
Introduction

Military operations in Ukraine result in environmental 
pollution, specifically soil contamination with heavy metals 

(Bonchkovskyi et al. 2023). This issue is particularly critical 
because Ukraine is one of the world’s major exporters of 
agro-industrial raw materials. Pollution inevitably reduces the 
amount of cultivable land, and crops grown on contaminated 
soil may become unfit for consumption (Melnyk et al. 2023). 
The primary sources of agricultural soil pollution include the 
movement of heavy machinery, the construction of various 
fortifications, artillery shelling, contamination from the 
remnants of destroyed military equipment and explosives, 
and the poisoning of water reservoirs due to mine flooding 
(Tytykalo et al. 2022). Soil affected by military actions 
has been reported to be contaminated with toxic metals and 
metalloids, organic and inorganic explosives, oxidizable 

secondary explosives, and their metallic derivatives (Tauqeer 
et al. 2021). These substances seep into the soil, potentially 
contaminating groundwater, entering food chains, and posing 
risks to both humans and animal health (Petrushka et al. 2024, 
Albrektienė-Plačakė & Paliulis 2024). In total, more than 30% 
of the territory of Ukraine has suffered environmental damage 
due to pollution, destruction, and bombings related to the 
war (Kholoshyn et al. 2023). In this regard, there is an urgent 
need to study the impact of heavy metal contamination on soil 
microorganisms in order to develop strategies for mitigating its 
negative consequences.

Each explosion of a projectile or rocket releases a chemical 
cocktail into the environment and causes the complete 
destruction of all animals, plants and microorganisms within the 
blast radius (Mitryasova et al. 2024). AS a result, the ground 
cover is subjected to an excessively high environmental burden. 
The physical destruction of the soil due to projectile ruptures, 
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leading to the formation of craters 10–12 m in diameter and 
up to 5–6 m deep, is further exacerbated by an excessive 
contamination with heavy metals (Mitryasova et al. 2024). 
The most common polluting metals are copper, lead, antimony, 
chromium, arsenic, mercury, nickel, zinc, cadmium, titanium, 
vanadium, strontium, and iron (Tytykalo et al. 2022, Lindh & 
Lemenkova 2022). Explosives contain large amounts of lead and 
mercury. Zinc, copper, nickel, lead, and chromium are used to 
coat bullets, missiles, gun barrels, and military vehicles. Barium, 
antimony, boron serve as charge compounds for weapons, while 
tungsten, due to its  high density (19.3 g/cm3), is commonly used 
for kinetic bombardment (Petrushka et al. 2024).

Metal fragments from projectiles pose significant 
environmental hazards. They are primarily composed of a 
mixture of cast iron and steel, with sulfur and copper additives 
(Petrushka et al. 2024). Fragments from mines and unexploded 
ordnance reduce soil productivity, causing long-term, 
cumulative damage through destruction and displacement of 
soil structure and increasing soil vulnerability to water and wind 
erosion, which negatively impacts ecosystems (Shekhunova 
et al. 2022; Al-Qadri and Alsaiar 2023). On the most active 
days, approximately 50,000 different shells are fired at military 
positions on Ukrainian territory. For example, a tank high 

explosive projectile, which shatters into fragments, weighs 
15.7 kg. The weight of a 122 mm artillery a shell is 21.76 kg, 
while a 155 mm shell weighs 36.45 kg. However, the exact 
number of the shells fired each day is difficult to determine. 
For example, if 50,000 shells of 122 mm caliber were fired in 
a single day, this would result in approximately 1,080,000 kg 
of steel fragments littering Ukrainian soil (Shahini et al. 2024).

