores. Conversely, the participants 
had varied opinions regarding the impact of a large number of working hours on the 
likelihood of making mistakes. The majority (approximately 70%) agreed with the 
statement, but there was diversity in the responses, suggesting differing perspectives on 
the influence of extended working hours. The participants (more then 80%) also 
predominantly agreed that even the most experienced and competent specialists make 
mistakes. 

The acknowledgement of professional fallibility was widespread, although 
variations in the responses indicate room for exploration into nursing students’ 
experiences or specific contexts contributing to this shared perception. In the realm of 
professionalism, there was a lack of consensus among the participants regarding the 
expectation of perfection in professionals. The diversity in the responses suggests a 
nuanced understanding of professional fallibility that merits further exploration. A 
prevalent acceptance of the inevitability of human error was noted among the 
participants, with the majority (about 80%) agreeing with the statement. The perceptions 
on the accountability of higher-ranking representatives for mistakes varied among the  
 



544 

participants, with more then 80% agreeing that most mistakes are attributed to 
negligence by higher-ranking representatives. The diversity in the responses underscores 
the need for further exploration to understand the factors influencing these perceptions, 
including the participants’ experiences and contexts. 

The participants also expressed varying opinions on whether mistakes can be 
prevented if employees pay more attention to task completion, with a significant 
proportion (approximately 90%) agreeing with this perception. The diversity in the 
responses suggests differing beliefs about the relationship between attention to task 
completion and mistake occurrence, warranting further investigation and analysis. In the 
context of healthcare, diverse opinions were noted regarding the negligence of healthcare 
assistants as the primary contributors to mistakes, with the majority of the participants 
(more then 90%) strongly disagreeing with the notion. This diversity suggests differing 
beliefs about the dynamics within healthcare teams, requiring further analysis to identify 
specific factors influencing these perceptions. 

The importance of reporting errors that do not impact patients’ condition elicited 
diverse opinions among the participants, with the majority (over 80%) strongly agreeing 
with this perception. However, the participants indicated different degrees of agreement 
and disagreement. This finding suggests varying perspectives on the significance of 
reporting errors, particularly those deemed non-impactful to patients. Further analysis 
could reveal specific factors influencing these perceptions, contributing to a 
comprehensive understanding of reporting practices in healthcare settings. Similarly, the 
participants express varied opinions on whether management should disclose errors only 
if they cause suffering to patients. 

In conclusion, the perceptions of nursing students regarding patient safety were 
extensively examined, revealing significant insights into various aspects of their 
attitudes and beliefs. The findings shed light on feedback mechanisms and organizational 
policies, highlighting potential gaps in communication channels and areas for 
improvement in learning and development initiatives. Additionally, diverse perspectives 
emerged regarding human error, workplace conditions, and professionalism, indicating 
the need for further exploration to understand the underlying factors influencing these 
perceptions. The analysis categorized responses across six distinct scales, providing a 
comprehensive understanding of the participants' perspectives and areas requiring 
attention in educational curricula and healthcare practices. These findings contribute 
valuable insights for enhancing patient safety and fostering a culture of transparency and 
accountability within healthcare settings. 

 
The perceptions of nursing students regarding patient safety related outcomes 
The analysis of the data regarding teamwork and collaboration revealed a rich 

tapestry of perspectives among the participants (Table 6). The majority of the 
participants (81.4%) agreed that all errors must be reported, highlighting a prevailing 
attitude towards transparency and accountability in error reporting. However, there was 
diversity in the responses, with some participants expressing varying levels of agreement 
and disagreement. This variability underscores different perspectives on the necessity of 
reporting errors and emphasizes the importance of understanding the factors that 
contribute to these attitudes. 
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Table 6. Nursing Students’ Perceptions of Teamwork and Collaboration (n = 43) 

Questions 
Totally 
disagree 
n (%) 

Totally 
agree 
n (%) 

Agree 
n (%) 

Totally 
disagree 
n (%) 

Missed 
n (%) 

19. All errors must be reported. 8 (18.6) 23 (53.5) 12 (27.9) 8 (18.6) - 
20. Good collaboration among team 
members reduces errors. - 32 (74.4) 9 (20.9) - 2 (4.7) 

21. Teaching teamwork skills reduces 
errors. - 36 (83.7) 6 (14) - 1 (2.3) 

 
In terms of collaborative efforts within healthcare teams, most participants (95.3%) 

strongly agreed that good collaboration among different team members reduces errors. 
This finding emphasizes the perceived significance of teamwork in error prevention. 
Despite this majority consensus, a smaller proportion of the participants expressed 
varying levels of agreement and disagreement. This diversity in the responses suggests 
that while a substantial number recognize the positive impact of collaboration, there are 
still nuances in individual perspectives. 

The majority of the participants (97.7%) strongly agreed that teaching teamwork 
skills reduces errors, indicating a consensus on the positive impact of teamwork training 
on error reduction within the healthcare context. While a smaller proportion expressed 
varying levels of agreement, the overall pattern indicated a positive association between 
the belief in the effectiveness of teaching teamwork skills and the potential reduction of 
errors. These findings illustrate a dynamic landscape of perspectives, emphasizing the 
importance of understanding beliefs about error reporting, collaborative efforts, and the 
impact of teamwork training. Further exploration of these nuanced perspectives could 
provide targeted insights for improving practices and education within healthcare settings. 

The analysis of the data regarding patients’ role in safety showed a range of 
perspectives among the participants (Table 7). Most participants (81.4%) agreed that 
patients play an important role in preventing errors, showcasing a collective recognition 
of the significance of patient involvement in ensuring safety. While a substantial 
proportion expressed varying levels of agreement, the overall trend showed a positive 
acknowledgement of patients’ role in error prevention. Furthermore, the majority of the 
participants (90.3%) strongly agreed that encouraging patients to actively participate in 
their care activities can help reduce risks and errors, emphasizing the pivotal role of 
patient engagement in enhancing safety. There were varying levels of agreement among 
the participants, with some expressing more moderate views. 

 
Table 7. Nursing Students’ Perceptions of Patients’ Role in Safety (n = 43) 

Questions 
Totally 
disagree 
n (%) 

Totally 
agree 
n (%) 

Agree 
n (%) 

22. Patients play an important role in preventing errors. 8 (18.6) 21 (48.8) 14 (32.6) 
23. Encouraging patients to participate more in their own 
care activities helps reduce risks and errors. 4 (9.3) 24 (55.8) 15 (34.9) 

 
The analysis of the data regarding education and training unveiled varying 

perspectives among the participants (Table 8). The majority (90.7%) strongly agreed that 
teaching patient safety to learners should be a significant priority in the preparation of 
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healthcare and medical professionals. There were varying levels of agreement among 
the participants, with some expressing more moderate views. This finding highlights the 
consensus on the importance of integrating patient safety education into healthcare 
training programmes, suggesting potential implications for enhancing overall patient 
care and safety outcomes. Conversely, 76.7% of the participants agreed that patient 
safety can only be learnt in the workplace after completing school and becoming 
qualified for the job. However, other participants held differing views, suggesting 
diversity of perspectives on the effectiveness of formal education in imparting patient 
safety knowledge. Approximately 88% agreed that learning about patient safety topics 
before qualifying contributed to their professional competence. However, the responses 
also differed, suggesting varying levels of agreement and disagreement regarding the 
impact of pre-qualification education on professional preparedness. 

 
Table 8. Nursing Students’ Perceptions of Education and Training (n = 43) 

Questions 
Totally 
disagree 
n (%) 

Totally 
agree 
n (%) 

Agree 
n (%) 

24. Teaching patient safety to learners must be a significant 
priority in the preparation of healthcare and medical 
professionals. 

4 (9.3) 2 (58.1) 14 (32.6) 

25. Patient safety cannot be taught and can only be learnt in  
the workplace after completing school and becoming qualified 
for the job. 

