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Abstract: Biochar, produced via biomass pyrolysis, is increasingly recognized for its potential in soil health enhancement. 

This study investigates the impact of compost, biochar blended with sheep manure in 50:50 ratio (BS1), biochar blended 
with sheep manure and biogas station residue in 33:33:33 (BS2), and 30:50:20 (BS3) ratios on chemical characteristics 

and organic substances in the leachates, focusing on the interplay between these components. The experimental design 
included leaching tests with the abovementioned treatments in a controlled environment. Results indicate significant 

differences in pH, electrical conductivity, and the content of organic substances between the treatments, suggesting that 
biochar substrates can positively influence physico-chemical characteristics and nutrient dynamics after their incorporation 

into the soils. Notably, the BS1 demonstrated enhanced water-soluble salts, cold-water-soluble carbon, and humic 
substances release potential compared to the other studied treatments. Principal component analysis further elucidated the 

complex relationships between the measured parameters, indicating the importance of biochar-based substrates careful 
mixing for sustainable agricultural practices to improve soil fertility and carbon sequestration. 
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INTRODUCTION 

 

Biochar, a carbon-rich material produced through biomass 
pyrolysis, has gained significant attention in recent years due to 

its potential to sequester carbon and improve soil health (Horák 

et al., 2020; Rončák et al., 2023; Shackley et al., 2016; Shen, 
2024; Šimanský et al., 2018). As global interest in sustainable 

agricultural practices intensifies, biochar is increasingly 
recognized as a valuable agronomic ameliorant capable of 

enhancing such soil properties as nutrient retention, microbial 
activity, and overall soil environment (Githinji et al., 2020; 

Horák and Šimanský, 2017; Lehmann and Joseph, 2015; 
Šimanský et al., 2022). Biochar production utilizes waste 

materials, thereby contributing to the circular economy and 
addressing challenges associated with waste disposal 

(Matsumoto, 2021). However, while biochar holds promise as a 
soil amendment, various studies indicate that its effectiveness can 

be highly variable (Cao et al., 2017). 
One of the major challenges concerning biochar application in 

agriculture is the unclear mechanisms through which different 
types of biochar influence properties of various soil types. 

Factors such as feedstock source, pyrolysis conditions, and the 
interaction between biochar and other soil amendments can 

significantly affect biochar's properties and performance (Are, 
2019; Schmidt and Wilk, 2019). Furthermore, nutrient 

imbalances associated with specific biochar applications, such as 
a lack of essential macronutrients and micronutrients, can hinder 

crop growth and soil health (Sohi et al., 2010). Given these 

limitations, producers and researchers are exploring ways to 
enhance the properties of biochar and develop biochar-based 

substrates. These innovations aim to minimize the negative 
aspects of conventional biochar while maximizing its agronomic 

benefits. As the agricultural sector increasingly seeks sustainable 

practices, biochar has emerged as a promising solution for 
improving soil health and fertility. However, for farmers to fully 

use the benefits of biochar without the need for additional 
fertilization – whether organic or mineral – the production of 

biochar-based substrates is becoming a focal point. Such 
substrates are designed to have a balanced nutrient profile, 

significantly reducing the labor operations associated with 
traditional soil amendments. By enhancing soil properties, 

biochar substrates offer a comprehensive product that can be 
effectively utilized across various soil types and climatic 

conditions. Manufacturers are committed to optimizing biochars 
to meet the diverse needs of agricultural practices, ensuring that 

farmers can achieve healthier crops with minimal supplementary 
inputs (Lehmann and Joseph, 2015). 

A potential advantage of biochar substrates compared to pure 
biochar could be their lower cost. For example, Šimanský et al. 