Millions of kilograms of metal, including remnants 
of ammunition and destroyed or abandoned equipment, 
saturate the soil with iron compounds, which can suppress 
plant growth and disrupt soil microbial activity for extended 
periods (Shahini et al. 2024). Microorganisms play a key role 
in maintaining soil fertility and participate in all aspects of 
nutrient cycling. Their population can significantly decline 
under stress conditions, leading to an accumulation of heavy 
metal residues (Shebanina et al. 2024). Despite this, ecosystems 
also harbor metal-resistant microorganisms, which form the 
basis for bioremediation strategies to restore contaminated soils 
(Liu et al. 2021, Huminilovych et al. 2023). Metal-resistant 
bacteria most commonly belong to the genera Bacillus, 
Arthrobacter, Pseudomonas, Ralstonia, Stenotrophomonas, and 
Desulfovibrio. These bacteria demonstrate a high capacity to 
precipitate heavy metals into insoluble, non-toxic compounds 

Figure 1. Sampling of soil samples from shelling sites (Hostomel, Kyiv region, Ukraine): (a) craters formed by shell explosions; (b) 
debris of missiles and military equipment left over from hostilities

Table 1. The description of samples from Hostomel, Kyiv region, Ukraine

No Sample description Coordinates of sampling Place of sampling

1 Soil from a crater 5.0 m in diameter and 1.5 m deep, field 50°63'64.8"N   30°26'77.4"E

Hostomel,  
Kyiv region, 

Ukraine

2 Soil from a crater 4.0 m in diameter and 2.0 m deep, field 50°63'38.2"N   30°26'85.6"E

3 Sandy-clay soil from a crater 16.0 m in diameter and 6.0 m deep, forest 50°69'89.9N   30°34'39.8E

4 Soil not affected by shelling, field 50°38'11.3"N   30°16'03.9"E

5 Metal missile fragments (1) 3-5 m close to  
50°63'64.8"N   30°26'77.4"E

6 Metal missile fragments (2) 3-5 m close to  
50°63'64.8"N   30°26'77.4"E
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(Margaryan 2021). Compared to conventional chemical and 
physical remediation methods (Saleh et al. 2022), the use of 
microorganisms resistant to high metal concentrations offer 
a promising, cost-effective, and efficient biotechnological 
approach for restoring metal-contaminated soils (Bukhari and 
Rehman 2023).

Therefore, the goal of our study was to examine the 
concentration of heavy metals in areas affected by shelling 
and assess their impact on soil microbial populations, with a 
particular focus on microorganisms resistant to heavy metals.

Materials and methods

Characteristics of soil samples
Sampled were collected near Hostomel, a city in the Kyiv region 
of Ukraine, where active hostilities took place in the spring of 
2022 (Fig. 1). Sampling was carried out twice, in October 2023 
and February 2024, at a depth of 5 to 10 cm. This approach 
allowed for the assessment of changes in metal concentrations 
and microbial populations within samples collected from 
identical locations over time. The selected sample series is 
described in the Table 1. Three soil samples were collected 
directly from different craters formed by missile explosions 
(samples 1, 2, and 3). Additionally, one sample of gray soil 
was taken from a field not affected by shelling (sample 4). To 
analyze the metal content directly in the fragments, two metal 
samples were collected (samples 5 and 6).

Determination of heavy metals concentrations 
The concentrations of cobalt, nickel, iron, copper, chromium 
compounds in soil and missile fragment samples were analyzed 
using the Niton XL5 Plus handheld XRF analyzer (Thermo 
Scientific, Waltham, MA USA). The samples included three 
soil samples from projectile impact sites (samples 1, 2, and 3), 
one soil sample from an unaffected site (sample 4), and two 
metal missile fragments (samples 5 and 6).

Microbiological analysis of soils
Aerobic microorganisms in the soil samples were isolated using 
Koch’s method (Havryliuk et al. 2020). The method is based 
on Koch’s principle, which states that each colony originates 
from a single microbial cell. Determining microbial counts by 
this method involves three key steps: 1. preparation of tenfold 
serial dilutions of the microbial sample, 2. Plating on an agar 
medium in Petri dishes plates,  and 3. counting the resulting 
colony-forming units (CFU).

For this purpose, nutrient agar (NA) was used. To prepare 
300 mL of NA with a 2% agar concentration, 3.9 g of nutrient 
broth (NB) powder (HiMedia Laboratories Pvt. Ltd., India), 6 
g of agar, and 290.1 mL of distilled water were added to a 500 
mL vial, mixed thoroughly, and autoclaved at 1.5 atm for 30 
minutes. The sterilized medium was poured into sterile Petri 
plates and left at room temperature for 4-5 days. To determine 
the presence of metal-resistant microorganisms in the soil 
samples, Cr(VI) solution was added to the medium, achieving 
a final concentration of 200 ppm of cations.

