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Introduction 

The Directive 2008/50/EC of the European Parliament on ambi-
ent air quality and cleaner air for Europe establishes the need 
to reduce pollution to the levels that minimize adverse effects 
on human health and the environment as a whole, to improve 
the control and assessment of air quality, including pollutant ac-
cumulation, and to make the information publicly available. The 
problem of atmospheric air pollution in the Zhytomyr region is 
acute, though the region is not an industrial center. However, as 
a large number of industrial enterprises are located in a small 
area, it causes an exacerbation of the ecological crisis within in-
dividual landscapes. Dust coming from surrounding areas pro-
vokes the accumulation of significant amounts of pollutants in 
soils, water, and other components of agro-systems.

Analysis of the latest research and papers

One of the most informative methods for assessing the state 
of the environment and the impact of negative environmental 
factors on biota are biotesting methods. There are convenient 
because they make it possible to evaluate the integrated influ-
ence of factors, they are sensitive even to small changes and are 
convenient for laboratory modeling, they optimally reproduce 
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environmental conditions, and they are simple and easily acces-
sible for regular analysis.

Many groups of test objects are known (garden cress, white-
tip radish, mustard, etc.). They are extremely informative when 
used for soil biotesting (Jandová et al., 2020). Test objects make 
it possible to detect toxic compounds in soil samples relatively 
quickly without the need to conduct a series of chemical tests 
and analyzes.

A rather informative method for the diagnostics of environ-
mental toxicity is the method of using test objects of plant sys-
tems (Fedorchak, 2020; Yusypiva, Miasoid, 2019). Maňkovská 
and Oszlányi (2010) obtained results on atmospheric deposition 
of 45 elements in Báb research sites using the moss biomoni-
toring technique. Miroshnychenko and Kryvytska (2016) used 
maize and garden radish plants as test objects to study the degree 
of phytotoxicity of soil in the city of Mariupol at different lev-
els of their contamination with heavy metals and mineral salts. 
The influence of cement production was analyzed in the paper 
of Zymaroieva et al. (2020). In several of our previous papers, 
we highlighted the features of migration of pollutants within 
the studied agricultural landscape (Romanchuck et al., 2017a,b, 
2018; Fedoniuk et al., 2019, 2020; Zymaroieva et al., 2021; Fe-
donyuk et al., 2020). A number of authors used aquatic plants, 
garden cress, radish, and other plants to determine the influence 
of poly-element contamination of soddy-podzolic soil (Martin et 
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al., 2006; Rudin et al., 2018; Gusev, Vashukevich, 2016; Gyekye, 
2013; Favas et al., 2012). The toxicity of various substances to 
plants was highlighted in many papers which determined the 
phytotoxicity of plumbum and cuprum (Dayton et al., 2006; 
McBride, Martínez, 2000), the integrated phytotoxicity of zinc, 
titanium, and nickel oxides (Jośko, Oleszczuk, 2013), and a com-
mon phytotoxic effect of cadmium and mercury (Cao et al., 
2007; Baderna et al., 2015). In our research, we analyzed the con-
tent of heavy metals in soil, which come in large quantities with 
the industrial dust from the eastern industrial hub in Zhytomyr 
and also their phytotoxic effect on radish sprouts.

Identifying previously unaddressed issues of the gen-
eral problem

The Directive 2008/50/EC of the European Parliament on ambi-
ent air quality and cleaner air for Europe stipulates that monitor-
ing of air quality and its impact on the components of agricultur-
al landscape shall be carried out within individual agricultural 
landscapes. In Ukraine, the system which monitors the migra-
tion of pollutants in the chain ‘air–soil–plants’ is not applied at 
all, and the research data come down to detecting how much cer-
tain groups of substances in soil and air exceed MAC (Maximum 

allowable concentration). In view of this, if the extent of aero-
technogenic pollution caused by the activities of industrial hubs 
on the components of agricultural landscapes is determined, this 
will make it possible to identify the patterns of behavior of the 
components of dust pollution within the components of agricul-
tural landscapes.

Material and methods

The research of aerotechnogenic pollution was carried out at dif-
ferent distances (100‒2000 m) from the East industrial hub in 
Zhytomyr in the direction of prevailing wind.