10 (23.3) 18 (41.9) 15 (34.9) 

26. Learning about patient safety topics before qualifying 
allowed me to be a better professional. 5 (11.6) 17 (39.5) 21 (48.8) 

 
The analysis of the data regarding knowledge assessment revealed a rich tapestry 

of perspectives among the participants (Table 9). The familiarity with different types of 
human errors varied among the participants. A notable proportion (83.3%) expressed a 
high level of familiarity, suggesting a reasonable understanding of the various forms of 
human errors. However, there was also diversity in the responses, including some 
participants who provided lower scores, indicating differing levels of awareness or 
knowledge regarding different types of human errors. Similarly, the level of awareness 
regarding the factors contributing to human errors differed among the participants. A 
substantial proportion (97.7%) expressed a high level of awareness, suggesting a good 
understanding of the factors that contribute to making errors. However, the participants 
also shared varying responses, including some who provided lower scores, indicating 
differing levels of awareness or knowledge in this area. Approximately 98% of the 
participants had a strong and good awareness of the factors influencing patient safety, 
respectively. In the context of communication and error disclosure, the majority of the 
participants expressed positive perceptions, but there were also variations in the 
responses. Similarly, most participants expressed positive perceptions regarding their 
knowledge of how to act after making a mistake and report a mistake and the role of 
healthcare organizations in error reporting systems. However, the variations in the 
responses suggest areas that may require additional attention in making post-error 
actions, training for recovery, reporting mistakes, and understanding the role of 
healthcare organizations. 
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Table 9. Nursing Students’ Perceptions of Knowledge Assessment (n = 43) 

Questions 
Totally 
disagree 
n (%) 

Totally 
agree 
n (%) 

Agree 
n (%) 

Missed 
n (%) 

27. I am familiar with various types of human 
errors. 7 (16.3) 16 (37.2) 20 (46.5) - 
28. I am aware of the factors that contribute  
to making human errors. 1 (2.3) 20 (46.5) 19 (44.2) 3 (7.0) 
29. I know the factors that influence patient 
safety. 1 (2.3) 21 (48.8) 19 (44.2) 2 (4.7) 
30. I have knowledge of how to talk about 
mistakes and, if necessary, admit them. 1 (2.3) 27 (62.8) 14 (32.6) 1 (2.3) 
31. I have knowledge of how to act after  
making a mistake. 1 (2.3) 23 (53.5) 19 (44.2) 

- 
 

32. I have knowledge of how to report a  
mistake. 1 (2.3) 20 (46.5) 19 (44.2) 3 (7) 
33. I have knowledge of the role of healthcare 
organizations (e.g. family doctors, hospitals, 
nursing homes, and rehabilitation hospitals)  
in error reporting systems. 

7 (16.3) 16 (37.2) 20 (46.5) - 

 
In summary, the analysis of nursing students' perceptions regarding patient safety 

competences revealed a diverse range of perspectives across various dimensions. In 
terms of teamwork and collaboration, there was a consensus among participants on the 
importance of error reporting and the positive impact of collaboration in reducing errors 
within healthcare teams. Additionally, the effectiveness of teaching teamwork skills in 
error reduction was widely recognized. Regarding patients' role in safety, there was a 
collective acknowledgment of the significance of patient involvement in error 
prevention, with a majority agreeing that encouraging patients to actively participate in 
their care activities can help reduce risks and errors. In terms of education and training, 
there was consensus on the importance of integrating patient safety education into 
healthcare training programs, although views on whether patient safety can only be 
learned in the workplace after completing school varied. Furthermore, participants 
expressed varying levels of familiarity and awareness regarding different types of human 
errors and factors contributing to errors, highlighting areas for further education and 
training. Overall, the findings underscore the complexity of perceptions surrounding 
patient safety competences among nursing students and emphasize the importance of 
targeted efforts to improve practices and education within healthcare settings. 

Taken together, the quantitative findings contribute to a comprehensive overview 
of nursing students’ perceptions and attitudes towards human error in the healthcare 
context, highlighting both positive trends and areas for potential improvement. In the 
next section, the main points of the study will be discussed, with a specific focus on their 
implications for nursing curriculum development to enhance patient safety education. 

 



548 

DISCUSSION 
 
The present findings align with the conclusions drawn by El Naggar (2020) that the 

implementation of a patient safety course in undergraduate medical education positively 
influences students’ understanding of patient safety. Nursing students have highlighted 
the importance of integrating patient safety knowledge into nursing curricula. They 
recognize the necessity of studying this topic as part of their nursing education. At its 
core, the present study underscores the necessity for a thoughtful evolution in curriculum 
development within nursing programmes. The integration of patient safety courses is not 
only advocated but also deemed essential. This advocacy surpasses a generic call, 
emphasizing a meticulous tailoring of educational content to address specific concerns, 
including but not limited to error reporting, teamwork dynamics, and patient 
engagement. Nursing curriculum should to provide a comprehensive and evidence-based 
approach to patient safety education, focusing on developing the necessary knowledge, 
skills, and attitudes among students to promote safe and effective nursing practice. Based 
on the information provided in the table outlining important factors for ensuring patient 
safety in nursing, several key considerations emerge for the development of a nursing 
curriculum. A holistic approach to patient safety knowledge within the curriculum, 
ensuring that students are equipped with comprehensive understanding and skills related 
to patient safety principles. This should include an emphasis on understanding the causes 
of errors, professionalism, and the role of nurse identity (Table 10). 

 
Table 10. Important Factors for Ensuring Patient Safety in Nursing Curriculum 

Topics Factor I 
Education 

Factor II 
Perceptions 

Factor III 
Behaviour 

Human error Sufficient knowledge of  
the causes of errors 

Relevant perceptions  
of patient safety topics  
(error is human) 

Open discussions 
among mistakes with 
colleagues and 
supervisor  

Workplace 
conditions 

Adequate understanding  
of work environment and 
conditions on employees 
abilities (inc.human error) 

Awareness of 
professionalism and role  
of nurse identity  

Openness of error 
handling and preventive 
measures 

Teamwork and 
collaboration 

Knowledge of error 
reporting system  

Reporting is a part of  
learning system  

Supportive 
collaboration and 
teamwork  

Patient 
engagement 

Ability to engage patients 
the care process 

The patient's role in the  
care process 

Nurses' communication 
skills with patients 

Education Patient safety holistic 
approach to knowledge  
in healthcare and medical 
education 

A comprehensive and 
evidence-based approach  
to patient safety in nursing 
education with a definition  
of the necessary skills and 
knowledge 

Preventive measures of 
patient safety in nursing 
education 

Knowledge 
assessment 

Knowledge of handling 
human errors in nursing - 
integrating a simulation 

Knowledge and skills to 
report errors and mistakes 

Skills and knowledge  
of how to behave in a 
situation when a 
mistake has been made 
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Second important update regarding the development of the nursing curriculum is 
associated with the need to integrate education on the impact of work environment and 
conditions on employee abilities, particularly in relation to human error. This involves 
fostering awareness of how workplace factors can influence patient safety and providing 
strategies for effectively managing these conditions. In the analysis of the data regarding 
workplace conditions and practices, diverse perspectives were noted among the nursing 
students in this study. The opinions varied, particularly regarding the impact of shorter 
shifts, thus prompting further exploration into the nuanced factors that shape these 
disparate viewpoints. From the workplace perspective, it is essential to implement 
aspects related to developing a supportive work environment in study courses, with a 
specific focus on recognizing positive attitudes within organizations. Organizations with 
a supportive work environment have been shown to have more collaborative and 
motivated employees who perform safely, learn from mistakes, and are more open to 
communication (Hinde et al., 2016). It is crucial to increase students’ knowledge about 
their role in creating a work environment through their attitudes and values regarding 
safety. In the nursing curriculum, courses related to occupational and patient safety 
should be integrated at the bachelor's level, with a special focus on the work environment 
aspect related to organization and safety outcomes. Similarly, at the master's level, topics 
related to quality should be developed and distributed to the students, with a focus on 
safety management. Third factor related to the developing of students' knowledge 
regarding error reporting systems and emphasize the importance of reporting errors as 
part of the learning process. Encourage a culture of open discussion and supportive 
collaboration among colleagues and supervisors to facilitate effective teamwork in error 
management. Central to this nuanced narrative is the acknowledgement of individual 
variations in perceptions, serving as a linchpin in shaping attitudes towards crucial 
elements in healthcare, including error reporting, collaborative initiatives, patient 
engagement, and education. Previous studies have demonstrated that strong teamwork 
and open communication significantly enhance employees’ commitment and motivation 
to perform safely, fostering open discussions about errors as well as reporting of adverse 
events (Sepp & Tint, 2017). The call for further exploration and analysis is not a mere 
refrain but an academic imperative, promising to unravel the intricate web of factors 
influencing the nuanced perspectives. 