Microorganisms were isolated from tenfold dilutions of 
soil suspensions prepared in a sterile physiological solution 
(0.85% NaCl). For this, 1 g of soil was added to 100 ml of 
NaCl solution, suspended for 15 min, and shaken periodically. 

Microorganisms were plated using the surface (striped plate) 
method with a Drygalsky spatula. 0.2 mL of each dilution was 
added to the surface of the agar medium in Petri dishes with a 
sterile pipette and distributed using a sterile glass Drygalsky 
spatula. A new sterile spatula was used for each dilution. Each 
dilution was plated in triplicate, and microorganisms were 
incubated at  30 °C for 7 days.

To determine the number of anaerobic microorganisms, 
Hungate’s roll tube method was used (Hungate et al. 1969). 
Tenfold dilutions of the samples were inoculated into 120 
mL flasks containing 10 mL of NA in the presence of low-
potential redox buffer (Fe(II) citrate, -200 to -150 mV) Before 
inoculation, the flasks were flushed with argon gas to remove 
oxygen. After inoculation, the flasks were hermetically sealed 
with rubber stoppers. The NA was evenly spread along the 
inner surface of the flask, forming a cylindrical agar layer for 
microbial growth.

Preparation of Cr(VI) solution
To prepare 250 mL of a chromate solution with a Cr(VI) 
concentration of 30,000 ppm, 28 g of K2CrO4 salt was added 
to a measuring cup and dissolved in 200 mL of distilled water. 
After complete dissolution, the solution was transferred to a  
250 mL volumetric flask and diluted to the mark with distilled 
water. The solution was then poured into a sterile bottle and 
sealed. Usually, chromate solutions do not require additional 
sterilization (Havryliuk et al. 2020).

Statistical analysis of the results
The number of CFUs isolated from Hostomel soils on nutrient 
agar in 1 mL of suspension was calculated according to the 
formula:
                                    M = a∙10n/V� (1)

where: M is the number of cells in 1 mL; a is the average 
number of colonies; 10n is the dilution factor; and V is the 
volume of the inoculum (mL). 

The number of microorganisms in the samples was 
converted to the total number of microorganisms per 1 g of 
completely dry sample using the formula:
                                     X = a × k� (2)

where: X is the number of CFUs per 1 g of completely dry 
sample; a is the number of cells in 1 mL of the microorganism 
suspension; and k is the humidity coefficient of the sample.

The humidity coefficient was determined using the 
formula:
                                  k = 100/(100−Н) � (3)

where: H is the moisture content of the sample.
The moisture content (H) of the samples was determined 

using the gravimetric method. The samples were dried in an 
oven at 105 ºС until a constant weight was achieved. Humidity 
was calculated using the formula:
                                H = A/(m – A)·100% � (4)

where: A is the weight of evaporated moisture; m is the total 
weight of the sample (Havryliuk et al. 2020).

Each experiment was performed in triplicate. Data analysis 
was carried out using Microsoft Excel 2013 and Origin 2017. 
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Means and standard deviations (SDs) were determined with 
a 95% confidence level. Values were presented as mean±SD. 

Results and Discussion

Investigation of soil contaminated with heavy 
metals due to shelling 
The study involved measuring the concentration of the 
following heavy metals in missile fragments: iron, chromium, 
zinc, cobalt, and nickel. The concentrations of these metals in 
the fragments are presented in Table 2.

In metal fragments, the concentration of cobalt ranged 
from 72.9 ± 22.1 to 589 ± 34 ppm. The nickel content in 
rocket fragments was 110.2 ± 14.6 – 576.6 ± 21.1 ppm. 
Copper had the lowest concentration among the tested metals, 
ranging from 38.9 ± 8.8 to 152.9 ± 11.1 ppm, while iron had 
the highest concentration, ranging from 1758.6 ± 60.4 to 
1870.4 ± 71.1 ppm (Table 2). The concentration of chromium 
varied widely  (332.9 ± 30.5 – 9212.0 ± 95.8 ppm), which 
may indicate differences in the chemical composition of the 
missiles or their fragments. 

