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respectively. The largest numbers of copiotrophic 
bacteria, prototrophic bacteria and aerobic spore-
forming bacteria were recorded in the soils of natural 
areas—72.5, 136 and 5.73 million CFU  g−1 dry soil, 
respectively. It was found that the abundance of copi-
otrophs, prototrophs, and aerobic spore-forming bac-
teria is more affected by the urbanization of coastal 
soils including the pollution of HMs and PAHs. Other 
groups of microorganisms (actinomycetes, molds and 
yeasts) turned out to be more resistant to anthropo-
genic factors.

Keywords Copiotrophic bacteria · Prototrophic 
bacteria · Polycyclic aromatic hydrocarbons · HMs · 
Non-urbanized and urbanized soils

Introduction

Anthropogenic transformation of coastal areas is a 
global problem. Under the conditions of ongoing 
climate change, coastal areas are becoming more 
vulnerable and subject to the influence of human 
activities (Liu et  al., 2020). The most significant 
anthropogenic impacts occur in highly industrialized 
regions (Sun et al., 2020). Due to the economic devel-
opment of coastal cities, industrial growth and over-
population, the pressure on the coastal ecosystem is 
increasing, the resilience to the impact of pollutants 
from land and the ability to self-repair is reduced (Liu 
et al., 2020).

Abstract The effect of heavy metals (HMs) and 
polycyclic aromatic hydrocarbons (PAHs) pollution 
on the microbiological status of soils on the coast 
of the Taganrog Bay and adjacent areas was studied. 
The content of total and exchangeable forms of HMs, 
the content of 16 priority PAHs and the abundance 
of several groups of culturable microorganisms was 
determined, namely copiotrophic, prototrophic, aero-
bic spore-forming bacteria, actinomycetes, molds and 
yeasts. The content of total and exchangeable forms 
of HMs in urban coastal soils in industrial zone sig-
nificantly exceeded that in non-urban soils. The 
maximum concentrations of total forms of Mn, Cr, 
Ni, Cu, Zn, Pb and Cd are 1821, 871, 143, 89, 1390, 
317 and 10 mg/kg, respectively. The median value of 
the total content of 16 PAHs in urban soils is 3 times 
higher than in the soils of natural areas and reached 
4309  ng/g. The lowest numbers of copiotrophic 
bacteria, prototrophic bacteria and aerobic spore-
forming bacteria were found in the soils of industrial 
zone: 6.8, 13.8 and 0.63  million CFU   g−1 dry soil, 
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Soils and their biotic component perform the most 
important ecosystem functions and ensure the sus-
tainable functioning of coastal ecosystems. In addi-
tion, the soil is the main pollutant sink (Pan & Wang, 
2012). Among the anthropogenic pollutants, heavy 
metals (HMs) and polycyclic aromatic hydrocar-
bons (PAHs) are the most significant (Minkina et al., 
2021). They enter the soils of coastal ecosystems as 
a result of a number of anthropogenic activities, such 
as the development of industrial centers, tourism and 
transport, the excessive use of mechanized boats, 
the discharge of wastewater from large and small 
local enterprises (Dai et  al., 2021; Liu et  al., 2017). 
In world practice, for the control of the environment, 
including soils, the list of US priority pollutants (US 
EPA, 2020), which includes 16 representatives of 
polyarenes, is widely used. PAHs and HMs are often 
found together in contaminated soils and often come 
from the same sources, so combined PAHs and HMs 
contamination is of increasing concern (Liu et  al., 
2017). The joint effect of PAHs and HMs on micro-
biological activity in the environment is much more 
complex than their sole effects (the combined effects 
of HMs and PAHs on activities depend largely on 
their concentration ratios in soils (Wang et al., 2007)). 
Degradation of PAHs can be hindered in the presence 
of HMs (Moreira et al., 2013; Riis et al., 2002), while 
PAHs can reduce microbial activity and the ability to 
immobilize HMs. Thus, combined pollution can have 
a stronger effect on the activity of soil microorgan-
isms than in soils contaminated with only one type of 
pollutant (Liu et  al., 2017; Maliszewska-Kordybach 
& Smreczak, 2003).

At the moment, there is an insufficient number of 
studies devoted to studying the response of border 
ecosystems (coastal soils) to anthropogenic impact, 
despite the rapid growth of urbanization of such ter-
ritories (Liu et  al., 2022). At the same time, many 
aspects of the soil microbial communities response 
to long-term impacts are poorly understood. How-
ever, the study of microbial status appears a very use-
ful indicator in monitoring the influence of pollution 
on the soil state (Brookes, 1995), since the negative 
impact of pollutants and urban environmental factors 
on the microbial community has a negative impact 
on all components of the ecosystem. Often, under the 
influence of pollutants, there is a decrease in the num-
ber of sensitive microorganisms, so many groups can 
act as indicators of pollution and the state of soils in 

general. Copiotrophic, oligotrophic and prototrophic 
bacteria were previously used as indicator microor-
ganisms for soil health (Oliveira & Pampulha, 2006; 
van Bruggen et  al., 2015). In addition to the above 
groups, spore-forming bacteria are also used as indi-
cators of increasing concentrations of Cd, Pb, and Zn 
in soil (Smejkalova et  al., 2003), micromycetes and 
actinomycetes were used to assess joint pollution 
with PAHs and Cd (Shen et al., 2005).

The purpose of this work was to study the effect 
of HMs and PAHs pollution on the microbiological 
status of soils on the coast of the Taganrog Bay and 
adjacent areas.

Materials and methods

Study area and soil sampling

Non-urbanized soils monitoring sites were located 
in the main landscapes of the northern and southern 
coasts Taganrog Bay coasts and the Don River delta, 
including spits, estuaries, and estuarine areas of rivers 
flowing into the bay. The study of urbanized soils was 
carried out in the city of Taganrog, including indus-
trial and recreational areas (beach) of the settlement 
(Fig. 1).