(2020) published an economic evaluation of pure biochar 
application in various doses. At that time, given the current 

market prices of the biochar production, the results indicated a 
high unprofitability of pure biochar application to the soil for 

farmers. The farmers' inputs when applying this model were 
disproportionately high relative to the yield increase. Similar data 

were presented in IBI (2015). Biochar is a component of biochar 
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substrates, and thus their overall unit production cost can be 
significantly lower, while the final product (biochar substrate) 

eliminates the negatives of pure biochar. 
Organic amendments application to soils generally brings 

several positive benefits for farmers. For example, incorporated 

compost improves soil structure, increases water retention, 
enhances microbial activity, and improves nutrient soil 

composition. Composts help to increase soil organic carbon 
levels (Šimanský et al., 2021), enhance soil fertility, and reduce 

soil erosion (Sharma et al., 2024). The results of García et al. 
(2018) demonstrate significant increases in crop yields with 

compost application due to its nutrient content and improvement 
in soil health. Through farmyard manure application, such 

primary nutrients for plant growth as nitrogen, phosphorus, and 
potassium are added to soils, while soil structure and biological 

activity are also being improved. However, farmyard manure 
application can lead to a short-term increase in soil nutrient levels 

and organic matter but may also risk nutrient leaching if not 
appropriately managed. Farmyard manure positively affects plant 

growth and yield, particularly in nutrient-poor soils (Ahlawat et 
al., 2023). Biochar is known for improving soil physical 

properties (Blanco-Canqui, 2021; Botková et al., 2023), 
including soil structure (Juriga and Šimanský, 2018; Juriga et al., 

2021; Šimanský, 2016; Šimanský et al., 2022), increasing 
nutrient retention (Ng et al., 2023), and enhancing microbial 

habitats (Lehmann et al., 2011). It can play a role in carbon 
sequestration (Šimanský et al., 2018; Šrank and Šimanský, 2020) 

and water retention (Balashov et al., 2021). It may improve soil 
pH (Horák, 2015) and increase cation exchange capacity (Igaz et 

al., 2018), which improves nutrient availability (Lehmann and 
Joseph, 2015). Some studies suggest biochar can enhance crop 

yields (Šimanský et al., 2019), particularly in acidic soils, by 
improving nutrient availability (Igaz et al., 2018; Jeffery et al., 

2011). Combinations of the above-mentioned organic 

amendments with biochar can maximize each of their benefits in 
the best way. Of course, due to the great complexity of the soil 

environment, the effect may not be so clear or even negative. The 
incorporation of these organic materials into soils can lead to 

nutrient imbalances, particularly when the components are 
combined in inappropriate ratios, especially without knowledge 

of their initial composition and properties, then it can result in 
some problems. For example, a high content of nitrogen and 

phosphorus in all input materials and their improper ratio can 
result (after its incorporation to the soil) in excessive runoff of 

these elements from the final product into waterways, 
contributing to eutrophication (Wang et al., 2018). Furthermore, 

manure and digestate can introduce pathogens and contaminants, 
such as heavy metals, into the soil (Mao et al., 2019). While 

biochar has been touted for its ability to mitigate some of these 
issues by retaining nutrients and reducing leachability, care must 

be taken to select the right feedstock and production conditions, 
as poor-quality biochar can increase soil contamination and 

hinder plant growth (Jeffery et al., 2011). Only feedstocks that do 
not contain high concentrations of harmful substances should be 

used for the production of biochar, as these substances are likely 
to appear in the final biochar. From the perspective of the input 

feedstocks used and the production process itself, it is essential 
that the final biochar has the most optimal properties possible. 

The final biochar should not immobilize nutrients that are 
necessary for the healthy growth of plants. For this reason, 

biochar producers pay increased attention to this issue and 
improve the final biochar through activation (Usman et al., 2015) 

and biochar coating or surface modification (Jia et al., 2015; 

Smith et al., 2016). By mixing high-quality organic materials and 
modified biochar, biochar substrate producers ensure a high-

quality final product. Understanding these potential drawbacks is 
crucial for fostering sustainable practices and ensuring the long-

term health of our ecosystems. 
Biochar blending with organic fertilizers, such as sheep 

manure, and residues from a biogas station such as digestate, has 

emerged as a possible solution to optimize the biochar potential 
as a soil amendment. Incorporating these organic materials into 

soils can improve nutrient profiles and mitigate the adverse 
effects of pure biochar applications (Angin et al., 2020). By 

varying the ratios of biochar, sheep manure, and digestate, the 
synergistic effects of these materials on soil properties can be 

explored, which may lead to more tailored and effective soil 
management strategies. In this study, the impact of biochar 

blended with sheep manure and digestate in different ratios on 
soil parameters was evaluated. Our study aimed to improve the 

understanding of the interplay between these components and 
their overall effect on soil health, providing insights into more 

sustainable agricultural practices that can enhance soil quality 
while contributing to carbon sequestration efforts. We 

hypothesize that (1) the difference in soil amendments can have 
a significant effect on the tested soil and plant parameters, (2) the 

impact of soil amendment treatments on plant growth parameters 
can change significantly over time, indicating that time is an 

important factor, and (3) the treatment of biochar mixed with 
sheep manure in 50:50 ratio can exhibit the most significant 

changes in the tested parameters, however, it does not have to be 
the best treatment for soil environment and plant growth. 