The measurements results show that metal missile 
fragments left in the soil after shelling pose a potential 
environmental hazard. The detected metal concentrations 
reach hundreds or even thousands of ppm. Large fragments can 
be collected, but small fragments remain in the soil. Given that 
many of these small fragments range in size from 1 to 10 cm, 

it is evident that metal mobilization from these fragments is a 
potential pathway for soil contamination.

The investigation of heavy metal concentrations in soil 
samples was conducted twice, with a three-month interval. 
Three soil samples were collected from craters formed by 
explosions near the city of Hostomel (Kyiv region, Ukraine) 
and one sample was taken from an area unaffected by shelling 
(Table 3). Though the study showed that cobalt was present 
in relatively high concentrations in missile fragments, cobalt 
compounds were not detected in either the compact sites or the 
soil unaffected by shelling. Nickel compounds, reaching up to 
407.5 ± 8.0 ppm, were observed in two samples of affected 
soil. Additionally, small amounts (36.1 ± 4.2 ppm) were 
found in soil not exposed to  shelling, indicating the natural 
distribution of nickel in ecosystems. Notably, during the 
second measurement, nickel concentrations were significantly 
lower, ranging from 6.0 ± 3.3 to 50.6 ± 6.6 ppm, which may 
suggest its transformation over time. Copper was not detected 
in the control soil, whereas its concentration in the affected soil 
samples varied between 4.6 ± 2.1 and 97.6 ± 3.9 ppm (Table 
3). Considering the concentrations of nickel and copper in both 
the metal fragments and the affected soils, it can be assumed 
that these metals were likely introduced into the soil during 
projectile detonation, whereas no such pattern was observed 
for cobalt. Chromium concentrations in all soil samples 
remained relatively stable across both measurement periods, 
ranging from 17.1 ± 3.5 to 36.7 ± 3.5 ppm (Table 3). This level 

Table 2. The concentration of metals in missile fragments.

Table 3. The concentration of metals in samples of soils.

Sample description
Metal concentration [ppm]

Co(II) Ni(II) Сu(ІІ) Fe(III) Cr(VI)

Metal missile fragments (1) 588.7 ± 33.8 110.2 ± 14.6 38.9 ± 8.8 1870.4 ± 71.1 9212.0 ± 95.8

Metal missile fragments (2) 72.9 ± 22.1 576.6 ± 21.1 152.9 ± 11.1 1758.6 ± 60.4 332.9 ± 30.5

Sample description Measurement
Concentration [ppm]

Ni(II) Co(II) Сu(ІІ) Fe(III) Сr(VІ)

Soil from a crater 5.0 m in 
diameter and 1.5 m deep, field

1 <LOD ¹ <LOD <LOD 2577.9 ± 39.6 <LOD

2 6.0 ± 3.3 <LOD 4.6 ± 2.1 9067,8 ± 56.9 27.1 ± 3.7

Soil from a crater 4.0 m in 
diameter and 2.0 m deep, field

1 302.7 ± 9.1 <LOD <LOD 15725.4 ± 86.6 31.0 ± 4.9 

2 50.6 ± 6.6 <LOD 4.7 ± 2.8 81991.3 ± 
132.8 34.3 ± 7.5

Sandy-clay soil from a crater 
16.0 m in diameter and 6.0 m 

deep, forest

1 407.5 ± 8.0 <LOD 97.6 ± 3.9 3256.8 ± 32.9 34.5 ± 4.5

2 8.0 ± 3.1 <LOD 59.9 ± 3.2 2731.4 ± 30.1 36.7 ± 3.5

Soil not affected by shelling, 
field

1 36.1 ± 4.2 <LOD <LOD 9783.2 ± 60.5 29.4 ± 3.9

2 <LOD <LOD <LOD 5495.0 ± 46.7 17.1 ± 3.5

¹ <LOD – represents the value lower than limits of detection (limits of detection in the soil of Ni(ІІ) – 11 ppm, of Со(ІІ) – 5 ppm, of Сr(VІ) – 4 ppm, 
of Сu(ІІ) – 3 ppm
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Figure 2. Microorganisms were isolated from the studied soil samples on nutrient agar medium:  
(a) microorganisms were isolated from sample 4 in October 2023 and (b) in February 2024;  

(c) microorganisms isolated from sample 1 in October 2023 and (d) in February 2024;  
(e) microorganisms isolated from sample 1 on medium with 200 ppm Cr(VI) in October 2023 and (f) in February 2024
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of chromium contamination should be considered potentially 
hazardous to the environment. 