The properties of the studied soils are presented 
in Table 1. The soil cover of the study area is repre-
sented by Haplic Chernozem, Eutric Fluvisol, found 
in the floodplains of small rivers and especially in 
the Don River delta (Bezuglova et al., 2002) and the 
Urbic Technosols of the Taganrog city. The studied 
soils texture vary from medium to heavy loams. The 
organic carbon content is in the range of 1.04–3.94% 
(Table 1). Soil pH ranges from normal (7.45) to alka-
line (8.68). However, the pH values are significantly 
higher in urban soils than in non-urbanized soils.

Eighteen soil samples were taken from the surface 
soil horizon (0–20 cm). Soil samples were thoroughly 
mixed and split in two parts. One part was taken 
immediately for microbiological analysis, the sec-
ond part was air dried, crushed, and passed through 
a 1  mm sieve. Two groups of samples were identi-
fied: non-urbanized soils (plot numbers 1–9) and 
urban soils (plot numbers 10–18) located in the city 
of Taganrog (Table 1, Fig. 1). The most pronounced 
influence of anthropogenic factors was expected in 
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the industrial zone of Taganrog city (the impact zone 
of «Krasny Kotelshchik» plant)—No. 10–16.

Various anthropogenic factors also affect non-
urbanized soils, for example, site 2 is located in close 
proximity to the railway and the Bemit plant (auto-
mobile industry enterprise), site 8 is located at a dis-
tance of 90 m from the road bridge with intense traf-
fic (Table 1).

Soil analysis

Determination of heavy metals and polyaromatic 
hydrocarbons

The total content of Cr, Mn, Ni, Cu, Zn, Cd, and Pb 
in soil was determined by X-ray fluorescence analy-
sis on a Spectroscan MAX-GV spectrometer (Spec-
tron, Russia) (OST 10-259-2000, 2001). In addition, 
the analysis of the content of exchangeable forms of 
metals was carried out (Minkina et al., 2008, 2013). 
Ammonium acetate buffer pH 4.5 (AAB) was used to 
extract exchangeable and soluble in weak acids forms, 
which characterize the current supply of the element 
in the soil. The concentrations of HMs in soil sample 
extracts were determined using the atomic absorption 
spectrophotometer (AAS) (KVANT 2-AT, Kortec 
Ltd, Russia).

Extraction of PAHs from soil samples was car-
ried out with hexane in 3 replicates. The pre-inter-
fering lipid fraction was removed by boiling 1  g 
of sample in 2% KOH solution. The concentration 
of PAHs in the extract was determined by high-
performance liquid chromatography on an Agilent 
1260 chromatograph (ISO 13877-2005, 2005). 16 
priority PAHs included in the list of US priority 
pollutants were identified: naphthalene, biphenyl, 
phenanthrene, anthracene, acenaphthene, acenaph-
thylene, fluorene, pyrene, chrysene, benzo[a]
anthracene, fluoranthene, benzo[b]fluoranthene 
benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]
antracene, benzo[g,h,i]perylene.

The overall degree of soil pollution by HMs and 
PAHs was assessed by the Total Pollution Index (TPI) 
based on the following formula:

where Kc is the concentration factor equal to the 
ratio of the actual content of mobile forms of HMs 
and PAHs in soil to its background value (Kc = Mj/
Mb), and n is the number of chemical elements with 
Kc > 1 (Nevidomskaya et  al., 2020). Alluvial soil 
located within the specially protected natural area of 
the Chumbur–Kosa farm, monitoring site No. 7, was 
used as a control comparison site.

(1)TPI =
∑

Kc−(n−1)

Fig. 1  Map of the location 
of monitoring sites in the 
study area
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The TPI is classified into the following pollu-
tion levels (Directive document 2.1.7.730-99, 1999; 
Konstantinova et  al., 2020): no pollution (< 4), per-
missible level (4–8), low pollution (8–16), moderate 
pollution (16–32), considerable pollution (32–64), 
very high pollution (64–128), and extreme pollution 
(> 128).

Microbiological analyzes

To determine the abundance of microorganisms, 
soil dilutions prepared according to the generally 
accepted method (Blevins et al., 2020) were inocu-
lated on agar media. The abundance of culturable 
bacteria and fungi was determined by the number of 

colonies formed on the nutrient medium. Nutrient 
agar was used to enumerate copiotrophic bacteria. 
To determine the abundance of prototrophic bacte-
ria and actinomycetes, they were grown on starch-
ammonium agar (ISP-4). Czapek-Dox medium was 
used to count molds and yeasts, and nutrient agar 
with the addition barley wort (final concentration of 
sugars 3%) was used to count aerobic spore-forming 
microorganisms. The latter were selected by heating 
soil suspension to 80 °C for 20 min to kill all cells 
except for the endospores. Aerobic spore-forming 
microorganisms were counted on days 2, colonies 
grown on nutrient agar—on days 3–5, colonies 
grown on ISP-4, Czapek-Dox medium—on days 

Table 1  Main characteristics of soils in the studied areas

No. moni-
toring 
sites

Urbanization Location Soil type pH TOC, % Content of silt and clay, 
%

 < 0.001 mm  < 0.01 mm

1 Non-urbanized soils Floodplain of the Mortvyy 
Donets river, 70 m from the 
road bridge

Eutric Fluvisol 7.80 1.22 17.98 33.98

2 Delta of the Don River, near the 
railway and the automobile 
parts plant

Eutric Fluvisol 7.80 3.94 17.58 54.58

3 Floodplain of the Mius river Eutric Fluvisol 7.93 3.07 25.58 50.46
4 The coast of the Taganrog Bay Eutric Fluvisol 8.30 1.22 24.78 31.7
5 Protected area “Begliskaya 