 
MATERIAL AND METHODS 

Experimental design 

 

The leaching experiment was conducted in sand columns  
(1.0 kg of silica sand) placed in 1.5L polyethylene terephthalate 

(PET) bottles. The tested soil amendments were put on the sand 

and then incorporated into the sand max. to the depth of 10 cm, 
and the columns were subsequently placed in the custom-

designed leaching apparatus (Fig. 1). The tested soil amendments 
included compost and three Biochar Substrates (BSs). The rate 

of the soil amendments was set at 1% of the total volume of each 
column because Major (2013) reported that application rates less 

than or about 1% could successfully promote crop yield. Each 
sand column was subjected to a regular leaching regime, which 

involved the application of 150 ml of distilled water per column 
at predefined intervals. A total of 16 irrigation cycles were 

performed throughout the workweek (Monday to Friday). The 
leachate that passed through the sand was collected for 

subsequent analysis. The experiment took place at a temperature 

of 20–22 C. 
 

 
 

Fig. 1. Setup of the leaching experiment. 
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Characteristics of soil amendments 

 

A detailed description of the tested soil amendments is 
summarized in Table 1. Biochar Substrates (BS): the biochar 

substrates were under the trademark Effeco and consisted of 

various mixtures of biochar produced from pyrolyzed hardwood 
at 500°C, dried sheep manure, and residues from a biogas station 

(originally sourced from cattle manure). All the products studied 
in this experiment had concentrations of heavy metals that did not 

exceed the permissible limits established by the Slovak regulation 
577/2005. Each biochar substrate for better application to the soil 

and manipulation was granulated into pellets measuring 
approximately 2 cm × 1 cm × 1 cm. The compost was not pelleted. 

It was in the form of a homogenized mass. 
 

Table 1. Properties of the used soil amendments. 

 

Soil  
amendments 

Organic 
carbon in 

% 

pH Description 

Compost 47.0 8.20 

Organic waste 

biomass consisting 
of mown grass, 

pruned tree and 
shrub branches, and 

fallen leaves. 

Biochar  
Substrate 1 

(BS1) 

43.0 8.18 
Biochar and dried 
sheep manure in 

50:50 ratio. 

Biochar  
Substrate 2 

(BS2) 

45.4 8.44 

Biochar, dried sheep 

manure, and biogas 
station residue 

(digestate) in 
33:33:33 ratio. 

Biochar  
Substrate 3 

(BS3) 

48.9 8.70 

Biochar, dried sheep 

manure, and biogas 
station residue 

(digestate) in 
30:50:20 ratio. 

 

Laboratory analysis 

 

The pH of the tested soil amendments was determined 
potentiometrically using a pH meter (HANNA instruments HI 

2211), while the electrical conductivity (EC) was measured by a 
conductor (DiST HANA HI 9831). The concentration of water-

soluble salts in the leachates was determined by weighing the dry 
residue after evaporation of the leachate. The leachate was 

evaporated using a water bath in a weighed porcelain bowl. 
Before its complete evaporation, 2 ml of 20% H2O2 was added 

and evaporated to dryness. The residue was dried at 105 °C. The 
percentage of water-soluble salts was calculated according to 

Hrivňáková et al. (2011). In the extracts, the chloride content  

(Cl–) was also determined through titration with 0.1 M AgNO3 in 
a neutral pH using K2CrO4 as an indicator (Hrivňáková et al., 

2011). The following organic substances were determined in the 
leachate dry material: the cold-water-soluble carbon (CCWD) 

content was determined using wet combustion – oxidation of 
organic matter by a mixture of H2SO4 and K2Cr2O7 with residue 

titrated with Mohr‘s salt (Dziadoviec and Gonet, 1999); the 
composition of humic acids (HA) and fulvic acids (FA) was 

determined according to the Belchikova and Kononova 
procedure (Dziadoviec and Gonet, 1999). 