Themes such as the acknowledgement of human fallibility and the paramount 
importance of teamwork, as identified in this study, resonate as consensus points within 
the healthcare community, reflecting shared values. This alignment is significant within 
the present findings and intersects with the principles embedded in the WHO curriculum. 
The WHO curriculum, encompassing critical concepts such as patient safety and human 
factors, underscores their vital role in ensuring patient well-being (WHO, 2009). The 
current study aligns with these curriculum principles, reinforcing the importance of 
comprehending healthcare systems, understanding the impact of complexity on patient 
care, fostering effective teamwork, learning from errors, and managing clinical risks. 
The identified diversity in the responses in this study corresponds to the recognition in 
the WHO curriculum that educational enhancements are essential. The curriculum, 
mirroring the present insights, introduces students to quality improvement 
methodologies, emphasizes engagement with patients and healthcare specialists, and 
integrates cluster topics to bridge theoretical knowledge with practical application. 
These encompass strategies for minimizing infections, addressing patient safety in 
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invasive procedures, rectifying medication errors, employing root cause analysis, 
implementing evidence-based practice, and refining communication skills (Seiden et al., 
2006; WHO, 2009). This synthesis underscores the relevance and consistency of the 
current findings with established global standards in patient safety education. 

The present findings are consistent with the report by Sepp and colleagues (2018). 
It is essential to recognize that the development of professionalism is a dynamic process 
that commences with initial academic activities and depends on the experiences gained 
in both formal educational institutions and practical performances (Karami et al., 2017; 
Jin & Yi, 2019). Human factors play a crucial role in this process. Previous studies have 
shown that employees with high professional competencies exhibit greater 
professionalism in the workplace owing to their prior educational experiences. 
Understanding these dynamics becomes imperative for educators and curriculum 
developers to design interventions that align with the evolving needs and expectations 
of healthcare professionals throughout their educational journey. Previous studies have 
also demonstrated that employees with a higher awareness of their professionalism are 
more effective in their interactions with patients and their relatives (Sepp et al., 2018). 
According to our results, nursing programs should equip students with the skills to 
effectively engage patients in the care process. Emphasis should be placed on 
understanding the patient's role in their own care and improving nurses' communication 
skills to enhance patient engagement and safety. 

In the dynamic landscape of healthcare, the findings contribute significantly to 
fostering a culture characterized by transparency, continuous learning, and effective 
collaboration within healthcare teams. Our study demonstrate that implementing 
methods for assessing students' knowledge and skills related to handling human errors, 
reporting mistakes, and appropriate behaviour in error situations. Utilize simulation-
based learning to provide realistic scenarios for practicing these skills in a safe 
environment. The study emphasizes the inherent complexity of the healthcare 
environment and the ongoing need for efforts to align education, training, and  
workplace practices with the ever-evolving needs and expectations of healthcare 
professionals. Notably, previous discussions have underscored the role of teamwork  
and simulation-based learning in supporting students to develop their professional 
competencies within a safe learning environment, thereby preventing future unsafe 
behaviour and promoting patient safety (El Naggar & Al Maeen, 2020). While various 
considerations support students in their learning processes and enhance their 
professional self-esteem, it is crucial for educators to concentrate on fostering student-
teacher collaboration in a learning environment that incorporates student-friendly 
platforms and educational perspectives (Alokluk, 2018; Uziak et al., 2018). 

Such granularity is crucial in shaping a comprehensive understanding among future 
healthcare professionals. In line with this, Walton and colleagues (2011) advocated for 
a supportive educational environment and an open discussion about errors to enhance 
patient safety education in medical schools. Their work emphasizes the need for a 
cultural shift in healthcare organizations, acknowledging that change is challenging but 
essential for improving patient safety. The insights drawn from this study extend beyond 
the immediate context, assuming the role of a strategic guide for refining educational 
strategies. The overarching objective is a calibrated alignment with the dynamic needs 
of healthcare professionals, with a direct corollary of enhancing patient care and safety 
outcomes. 
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The present discussion transcends the realm of mere academic discourse; it extends 
an invitation to policymakers, educators, and healthcare institutions to leverage the 
nuanced understanding in collective efforts aimed at enhancing patient care, minimizing 
errors, and fostering a healthcare workforce characterized by resilience and 
responsiveness. Subsequent discussions could reveal detailed perspectives, each 
presenting distinct opportunities for strategic enhancements, ranging from understanding 
the aetiology of medical errors to fostering open channels of communication and 
addressing nuanced facets of workplace conditions. 

In essence, this study could serve as a guide, charting a course towards an enriched 
educational landscape. This landscape not only imparts knowledge but also fosters a 
profound understanding of patient safety, positioning healthcare professionals as adept 
stewards of healthcare outcomes in the future. 

The weaknesses of the study were that this study represents the first empirical 
investigation into patient safety attitudes among nursing students in Estonia, providing 
valuable insights into this previously understudied area. The use of a translated and 
piloted questionnaire demonstrates efforts to ensure the validity and reliability of data 
collection methods. Acknowledgment of the importance of patient safety in nursing 
education reflects a commitment to addressing critical issues in healthcare. 

The relatively small sample size of 43 students with work experience in healthcare 
limits the generalizability of the findings. Language bias may have influenced the results, 
as interpretations of patient safety concepts could vary among participants. Synthesizing 
data from diverse sources with varying methodologies poses challenges and may impact 
the overall research synthesis. 

Future research endeavors are necessary to fill the existing knowledge gap and 
provide high-quality services to patients, reduce errors, and enhance healthcare quality. 
Continued efforts to investigate patient safety attitudes and practices within nursing 
education are crucial for informing evidence-based strategies and improving training 
initiatives. As nursing faces ongoing evolution and new challenges, comprehensive 
investigations are needed to promote patient safety and quality healthcare delivery 
within this dynamic environment. 

 
CONCLUSIONS 

 
This section presents a nuanced exploration of the attitudes and perceptions of 

healthcare students concerning patient safety. Such exploration enables an illuminating 
discourse, unravelling complex themes that both affirm shared values and reveal areas 
necessitating strategic interventions. The analysis of nursing students' perceptions 
regarding patient safety and patient safety competences revealed a multifaceted 
landscape of perspectives. Across both dimensions, there was a clear consensus on the 
importance of error reporting, collaboration, and patient involvement in enhancing safety 
within healthcare settings. Additionally, participants recognized the value of integrating 
patient safety education into healthcare training programs. However, variations in views 
regarding the effectiveness of formal education in imparting patient safety knowledge 
and the role of workplace learning highlighted the need for further exploration and 
targeted interventions. Overall, these findings underscore the complexity of perceptions  
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surrounding patient safety among nursing students and emphasize the importance of 
comprehensive approaches to improve safety practices and education within healthcare 
settings. In essence, this study could serve as a guide, charting a course towards an 
enriched educational landscape. This landscape not only imparts knowledge but also 
fosters a profound understanding of patient safety, positioning healthcare professionals 
as adept stewards of healthcare outcomes in the future. 
 
ACKNOWLEDGEMENTS. The development of the safety culture framework was supported by 
the Tallinn Health Care College project titled’A Strategic Management Approach to Patient and 
Employee Safety in Healthcare Organizations’. 

 
REFERENCES 

 
Alokluk, J.A. 2018. The effectiveness of Blackboard system uses and limitations in information 

management. Intelligent Information Management 10, 133–149. 
Alshahrani, S., AAlswaidan, A., Alkharaan, A., Alfawzan, A., Alshahrani, A., Masuadi, E. & 

Alshahrani, A. 2021. Medical students’ insights towards patient safety. Sultan Qaboos 
University Medical Journal 21(2), e253–e259. 

Bianchi, M., Bressan, V., Cadorin, L., Pagnucci, N., Tolotti, A. & Valcarenghi, D. 2016. Patient 
safety competencies in undergraduate nursing students: a rapid evidence assessment. 
Journal of Advanced Nursing 72(12), 2966–2979. 