kosa”
Haplic Chernozems 7.45 3.13 23.98 47.34

6 Floodplain of the Azovka river, 
377 m northeast of the Azov 
city (Oboronnaya street)

Eutric Fluvisol 7.68 1.33 21.18 37.22

7 The coast of the Taganrog Bay, 
90 m from the children’s 
health and education complex

Eutric Fluvisol 7.50 1.62 6.40 54.98

8 Floodplain of the river Mokraya 
Chuburka, 75 m northeast of 
the road bridge

Eutric Fluvisol 8.10 1.97 1.73 53.82

9 The coast of the Yeisk estuary Eutric Fluvisol 8.00 1.62 29.20 37.58
10 Urban soils Industrial zone Urbic Technosols 8.20 1.80 22.40 47.90
11 Urbic Technosols 8.07 2.26 26.70 48.80
12 Urbic Technosols 8.11 2.09 28.10 56.40
13 Urbic Technosols 8.47 2.67 26.40 55.80
14 Urbic Technosols 8.32 2.84 30.10 57.10
15 Urbic Technosols 8.68 1.86 27.10 55.10
16 Urbic Technosols 7.90 1.97 23.90 50.80
17 Beach of the Taganrog Bay in 

the city of Taganrog
UrbicTechnosols 8.19 2.20 26.40 51.60

18 Urbic Technosols 8.50 1.04 22.80 47.80
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5–7 from inoculation. Petri dishes with cultures 
were incubated at 30 °C (Bezuglova et al., 2019).

Statistical analysis

The software STATISTICA 8 (StatSoft, USA) was 
used to analyze the data. The normality of data dis-
tribution of HMs, PAHs was assessed using the Sha-
piro–Wilk test. As the distribution of some variables 
didn’t meet the normality criteria, the Mann–Whitney 
test was applied to assess the differences between 
independent samples. Spearman’s correlation coef-
ficients were calculated to determine the relation-
ship between microbiological parameters and phys-
icochemical properties of soils. To determine factors 
influencing microbial communities, multi-way  and 
one-way ANOVA analyzes of variance were applied, 
Tukey’s test was used as a post hoc test. For the 
application of one-way and multi-way ANOVA, the 
following grouping (factors) were identified: urban 
environment, HMs and PAHs. The total indicator 
of contamination with TPI was assessed as danger-
ous (if the TPI value is more than 32) and moderate 
(if the TPI value is less than 32). The hazardous and 
moderate degree of soil pollution with PAHs was 

distinguished according to the total concentration of 
PAHs and the concentration of benzo[a]pyrene. The 
soils with a total concentration of PAHs more than 
1000  μg/kg, and/or the concentration of benzo[a]
pyrene exceeding 100 μg/kg were considered hazard-
ous, while the soils with lower levels of PAHs were 
considered moderately contaminated. The soils were 
also divided into urban and non-urban soils based on 
the presence of the urbic diagnostic horizon, as well 
as on the basis of the location of the site within the 
city borders and the degree of sealing of the adjacent 
territory.

Results

Soil pollution

In soils of natural areas, the median total content of 
HMs is close to the background value, except for Mn 
and Cr. At the same time, the content of mobile forms 
somewhat exceeds the median background concentra-
tions of some metals in the soil. The excess reaches 
2.3 times for both Cr and Zn (Fig. 2).

Fig. 2  Total content, as well as the content of mobile forms of heavy metals in soils of natural a and urbanized b territories
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The content of total and mobile forms of HMs in 
urban soils is noticeably higher than in the soils of 
natural areas. There is an increase in the variability 
of HMs concentrations in the soil of the city, com-
pared with the natural area. For most HMs, a signifi-
cant excess of background concentrations was noted, 
which is especially pronounced for mobile forms of 
Zn. Thus, the median value of the concentration of 
mobile forms of HM Zn in urban soils exceeds the 
background concentrations by 23.5 times (Fig. 2).

Among various heavy metals, a statistically sig-
nificant difference between HMs concentrations in 
the soils of natural and urban areas was found for the 
total forms of Mn, Cr, Zn, Cu, and for exchangeable 
Cr and Zn. The concentrations of other studied HMs 
were either slightly higher in urban soils or did not 
exceed the concentrations in non-urbanized soils at 
all (Fig. 2).

The total content of PAHs in the soils of natural 
and urban areas varies widely (Fig.  3). The median 
value of the total content of 16 PAHs in urban soils 
is 3 times higher than in the soils of natural areas. 
The maximum concentration of pollutants reaches 
4309 ng/g.

The median content of individual PAHs com-
pounds in the soils of natural areas does not exceed 
or is close to the background concentrations of pol-
lutants in the soil. High-molecular PAHs predomi-
nate, such as fluoranthene and benzo(g,h,i)per-
ylene, the median concentration of which exceeds 
35  ng/g, and the maximum content is noted at 
the level of 372  ng/g and 680  ng/g, respectively 
(Fig. 4). The PAHs content in soils decreases in the 

following order: phenanthrene > benzo(g,h,i)per-
ylene > fluoranthene > pyrene > benzo(b)fluoran-
thene > chrysene > benzo(a)pyrene > benzo(a)anthra-
cene > fluorene > benzo(k)fluoranthene > dibenz(a,h)
anthracene > acenaphthene = acenaphthylene > biphe-
nyl > naphthalene > anthracene.

In the soils of the city, median values of PAHs 
concentrations in soils exceed the background val-
ues, which is especially pronounced for benzo(a)
anthracene, benzo(a)pyrene, benzo(b)fluoranthene, 
dibenz(a,h)anthracene and benzo(g,h,i) perylene. 
The content of these pollutants in the soils of the city 
exceeds the background concentrations by more than 
five times. It is shown that the content of all high-
molecular weight compounds in the soils of the city 
is significantly increased in comparison with the soils 
of natural areas. At the same time, a change in the 
predominant composition of individual PAHs com-
pounds is observed, and the decreasing series in terms 
of the content of pollutants has the following form: 
(a)anthracene > benzo(k)fluoranthene > dibenz(a,h)
anthracene > fluorene > acenaphthylene > acenaph-
thene > biphenyl > naphthalene > anthracene (Fig. 4).