Statistical analysis 

 

A two-way ANOVA with repeated measures was used to 
analyze the data to determine statistically significant differences 

between the soil amendment treatments over the time and to 

evaluate the impact of these treatments on the studied soil 
parameters. This method allows to assess the main effects of the 

treatments and time, as well as their interaction effect on the soil 
parameters. The soil parameters examined included pH, EC, 

CCWD, Cl–, HS, HA, FA, and water-soluble salts while 
accounting for repeated measurements on the same parameters 

where measurements were taken at multiple time points. In the 
analysis, the null hypothesis was that factor A (Treatment): 

compost, BS1, BS2, BS3 and Factor B (irrigation cycle): date 1, 
date 2, and date 3 do not influence the dependent variables pH, 

EC, CCWD, Cl–, HS, HA, FA, and water-soluble salts. This study 
also investigated the interactions between the soil chemical 

parameters under different treatments. A principal component 
analysis (PCA) was used. PCA is a statistical technique used to 

reduce the dimensionality of a dataset while preserving as much 
variance as possible. It transforms the original variables into a 

new set of uncorrelated variables called principal components 
(PCs). Each principal component is a linear combination of the 

original variables, which are orthogonal. All the calculations 
were done using Statistica software (TIBCO Software Inc. 

Statistica, Data Analysis Software System; Version 13; TIBCO 
Software Inc.: Palo Alto, CA, USA, 2017.) with a significance 

level of 0.05. 
 

RESULTS AND DISCUSSION  

Effect of the treatments on physico-chemical parameters 

 

The data derived from our study show the dynamic interactions 

between the treatments studied and the investigated parameters 

over a defined time frame (Fig. 2A–D), reflecting the intricate 
processes occurring in soil chemistry and biology. These results 

can be very useful in predicting the effect of individual soil 
amendments used in different soil-climatic conditions worldwide. 

The leachates from the soil treated with compost, BS1, BS2, and 
BS3 had a pH range of 6.1–7.2, 6.05–7.05, 5.55–7.06, and  

5.61–7.1, respectively. For the individual treatments, the dynamics 
of changes in the leachate pH were different. As a rule, it increased 

from lower initial values, was the highest after 8 irrigation cycles 
for all the treatments, and then gradually decreased again (Fig. 2A). 

However, in the case of all the BS treatments, the pH of the 
leachates did not drop below the initial pH level, as was found in 

the case of the compost treatment. Fertile soil has a pH range of 
5.6–8.2 (Šimanský et al., 2023). Soil organisms also have specific 

requirements for soil pH, while its optimum range depends on the 
individual species of soil microorganisms or their specific groups 

(Graham et al., 1994; Zifcakova, 2020). For most cultivated plants, 
the optimum soil pH is 5.5–6.5 (Kováčik and Ryant, 2024), but the 

most optimal conditions for plant nutrient uptake is about pH 6.5 
(Fecenko and Ložek, 2000). The relatively stable pH across the soil 

amendment treatments suggests minor fluctuations, yet the pH 
values generally stay within the optimal range for microbial 

activity and nutrient availability. This stability may enhance the 
resilience of soil ecosystems to anthropogenic or environmental 

disturbances (Ritchie and Dolling, 1985). Overall, there were 
statistically (p < 0.05) significant differences in the average 

leachate pH between compost and the BS treatments (Table 2). 
This finding is consistent with the previous research results (Horák, 

2015; Yan et al., 1996; Yuan et al., 2011) indicating that various 

treatments, such as soil amendments or chemical fertilizers, can 
lead to shifts in pH due to alterations in the availability of hydrogen  
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Table 2. The results of a two-way ANOVA with repeated measures analysis, means and standard deviations (SD) of the studied leachate 
parameters for the studied treatments. 
 

 pH EC Water-soluble salts Cl– 

  mS m–1   % % 

Treatment 0.003 0.04 <0.001 0.57 

Irrigation cycle <0.001 <0.001 <0.001 0.01 
Compost 6.72 ± 0.30 b 240 ± 220 ab 0.03 ± 0.02 a 0.03 ± 0.02 a 

BS1 6.52 ± 0.29 a 333 ± 197 b 0.08 ± 0.05 c 0.04 ± 0.02 a 

BS2 6.39 ± 0.40 a 256 ± 124 ab 0.03 ± 0.01 ab 0.03 ± 0.01 a 

BS3 6.43 ± 0.41 a 226 ± 106 a 0.02 ± 0.01 a 0.03 ± 0.01 a 

EC - electrical conductivity, Cl– - chloride ions. 