Cantero-López, N., González-Chordá, V.M., Valero-Chillerón, M.J., Andreu-Pejó, L., Vila-
Candel, R. & Cervera-Gasch, A. 2021. Attitudes of undergraduate nursing students towards 
patient safety: a quasi-experimental study. International Journal of Environmental 
Research and Public Health 18, 1429. 

Carruthers, S., Lawton, R., Sandars, J., Howe, A. & Perry, M. 2009. Attitudes to patient safety 
amongst medical students and tutors: developing a reliable and valid measure. Medical 
Teacher 31, e370–e376. 

Cervera-Gasch, A., González-Chordá, V.M., Manrique-Abril, F.G., Andreu-Pejo, L., Valero-
Chillerón, M.J. & Mena-Tudela, D. 2021. Validation of the Attitudes to Patient Safety 
Questionnaire for nursing students in the Spanish context. BMC Nursing 201, 101. 

El Naggar, M.A. & Al Maeen, A.H. 2020. Students’ perception towards medical-simulation 
training as a method for clinical teaching. Journal of the Pakistan Medical Association 70, 
618–623. 

El Naggar, M.A. 2020. Implementing and evaluating a patient safety curriculum for 
undergraduate medical students using backboard. Suez Canal University Medical Journal 
23(2), 182–191. 

Hinde, T., Gale, T., Anderson, I., Roberts, M. & Sice, P. 2016. The study to assess the influence 
of interprofessional point of case simulation training on safety culture in the operating 
theatre environment of a university teaching hospital. Journal of Interprofessional Care 
30(2), 251–253. 

Jin, J. & Yi, J.Y. 2019. Patient safety competency and the new nursing care delivery model. 
Journal of Nursing Management 27(6), 1167–1175. 

Karami, A., Farokhzadian, J. & Foroughameri, G. 2017. Nurses’ professional competency and 
organizational commitment: is it important for human resource management? PLoS One 
12(11), e0187863. 

Morello, R.T., Lowthian, J.A., Barker, A.L., McGinnes, R., Dunt, D. & Brand, C. 2013. 
Strategies for improving patient safety culture in hospitals: a systematic review. BMJ 
Quality and Safety 22, 11–18. 



553 

Neuberg, M., Železnik, D., Meštrović, T., Ribić, R. & Kozina, G. 2017. Is the burnout syndrome 
associated with elder mistreatment in nursing homes: results of a cross-sectional study 
among nurses. Archives of Industrial Hygiene and Toxicology 68(3), 190–197. 

Niemeyer, M.A. 2018. Effective patient safety education for novice RNs: a systematic review. 
Journal of Advanced Nursing 8(3), 103–115. 

Nieva, V.F. & Sorra, J. 2003. Safety culture assessment: a tool for improving patient  
safety in healthcare organizations. Quality and Safety in Health Care 12, ii17–ii23. 
doi: 10.1136/qhc.12.suppl_2.ii17 

Nie, Y., Li, L., Yurong, D., Chen, P., Barraclough, B.C., Zhang, M. & Li, J. 2011. Patient safety 
education for undergraduate medical students: a systematic review. BMC Medical 
Education 11(33). 

Nilsson, J., Johansson, E., Egmar, A.-C., Florin, J., Leksell, J. & Lepp, M. 2014. Development 
and validation of a new tool measuring nurses self-reported professional competence-the 
Nurse Professional Competence (NPC) Scale. Nurse Education Today 34(4), 574–580. 

Ratnapalan, S. & Uleryk, E. 2014. Organisational learning in healthcare organisations. Systems 
2(1), 24–33. 

Ree, E. & Wiig, S. 2019. Employees’ perceptions of patient safety culture in Norwegian  
nursing homes and home care services. BMC Health Services Research 19, 607. 
doi: 10.1186/s12913-019-4456-8 

Runciman, W., Hibbert, P., Thomson, R., Van Der Schaaf, T., Sherman, H. & Lewalle, P. 2009. 
Towards an international classification for patient safety: key concepts and terms. 
International Journal for Quality in Health Care 21, 18–26. 

Seiden, S.C., Galvan, C. & Lamm, R. 2006. Role of medical students in preventing patient harm 
and enhancing patient safety. Quality and Safety in Health Care 15, 272–276. 

Sepp, J. 2021. Safety Culture Framework for Nursing and Care Institutions. PhD Thesis, Tallinn 
University of Technology, Tallinn, Estonia, 140 pp. 

Sepp, J., Reinhold, K., Järvis, M. & Tint, P. 2018. Human factors and ergonomics in  
safety management in healthcare: building new relationships. Agronomy Research 16(4), 
1862–1876. 

Sepp, J. & Tint, P. 2017. The components of non-punitive environment in nursing. Safety of 
Technogenic Environment 8, 24–30. 

Uziak, J., Oladiran, M., Lorencowicz, E. & Becker, K. 2018. Students’ and instructor’s 
perspective on the use of Blackboard platform for delivering an engineering course. 
Engineering Education Faculty Publications 237. 

Walton, M., Woodward, H., Van Staalduinen, S., Lemer, C., Greaves, F., Noble, D., Ellis, B., 
Donaldson, L. & Barraclough, B. 2011. The WHO patient safety curriculum guide for 
medical schools. Postgraduate Medical Journal 87(1026), 317–321. 

World Health Organization. 2009. WHO patient safety curriculum guide for medical schools. 
World Health Organization. 

 



554 

Agronomy Research 22(S1), 554–570, 2024 
https://doi.org/10.15159/AR.24.037 

 
 
 

Spatial variability of chlorophyll and NDVI obtained by 
different sensors in an experimental coffee field 

 
S.A.S. Silva¹, G.A.S. Ferraz¹,*, V.C. Figueiredo², M.M.L. Volpato², 

M.L. Machado², V.A. Silva², C.S.M. Matos², L. Conti³ and G. Bambi³ 
 

1Federal University of Lavras, School of Engineering, Department of Agricultural 
Engineering, Rotary Clover Professor Edmir Sá Santos, BR37200-900 Lavras, Brazil 
2Agricultural Research Company of Minas Gerais, Av. José Cândido da Silveira 1647, 
Bairro União Belo Horizonte, BR31170-495 Belo Horizonte, Brazil 
3University of Florence – UniFI, Department of Agriculture, Food, Environment and 
Forestry (DAGRI), Via San Bonaventura, 13, IT50145 Florence, Italy 
* Correspondence: gabriel.ferraz@ufla.br 
 
Received: January 31st, 2024; Accepted: May 1st, 2024; Published: May 8th, 2024 
 
Abstract. The objective of this research was to study the spatial variability of NDVI and 
chlorophyll sampled by different sensors, as well as to evaluate the correlation between them in 
a coffee field. The study was carried out on a coffee farm located in the municipality of Três 
Pontas, Minas Gerais. A sampling grid containing 30 points was created for the study area. Each 
sampling point was represented by one plant, which was georeferenced by a GNSS RTK. For 
each sample plant, NDVI and chlorophyll were obtained by the optical and active sensors 
GreenSeeker and ClorofiLOG, respectively. In addition, it was carried out a flight with an RPA 
equipped with a passive and multispectral sensor. Using the data obtained by active sensors, a 
geostatistical analysis was carried out to evaluate the spatial variability of NDVI and chlorophyll. 
The geostatistical analysis verified the existence of spatial dependence for the two attributes, and 
thus it was possible to generate spatialization maps through kriging. The images obtained by the 
passive sensor resulted in five multispectral orthomosaics, making it possible to calculate the 
NDVI, thus generating a spatialization map of this index. It was possible to observe in the 
generated maps, points that presented a certain similarity and for this purpose a correlation 
analysis was carried out for the values of each attribute, sampled directly in the maps, and in 
different sampling grids (30, 60, 90 and 120 points). By analyzing the Pearson coefficient (R) it 
was possible to quantify the level of correlation between the data obtained by the different sensors 
and through the t test it was possible to find significant correlations between them. 
 
Key words: geostatistics, spatial distribution, spectral indices, active sensor, passive sensor. 
 