To calculate the  TPIHMs in soil, we used the data 
on their mobile forms concentrations. According to 
 TPIHM, the soils of natural areas belong to the catego-
ries from no pollution to low pollution, and the soils 
of the city—from low pollution to extreme pollution. 
In general, the pollution category increases from the 
southern coast of the Taganrog Bay to the northern 
one, which is more clearly seen in  TPIPAH. For the 
soils of natural areas, two locally contaminated sites 
were identified—No. 2 and No. 3, located within the 
northern coast of the Taganrog Bay. The pollution 
level of these sites was classified as very high, accord-
ing to  TPIPAH. In general, except for the monitoring 
sites No. 2 and No. 3, the category of soil pollution in 
natural areas varies from no pollution to considerable 
pollution, and urban soils from moderate pollution to 
extreme pollution (Fig. 5).

Microbial abundance and community structure

The data on the abundance of microorganisms are 
shown in Fig.  6. The lowest abundance of copio-
trophic bacteria and prototrophic bacteria was found 
in the soil of site No. 14 (located in the industrial 
zone)—6.8 and 13.8 million CFU  g−1 dry soil, respec-
tively. The highest abundance of microorganisms was 

Fig. 3  Total content of PAHs in soils of natural a and urban-
ized b territories
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recorded in site No. 3. The abundance of prototro-
phic bacteria and copiotrophic bacteria was 136 and 
72.5 million CFU   g−1 dry soil, respectively. Among 
all non-urbanized soils, the lowest abundance of 
microbes was found in the soil of sites No. 4 (28.3 
million CFU   g−1 dry soil prototrophic bacteria) and 
No. 7 (31.7 million CFU   g−1 dry soil copiotrophic 
bacteria).

It was found that the abundance of spore-forming 
microorganisms in urban soils is lower compared to 
non-urbanized soils (Fig. 7), since  TPIHMs is higher in 
most urban soils as compared to non-urbanized soils. 
The lowest values of the abundance of spore-forming 
microorganisms were recorded in monitoring site No. 
13 (630 thousand CFU  g−1 dry soil), the highest—in 
the site No. 2 (5.73 million CFU  g−1 dry soil). Actin-
omycetes turned out to be more resistant to the factors 

of the urban environment than aerobic spore-forming 
bacteria. Even at the extremely polluted sites in the 
city of Taganrog, there was no significant impact on 
actinomycetes abundance, which was as high, as in 
non-urban soils (about 8.9 million CFU  g−1 dry soil 
(site No. 10)).

No distinctive patterns were identified in the distri-
bution of the abundance of molds and yeasts (Fig. 8), 
which indicates the relative resistance of these groups 
of microorganisms to anthropogenic pressure. The 
maximum number of mold colonies was found in 
the soil of site 1 (282 thousand CFU   g−1 dry soil), 
and yeasts—in soil 5 (144 thousand CFU   g−1 dry 
soil). The minimum number of mold and yeast col-
onies was found in the soil of site 4 (15.8 thousand 
CFU   g−1 dry soil and 14.7 thousand CFU   g−1 dry 
soil, respectively).

Fig. 4  The content of individual PAHs compounds in soils of natural and urbanized territories
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Statistical analysis results

Correlation analysis results

During the correlation analysis, significant correla-
tions were found between the abundance of copio-
trophic bacteria, prototrophic bacteria, actinomy-
cetes and the content of clay (r = − 0.75, at p < 0.01, 
r = − 0.53, r = − 0.47 at p < 0.05) (Table 2). There are 

also positive correlations between the concentrations 
of total forms of HMs (Mn, Zn, Cd) and the con-
tent of clay in the soil (r = 0.51, r = 0.55, r = 0.58 at 
p < 0.05).

Copiotrophic bacteria were the most sensitive to 
the HMs pollution group of microorganisms. Copio-
trophs have shown a medium-strength negative cor-
relation with total concentrations of Mn, Cr, Cu, Zn, 
Pb, Cd (p < 0.05). Of all the heavy metals considered, 

Fig. 5  Calculation results of the total index of soil pollution (TPI) with polycyclic aromatic hydrocarbons A and heavy metals B 

Fig. 6  The abundance of 
copiotrophic bacteria and 
prototrophic bacteria in the 
studied soils
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there was no correlation only with the total concen-
tration of Ni. Moreover, there was a positive correla-
tion between the concentration of the exchangeable 
form of Ni and the abundance of spore-forming bac-
teria. A positive medium-strength correlation was 
found between the abundance of molds and the con-
centration of the exchangeable form of Pb (r = 0.6, 
at p < 0.01). There were no significant correlations 
between the abundance of actinomycetes, yeasts and 
HMs concentrations. No correlations were found 
between the abundance of all studied groups of 
microorganisms and the content of PAHs in soils.

Analysis of variance

The results of the multi-way ANOVA test are pre-
sented in Table 3, the results of the ANOVA and Tuk-
ey’s test are presented in Supplementary Table 1.

Urbanization The abundance of copiotrophic, pro-
totrophic bacteria, spore-forming microorganisms in 
soils significantly decreases under the influence of 
the urban environment. At the same time, urban envi-
ronmental factors had little effect on actinomycetes, 
molds, and yeasts.

Fig. 7  The abundance of 
actinomycetes and spore-
forming bacteria in the 
studied soils
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Separate factors, such as the content of HMs and 
PAHs, made a smaller contribution to the microor-
ganisms’ abundance patterns in soils, since only the 
abundance of yeasts significantly decreased in the 
soils heavily polluted with PAHs. The influence of 
HMs or PAHs on all other studied groups of microor-
ganisms was not statistically significant. Much more 
effects arise from the interaction of different factors, 
reported below.