The same letters in the columns mean the same homogenous group according to Tukey's procedure. 
 

  

  
Fig. 2. Changes in the leachate parameters: (A – pH, B – Electric conductivity, C – Content of water-soluble salts, D – Content of chlorite ions) 

over time (from 1st to 16th irrigation cycle) for different treatments: Compost, BS1, BS2, BS3. 

 

ions and nutrient dynamics. However, the reaction in individual 
soil types may differ slightly depending on the soil buffering 

capacity (Hanes, 1999). 
Electrical conductivity (EC) values provide crucial insight into 

the salinity of the treated soil. Leachate of the compost 
demonstrated a steady decrease in EC from 902 mS m–1 after 1st 

irrigation cycle to 72 mS m–1 at the end of the investigation (after 
16 irrigation cycles), which was consistent with the expectations. 

However, the results for the leachates from the BSs treatments 
were different. Changes in EC were about the same at the end of 

all the irrigation cycles but two peaks with the highest EC values 
were observed – after the 3rd and the 8th irrigation cycles. The 

changes can be attributed to several factors, such as the salt content 
in biochar substrates, which are released during the initial 

irrigation cycles. These salts can cause temporary spikes in EC as 
they leach out of the biochar or fluctuations can also be caused by 

the different leaching rates of individual salts in the biochar (Gabhi 
et al., 2020). The physical and chemical properties of biochar, such 

as porosity and surface area, can affect its interaction with water, 

influencing cation exchange and nutrient release (Chacón et al., 
2017; Igaz et al., 2018). Based on the peak height the treatments 

can be put in the following order: BS1 > BS2 > BS3 (Fig. 2B). 
Statistically significant (p < 0.05) differences in the mean EC 

values were found only between BS1 and BS3 treatments (Table 
2). Such differences could be linked to the different ionic 

compositions of the soil amendments studied in the experiment, 
which can either contribute to or mitigate salinity levels (Jones a 

Brown, 2020). A high salt concentration above 1600 mS m–1, a 
range of 800–1600, 400–800, 200–400, and under 200 mS m–1 

represents strong salinization, moderate salinity, weak salinity, 
negligible salinity, and no salinity, respectively (Hanes, 1999). 

Overall, the measured EC values did not reach the critical level for 
any of the tested soil amendments so their potential application to 

the soils does not pose a risk of stressful conditions for cultivated 
plants and soil microorganisms (Ratzke and Gore, 2019). The total 

mineralization of the leachates from the soil with the studied 
treatments did not exceed the critical level of 0.3% (Šimanský et 

al., 2023) and was the highest – 0.08% – in the BS1 treatment and 
the lowest – 0.02% – in the BS3 treatment (Table 2). The chlorine 

issue is given marginal attention in literature, while its negative 

effects are emphasized above all. Chlorine, however, also has its 
positive effects because when it is rationally present in the air, soil, 
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and in the plant, it helps plants to better tolerate any stressful 
conditions that arise during various plant diseases and thus 

ultimately eliminates the negative impact on the overall crop yield 
(Kováčik and Ryant, 2024). The chloride (Cl–) concentration in the 

leachates under the compost treatment reflected a mild and steady 

decline, likely indicative of improved nutrient retention and lower 
leachate losses due to organic material being added (Havlin et al., 

2017; Kováčik and Ryant, 2024). Conversely, while BS2 and BS3 
treatments also demonstrated decreasing trends in Cl– content in 

the leachates, the initially higher Cl– concentrations indicate an 
oxidizable state of the organic material that may reflect the 

formulation's salt content or mineral composition influencing 
solubility. The dramatic fluctuations in Cl– content observed in 

BS1 can be attributed to the higher organic matter content, which 
can initially drive Cl– concentrations up before their leaching (Fig. 