INTRODUCTION 
 
The term Precision Coffee Farming (PC) originated from the application of 

Precision Agriculture (PA) techniques and technologies to coffee cultivation (Alves et 
al., 2006). It is characterized as a set of techniques, technologies, and tools that 
efficiently characterize the spatial variability of coffee tree parameters (Ferraz et al., 

https://doi.org/10.15159/AR.24.037
https://doi.org/10.15159/AR.24.037
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2012; Santana et al., 2022). Through this set of characteristics, it is possible to obtain an 
integrated base of information and to understand the relationships between the 
production system, the attributes involving soil and plants, and their behavior in 
variations in space, time, and climate. 

In PA, a very important technological tool is remote sensing (RS), widely 
disseminated due to its various applications. Precision agriculture combined with 
computational tools has been studied and widely disseminated in terms of coffee crops 
(Santos et al., 2023). According to Amaral et al. (2020), sensors and applications in remote 
sensing (RS) at all levels (orbital, aerial and terrestrial) have significantly evolved. 

Spectral remote sensing enables early, efficient, objective and non-destructive 
assessment of plant responses to environmental stress factors (Li et al., 2010). According 
to Shiratsuchi et al. (2014) the sensors used by RS can be divided into two categories: 
passive or active. Passive sensors record electromagnetic energy reflected or emitted by 
the target, such as reflected solar radiation or emitted thermal radiation. Active sensors 
provide their own source of electromagnetic energy, such as radars, sonars, active 
canopy sensors (such as GreenSeeker and ClorofiLOG, for example). 

The combination of spectral data from two or more bands creates vegetation 
spectral indices. These improve the relationship between spectral data and the 
biophysical parameters of vegetation (Zanzarini et al., 2013). Vegetation indices allow 
determining the health status of crops, based on different characteristics (Main et al., 
2011; Yu et al., 2014). The normalized difference vegetation index (NDVI) is one of the 
technologies widely used in the field of remote sensing and has a strong relationship 
with morphophysiological variables, such as leaf health, leaf area index (LAI), biomass, 
plant productivity and chlorophyll concentration (Kim et al., 2022). 

In recent years, RS methodologies have been widely used in monitoring agricultural 
crops and in decision-making for better management practices (Marin et al., 2019). Jesus 
et al. (2014) states that RS techniques have been widely used to evaluate vegetation 
indices and chlorophyll levels, with the aim of identifying, in real time, possible changes 
due to variations that may occur in cultivation. Barbosa et al. (2019) and Santos et al. 
(2019a) stated that the use of Remotely Piloted Aircraft (RPA) in PA has increasing 
potential for agricultural monitoring through obtaining data with RS techniques. RPA’s 
can be used in smaller areas or in specific locations to obtain data in less time, being able 
to monitor crop growth. 

By identifying the spatial variability of the vegetative development of plants, it is 
possible to observe differences in productive potential in coffee plantations, where in 
most rural properties, they are treated in a uniform manner in terms of management 
(Rodrigues et al., 2019). Campos et al. (2022) state that adequate management of coffee 
plantations can be carried out in order to make the plants well-nourished and productive 
through geospatial and temporal monitoring of coffee trees. 

The chlorophyll content of leaves is an indicator that represents the growth status 
of crops, and its monitoring in crops is crucial for agricultural practices (Pereira et al., 
2019). Chlorophyll can be subdivided into two classes: chlorophyll a and chlorophyll b, 
together with carotenoids, are part of the primary photosynthetic pigments of plants 
(Moreira, 2011). These photosynthetic pigments have an important role in plant 
physiology, as they are correlated with attributes such as nitrogen and magnesium 
(Marenco & Lopes, 2007) that are related to plant nutrition. Furthermore, chlorophyll 
absorbs energy at different wavelengths (Moreira, 2011), which makes it possible to use 
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remote sensing (RS) techniques to observe the behavior of this attribute in different crops 
(Santos et al., 2019b). 

Therefore, this work aims to study the spatial variability of the normalized 
difference vegetation index and chlorophyll obtained by active and passive sensors, as 
well as to evaluate the correlation between the data obtained by them in different 
sampling grids in coffee fields. 

 
MATERIALS AND METHODS 

 
The study was carried out in a coffee plantation located in an Experimental Field 

belonging to the Agricultural Research Company of Minas Gerais (EPAMIG, acronym 
in portuguese), located in the municipality of Três Pontas, southern region of the state 
of Minas Gerais, Brazil, at mean altitude of 905 m above sea level in the coordinates of 
the Universal Transverse Mercator (UTM) system S 7640030.4 and E 449531.5, 
Zone 23K. This municipality has at mean annual temperature of 20.3 °C and a mean 
annual precipitation of 1,429 mm. The soil in this area is classified as Oxisol. 

The experimental area comprised 1.2 ha of coffee trees of the Coffea arabica L. 
species, cultivar Topázio MG 1190. This crop was established in 1998 with spacing 
between rows of 3.70 m and 0.70 m between plants (Fig. 1). 

 

 
 
Figure 1. Location map. 

 
In this area, a sampling grid was developed containing 30 georeferenced points 

(Fig. 2), where sample data for the variables NDVIps (NDVI obtained from RPA images), 
NDVIas, NDVIas.east and NDVIas.west (NDVI obtained by GreenSeeker readings) and 
Chlorophyll. Each sampling point was represented by a plant. Both the study area and 
sampling points were georeferenced by a global navigation satellite system (GNSS)  
real-time kinematic (RTK). 

The data collection for this study was conducted in August 2022. All measurements 
with the different sensors were carried out simultaneously in the interval from 11:00 am 
to 12:00 pm. The methodology involved several steps, including field data collection, 
data processing, generation of maps, and comparison of values. 
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Field data collection 

specifically taken from the middle section. Ten leaves were selected from either the third 
or fourth node from the apex of the plagiotropic branch, ensuring they were healthy and 
devoid of signs of pests or diseases (Santos et al., 2022; Bento et al., 2022; Barata et al., 
2023). Sampling occurred around 11:00 a.m., coinciding with the timing of the Remote 
Piloted Aircraft (RPA) flight for image collection. In total, 300 chlorophyll readings 
were recorded, resulting in a dataset comprising 30 attribute values, derived from the 
mean of 10 readings per sampled plant. 

 
NDVI active sensor (NDVIas) 
For the Normalized Difference Index (NDVI) readings obtained by an active sensor 

(NDVIas), the commercial GreenSeeker® 505 HandHeld Sensor was used, which is a 
non-image-forming optical sensor capable of measuring this index. The measurements 
of this index using this device were carried out using a method similar to scanning. 

 

 
 

Figure 3. NDVI data sampling using the active sensor. 
 

For NDVIas data sampling, the plant was divided into three sections, referred to as 
thirds (upper, middle, and lower), and two sides of solar exposure (east and west) were  
 

Chlorophyll 
Chlorophyll data were acquired 

employing an active sensor, designated 
as chlorofiLOG, produced by Falker. 
The measurement by this sensor is 
conducted optically, utilizing the 
optimal light frequencies absorbed by 
chlorophyll during photosynthesis. 
This instrument assesses three 
frequency bands and can discriminate 
between the two chlorophyll types: 
Chlorophyll a and Chlorophyll b. Each 
sampled plant was stratified into three 
sections (upper, middle, and lower), 
and the chlorophyll measurements was  

 

 
 
Figure 2. Sample grid. 



558 

considered. On each side of sun exposure, 9 readings were taken, with 3 in each third. 
represented by Fig. 3. So, 540 NDVIas values were obtained, divided into 18 readings 
for each sample plant (considering the 9 readings obtained for the east side and the 9 
readings obtained for the west side). The readings were divided as follows: NDVIas 

(mean of 18 readings obtained in the three thirds of the plants for the east and west sides), 
NDVIas.east (mean of 3 readings obtained from the upper third of the sample plants facing 
east) and NDVIas.west (mean of 3 readings obtained in the upper third of the sample plants 
facing west). 

This methodology for NDVI readings obtained by the GreenSeeker sensor was 
adopted considering that due to the high height of the coffee trees (above 2 m) it would 
be impossible to read the crown of the plants. 
 