The concentration of iron was the highest, which is 
inevitable considering that iron is one of the most prevalent 
metals in soil. Samples obtained from shelling sites exhibited 
an increase in iron concentration in the range of 3 to 5 times 
(up to 81,991.3 ± 132.8 ppm) during the research period (Table 
3). This increase can be attributed to the mobilization of iron 
from missile debris left in the craters after the explosion. Due 
to the capability of soil microorganisms to produce organic 
acids, they can chelate iron compounds, converting them into 
soluble forms. Regarding other metals, their concentrations 
remained relatively stable throughout the study period.

Thus, it should be noted that the concentrations of 
chromium, copper, cobalt, nickel were similar in the studied 
samples, whereas the amount of iron differed significantly. 
Although the iron levels in soil are generally high, its increase 
observed after shelling suggests the mobilization of iron 
from missile debris, posing a potential environmental hazard. 
The quantity of toxic metals that can be released from these 
fragments is substantial. Therefore, developing new approaches 

for the in-situ detoxification of metals in soil is both important 
and necessary.

Determination of the number of microorganisms in 
soils affected by shelling
To assess the impact of heavy metal pollution caused by 
hostilities on soil microorganisms, their number in the samples 
was determined. It is known that a significant portion of 
microorganisms have resistance mechanisms to heavy metals, 
regardless of whether they inhabit polluted or unpolluted areas 
with heavy metals. Therefore, we also examined the presence 
of metal-resistant microorganisms, specifically chromium-
resistant ones (Figure 2).

According to the obtained results, the number of aerobic 
chemoorganotrophic bacteria in all samples during the initial 
study ranged from (1.8 ± 0.2)×105 to (3.7 ± 0.2) × 105 CFU/g 
(Figure 3). The number of aerobic microorganisms resistant to 
chromium in samples 1, 2, and 3 was an order of magnitude 
lower, ranging from (1.8 ± 0.2) × 104 to (2.3 ± 0.2) × 104 CFU/g 
(Figure 3a, b, c). At the same time, microbial diversity also 
decreased. In sample 4, the number of chromium-resistant 
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Figure 3. The number of microorganisms in samples of soils. Research options:  
(a) number of microorganisms of soil from sample 1, (b) number of microorganisms of soil from sample 2,  
(c) number of microorganisms of soil from sample 3, (d) number of microorganisms of soil from sample 4
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microorganisms was comparable to that in the control medium 
without metals, reaching (2.6 ± 0.2) × 105 CFU/g. Thus, 
the presence of Cr(VI) at a concentration of 200 ppm in the 
agar nutrient medium did not inhibit microbial growth in the 
control soil sample 4 (Figure 3d). The number of anaerobic 
microorganisms in all samples turned out to be lower than that 
of aerobic ones, ranging from (1.4 ± 0.2) × 105 to (2.6 ± 0.2) 
× 105 CFU/g.

A follow-up study conducted after 3 months showed a 
general increase in the number of microorganisms caross 
all soil samples. In particular, the number of aerobic 
chemoorganotrophic bacteria in samples 1, 3 and 4 
approximately doubled, reaching (3.8 ± 0.2) × 105 – (5.4 
± 0.2) × 105 CFU/g (Figure 3a, c, d), while in sample 2, it 
tripled to (1.0 ± 0.2)×106 CFU/g (Figure 3b). The number 
of aerobic chromium-resistant microorganisms increased by 
an order of magnitude in samples 2 and 3 (Figure 3b, c) but 
remained almost constant in soil samples 1 and 4 (Fig. 3a, d). 
The number of anaerobic microorganisms in samples 1, 2, and 
4 increased to the values of (2.5 ± 0.2) × 105 – (4.3 ± 0.2) × 105 
CFU/g (Figure 3a, b, d), while in sample 3, it remained almost 
unchanged (Figure 3c).