The first route is laid in the direction of the prevailing north-
west wind, that is, the southeastern part of the area of the emis-
sion source. Dark gray bleached light loamy loess soil prevails 
here. The second direction is laid in the easterly one, where dark 
gray bleached light loamy loess soil prevails. The third direction 
is northeast from the source of technology related emission; 
here, black earth bleached light loamy loess soil dominates. In 
this direction, the wind is not as strong as in the southeast and 
north directions, but this area is between the areas of increased 
technology-related emission and may be subject to repeated 
technogenic pollution due to the runoff. The fourth direction 

Fig. 1. The map showing the location of observation points. 
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is north from the source of technology-related emission; here, 
black earth bleached light loamy loess soil dominates.

For the purpose of investigation into the composition of 
the dust, leaves of woody plants were selected in the area un-
der investigation and the dust accumulated on their surface was 
washed away with distilled water. The method of filtration was 
used to obtain the powder, which was tested for the content of 
toxic impurities. The method of powder X-ray diffraction was 
used to check the mineral composition in the laboratory of the 
scientific industrial enterprise ‘Engler’. The dried dust samples 
underwent autoclave microwave decomposition using the MWS-
2 system (Berghof, Germany). Samples weighing 0.2 g and 8 ml 
of HNO3 and 36% solution of H2O2 in a ratio of 1:1 were placed 
in the fluoroplastic autoclave DAP-60K (volume 60 ml). Then, 
the samples were sealed, and they underwent a three-stage mi-
crowave decomposition at a temperature of 120 °C at the first 
stage, 180 °C at the second stage, and 200 °C at the third stage. 
The solutions were analyzed on an Agilent 7500A Inductively 
Coupled Plasma Mass Spectrometer (COI-MS).

The toxicity of technologenically contaminated substrates 
and the sensitivity of the classical laboratory test objects, white-
tip red radish (Raphanus sativus var. Radicula Pers.), were de-
termined using the method of O.A. Berestetskyi (Berestetskyi, 
1971). The method is based on the germination of seeds of mod-
el plant species on different substrates. In this case, soil extracts 
obtained from soil sampled at observation points were used as 
substrates. Varieties KBK and Ilka of the white-tip red radish 
(Raphanus sativus var. Radicula Pers.) were used for the research.

The phytotoxic effect (PhE, %) was determined as a percent-
age of the length of the root system by the formula (Lozanovs-
kaya, 1998):

                                        ,                     (1)

where Lo is the average root length of the plant grown in the con-
trol medium, and Lx is the average root length of a plant grown 
under the influence of a toxic factor. Substrate toxicity was as-
sessed on a five-point scale (Table 1).

The phytotest was carried out for three years in succession 
(from 2016 to 2018) in a three-time repeat with the soils sampled 
for the analysis on the content of heavy metals at the previous 
stage of the scientific investigation.

Results

The plot under study is rectangular and has an area of 1475.189 
ha. Interpolation, which uses the IDW method (inverse distance 
weighing) within the area where samples were selected, made 
it possible to select sites with different contents (Fig. 1). The 
highest content > 3 MAC was obtained on an area of 60.714 ha, 
which is 4.12% of the territory. The content from 2 to 3 MAC 
was observed on the area of 911.927 ha, 61.82%. Low level of 
contamination from 1 to 2 was observed on the area of 487.1010 

ha, 33.01%, and the low content <1 MAC on the area of 15.538 
ha, 1.05% (Fig. 2).

As the results of the investigation showed, the main meas-
ures aimed at improving the environmental state of agricultural 
landscapes should be aimed at macro-scale placement of meas-
uring stationery points. In the territories in close proximity to 
the Eastern industrial hub, stationary measuring points should 
be located in the southeast, east, and south directions of the East-
ern industrial hub.

The emissions of heavy metals with non-localized dust were 
calculated for the last ten years; they are as follows: Mn, 33158; Zn, 
3687; Ni, 4604; Cu, 7736; Cr, 42364 kg. Sixty-two percent of the 
annual emissions of heavy metals, which amounts to 5752.5 kg, 
fall on the period of active vegetation of plants (April–September).