NDVI passive sensor (NDVIps) 

To generate NDVI values by the passive sensor (NDVIps), a flight was carried out 
with an RPA, model EBee SQ from the manufacturer senseFly. This aircraft has the 
following characteristics: fixed wing, a wingspan of 110 cm, rated radio range of 3 km, 
cruising speed of 40–110 km h-1, wind resistance of up to 45 km h-1 (12 m s-1), electric 
motor, maximum payload of 1.1 kg (including camera and batteries) and flight autonomy 
of up to 55 min. 

The aircraft was equipped with a Parrot camera (Sequoia model) with a high-
resolution red-green-blue (RGB) sensor with a focal length of 4.88 mm. This camera 
also has four monochromatic sensors for the spectral bands: green (550 ± 40 nm), red 
(660 ± 40 nm), near infrared (NIR) (790 nm ± 40 nm) and red edge (735 ± 40 nm). The 
resolution is 1,280×960, with a pixel size of 3.75 μm and a focal length of 3.98 mm;  
the ground sample distance (GSD) is 6.8 cm at a flight height of 50 m (above ground 
level – AGL), which was adopted for the described study. 

In addition to the RGB and monochromatic sensors, Sequoia has a luminosity 
sensor to correct the influence of the sun by obtaining data with radiometric corrections. 
This sensor records not only the current lighting, but also the location of the center of the 

direction changes and image acquisition. During the flight, images are stored on the 
memory card contained in the multispectral sensor. After the flight, these images will be 
downloaded and sent to processing software. The flight plan followed the parameters 
represented in Table 1. 

 

the photo and inertial data. 
Flight planning and execution 

was carried out through the base 
station, which was developed by the 
same aircraft manufacturer (senseFly) 
with the following set: the eMotion 
software, responsible for flight 
programming and execution of the 
aircraft's path, and a transmitting 
antenna that allows real-time 
monitoring of the overflight, as well 
as sending commands for landing,  

 
Table 1. Flight planning parameters 
Camera Parrot Sequoia 
Resolution of the RGB camera 16 megapixels 
Resolution of the multispectral 
camera 

1.2 megapixels 

Focal length 3.98 mm 
Vertical cover 70% 
Horizontal cover 70% 
Spatial resolution 6.8 cm 
Flight altitude 50 m 
Speed 12 m s-1 
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Processing of data obtained by active Chlorophyll and NDVIas sensors 
Chlorophyll measurements using the ClorofiLOG sensor were downloaded using 

specific software provided by the equipment manufacturer. In this way, it was possible 
to download the measurements stored in the device and determine chlorophyll a (Chla) 
and chlorophyll b (Chlb). The sum of these two types of chlorophyll (Chla + Chlb) 
results in Total Chlorophyll (TC), which was used in this work. 

Mean values of NDVIas, NDVIas.east, NDVIas.west, and chlorophyll were utilized to 
analyse the spatial dependence of these attributes using semivariograms. Semivariance 
is classically estimated by Eq. (1), according to Vieira (2000). 

γ�(h) =
1

2 𝑁𝑁(h) � [𝑍𝑍 (𝑥𝑥𝑖𝑖) − 𝑍𝑍 (𝑥𝑥𝑖𝑖 + h )]2
𝑁𝑁𝑖𝑖=(h)

𝑖𝑖=1

 (1) 

Where N(h) is the number of experimental pairs of observations Z(xi) and  
Z(xi + h), separated by a distance h. The semivariogram is represented by the graph γ�(h) 
versus h. From the adjustment of a mathematical model to the calculated values of γ�(h), 
the coefficients of the theoretical model are estimated for the semivariogram, called 
nugget effect (C0), contribution (C0 + C1) and range (a), as described by Bachmaier & 
Backers (2008). 

For this study, the ordinary least squares (OLS) method and spherical model were 
used to fit the semivariogram. To check whether the model adjustments met the  
cross-validation requirements, the mean error (ME) was calculated according to Isaaks 
& Srivastava (1989). The ME must have a value as close to zero as possible. 

After adjusting the semivariograms and verifying spatial variability, the data were 
interpolated using ordinary kriging. Thus, the variables were estimated in locations 
where they were not sampled, which made it possible to visualize their distribution in 
space through thematic maps. 

The calculation of the degree of the spatial dependence (DSD) of the variables 
followed the classification proposed by Cambardella et al. (1994). In this classification, 
the authors point out that there is strong spatial dependence when the semivariogram 
presents a nugget effect equal to or less than 25% of the sill variance, moderate spatial 
dependence when this relationship is between 25% and 75%, and weak spatial 
dependence when it is greater than 75%. 

The geostatistical analysis carried out by adjusting the semivariograms and 
ordinary kriging was carried out in the RStudio software using the geoR package 
(Ribeiro Jr & Diggle, 2001). Kriging generated interpolated and georeferenced points, 
which were exported to the QGis version 3.22.9 software to create isocolour maps for 
the attributes NDVIas, NDVIas.east, NDVIas.west and chlorophyll. 

 
Processing of NDVI data obtained by the passive sensor 
The normalized difference index (NDVI) consists of calculating the difference 

between emission and reflection of two wavelengths of the electromagnetic spectrum: 
near infrared (0.725–1.1 μm) and red (0.58–0.68 μm) (Rouse et al., 1973). 

After completing the flight and capturing images using the multispectral camera, 
the images were processed using the Pix4D software, resulting in four orthomosaics for 
the spectral bands and one orthomosaic for the RGB composition. The orthomosaics  
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were imported to the geoprocessing software QGis, where NDVI was calculated using 
the raster calculator tool and using Eq. 2, enabling to obtain the NDVI values for the 
study area. 

NDVI =
NIR − RED
NIR + RED

 (2) 

whereNIR – near infrared spectral band; RED – red spectral band 
The NDVI value varies from -1 to 1 and shows us the vigor of the crop. Values 

close to 1 mean that the more intense the green, the more vigor there is in the vegetation 
and vegetation cover. We must take into account whether we are working with extensive 
or intensive cultivation, or if there is no bare soil, as all of this will be taken into account 
by the index. And this will also measure the vigor of the weeds. Values close to 0 
correspond to areas with little vegetation, initial stages of cultivation, bare soil or  
non-productive areas. Negative values are generally associated with areas of water, 
snow, or clouds. 

 
Map generation and correlation analysis 
For this study, five maps were generated, one map through the calculation of NDVI 

using multispectral images (NDVIps) and four maps obtained by geostatistical analysis 
through ordinary kriging (NDVIas, NDVIas.east, NDVIas.west, and chlorophyll). All maps 
were created using QGis software. To compare map values of the studied variables, 
4 sample grids of 30, 60, 90 and 120 points were created within the area. To construct 
the grids, the following requirements were used: 

• Points have a minimum distance of 2 m from each other; 
• The points are 4 m away from the area's borders, so that there would be no 

interference in the results. 
Polygons of 0.8 m were created using the zonal statistical tool for each sampling 

point within the grids. These polygons were then sampled using the mean pixel values 
within the 0.8 m buffer for each sample point across the different grids. 

The sampling of NDVI data, for both sensors, and chlorophyll values resulted in 
4 tables, each of which is represented by a sampling grid. With the data from the tables, 
it was possible to perform correlation analysis using the RStudio software through the 
ggplot2 library. Correlation analysis summarizes the degree of relationship of two or 
more variables, its calculation results in the Pearson Correlation Coefficient (R). For its 
validation, the test followed the criteria: 

ρ ≤ 0.05: significant at the 5% probability level 
ρ > 0.05: not significant. 

 
RESULTS AND DISCUSSION 

 
Descriptive statistics 
Table 2 presents the data from the descriptive statistical analysis of the variables 

under study that were obtained by the sensors directly and indirectly in the field. In the 
table it is possible to observe the minimum, maximum, median, mean, variance, standard 
deviation and coefficient of variation values for the attributes: NDVIas, NDVIas.east, 
NDVIas.west and chlorophyll. 
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Table 2. Descriptive statistics of data 
Attribute Minimum Maximum Median Mean Variance SD CV (%) 
NDVIps 0.27 0.77 0.51 0.51 0.01 0.13 25.87 
NDVIas 0.80 0.89 0.86 0.86 3.73 0.01 2.28 
NDVIas.east 0.40 0.79 0.65 0.64 0.01 0.09 15.56 
NDVIas.west 0.43 0.75 0.64 0.62 0.01 0.10 16.14 
Chlorophyll 40.10 64.20 52.44 52.44 29.71 5.45 10.39 
SD: standard deviation; CV: coefficient of variation. 
 