Thus, the study showed that soil samples contained between 
several dozen and several hundred thousand CFU/g. This 
suggests that the soil microbial community can interact with 
metals, either facilitating metal mobilization and increasing 
contamination or aiding in immobilization and detoxification. 
Notably, during microbial growth on a medium with 200 ppm 
Cr(VI), a darkening ring formed around some colonies, which 
indicates bacterial interaction with the studied metal and its 
deposition. These findings are crucial for understanding soil 
conditions after shelling.

Military actions pose a significant environmental threat due 
to the spread of various metal-containing materials in the soil, 
such as projectile and rocket fragments, bullet remnants, and other 
debris. Along with the release of pollutants during explosions, 
toxic metals enter the soil as parts of shells and missiles corrode 
over time. Soil contamination with toxic elements is a global 
issue affecting human health and food security (Khan et al. 2021). 
Heavy metals can accumulate in soils through natural processes, 
such as volcanic emissions, dust transport, and weathering of 
metal-rich rocks, or through anthropogenic activities, including 
mining, metallurgy, and the use of metal-containing chemicals 
(Ahmad et al. 2021). While industrial metal emissions cause 
significant environmental damage, preventive measures, 
forecasting, and treatment facilities can often mitigate these 
effects (Agboola et al. 2020). In contrast, military operations 
lead to severe and unpredictable soil pollution with far-reaching 
consequences (Broomandi et al. 2020). 

Over two years of war in Ukraine, environmental pollution 
has reached an unprecedented scale, with soil contamination 
damages estimated at 18 billion dollars. According to the 
United Nations (UN), nearly 15% of Ukraine’s land area is 
heavily mined, making it one of the most minded countries 
in the world. The demining process and detonation of mines 
will further contribute to soil and groundwater contamination. 
Explosions release projectile fragments containing cast iron, 
iron, carbon, sulfur, and copper, which can pollute both soil 
and underground water sources (Havryliuk et al. 2024). In 
addition, the large-scale disaster caused by the Kakhovka Dam 

breach led to massive contamination of surrounding areas with 
toxic organic and inorganic compounds immobilized in sludge 
(Parakhnenko et al. 2023). Without proper bioremediation, such 
contamination will render the soil unsuitable for agriculture 
(Butu et al. 2020). In a military environment, complex multi-
stage remediation methods, such as excavating contaminated 
soil, treating it, and returning to to the site, are impractical. 
Therefore, rapid and effective strategies are needed to 
neutralize toxic metal compounds directly in the soil.

Biological methods are the most promising for neutralizing 
heavy metals in soils, especially given the scale of pollution. 
In particular, utilizing metal-resistant microorganisms from the 
same soils has proven effective. However, the composition and 
ratio of heavy metals in contaminated environments can vary 
significantly. Our research aimed to determine the concentration 
of the most representative metals, in particular iron, chromium, 
cobalt, nickel, zinc, and copper, in soil samples affected by 
shelling, as well as to assess the impact of military actions on 
soil microorganisms. The metals were distributed in decreasing 
concentration as follows: Fe(III) ˃ Cr(VI) ˃ Ni(II) ˃ Cu(II) 
˃ Co(II). Moreover, the examined soil samples contained 
microorganisms ranging from several dozen to several hundred 
thousand CFU/g, indicating that microorganisms can survive 
in such environments and interact with metals through their 
metabolic activity. Thus, we hypothesize that the soil microbial 
community plays a role in the detoxification of heavy metals in 
contaminated soils. 