Urbanization*HMs The interaction between the 
urbanization factor and the content of HMs affected 
only the distribution of the abundance of molds. At 
the moderate level of HMs contamination, the num-
bers of molds in the soils of the city are  less com-
pared to non-urbanized soils. In the non-urbanized 
soils, the total contamination of HMs does not affect 
the abundance of mold, while in urban soils with a 
hazardous level of HMs contamination, their abun-
dance is significantly higher than in less contami-
nated urban soils. In the case of a high level of HMs 
contamination, the abundance of fungi will be  higher 
in urban soils than in non-urbanized soils.

Urbanization*PAHs The interaction between the 
urbanization factor and PAHs significantly affected 
only two groups of microorganisms: spore-form-
ing bacteria and prototrophs. Within urban soils, 
regardless of the level of PAHs contamination, the 

abundance of both groups did not differ signifi-
cantly. At the same time, outside the city, a higher 
abundance of prototrophs is observed in soils with 
high concentrations of PAHs. At high level of PAHs 
pollution, the abundance of aerobic spore-forming 
bacteria and prototrophs was higher in non-urban-
ized soils. In soils with lower concentrations of 
PAHs, a complex of urban environmental factors 
similarly affected only the abundance of spore-
forming bacteria.

HMs*PAHs The combined effect of high con-
centrations of HMs and PAHs leads to a much more 
significant decrease in copiotrophs abundance, com-
pared to the soils where the concentrations of PAHs 
and HMs are low. No effects on the other groups of 
microorganisms were significant.

In the soils with a low content of HMs, the pres-
ence of PAHs did not affect the abundance of all 
studied groups of microorganisms. At the same time, 
when the contamination with HMs was significant, 
microbial communities differ greatly depending on 
the concentration of PAHs. At the same time, the 
abundance of copiotrophs and actinomycetes is sig-
nificantly lower in the soils heavily polluted with 
PAHs, while the abundance of spore-forming bacte-
ria, on the contrary, is higher.

Table 2  Correlations of the 
abundance of some groups 
of microorganisms with 
geochemical parameters of 
the studied soils

*p < 0.05; **p < 0.01

Parameters Copio-
trophic 
bacteria

Aerobic spore-
forming bacteria

Proto-
trophic 
bacteria

Actinomycetes Molds Yeasts

pH − 0.46 − 0.37 − 0.29 − 0.36 − 0.17 − 0.03
% < 0.01 mm − 0.75** − 0.15 − 0.53* − 0.47* 0.011 − 0.23
Total Mn − 0.51* 0.07 − 0.17 0.02 − 0.01 0.03
Total Cr − 0.50* − 0.28 − 0.15 0.05 0.35 − 0.01
Total Ni − 0.29 0.44 − 0.09 0.06 0.08 − 0.02
Total Cu − 0.48* − 0.02 − 0.08 − 0.12 0.35 0.13
Total Zn − 0.63** − 0.11 − 0.13 0.03 0.13 0.01
Total Pb − 0.55* − 0.01 − 0.18 − 0.07 0.44 − 0.09
Total Cd − 0.57* 0.00 − 0.18 − 0.03 0.08 − 0.05
exch.Mn − 0.42 0.13 − 0.12 0.11 − 0.03 0.06
exch.Cr − 0.34 − 0.17 0.00 0.17 0.28 0.14
exch.Ni 0.13 0.55* 0.17 0.29 − 0.24 − 0.18
exch.Cu − 0.34 − 0.18 − 0.20 − 0.16 0.22 0.11
exch.Zn − 0.56* − 0.09 − 0.06 0.09 0.13 0.07
exch.Pb − 0.42 − 0.04 − 0.02 0.11 0.63** 0.02
exch.Cd − 0,35 0.04 − 0.01 0.15 0.07 − 0.03
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At high levels of PAHs pollution, the abundance 
of copiotrophs and prototrophs is lower in soils with 
high HMs content than in soils with low HMs con-
centrations. In soils contaminated with PAHs and 
HMs, the abundance of aerobic spore-forming bac-
teria and actinomycetes differs insignificantly from 
their abundance in soils with a low content of HMs 
but a high level of PAHs contamination.

At high level of HMs contamination, the abun-
dance of spore-forming bacteria was significantly 

lower, and the abundance of actinomycetes, on the 
contrary, was higher than in soils with low HMs con-
tent. In the soil with a high content of HMs but a low 
content of PAHs, the abundance of actinomycetes is 
insignificantly higher than in soil with a low content 
of HMs but a high content of PAHs.

Urbanization*HMs*PAHs The abundance of spore-
forming bacteria in non-urbanized soils with high con-
centrations of PAHs and HMs significantly exceeds 

Table 3  Multi-way analysis of variance (ANOVA)

Significant differences shown in bold

Microorganisms Factors F p Microorganisms Factors F p

Copiotrophic bacteria Urbanization 49.80  < 0.01 Actinomycetes Urbanization 2.01 0.16
HMs pollution 1.50 0.23 HMs pollution 3.82 0.06
PAHs pollution 0.04 0.83 PAHs pollution 3.42 0.07
Urbanization*HMs pol-

lution
0.01 0.91 Urbanization*HMs pol-

lution
3.66 0.06

Urbanization*PAHs pol-
lution

0.27 0.61 Urbanization*PAHs pol-
lution

0.88 0.35

HMs pollution*PAHs pol-
lution

7.29 0.01 HMs pollution*PAHs 
pollution

5.64 0.02

Urbanization*HMs 
pollution*PAHs pollution

3.31 0.08 Urbanization*HMs 
pollution*PAHs pollu-
tion

0.04 0.85

Aerobic spore-forming Urbanization 24.39  < 0.01 Mold Urbanization 1.11 0.30
HMs pollution 2.24 0.14 HMs pollution 0.38 0.54
PAHs pollution 9.07  0.01 PAHs pollution 0.01 0.92
Urbanization*HMs pol-