From descriptive statistics it is possible to observe that the mean for NDVI values 
was higher when considering all thirds and the east and west faces for GreenSeeker 
readings (mean NDVIas = 0.86), while the means for NDVIps, NDVIas.east and NDVIas.west 

were very close (0,51, 0.64,0.62) respectively. Regarding chlorophyll, the mean for this 
attribute was 52.44. 

Gomes & Garcia (2002) state that the variability of an attribute can be classified 
according to the magnitude of its coefficient of variation (CV), which according to the 
authors can be: low, when this is less than 10%; moderate when it is in the range of 10 
to 20%, high when it is between 20 and 30%; and very high when it is above 30%. 
Frogbrook et al. (2002) state that the first indicators of data heterogeneity are high CV 
values. According to the CV values represented in Table 2, we can state that the attribute 
NDVIps represent high variability, while the attributes NDVIas.east, NDVIas.west and 
chlorophyll represent moderate variability in their data sets, the NDVIas presented low 
variability (2.28%). 

 
Geostatistical analysis 
Table 3. shows the semivariogram adjustment parameters, as well as the mean error 

values and degree of spatial dependence. 
 

Table 3. Semivariogram adjustment parameters for the variables under study 
variable C0 C1 C0+C1 a DSD (%) ME 
NDVIas 0.01 3.50 3.51 40 0.28 Strong 0.0000 
NDVIas.east 0.00 0.01 0.01 45 0.00 Strong 0.0001 
NDVIas.west 0.00 0.01 0.01 25 0.00 Strong 0.0009 
Chlorophyll 0.01 20.00 20.01 65 0.05 Strong 0.0031 
C0: nugget effect; C1: sill; C0+C1: contribution; a: range; DSD: degree of the spatial dependence and ME: 
mean error. 

 
Through the results of the geostatistical analysis, it was observed that, for all 

variables, the ME presented very low values and close to zero, demonstrating that the 
adjustments made by the spherical model were well made and met the cross-validation 
requirements. All variables represented ME values very close to zero. 

This study identified that all variables studied showed a strong degree of spatial 
dependence (DSD). 

 
Thematic maps 
Fig. 4 represents the maps of NDVI (Passive sensor), NDVI (Active sensor), NDVI 

(Active sensor - East), NDVI (Active sensor - West), and Chlorophyll respectively. 
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        Figure 4. Thematic maps for the variables NDVIps, NDVIas, NDVIas.east, NDVIas.west and chlorophyll. 
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The maps represented by Fig. 4 were created in the same color palette and also in 
the same range of values for the NDVI attribute (Figs 4, a; 4, b; 4, c and 4, d). 

When analyzing Table 2, it is possible to observe that the NDVI index obtained by 
the passive sensor varied from the lowest value of 0.27 to the highest value of 0.77, 
however, during the construction of the thematic map, it was observed that NDVI values 
below 0.50 were related to exposed soil, low vegetation and drought between the rows 
of coffee trees, so to facilitate the visualization of only the NDVI values in the coffee 
plants, NDVI values below 0.50 were omitted in the image, facilitating the comparison 
between the values of NDVI obtained actively by the interpolated maps. 

The visual analyzes that will be presented below will disregard Fig. 4, b, due to the 
little variation in its values (0.80 to 0.89 Table 2) the thematic map was represented by 
only one tone (dark green) which makes discussion difficult. of this image with the 
results obtained by the other methods in images 4, a, 4, c, 4, d and 4, e. 

When looking at Fig. 4, a, it is possible to state that most of the coffee trees had 
NDVI values in the range of 0.60 to 0.70. It is also possible to state that when drawing 
an imaginary line dividing the area into two hemispheres, the north of the area (above 
point 16) presents lower NDVI values, unlike the south side of the area (below point 16) 
where it is possible to find some concentrations of higher values (NDVI around 0.80). 
Throughout the area it is possible to observe some points with low NDVI values (around 
0.50) mainly in the coffee trees close to points 19 and 22 and also close to points 23, 26, 
27 and 28, which is also observed in the Figs 4, c and 4, d. 

In relation to Figs 4, c and 4, d, it is possible to observe that the NDVI values 
coincide in a large part of the area. A small difference is observed between the NDVI 
values only in coffee trees close to sampling points 3.5, 11, 15, 29 and in the zone below 
points 1.2 and 30. Furthermore, it is possible to observe that to the north of the area in 
Figs 4, c and 4d the NDVI values are lower when compared to the values in the southern 
part of the area, this same situation is found in Fig. 4, a. This can be justified due to the 
northern part of the area, mainly around points 19, 22, 23, 25, 26, 27 and 28, which are 
next to a very busy rural road that accesses a coffee processing plant, therefore, Coffee 
trees closer to both the road and the plant are affected by dust as well as higher 
temperatures, generating a greater set of stress on the coffee plants. 

When analyzing the map represented by Fig, 4, e, it is observed that lower 
chlorophyll values (around 40.10) are concentrated around points 19 and 22 and also 
close to points 23, 25, 27 and 28, coinciding with the lower NDVI values of Figs 4, a, 
4, c and 4, d. Regarding the highest chlorophyll values, these are found in coffee trees 
close to point 12 (southwest of the area), values that coincide with the NDVI values 
found in Fig. 4, a. 

Visual analysis of the maps is the first step to identify the existence of a possible 
correlation between the variables and the methods used, however a mathematical 
analysis is necessary to quantify the relationship between them, as well as verify their 
significance. Therefore, a correlation analysis was carried out by calculating the Pearson 
coefficient (R) as well as performing the t test to determine significance. 
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Correlation analysis 
In the literature, there are studies that evaluate the correlation between NDVIps x 

Total Chlorophyll (Bento et al., 2022; Santos et al., 2022 and Barata et al., 2023) as well 
as researches that evaluate the correlation of NDVI obtained by actives and passive 
sensors (Gomes et al., 2021 and Campos et al., 2022) in coffee cultivation. This research 
will be important to provide a basis for discussing the results presented in this paper. 

In Fig. 5 it is possible to observe the correlation graphs for the variables NDVIps, 
NDVIas, NDVIas.east, NDVIas.west, and chlorophyll. Table 4 shows the ρ values for each 
variable and sampling grid used in this study in order to verify their significance using 
the t test. 

 
 

 

 

 
 

 

 

 
 
Figure 5. Correlograms for sample grides with 30 points (a), 60 points (b), 90 points (c) and 120 
points (d). 
 

a) b) 

c) d) 
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Considering the data presented by the correlogram in Fig. 5, a, as well as the ρ 
values present in Table 4, it can be stated that the results of the 30-point sampling grid 
indicate that the NDVIas.east x NDVIps presented a correlation of 52%, NDVIas.east x 
NDVIas.west of 72% and NDVIas.east x Chlorophyll of 50%. 

In relation to the 60-point sampling grid, it can be observed that there was a 
significant correlation between NDVIps x NDVIas.east and NDVIps x NDVIas.west, with 
correlations of 37% and 29% respectively. Also, for this grid, a significant correlation 
of 60% can be observed when comparing the NDVI values measured by GreenSeeker 
on the east and west faces (NDVIas.east and NDVIas.west). 
 
Table 4. ρ value for correlations between variables in different sampling grids 

**: significant at the 5% level; ns : not significant. 
 
When considering the sampling grid of 90 points, a significant correlation can be 

observed between NDVIps x NDVIas.east (25%) and a significant and inverse correlation 
of -31% when comparing NDVIas and NDVIas.west. The NDVIas.east variable, In addition to 
its correlation with NDVIps, this variable also showed correlations of 67% and 31% with 
the NDVIas.west and Chlorophyll variables. 

