


The impact of Biochar amendments and Biostimulant on soil nematodes and Biomass yield of Miscanthus on Poor-nutritionally soils of Post-military areas in Kyiv region
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This study investigates the influence of biochar and biostimulants on soil properties, nematode community structure, and Miscanthus yield in degraded post-military soils. BD2 treatment demonstrated the highest biomass production, while nematode trophic diversity stabilized over time. Future research should assess trace element interactions with nematode communities and Miscanthus yield dynamics.
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Introduction
[bookmark: _Hlk192146625][bookmark: _Hlk192146131]Finding cost-effective and eco-friendly ways to restore soil in post-military areas is essential [1,2]. One promising method is planting Mischanthus × giganteus (M×g), a high-biomass perennial grass. Miscanthus is well-known for its ability to tolerate poor soil conditions, including contamination with heavy metals. Plant stabilizes contaminated soils, preventing pollutants from spreading. Additionally, its biomass has multiple uses, including bioenergy production, fiber materials, and paper production, making it an economically viable crop, especially for degraded land. Organic soil amendments, like biochar and biostimulants, offer promising solutions to stimulate plant growth and yield in contaminated and degraded soil, supporting ecosystem health. Biochar, produced from biomass, enhances soil structure, retains moisture, and improves nutrient availability. Biostimulants, including microbial and organic compounds, help plants grow stronger, improve soil microbes, and increase crop yields.
Data on the impact of biochar on M×g yield in degraded, depleted soil are still scarce, and the findings remain inconsistent. Furthermore, the influence of biochar and biostimulants on soil nematode communities essential for determining M×g crop yield in degraded or depleted soils has received limited scientific attention and remains poorly understood [3,4].
This study examines how biochar and the biostimulant BioHelp, affect soil nematodes in nutritionally poor, depleted soil in a post-military area of Kyiv region. Given the critical role of nematodes in soil health and nutrient cycling, understanding their response to organic treatments is essential for enhancing soil restoration efforts. This research will provide valuable insights into the ecological impacts of biochar and biostimulants, contributing to the development of more effective strategies for post-military land rehabilitation and the advancement of sustainable agriculture in regions affected by military activities.
Materials and methods
A long-term phytotechnology experiment with M×g using the commercially produced biochar “Ideale” made from industrial wood waste in two doses (5%, 10%) and the BioHelp growth biostimulant obtained through deep cultivation of the Azotobacter chroococcum strain was initiated in Vorzel, Bucha district, Kyiv region, in 2023. The experimental design is represented in Figure 1.