2D). Lastly, Cl– content in the leachates under the studied 
treatments is not a problem as no significant increase in free 

chlorine content was observed across the tested soil amendments 
(Table 2). This finding suggests that the substrates may not pose a 

risk of chlorine toxicity to plants, which is essential for 

maintaining plant health, especially in sensitive species (Kováčik 
and Ryant, 2024). Interestingly, the lack of significant differences 

across the treatments for chloride ion concentrations suggests a 
resilience in these parameters to manipulation via the treatments 

employed. This might imply that while certain treatments can lead 

to focal changes in pH, and EC, they may not equally influence 
chloride levels or factors that may require more intensive or 

specific interventions to induce change. 
 

Effect of organic amendments on the content of organic 

matter fractions 

 
The compost treatment demonstrated a marked reduction in 

cold-water-soluble carbon (CCWD) content, which declined 
from 2531 mg L–1 after 1st irrigation cycle to 359 mg L–1 after 

the last (16th) irrigation cycle. This reduction could be attributed 
primarily to the rapid dissolving of the very labile components 

of the organic matter contained in the compost (Shein et al., 
2001). 

 
Table 3. The results of a two-way ANOVA with repeated measures analysis, means and standard deviations (SD) of the studied organic 
matter substances in leachates under studied treatments. 

 
 CCWD HS HA FA 

 mg L–1 % % % 

Treatment <0.001 <0.001 0.28 <0.001 

Irrigation cycle <0.001 0.03 0.03 0.14 
Compost 1101 ± 713 a 0.18 ± 0.08 a 0.08 ± 0.04 a 0.10 ± 0.05 a 

BS1 4606 ± 2 775 c 0.47 ± 0.23 b 0.08 ± 0.04 a 0.39 ± 0.22 a 
BS2 1463 ± 747 b 0.18 ± 0.06 a 0.07 ± 0.02 a 0.11 ± 0.05 a 

BS3 1134 ± 599 a 0.15 ± 0.05 a 0.06 ± 0.02 a 0.08 ± 0.03 a 

CCWD – cold-water-soluble carbon, HS - humic substances, HA - humic acids, FA - fulvic acids.  
The same letters in the columns mean the same homogenous group according to Tukey's procedure. 

 

  

 

 
Fig. 3. Changes in the contents of (A) cold-water-soluble carbon, B) humic substances, C) humic acids, and D) fulvic acids) over time (from 
1st to last 16th irrigation cycle) for different treatments: Compost, BS1, BS2, BS3. 
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Furthermore, the analysis of CCWD content in the leachates 
showed that BS1 had the highest concentration, followed by  

BS2 > BS3, and compost (Table 3). The higher levels of CCWD 
content under the BS1 treatment suggest a higher content of very 

labile organic matter in this material composition and a greater 
potential for nutrient release. That could make BS1 more 

advantageous for more nutrient-demanding plant cultivation 
than the other tested amendments. These findings showed that 

biochar substrates with different biochar ratios to other 
components were an important source of easily accessible 

organic matter, which can be an available substrate for soil 
microorganisms after their incorporation into the soil. However, 

several studies state that biochar is a stable source of organic 
carbon based on its high aromaticity and degree of condensation 

(Gupta and Germida, 2015). The observed differences in CCWD 
content between compost and biochar treatments can be 

explained by the inherent properties of biochar. Biochar's high 

surface area and porosity enhance its ability to retain and slowly 
release nutrients, which can lead to higher initial leaching of 

labile organic matter followed by a more gradual release (Meng 
et al., 2021). 

The extraction of humic substances (HS), including humic 
(HA) and fulvic acids (FA), from leachates under the studied 

treatments yielded significant results. BS1 exhibited the highest 
content of humic substances compared to the other treatments 

(Table 3) also their dynamics after irrigation cycles (Fig. 3B-D). 
Humic substances are known to improve soil structure, enhance 

nutrient availability, and stimulate microbial activity, which are 
all critical factors for soil health and plant growth (Weber, 2020). 

FA values for the different treatments also underline the 
variability that indicates differences in organic matter 

composition between the studied soil amendments. BS3 showed 
more stability, suggesting a more consistent organic structure 

than the other soil amendments. The relatively lower FA values 
in BS3 could also reflect lower mineralization rates or more 

stable organic structures in the future (after incorporation into the 
soil), potentially influencing nutrient availability over time 

(Simeonov et al., 2010). The predominance of HS in BS1 
compared to the other soil amendments (Table 3) could be a key 

factor in its efficacy as a growth substrate. 
 