lution
3.38 0.07 Urbanization*HMs pol-

lution
11.36  < 0.01

Urbanization*PAHs pol-
lution

7.41 0.01 Urbanization*PAHs pol-
lution

0.08 0.78

HMs pollution*PAHs pol-
lution

17.02  < 0.01 HMs pollution*PAHs 
pollution

0.01 0.91

Urbanization*HMs 
pollution*PAHs pollution

6.16 0.02 Urbanization*HMs 
pollution*PAHs pollu-
tion

8.19 0.01

Prototrophic bacteria Urbanization 12.43  < 0.01 Yeast Urbanization 3.97 0.05
HMs pollution 3.65 0.06 HMs pollution* 4.52 0.04
PAHs pollution 0.67 0.42 PAHs pollution 13.93  < 0.01
Urbanization*HMs pol-

lution
1.29 0.26 Urbanization*HMs pol-

lution
3.83 0.06

Urbanization*PAHs pol-
lution

7.15 0.01 Urbanization*PAHs pol-
lution

0.34 0.56

HMs pollution*PAHs pol-
lution

6.27 0.02 HMs pollution*PAHs 
pollution

3.33 0.07

Urbanization*HMs 
pollution*PAHs pollution

5.92 0.02 Urbanization*HMs 
pollution*PAHs pollu-
tion

8.16 0.01
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their abundance in uncontaminated non-urbanized 
soils. However, if non-urbanized soil is contaminated 
with HMs only, then the population of spore-forming 
microbes is suppressed and their abundance will be 
higher in uncontaminated non-urbanized soil. If the 
soil contains only high concentrations of PAHs, then 
the abundance of spore-forming microorganisms will 
be lower than in soils contaminated with both HMs 
and PAHs. The presence of PAHs had the strongest 
influence on the abundance of prototrophic microor-
ganisms in non-urbanized soils. Thus, in soils contam-
inated with PAHs, their abundance was significantly 
higher than in uncontaminated soils.

In urban soils contaminated with HMs and PAHs, 
the abundance of prototrophs and spore-forming 
bacteria is insignificantly lower than in pristine 
non-urbanized soils.

HMs and PAHs pollution did not affect abun-
dance the molds and yeasts in urban soils. The 
studied factors make a smaller contribution to the 
distribution of yeasts in the studied soils. In non-
urbanized soil with a low level of HMs contamina-
tion, but a high content of PAHs, the abundance of 
molds is significantly higher than their abundance 
in soil contaminated with both pollutants.

In non-urbanized soils with high PAHs concen-
trations, the abundance of prototrophs increases. 
In soils with a high content of HMs and PAHs, the 
abundance of copiotrophs, prototrophs, and actino-
mycetes decreases, while spore-forming bacteria 
increase. In soil with a low content of PAHs and a 
high content of HMs, the abundance of spore-form-
ing microbes decreases, while the abundance of 
actinomycetes, on the contrary, increases. Also, in 
urban soils with a dangerous level of HMs contami-
nation, the abundance of molds is increased. Thus, 
there is a change in soil microbial communities 

depending on the type of pollution and the presence 
of other factors in the urban environment (Table 4).

To conclude, the combined effect of HMs and 
PAHs had a negative influence on more groups of 
microorganisms than separate pollutants in both 
urban and non-urban areas.

Discussion

The soils of a large industrial city, such as Taganrog, 
are characterized by the increased content of almost 
all pollutants studied in comparison with the soils of 
natural areas. Differences in the content of HMs are 
more pronounced for Cr and Zn concentrations. As 
for the PAHs content, benz(a)anthracene, benzo(a)
pyrene, benzo(b)fluoranthene, dibenz(a,h)anthracene 
and benz(g,h,i)perylene are accumulated (Konstanti-
nova et  al., 2020). The predominant composition of 
PAHs, as well as an increased content of PAHs in 
urban soils, is characteristic of urbanized areas. The 
predominance of high-molecular PAHs in the soils 
of industrial zones may be associated with the inten-
sity of production processes in the industrial zone of 
Taganrog. The use of coke ovens, electric arc fur-
naces, and heavy oil burning plants can lead to the 
release of large amounts of high-molecular weight 
PAHs (Lee, 2010). The predominance of 4- and 
5-ring PAHs compounds in the soils of the impact 
zones of industrial enterprises indicates that the com-
bustion of petroleum products is a possible source 
of PAHs (Kwon & Choi, 2014). The increased con-
tent of PAHs in the soil areas of the floodplain of the 
Mius River may be associated with oil spills in the 
Kerch Strait that happened previously (Kuznetsov & 
Fedorov, 2014). Some studies report that oil spills are 
a significant contributor as the main sources of PAHs 
(Pongpiachan et al., 2018).

Table 4  Major trends in microbial community change

Dominant pollutants in soil PAHs PAHs, HMs HMs

Increase in numbers Prototrophs (in non-urban soils) Aerobic spore-forming micro-
organisms (in all soils)

Molds (in urban soils)
Aerobic spore-forming microorgan-

isms (in non-urban soils)
Actinomycetes (in all soils)

Decrease in numbers Yeasts (in all soils) Prototrophs Aerobic spore-forming 
microorganisms (in all 
soils)

Copiotrophs
Actinomycetes (in all soils)
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It was found that the abundance of copiotrophic 
bacteria depends on the particle size distribution 
to a greater extent than that of prototrophic micro-
organisms. The other studied groups of microbes 
were not significantly affected by differences in the 
granulometric composition of soils. It is known that 
the sorption of HMs depends on particle size distri-
bution (Nevidomskaya et  al., 2021). This is because 
clay minerals absorb cations and anions through ion 
exchange or adsorption (Yi et  al., 2017). Previous 
studies have shown that a significant contribution to 
the structure of the microbial communities is made by 
the granulometric composition, which determines pH, 
cation exchange capacity and organic matter content 
(Hamarashid et al., 2010). In addition, clay minerals 
are able to increase soil pH, reduce the bioavailability 
of heavy metals in soils (Yi et  al., 2017). However, 
our study found a negative correlation between the 
abundance of microorganisms and the clay content. 
This may be due to a decrease in pore space and dete-
rioration of soil aeration (Hamarashid et  al., 2010), 
which creates unfavorable conditions for aerobic 
microorganisms.