For the 120-point sampling grid, significant correlations can be observed between 
NDVIps x NDVIas (23%) and NDVIps x NDVIas.east (24%), as well as between NDVIas.east 

x NDVIas.west (69%) and NDVIas.east x Chlorophyll (48%). 
A general comparison of the variables that were correlated, it was observed that the 

variable that presented the highest number of correlations was the NDVIas.east 

(11 correlations) and it was also possible to observe that for the grides of 60, 90 and 120 
points this variable presented a correlation significant with NDVIps. The variable that 
presented the lowest number of correlations was NDVIas (only 2 significant correlations), 
this was already reflected in the discussion topic of the maps, where it was possible to 

Grid Variable NDVIps NDVIas NDVIas.east NDVIas.west Chl 
30 

 

NDVIps 0.00 0.27ns 0.00 ** 0.07ns 0.05ns 
NDVIas 0.26ns 0.00 ns 0.78ns 0.32ns 0.30ns 
NDVIas.east 0.00ns 0.78ns 0.00 0.00 ** 0.00 ** 
NDVIas.west 0.07ns 0.32ns 0.00 ** 0.00 0.27ns 

Chl 0.05ns 0.30ns 0.00 ** 0.27ns 0.00 ns 
60 NDVIps 0.00 0.37ns 0.00 ** 0.02 ** 0.66ns 

NDVIas 0.37ns 0.00 0.07ns 0.38ns 0.42ns 
NDVIas.east 0.00 ** 0.73ns 0.00 0.00 ** 0.08ns 
NDVIas.west 0.02 ** 0.38ns 0.00 ** 0.00 0.44ns 
Chl 0.66ns 0.42ns 0.08ns 0.44ns 0.00 

90 NDVIps 0.00 0.23ns 0.01 ** 0.35ns 0.81ns 
NDVIas 0.23ns 0.00 0.13ns 0.00 ** 0.08ns 
NDVIas.east 0.02 ** 0.13ns 0.00 0.00 ** 0.00 ** 
NDVIas.west 0.35ns 0.00 ** 0.00 ** 0.00 0.87ns 
Chl 0.81ns 0.08ns 0.00 ** 0.86ns 0.00 

120 NDVIps 0.00 0.01 ** 0.00 ** 0.62ns 0.46ns 
NDVIas 0.01 ** 0.00 0.90ns 0.55ns 0.71ns 
NDVIas.east 0.00 ** 0.90ns 0.00 0.00 ** 0.00 ** 
NDVIas.west 0.62ns 0.55ns 0.00 ** 0.00 0.09ns 
Chl 0.47ns 0.71ns 0.00 ** 0.09ns 0.00 
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observe the little variation in values of this variable. Regarding Chlorophyll, it presented 
only 3 significant correlations, and all cases were significantly correlated with the 
NDVIas.east for the 30, 90 and 120 point grids. 

Another noteworthy observation is the comparison between the NDVIas.east and 
NDVIas.west variables across all sample grids. A significant correlation was observed 
between these variables; however, despite their statistical significance, they exhibited 
moderate correlations (72% for the 30-point grid, 60% for the 60-point grid, 67% for the 
90-point grid and 69% for the 120-point grid). This indicates that despite utilizing the 
same data collection method with the GreenSeeker and considering only the readings 
from the upper third of the plant, these variables did not display high correlations. This 
observation can be attributed to the environmental conditions during data collection. 
Specifically, the shaded west side resulted in lower NDVI values, while the east-facing 
side of the plants, illuminated by sunlight, generated higher NDVI values. Additionally, 
there were more correlations observed with the NDVIps variable, as the RPA image 
collection coincided with peak solar irradiance and absence of cloud cover. 

Santos et al. (2022) investigated the effectiveness of various vegetation indices 
derived from multispectral imagery captured by a remotely piloted aircraft  
(RPA)-mounted sensor in predicting chlorophyll content in both coffee tree leaves 
(Chlleaf) and canopy (Chldossel). They also examined the correlation between these indices 
and chlorophyll levels across different seasons (rainy and dry). The study reported a 
significant correlation of 61% between NDVIps and Total Chlorophyll during the dry 
season (the same season and chlorophyll content used in our study). However, our 
research did not observe a significant correlation between these same attributes. By 
collecting data such as height, diameter, and chlorophyll, and together with  
high-resolution multispectral images obtained by RPA, Bento et al. (2022) evaluated the 
relationship between vegetation indices with total chlorophyll (TC) content and leaf area 
index to characterize different types of coffee cultivars. To evaluate the correlation 
between these attributes and vegetation indices, the authors used the Spearman 
correlation index. Through correlation between the NDVIps and TC, the authors found 
inverse and non-significant correlations of -0.05, -0.15 and -0.18 for the cultivars Catucaí 
2SL, Catucaí IAC62 and Bourbon IACJ10 respectively, corroborating the results of this 
study. work, despite the difference between age and cultivars of coffee trees. 

Barata et al. (2023), evaluating coffee trees transplanted to areas with different 
liming methods (surface and deep) through field measurements and vegetation indices 
obtained by RPA images, carried out a correlation analysis between VI and parameters 
such as height, crown diameter, chlorophyll, leaf area index, chlorophyll a, chlorophyll 
b and total chlorophyll. The results obtained by the authors for the correlation between 
NDVIps and Total Chlorophyll do not show significant correlations and once again 
corroborate the results found in this research. 

Gomes et al. (2021) compared the NDVI obtained by active (GreenSeeker) and 
passive sensors (Mica Sense and MAPIR). These authors found high and significant 
correlations (around 80 to 90%) when comparing the NDVIps (MicaSense multispectral 
sensor) in relation to the NDVI values obtained by GreenSeeker. These results differ 
from those found in this research, which despite significant correlations between these 
attributes, none presented such high values. 
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The discrepancy between the findings of this study and those presented by Gomes 
et al. (2021) lies in the methodology used by the authors to collect the index. For each 
sampling point, the authors carried out 3 readings using GreenSeeker, but these readings 
were carried out in the coffee tree canopy (at a distance of 30 cm from the plant canopy), 
therefore, the authors obtained values very close to those obtained by NDVIps. In this 
study, it was not possible to obtain NDVI measurements using the GreenSeeker from the 
crown of the sample plants, since, as it was a very old coffee tree (around 25 years old), 
the plants were very tall (above 2 m in height, on mean), making it possible to obtain 
only data from the upper third. 

Campos et al. (2022), evaluating the modeling of NDVI in coffee trees through the 
use of a passive RGB sensor coupled to RPA, evaluated the correlation of the NDVI 
obtained by GreenSeeker with red, blue, green bands and the normalized relationship 
between the RGB sensor bands. The authors find inverse and significant correlations 
(mean of 70% correlation between the bands evaluated). Like Gomes et al. (2021), the 
authors carried out NDVI readings with GreenSeeker in the coffee tree canopy, at a 
distance of 1m, following a methodology recommended by Ali & Ibrahim (2020). 

Enciso et al. (2019), evaluating the correlation of the GreenSeeker sensor and  
the NDVI obtained by a multispectral sensor embedded in an RPA, observed a  
non-significant correlation (ρ < 0.05), the justification is that the GreenSeeker 
measurements consider the plant canopy, while the NDVI calculated from multispectral 
images consider the entire vegetative area, resulting in an R of less than 0.45. 

 
CONCLUSION 

 
The geostatistical analysis was efficient to evaluate the spatial variability of 

chlorophyll and NDVI data obtained by the GreenSeeker and ClorofiLOG sensors. 
Through geostatistical analysis it was possible to model the data and generate 
semivariograms and perform ordinary kriging. The data resulting from ordinary kriging 
generated spatial distribution maps of these two attributes, and through visual analysis it 
was possible to observe the behavior of these two variables throughout the study area, 
indicating points of highest and lowest concentration of NDVI and chlorophyll 
attributes. 

In addition to the maps generated by kriging, the flight and processing of images 
obtained by RPA resulted in the calculation and generation of the NDVIps map. 
Considering the very high resolution of the images, it was possible to verify with detail 
and precision the spatial distribution of this vegetation index in the studied area, 
facilitating the identification of points with higher and lower concentrations of 
vegetative vigor. 

By calculating the Pearson correlation coefficient (R), it was possible to find 
significant correlations between the attributes, even when evaluated in different 
sampling grids. The results generated indicate the effectiveness of using sensors in coffee 
crops, benefiting producers in making decisions regarding the management of their crops 
quickly and efficiently. 
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