Relationships between investigated parameters for different 

treatments 

 

The analysis presented here utilizes Principal Component 

Analysis (PCA) to elucidate the relationships and variances 

within a dataset comprising different treatment conditions: 
compost, BS1, BS2, and BS3 (Fig. 4). Notably, the first two 

principal components (PC1 and PC2) account for an impressive 
97% of the total variance, suggesting that much of the 

complexity of the original dataset can be effectively distilled into 
these two dimensions (Jolliffe and Cadima, 2016). PC1, which 

accounts for 83% of the variance, is predominantly influenced 
by EC, CCWD, Cl–, FA, water-soluble salts, and HS. The high 

loadings of these variables along this axis affirm their collective 
capacity to explain significant variation between the treatments. 

Such findings are consistent with previous research indicating 
that these parameters are critical indicators of soil quality and 

fertility (Birk et al., 2017; Shah and Shukla, 2020). The strong 
inter-correlation among these factors highlights the 

interconnected nature of soil salinity and nutrient availability, 
which have profound implications for soil health and plant 

growth. In contrast, PC2, which accounts for 14% of the 
variance, reveals pH and HA as notable contributors. The unique 

positioning of the compost treatment in the upper right part of 

the PCA graph indicates its distinct chemistry, characterized 
primarily by higher pH levels. This positioning suggests that 

compost treatment alters chemical properties favorably 
compared to the BS treatments.  

 

 
 

Fig. 4. PCA biplot illustrating the relationships between studied 
physico-chemical parameters and organic matter parameters (pH, 
EC, CCWD, Cl–, HS, HA, FA, and water-soluble salts) of organic 
amendments leachates and their variation under four different 
treatments (Compost, BS1, BS2, BS3). 

 

The placement of the BS1 treatment on the lefthand side of 
the figure reflected a strong correlation with high values of EC, 

CCWD, Cl–, FA, and HS, which implies that this treatment may 
be more detrimental to soil health given the salinity-related plant 

stress that can arise from such high values. However, this 
relationship should be seen as a potential assuming very high 

values, especially pH, EC, salt content, and Cl-content, which 
was not observed in this study (Table 2, Fig. 2A–D). In contrast, 

BS2 and BS3 are clustered closer to the center, indicating that 
these treatments resemble each other more closely regarding 

their properties. This similarity could suggest potential 
redundancy in their efficacy, warranting further investigation 

into whether these treatments can be optimized for better soil 
health outcomes. Furthermore, the negative association of HA 

with PC1 suggests a unique behavior compared to the other 
variables, potentially indicating the varying roles of different 

organic matter fractions (Kumar et al., 2019). HA positive 
loading on PC2 might highlight its role in soil buffering capacity, 

particularly in relation to pH levels (Hanes, 1999). 
 

CONCLUSIONS 

 

The blending of biochar with organic components, 
particularly sheep manure and digestate, presents a promising 

strategy for soil health and fertility optimization. Our findings 
demonstrate that varying the ratios of these components in the 

soil amendments can significantly influence important soil 

parameters, such as pH, salinity, and the content of humic 
substances. While the incorporation of biochar enhances nutrient 

retention, careful consideration of the specific feedstocks and 
their interactions is crucial to mitigate potential nutrient 

imbalances and environmental risks. Overall, this study 
underscores the value of developing biochar-based substrates 

tailored to diverse agricultural needs, facilitating sustainable 
practices that support enhanced crop yields and environmental 

stewardship. 
The results of this study indicated that, above all, biochar with 

sheep manure in a 50:50 ratio has the greatest potential to 
influence the measured parameters compared to the other tested 

substrates, which had more balanced dynamics of the observed 
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parameters for the investigated period, provided that the detected 
characteristics do not exceed the maximum permissible limits. In 

other words, when applying such substances to soils, it is 
extremely important to pay attention to reducing the application 

rate below 1% in order to avoid possible salinity-related plant 

stress. 
Further research is needed to explore the long-term impacts 

of these amendments in various soil types and climatic 
conditions, ultimately contributing to the optimization of biochar 

agronomic benefits in the context of global sustainability efforts. 
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