It was found that copiotrophic bacteria are a more 
sensitive to HMs group of microorganisms, sup-
ported by a negative significant correlation. Positive 
correlations were observed only for Ni which can 
be explained by the stimulating effect of some HMs 
(Maliszewska et  al., 1985). Previously, it was also 
shown that the mineralization and ammonification of 
nitrogen in the soil was stimulated by low cadmium 
concentrations, while the inhibitory effects were 
manifested at higher levels (Yang et  al., 2005). The 
same happened with indicators of microbial biomass 
and basal respiration, which were stimulated at 50 
and 100 mg  kg−1 Ni, but were inhibited by a further 
increase in the content of Ni (Xia et al., 2018). Total 
concentrations of Ni in the soils we studied did not 
exceed 100 mg  kg−1.

Actinomycetes, as well as yeast and molds, were 
more resistant to pollutants. Previous studies have 
shown that fungi and actinomycetes in soils are less 
sensitive than other culturable heterotrophic bacte-
ria (Maliszewska et al., 1985; Oliveira & Pampulha, 
2006; Lenart & Wolny-Koładka, 2013). In the work 
of Zhou et  al. (2013), there were also no negative 
correlations between the concentration of metals and 
the abundance of fungi. Other studies have shown 
that the detected fungal CFU is less sensitive than 

the actual fungal biomass in the soil. HM-tolerant 
fungi tend to increase their numbers in polluted soils 
(Bååth, 1989). Various mechanisms of protection 
of actinomycetes from heavy metals are described, 
which allow the use of this group of microorganisms 
for soil phytoremediation (Taj & Rajkumar, 2016). It 
is also reported that the bacterial population in HM-
contaminated sites mainly includes the representa-
tives of Firmicutes, Proteobacteria and Actinobac-
teria phyla. Representatives of the genus Bacillus, 
Pseudomonas and Arthrobacter are often present 
in high abundance. They exhibit pollution tolerance 
even at high concentrations of Cd, Pb and Cu (Mishra 
et al., 2017). However, degradation of HMs is impos-
sible; microbial communities can either adapt to their 
action or transform them into less bioavailable forms.

The absence of significant correlations between 
the abundance of microorganisms and PAHs concen-
trations may be due to the fact that PAHs contami-
nation of the studied sites occurred gradually due to 
combustion of petroleum products, and not by a sharp 
influx of large amounts of hydrocarbons into the soil, 
whereas the abundance of microorganisms decreases 
with a single application of PAHs in model experi-
ments (Singh & Haritash, 2019). It is known that 
microbial communities adapt to PAHs pollution and 
PAH-degrading representatives increase in numbers 
(Mangwani et  al., 2017). The species with a limited 
adaptation capacity are gradually eliminated from 
communities (Salam et  al., 2020). Thus, the studied 
microbial communities managed to adapt to the accu-
mulation of PAHs. Similar results have been obtained 
in some studies where even sensitive nitrifiers have 
developed hydrocarbon tolerance with long-term pol-
lution (Deni & Penninckx, 1999, 2004; Kurola et al., 
2005). In addition, the literature describes microbial 
communities consisting of molds (genus Aspergillus, 
Penicillium, Fusarium, Trichoderma, Scedosporium 
and Acremonium) and bacteria (Pseudomonas, Kleb-
siella, Bacillus, Enterobacter, Streptomyces, Steno-
trophomonas, Kocuria and Delftia) that have been 
isolated from soil contaminated with crude oil. Some 
isolates showed high tolerance to PAHs contamina-
tion, up to 6000 mg/l and were active PAHs degraders 
(Zafra et  al., 2014). Some microbial consortia have 
been shown to be capable of surviving in the presence 
of toxic Cd and efficiently degrading high-molecular 
PAHs (Thavamani et  al., 2012). Adapted communi-
ties were also found in heavily polluted soils of dried 
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Lake Atamanskoe with extremely high levels of both 
PAHs and HMs. Despite the very high pollution, the 
structure of the Atamanskoe lake microbial commu-
nity demonstrates a significant level of complexity 
and diversity (Gorovtsov et al., 2021).

The results of the multi-way analysis have led to 
a number of observations. The abundance of copio-
trophs, spore-forming microorganisms and prototro-
phs was significantly higher in non-urbanized soils, 
while the abundance of molds, actinomycetes, and 
yeasts was at the same level. It is known that some 
yeast isolates are tolerant to 10–300  mM of Cu, 
Zn, Pb, Cd, Cr and k 0.1–0.5  mM of Hg (Aibeche 
et al., 2021). High concentrations of PAHs lead to a 
decrease in the abundance of yeast. The abundance of 
molds in urban soils with a dangerous level of HMs 
contamination is greater than in non-urbanized soils. 
In addition, it is known that the presence of metals 
can increase fungal activity. In a model experiment, 
the activity in contaminated soil was still higher than 
in control after a month of incubation (Kamal et al., 
2010). In urban soils with a non-hazardous level of 
HMs contamination, their abundance is lower than 
with the same level of contamination in non-urban-
ized soils. Therefore, in the HM-contaminated soils 
of the city, the abundance of molds does not differ 
significantly from their abundance in non-urbanized 
soils with non-hazardous levels of contamination.