Fig 1. The schematics of the experiment set up in 2023 year, Vorzel, Ukraine
Biochar was applied before planting M×g in 2023. The Miscanthus variety "Ossinuy zorezvit" was used for planting. Before planting, BioHelp was applied. The biostimulant was evenly spread over the soil surface in a 1 cm layer. 
The agrochemical characteristics of the soil were assessed before the establishment of the plantation. The soil was identified as sandy, with weak to moderate podzolization and low humus content. The soil is characterized by low pH (4.78), NH4+ (30/1), and Humus Content (1.16).
 Elemental analysis using X-ray fluorescence analysis of the soil was conducted twice: once before planting Miscanthus and again at the end of the first year of vegetation in 2023. The process of soil sample preparation and analytical procedures was detailed by Pidlisnyuk et al. (2018).
Nematode monitoring was provided in 2023-2024 based on three sampling termines: October 2023, May, and September 2024. For nematode isolation from soil, we used a modified Baermann funnel method and the centrifugation-flotation technique [4, 5]. For the identification of plant-parasitic and free-living nematodes, identification keys were used. [7, 8]. Nematode communities were analyzed based on their total abundance and their proportion in soil samples. The soil nematodes were classified into five trophic groups [9].
At the end of the 2024 growing season ( the second year of crop vegetation), the dry matter yield was assessed. The aboveground biomass of M×g was harvested from each experimental plot and immediately weighed to determine fresh biomass. The samples were then chopped into uniform pieces to ensure consistent drying and placed in a forced-air oven at 60–70°C until a constant weight was achieved. To confirm complete drying, samples were periodically weighed at 24-hour intervals until no further weight reduction was observed. The final dry weight was recorded, and the dry matter content was calculated as the ratio of dry biomass to fresh biomass.
Statistical analysis was conducted using Program Statistica by ANOVA test. 
Results and discussions
This study assessed the concentrations of trace elements in soil samples treated with biochar and biostimulants. The trace elements detected included magnesium (Mg), aluminum (Al), chromium (Cr), manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn), rubidium (Rb), strontium (Sr), and lead (Pb). The concentrations of these elements were measured across different experimental variants, and their levels were compared against the Maximum Permissible Levels (MPL) as outlined by regulatory standards.
Overall, the trace elements found in the soil were largely within acceptable limits, with some fluctuations observed for Pb and Zn. However, significant concerns arose with manganese (Mn) and copper (Cu), which exceeded the MPL. The highest recorded concentration of Mn was 259.48 mg/kg, surpassing the upper permissible limit for soils with a pH above 6.0, which is set at 100 mg/kg. Similarly, copper levels were found to be elevated, with the highest concentration reaching 9.68 mg/kg, exceeding the MPL of 3 mg/kg. Lead (Pb) concentrations also raised concern and warrant further attention, though they remained within the acceptable range.
Total of nematode communities are represented by 5 trophic groups, including 24 genera and 3 families. Soil nematode communities responded differently to the applied treatments, reflecting changes in soil health.
The nematode faunal (Fig. 2). analysis showed that the highest nematode abundance was recorded with 10% biochar treatment, while the lowest was with 5% biochar. Despite its potential positive impact, the 10% biochar treatment exhibited high variability in results. The ANOVA test indicated that treatment effects were close to statistical significance, suggesting a likely non-random influence on nematode abundance. However, the interaction between treatment and sampling time was not significant.
During the research from 2023 to 2024, significant changes in nematode abundance were observed. Consequently, this led to corresponding changes in the percentage ratio of nematodes from different trophic groups (Fig. 3). Seasonal fluctuations did not affect the total nematode abundance. The application of amendments and stimulants influenced nematode communities.

Fig. 2. Nematode abundance in response to termins and treatments and, Vorzel, Kyiv region, 2023-2024

Fig. 3. Percentage of nematode trophic groups, Vorzel, Kyiv region, 2023-2024
Under the influence of biochar, the nematode community structure shifted significantly between 2023 and 2024. The proportion of omnivores (13.8% → 25.2%) and fungivores (11.7% → 17.0%) increased, while bacteriovores declined (56.7% → 45.9%). Phytoparasitic nematodes showed a slight increase (12.6% → 14.5%), whereas predators remained stable at 5.0%, indicating a balanced predatory presence [10].
The statistical analysis of the nematode trophic groups shows a clear reduction in variability over time. In 2023, the variance was 0.0433, and in 2024, it decreased to 0.0311 and 0.0286. This decline indicates that the nematode communities have become more uniform and stable across the different experimental treatments. As the study progressed, the soil environment appeared to reach a state of equilibrium, resulting in more consistent responses from the nematode populations. 
The dry weight yield of M×g in the second year of vegetation exhibited variations in response to biochar and biostimulant application. The yield of M×g, expressed as dry weight in the second year of vegetation, varied in response to biochar and biostimulant application (Fig. 4).
 