Examination of dust accumulated on the leaf surface showed that 
it contained high concentrations of Mn, Cr, Pb, Ni, and Cu (Table 2).

The levels of inhibition of growth 
(phytotoxic effect), % Toxicity level

0‒20 Absent or low

20.1‒40 Average
40.1‒60 Above average
60.1‒80 High
80.1‒100 Maximum

Table 1. The scale of toxicity levels of soil by the plant test systems 
(Dzhura et al., 2006).

Fig. 2. Interpolation of the aerotechnogenic pollution of the terri-
tory of the eastern industrial hub in Zhytomyr (Ukraine) with the 
IDW method. 

Type of dust components
Cations

Mn2+ Zn2+ Pb2+ Cd2+ Ni2+ Со2+ Cu2+ Cr2+

Inorganic dust (n=5) 1349±65 163±25 311±35 3±0.3 235±21 15±2 387±17 156±28

Table 2. Content of heavy metals in dust, М+m, mg/kg.

𝑃𝑃ℎЕ = 𝐿𝐿𝑜𝑜 − 𝐿𝐿𝑥𝑥
𝐿𝐿𝑜𝑜

∗ 100 
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The inorganic dust, which is a result of such production, ac-
cumulates on the surface of soil, trees, and grassland vegetation. 
It was found out that the basic component of dust is the crystal-
line phase of quartz. Impurities of other phases are also found in 
the samples, and the detection of which was exceptionally chal-
lenging because of the predominance of quartz peaks. However, 
it was noted that the impurity of the other crystalline phases was 
different in all samples, indicating the heterogeneous origin of 
the materials under analysis. Thus, this confirms the integrated 
effect of the enterprises within the same territory.

The lowest frequency of occurrence of exceedances of criti-
cal points was noted in the direction of southwest wind, which 
is characterized by the lowest recurrence for the area (location = 
1.7967; scale = 1.3229) (Fig. 3). The strongest dispersion of dust 
by the distance from the emission source was noted for the most 
intense and recurrent northwest wind (location = 2.3992; scale = 
1.1021). When the dust streams are dispersed with this wind, the 
occurrence of critical MAC exceedance points increases by 0.6 
units; if the dust is dispersed with the east wind, it increases by 
0.51 units and in case of the southern wind by 0.36 units.

Data obtained after the examination of the qualitative and 
quantitative composition of soil pollutants in the Eastern indus-

trial hub signal about significant risks to agriculture and health. 
In order to assess poly-element anomalies, which characterize 
the availability of various pollutants in the soil, we used the in-
dexes of soil saturation with heavy metals. They are brought to 
the territory of the investigated agricultural landscapes in the 
largest amounts together with inorganic dust. The data obtained 
testify to the fact of soil degradation due to the pollution from 
the industrial hub.

The southeastern direction was characterized by the highest 
rates of total soil contamination. Two particularly critical zones 
were noted, this is the area at 200‒250 m, where the maximum 
index of soil saturation with elements was indicated, which is in-
dicative of the intensive processes of accumulation of pollutants. 
In this area, the maximum concentrations of cuprum content 
were observed. It is mainly dispersed in the form of coarse par-
ticles, and thus is accumulated closer to the source of emission. 
The second critical area in this direction is the area 1.5‒2 km from 
the source of emission. This indicates that fine particles, which 
contain a large amount of manganese, zinc, and plumbum, are 
of key importance in soil contamination in this direction. The 
indexes of soil saturation with the elements are indicative of the 
intensive accumulation processes. This territory is not suitable 

Fig. 3. Histograms of the distribution of critical values of the MAC exceedances of dust content in the air under the influence of prevailing 
winds of the east industrial hub.
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Distance from 
the source of 

emission

Index of 
soil satura-
tion with 

elements, Iel

Total 
indica-
tor, Zc

Category of soil contamination Content of 
elements
to MAC

Possibility to be used 
in agriculture

Change in the pub-
lic health record in 
the polluted area

Northwestern
100–150 4.0884 27.1970 Moderately hazardous

Above MAC 
but not higher 
than translo-
cation factor

Cultivation of any 
crops provided there 
is a quality control of 

plant products

Increased number 
of general diseases

200–250 4.9437 32.0901 Hazardous
251–350 3.7816 25.9585 Moderately hazardous
351–600 4.3193 28.5180 Moderately hazardous
601–900 4.1976 25.3475 Moderately hazardous