Based on our data, it was found that the com-
bined effect of HMs and PAHs on spore-forming 
bacteria leads to increased abundance in polluted 
soils compared to uncontaminated soils. In heavily 
PAH-contaminated soil with a high HMs content, 
the abundance of spore-forming microorganisms is 
higher than in a heavily PAH-contaminated soil with 
a low HMs content. This dependence is observed 
both in urban soils and in non-urbanized soils. This 
is because the high concentrations of HMs and PAHs 
may inhibit other communities (prototrophs, copio-
trophs, actinomycetes), while more resistant spore-
forming bacteria survive and can even use PAHs as 
carbon and energy source. Selective inhibition of 
microorganisms by HMs and PAHs is also confirmed 
in previous studies (Thavamani et al., 2012). In addi-
tion, it is indicated that the existence of combined 
pollution (decabromodiphenyl and Cu (especially at 
high concentration)) in soils reduced microbial diver-
sity compared to the controls (Zhang et al., 2012), It 
is known that various species of the Bacillus genus 

are capable of decomposing PAHs and using them 
as sources of carbon and energy, such as B. subtilis 
BMT4i (benzo[a] pyrene, naphthalene, anthracene 
and dibenzothiophene) (Lily et  al., 2009). Bacillus 
pumilus 28–11 (naphthalene) (Calvo et al., 2004), B. 
thuringiensis (phenanthrene and imidacloprid) (Fer-
reira et  al., 2016), Bacillus sp. SBER3 (anthracene, 
naphthalene, benzene, toluene and xylene) (Bisht 
et  al., 2014), B. vallismortis JY3A (naphthalene, 
phenanthrene, anthracene, pyrene, fluorene, ben-
zene, toluene) (Ling et  al., 2011). There is also evi-
dence that spore-forming bacteria are more resistant 
to Ni 2+, Zn 2+, Cd 2+ than other groups of bacteria 
(Roane & Kellogg, 1996). Ma et  al. (2016) indicate 
that the presence of high concentrations of Mn2 + and 
fluoranthene enhances the growth of B. subtilis. 
However, at high concentrations of only HMs, the 
abundance of aerobic spore-forming bacteria, on the 
contrary, decreases, since there are other groups of 
microorganisms resistant to HMs (Molds, Actinomy-
cetes).The opposite situation is observed in the case 
of the actinomycetes abundance. In the soils with 
high PAHs content, the level of HMs contamination 
does not have a significant effect on this group of bac-
teria. However, in slightly polluted soil with a high 
content of HMs, their abundance increases. Other 
studies also note the resistance of streptomycetes to 
HM. Different mechanisms of HMs neutralization are 
distinguished, for example, sorption by exopolymers, 
precipitation, biosorption and bioaccumulation (Tim-
ková et al., 2018). In addition, earlier studies showed 
that actinomycetes are more resistant to Cd than non-
mycelial bacteria (Babich & Stotzky, 1977).

When comparing polluted urban and non-urban-
ized soils with a similar level of pollution, the abun-
dance of fungi is significantly higher in the soils of 
the city. In urban soils, the other groups of microor-
ganisms are suppressed, and resistant molds can sur-
vive. A decrease in the abundance of prokaryotes dis-
rupts natural antagonistic relationships and removes 
the fungistatic effect of soils (Li et al., 2020). There 
are many works indicating the tolerance of molds 
(Oladipo et  al., 2018), especially if the strains were 
isolated from soils contaminated with HMs (Iram 
et al., 2013).

Despite the important role of HMs and PAHs in 
shaping the soil microbial communities, it can be 
concluded that individual factors of HMs, PAHs or 
even their combined effects do not fully explain the 
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impact of the urban environment on microbial com-
munities, since anthropogenic pressure in the city is 
not limited by increased concentrations of the stud-
ied pollutants(increased pressure on the soil surface, 
heat island effect (Howard, 2017), fertilizers (Wakida 
& Lerner, 2005), salinization (Fay et al., 2008), more 
alkaline reaction compared to adjacent suburban 
areas (Yang & Zhang, 2015) and others factors). The 
previous studies emphasize the significant changes in 
microbial communities depending on the urbaniza-
tion gradient, including their quantitative and qualita-
tive composition (Chen et al., 2021; Yan et al., 2016; 
Zhao & Guo, 2010).

Conclusions

The coastal areas of the Taganrog Bay and adjacent 
territories are a vulnerable environment and the soils 
are subjected to a complex of factors of variable 
strength and origin. Despite the comparatively weak 
correlations of biological indicators and pollutant 
concentrations, it is worth noting significant differ-
ences in the abundance of microorganisms (copio-
trophs, prototrophs, spore-formers) in non-urbanized 
soils and in urban soils. The combined pollution 
with HMs and PAHs and urbanization have a signifi-
cant influence on the abundance of copiotrophs and 
aerobic spore-forming, prototrophic microorganisms. 
Other groups of microorganisms (actinomycetes, 
molds, yeasts) turned out to be more resistant to the 
negative factors of the urban environment. Under the 
combined influence of urbanization and HMs pollu-
tion, there is an increase in the abundance of molds.

In addition, it is worth noting a more pronounced 
inhibition of soil microbial communities by the com-
bined presence of high concentrations of PAHs and 
HMs, compared with the effect of PAHs alone. This 
indicates that high concentrations of HMs can reduce 
the adaptive potential of microbial communities 
to the action of PAHs. Thus, communities change 
depending on the sensitivity of microorganisms to 
certain factors.

To determine the state of polluted soils that have 
been contaminated for a long time, it is advisable to 
determine the abundance of copiotrophs and aerobic 
spore-forming bacteria as they are the most sensi-
tive to pollution. However, the changes in micro-
bial communities lead to a displacement of sensitive 

species by more resistant ones. As a result, the total 
abundance of culturable bacteria may even increase, 
reflecting the high adaptive potential of soil microbial 
communities. Therefore, when conducting ecological 
monitoring based on the analysis of the abundance 
of microbial communities, it is necessary to take into 
account various biotic interactions, such as antago-
nism and synergism.
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