Fig 4. Effect of biochar and biostimulants on M×g yield, 2024 year, Vorzel, Kyiv region
Overall, the trace elements found in the soil were largely within acceptable limits according to the MPL, with some fluctuations observed for Pb and Zn. The elevated concentrations of Mn and Cu raised significant concerns. The highest recorded concentration of Mn (259.48 mg/kg) exceeded the upper permissible limit for soils with a pH above 6.0, set at 100 mg/kg. Similarly, copper levels surpassed the MPL of 3 mg/kg, reaching 9.68 mg/kg in some treatments [12].
This is particularly concerning given that while our experiment started with acidic soils, it is well-documented that biochar can increase pH. Consequently, this pH shift may result in the soil exceeding the threshold permissible levels for certain elements, raising potential environmental and regulatory concerns. Further research is needed to explore the long-term effects of these trace elements on soil fertility and ecosystem functions.
 Pb concentrations, while still within the acceptable range, warrant further attention as they showed some fluctuation. Monitoring Pb levels over time and evaluating their potential effects on soil health will be important for future studies.
Trace elements and metals were detected in research soil. Given the deficiency of essential macro- and micronutrients in the soil environment, the presence of trace elements may further restrict nutrient availability, affecting plant cover development and biogeochemical processes in the ecosystem. 
The trophic structure of the nematode communities shifted over time. The increase in the number of omnivores and fungivores, along with the decline in bacteriovores, suggests that biochar amendments may have altered microbial activity and nutrient cycling within the soil. This shift could reflect changes in soil composition and microbial communities induced by biochar and biostimulants. The slight increase in phytoparasitic nematodes could indicate some degree of soil stress or imbalance, while the stable presence of predators suggests that predator-prey relationships remained balanced in the nematode community.
The reduction in the variance of nematode trophic groups over time suggests that the nematode community structure may be stabilizing, possibly due to the long-term effects of the amendments, which could help create a more homogeneous community structure. These changes emphasize the importance of carefully monitoring amendments to prevent unintended disruptions to soil biodiversity.
In this study, biochar treatment resulted in the highest dry biomass yield (BD2). However, the lack of a proportional yield increase suggests that there may be an optimal concentration of biochar beyond which further application does not lead to additional benefits. This observation is consistent with previous studies showing that excessive biochar application can lead to nutrient imbalances or alter soil microbial communities, potentially diminishing its effectiveness [11,13,14].
In contrast, the biostimulant Biohelp resulted in the lowest productivity values, suggesting its impact on crop performance was limited compared to biochar. This could be attributed to variations in soil conditions and crop species, as biostimulants are known to have variable effects depending on these factors [15,16]. While biostimulants have been reported to enhance plant resilience and nutrient uptake, their effectiveness varies depending on soil conditions and crop species.
The results align with previous research on the potential benefits of biochar for improving soil health and crop productivity [17]. However, further investigation is needed to understand the mechanisms through which biochar and biostimulants interact with soil and plant physiology. Future studies should focus on optimizing application rates and combinations of biochar and biostimulants to maximize benefits while minimizing potential negative effects on soil health and crop yield.
Conclusions
This study focused on the impact of biochar and biostimulant treatments on soil health, particularly in post-military degraded soils, where nutrient deficiencies and elevated trace element concentrations are of concern. Elevated levels of manganese (Mn) and copper (Cu) were detected, surpassing the Maximum Permissible Levels (MPL). Given the deficiency of essential macro- and micronutrients in such soils, the presence of these elevated trace elements may further restrict nutrient availability, potentially hindering plant growth and disrupting biogeochemical processes in the ecosystem. The nematode community was significantly influenced by biochar treatments, with notable shifts in trophic groups, particularly the increase in omnivores and fungivores. However, the high variability in nematode abundance underscores the need for further research to fully understand the long-term effects of biochar and biostimulants on such degraded soils.
Future studies should prioritize investigating the long-term impact of trace element accumulation on soil health and nematode communities, particularly in post-military soils, which may have unique environmental challenges. Understanding how elevated Mn and Cu concentrations affect nematode diversity and functionality in these degraded soils will be crucial for maintaining ecosystem balance and nutrient cycling. Additionally, research should examine the commercial yield of Miscanthus in these soils, assessing how the treatments influence plant productivity and ensuring sustainable agricultural practices in post-degraded military landscapes. This will provide insights into optimizing soil remediation techniques while mitigating the negative effects of trace element accumulation on crop yield and soil health.
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