901–1100 4.6675 29.9228 Moderately hazardous
1101–1300 4.8331 29.1361 Moderately hazardous
1301–1600 4.8529 30.7279 Moderately hazardous
1601–1900 5.1996 33.9877 Hazardous Above MAC 

but not higher 
than translo-
cation factor

Cultivation of in-
dustrial crops with-
out obtaining food 

products and fodders 
from them. Inclusion 

of concentrators of 
elements-pollutants

Increased number 
of general diseases 

and the number 
of sickly children 
and children with 
chronic diseases, 

disorders of cardio-
vascular system

1901–2150 5.1099 36.1059 Hazardous

Eastern
100–150 4.5083 24.8893 Moderately hazardous

Above MAC 
but not higher 
than translo-
cation factor

Cultivation of any 
crops provided there 
is a quality control of 

plant products

Increased number 
of general diseases

200–250 4.5063 26.8310 Moderately hazardous
251–350 4.8036 26.7356 Moderately hazardous
351–600 3.9494 24.7970 Moderately hazardous
601–900 4.0756 27.1502 Moderately hazardous

901–1100 4.0801 25.2954 Moderately hazardous
1101–1300 4.5855 29.8431 Moderately hazardous
1301–1600 4.3173 29.4929 Moderately hazardous
1601–1900 4.7453 30.7524 Moderately hazardous
1901–2150 4.1523 30.3798 Moderately hazardous

Northeastern
100–150 3.5830 21.3625 Moderately hazardous

Above MAC 
but not higher 
than translo-
cation factor

Cultivation of any 
crops provided there 
is a quality control of 

plant products

Increased number 
of general diseases

200–250 3.3766 20.0590 Moderately hazardous
251–350 3.8073 21.5496 Moderately hazardous
351–600 3.8861 24.6260 Moderately hazardous
601–900 4.1634 25.2589 Moderately hazardous

901–1100 4.0911 25.5189 Moderately hazardous
1101–1300 4.3416 27.5852 Moderately hazardous
1301–1600 4.4573 28.4682 Moderately hazardous
1601–1900 4.6712 30.9446 Moderately hazardous
1901–2150 3.1717 26.3152 Moderately hazardous

Northern
100–150 2.9710 20.7583 Moderately hazardous

Above MAC 
but not higher 
than translo-
cation factor

Cultivation of any 
crops provided there 
is a quality control of 

plant products

Increased number 
of general diseases

200–250 3.5793 23.7635 Moderately hazardous
251–350 3.5242 23.3521 Moderately hazardous
351–600 3.5557 23.7127 Moderately hazardous
601–900 3.9651 25.9525 Moderately hazardous

901–1100 3.9844 25.9764 Moderately hazardous
1101–1300 3.8624 25.8868 Moderately hazardous
1301–1600 4.4208 29.1434 Moderately hazardous
1601–1900 4.1969 28.6448 Moderately hazardous
1901–2150 3.7143 29.2294 Moderately hazardous

Table 3. Hazard assessment of soil contamination by the total pollution indicator (according to GOST (State Standard) 17.4.3.06-86 Nature 
Conservation. Soil. General requirements to soil classification according to the influence of chemical pollutants on them).
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for agricultural production, only for industrial crops. Such lev-
els of contamination can lead to an increase in the number of 
diseases and an increase in the number of frequently ill children 
and children with chronic diseases, disorders of the functional 
state of the cardiovascular system. It should be noted that at a 
distance of 2.0‒2.5 km from the industrial hub, the territory of 
the settlement of Klitchyn is located. Its population is about 560 

people, and there are private plots of residents of other villages of 
the Levkiv village council. Subsistence farming is one of the most 
common methods of producing vegetables, potatoes, berries, etc. 
Taking into account the above, all products obtained in this terri-
tory must be subjected to strict sanitary control (Table 3).