According to the literature, several groups of metal-resistant 
bacteria have been previously isolated from contaminated soils. 
For example, Pb- and Cd-tolerant root bacteria were isolated from 
Helianthus petiolaris grown on Pb/Cd contaminated soil. A total of 
105 microelement-tolerant rhizosphere and endophytic bacterial 
strains, belonging to eight different genera, have been reported. 
Most of these strains demonstrated the ability to immobilize trace 
elements on their cell wall (Saran et al. 2020). The microbial 
diversity of soils contaminated with varying concentrations 
of lead (Pb) and zinc (Zn) has also been investigated. The ten 
most common bacterial genera found across all samples were 
Solirubrobacter (Actinobacteria), Geobacter (Proteobacteria), 
Edaphobacter (Acidobacteria), Pseudomonas (Proteobacteria), 
Gemmatiomonas (Gemmatimonadetes), Nitrosomonas, 
Xanthobacter and Sphingomonas (Proteobacteria), Pedobacter 
(Bacterioides) and Ktedonobacter (Chloroflexi) (Hemmat-Jou et 
al. 2018). Additionally, microbial groups isolated from Cd-, Pb-, 
and Zn-contaminated soils include both heavy metal-sensitive 
(Ralstonia, Gemmatimona, Rhodanobacter, and Mizugakiibacter) 
and tolerant (unidentified Nitrospiraceae, Blastocatella, and 
unidentified Acidobacteria) species (Guo et al. 2017).

Thus, heavy metal contamination of soil due to military 
operations is a critical environmental issue. Contamination 
can occur both from the direct explosion of projectiles and 
the gradual release of metals from rocket fragments left in the 
soil. The accumulation of toxic metals poses a threat to the 
environment. 

Conclusions 

The studies have examined the distribution of heavy metals in 
contaminated soils and metal projectile fragments. To further 
develop methods for neutralizing these metals, it is necessary 
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to investigate the impact of pollution on soil microorganisms 
and the interactions between microorganisms and metals. Soil 
samples affected by shelling showed microbial populations 
ranging from several dozen to several hundred thousand 
of CFU/g, including aerobic and anaerobic bacteria, as well 
as chromium-resistant bacteria. This finding highlights the 
potential for developing new ecological biotechnologies 
for cleaning up contaminated ecosystems. We recommend 
continuing such research to monitor factors influencing the 
natural soil environment. 
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Analiza zmian w poziomach metali ciężkich i liczbie mikroorganizmów glebowych  
w wyniku ostrzałów na Ukrainie

Streszczenie. Działania militarne negatywnie wpływają na warunki glebowe poprzez zanieczyszczenie odpadami 
zawierającymi metale, takimi jak fragmenty pocisków i rakiet, a także pozostałości pocisków. Materiały te ulegają 
korozji w glebie, co prowadzi do uwolnienia metali ciężkich i skażenia środowiska. Celem naszych badań było 
zbadanie stężenia metali ciężkich na obszarach dotkniętych ostrzałami i ocena wpływu tego zanieczyszczenia 
na populację mikroorganizmów glebowych, z uwzględnieniem mikroorganizmów odpornych na metale ciężkie. 
Stężenie metali (żelaza, chromu, miedzi, kobaltu i niklu) analizowano za pomocą przenośnego analizatora 
XRF Niton XL5 Plus. Badanie obejmowało zarówno próbki gleby, jak i fragmenty pocisków. Mikroorganizmy 
tlenowe z badanych próbek gleby izolowano metodą Kocha, natomiast beztlenowe oznaczano metodą rurkową 
Hungate’a. Stężenie żelaza okazało się najwyższe w glebie, do 81991,3±132,8 ppm. Stężenie innych metali 
(Ni, Cu, Cr) wahało się w granicach 407,5±8,0 - 4,6±2,1 ppm, w zależności od próbki. Związków kobaltu nie 
wykryto w  miejscach trafień pocisków. Liczba tlenowych bakterii chemoorganotroficznych we wszystkich 
próbkach gleby mieściła się w zakresie (1,8±0,2) × 105 – (3,7±0,2) × 105 jtk/g, podczas gdy bakterii odpornych 
na chrom było średnio o rząd wielkości mniej. Liczba mikroorganizmów beztlenowych w próbkach mieściła się 
w zakresie (1,4±0,2) × 105 – (2,6±0,2) × 105 jtk/g próbki. Badanie kontrolne przeprowadzone po trzech miesiącach 
wykazało tendencję do wzrostu zarówno bakterii tlenowych, w tym odpornych na metale, jak i beztlenowych. 
W  szczególności liczba tlenowych bakterii chemoorganotroficznych wzrosła do (1,0±0,2) × 106 jtk/g. Wyniki 
badań wskazują, że społeczności mikroorganizmów glebowych mogą odgrywać rolę w detoksykacji metali 
ciężkich w zanieczyszczonych glebach.