In the eastern, northeastern and northern direction, there 
was a similar trend towards the increase in the contamination 

                                margin                                                                           100                                                                          250                      

                                    500                                                                             750                                                                        1000                    

                                   1250                                                                          1500                                                                            1750                    

                                   2000                                                 

Fig. 4. Biometric indicators of sprouts of radish roots grown on water extracts of anthropo-
genically transformed soil of the East industrial hub.

Distance from the source of emission, m:southeastern:   
y = 1.5521 + 0.0011*x; r = 0.9400; p = 0.00005; r2 = 0.8836

Distance from the source of emission, m:eastern:   
y = 1.7878 + 0.0011*x; r = 0.9775; p = 0.00000; r2 = 0.9555

Distance from the source of emission, m:northeastern:   
y = 2.0087 + 0.001*x;  r = 0.9136; p = 0.0002; r2 = 0.8346

Distance from the source of emission, m:northern:   
y = 2.1017 + 0.001*x;  r = 0.9524; p = 0.00002; r2 = 0.9071
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levels over a distance of more than 1500 m, which indicates that 
the largest amount of pollutants come in the form of fine dust. 
Indexes of soil saturation virtually throughout the territory in the 
eastern (3.9494… 4.8036), the northeastern (3.1717… 4.6712) 
and the northern direction (2.9710… 4.4208) indicate intensive 
accumulation processes of heavy metals in the soil under investi-
gation. In all three directions, soil is characterized by a moderate-
ly hazardous category of pollution; the level of toxic compounds 
exceeds the MAC, but does not exceed the translocation factor. 
All territory investigated in these three directions can be used for 
cultivating agricultural crops, but strict sanitary control of the 
production is an indispensable prerequisite.

The essence of this research is that in previous studies by a 
number of scientists (Kharytonov et al., 2008, 2016, 2020), the 
physiological features of sprouts of red radish roots showed the 
ability of seeds to respond to exogenous chemical influences dur-
ing germination. This is primarily reflected in the difference in 

the length of the root sprouts, in particular, the decrease in bio-
metric indicators in response to the increased negative impact.

Based on the determination of the morphometric parameters 
of the test objects, it was found out that their growth and devel-
opment were inhibited (Fig. 4). Germination of radish seeds on 
contaminated soil decreased by 69% and 68%, respectively.

Phytotoxic effect was determined as a result of the investiga-
tion into soil condition and measurements of radish sprouts.

Northwest wind is the most recurrent wind flow (17%) in 
the area under investigation. The level of inhibition of growth 
processes in the southeastern direction (Fig. 5a) was high 
(67.16±2.820%) at a distance up to 750 m and above the average 
level at a distance up to 1750 m – 43.50±0.806%, and only at a 
distance of 2000 m, the situation improved and the ‘average’ level 
of toxicity was recorded.

In the eastern direction (Fig. 5b), winds are also often recur-
rent, as in the southeastern. The recurrence of the west wind for 

Fig. 5. Levels of inhibition of growth processes (phytotoxic effect) at different levels of soil toxicity (length of radish sprouts) (PhE, %)  
according to the scale of Dzhura et al. (2006). 

a) Southeastern = 429.774-0.0328*x-24.6576*y-8.7331E-6*x*x+0.0009*x*y+0.4196*y*y
b) Eastern = 253.0383+0.0161*x-13.1283*y+9.1511E-7*x*x-0.0012*x*y+0.229*y*y
c) Northeastern = 459.7646-0.0359*x-28.3824*y-1.6988E-5*x*x+0.0014*x*y+0.501*y*y
d) Northern = 149.8652+0.0276*x-5.7134*y+7.9906E-6*x*x-0.0018*x*y+0.0907*y*y
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the territory is 16%, and this is also reflected in the mosaic of the 
contamination of soil cover. A high toxicity level was recorded 
up to a distance of 250 m (64.77±1.482%), and compared to the 
previous direction, it was by 2.29% more. The soil at a distance 
up to 1500 m was found to be 49.07±7.597% above the average 
toxicity level, and the soil with average toxicity (30.75±2.55%) 
was found at a distance up to 2000 m.

For the northeastern direction (recurrence of southwestern 
wind 12%), high soil toxicity was observed at a distance up to 
750 m – 58.82±4.2991%, and above average level at a distance up 
to 1750��������������������������������������������������������� ��������������������������������������������������������m – 37.842±3.8608%. Stabilization of soil cover to aver-
age toxicity level was noted only at a distance of 2000 m, where it 
was recorded at about 28.20% (Fig. 5c).

In the northern direction (recurrence of southern wind 
12%), high soil toxicity was observed at a distance up to 750 m 
– 56.38±4.5113%, and above average at a distance up to 1500 
m – 38.46±1.2516%. Stabilization of soil cover to average toxic-
ity level was noted only at a distance from 1500 m, where it was 
recorded at about 23.70±0.575% (Fig. 5d).

Inhibition of the growth processes of radish roots identified 
the toxicity level of the technogenic substrates tested as average 
and above average (Table 4).

Thus, the results of interpolation of soil phytoxicosis indices on 
the territory of the eastern industrial hub in Zhytomyr (Ukraine) 
with the IDW method show that in all the investigated directions, 
there are inverse close correlations between the distance from the 
source of emission and the indicators of soil phytotoxicity (Fig. 6). 
This indicates that the activity of the Eastern industrial hub has a 
significant negative effect on the vegetation cover of phytocenoses 
bordering the territory where industrial activities are conducted.

Conclusion 

Eastern industrial hub has about 45 industrial enterprises of food, 
light, chemical, metallurgical, engineering, and other industries. 
Such high concentration of diversified industrial enterprises in a 
small area affects the state of the surrounding ecosystems. There 
are now 85 stationary sources of polluting emissions at these en-
terprises, and rotary kilns mainly contribute to the atmospheric 
pollution making about 4600 tons of inorganic dust a year.

The investigation of dust accumulated on the surface of leaves 
showed that it contains high concentrations of Mn, Cr, Pb, Ni, and 
Cu. Over the last ten years, emissions of heavy metals with non-
localized dust have amounted to: Mn – 33,158, Zn – 3687, Ni – 
4604, Cu – 7736, Cr – 42,364 kg. Sixty-two percent of the annual 
emissions of heavy metals, which amounts to 5752.5 kg, fall on the 
period of active vegetation of plants (April–September).

The highest rates of total soil contamination were observed 
in the southeastern direction. In almost all directions, two par-
ticularly critical zones were noted. This is an area at a distance of 
200–250 m, where the maximum index of soil saturation with ele-
ments was indicated, which is indicative of intensive processes of 
accumulation of pollutants. In this area, there were the maximum 
concentrations of cuprum, which is mainly dispersed in the form 
of coarse particles, and thus settles closer to the source of emis-
sion. The second critical area in this direction is the area at a dis-
tance of 1.5–2 km from the source of emission. This indicates that 
fine particles, which contain a large amount of manganese, zinc, 
and plumbum, are of key importance in soil contamination in this 
direction. The indexes of soil saturation with elements indicate in-
tensive accumulation processes.

Analysis of the phytotoxicity of the territory using the bioin-
dicative method confirmed that the activity of the Eastern indus-
trial hub has a significant negative impact on the vegetation cover 
of the phytocenoses bordering the territory where industrial ac-
tivities are conducted.

Indicator Domain of function, 
Max≤х≥Min Equation of dependence

Pearson correla-
tion coefficient,

r

Statistical sig-
nificance,

p

Determination 
coefficient, 

r2

Correlation 
significance

Southeastern 9.46≤х≥0.44 y = 139.0879 – 2.8481*x -0.6667 0.0353 0.4445
Negatively 

high

Eastern 9.11≤х≥0.34 y = 175.7996 – 4.551*x -0.7655 0.0099 0.586
Negatively 

high

Northeastern 7.71≤х≥0.31 y = 120.0541 – 2.913*x -0.7023 0.0235 0.4932
Negatively 

high

Northern 7.29≤х≥0.33 y = 155.7511 – 4.3398*x -0.8636 0.013 0.7457
Negatively 

high

Table 4. Dependence of soil phytotoxicity on the distance from the source of emission.

Fig. 6. Interpolation of soil phytoxicosis indices of the territory of the 
eastern industrial hub in Zhytomyr (Ukraine) with the IDW method. 
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