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Soil microbiota and microarthropod 
communities in oil contaminated 
sites in the European Subarctic
E. N. Melekhina1, E. S. Belykh1, M. Yu. Markarova1, A. A. Taskaeva1, E. E. Rasova1, 
O. A. Baturina2, M. R. Kabilov2 & I. O. Velegzhaninov1*

The present comprehensive study aimed to estimate the aftermath of oil contamination and the 
efficacy of removing the upper level of polluted soil under the conditions of the extreme northern 
taiga of northeastern European Russia. Soil samples from three sites were studied. Two sites were 
contaminated with the contents of a nearby sludge collector five years prior to sampling. The highly 
contaminated upper soil level was removed from one of them. The other was left for self-restoration. 
A chemical analysis of the soils was conducted, and changes in the composition of the soil zoocoenosis 
and bacterial and fungal microbiota were investigated. At both contaminated sites, a decrease 
in the abundance and taxonomic diversity of indicator groups of soil fauna, oribatid mites and 
collembolans compared to the background site were found. The pioneer eurytopic species Oppiella 
nova, Proisotoma minima and Xenyllodes armatus formed the basis of the microarthropod populations 
in the contaminated soil. A complete change in the composition of dominant taxonomic units was 
observed in the microbiota, both the bacterial and fungal communities. There was an increase in the 
proportion of representatives of Proteobacteria and Actinobacteria in polluted soils compared to the 
background community. Hydrocarbon-degrading bacteria—Alcanivorax, Rhodanobacter ginsengisoli, 
Acidobacterium capsulatum, and Acidocella—and fungi—Amorphotheca resinae abundances greatly 
increased in oil-contaminated soil. Moreover, among both bacteria and fungi, a sharp increase in the 
abundance of uncultivated organisms that deserve additional attention as potential oil degraders or 
organisms with a high resistance to oil contamination were observed. The removal of the upper soil 
level was partly effective in terms of decreasing the oil product concentration (from approximately 21 
to 2.6 g/kg of soil) and preventing a decrease in taxonomic richness but did not prevent alterations in 
the composition of the microbiota or zoocoenosis.

The use of oil as one of the main sources of energy in the modern world has led to the contamination of territories 
with oil products as a result of "black gold" spills. The problem of recultivation of such territories is especially 
acute in countries with a cold climate due to the vulnerability of northern ecosystems and their slow recovery. 
Changes in oil properties at low temperatures—an increase in viscosity, a decrease in the rate of evaporation 
of volatile components and a corresponding decrease in the rate of biodegradation—should also be taken into 
 account1.

Oil hydrocarbons enter the soil, change its physical and chemical properties, reduce fertility and significantly 
suppress the activity of soil  biota2–5. Soil particles become hydrophobic; as a result, they do not let water and air 
enter the soil, thereby disrupting the habitat conditions of the soil microorganisms, invertebrates, and plants. 
Complete degradation of individual genetic soil horizons can be observed, and the most vulnerable horizon is 
the humus  horizon2,6.

Microbiota perform various functions in the soil that are related to maintaining its homeostasis, including 
the transformation of organic substrates and mineral  elements7. In oil-contaminated soil, microorganisms are 
involved in the processes of utilization of oil and oil  products1,8.

However, in uncontaminated environments, the share of representatives of microbial communities that are 
capable of transforming hydrocarbons can comprise only 0.1% whereas their abundance can be significant in oil-
contaminated  substrates1. Decontamination of the soils from oil and oil products is carried out using remediation 
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 measures3,9,10, often including microbiological preparations based on oil-oxidizing microorganisms (both bacteria 
and fungi), the use of which is effective in extreme environmental  conditions1,11–13.

Recently, a number of studies have been carried out on changes in the composition of the microbiome of oil-
contaminated soils based on 16S rRNA amplicon  sequencing14–16. However, although both prokaryotic organisms 
and some species of fungi are known to be involved in the processes of oil  biodegradation12,17,18, there have been 
very few studies of changes in the fungal community.

Multiyear studies of contamination, self-restoration and recultivation of the territories, as well as determina-
tion of the efficacy of various methods of ecosystem remediation, are being carried  out3,17–19 in the conditions 
of the extreme northern taiga of the European part of Russia. The long-term monitoring of biotic and abiotic 
components of ecosystems is informative to assess the state of oil-contaminated soils and determine the efficacy 
of remediation measures in specific  conditions18,19. A number of indicators, including the abundance of the 
main trophic groups of microorganisms (oil-oxidizing, ammonifying, nitrifying, oligonitrophilic), the activity 
of enzymes (catalase, dehydrogenase, urease, cellulase) in the soil, phytocenosis composition and  structure17–19 
and the abundance and structure of groups of soil  invertebrates20,21 are suggested diagnostic parameters.

The advent of  metagenomics22 and the revolutionary growth of sequencing efficiency in the second decade 
of this century have opened up new opportunities for better characterization and comparison of microbiomes 
of various types of intact and damaged  soils23. Studies of the microbiomes of soils contaminated with oil or oil 
products are extremely important. First, such studies allow for us to assess the effects of contamination on the 
fundamental functional relationships that form the soil  ecosystem24; second, they allow for us to determine 
the efficacy of different remediation measures for different soil types and climatic  conditions25,26. Third, such 
studies are one of the best ways to search for microorganisms and communities that are capable of degrading 
hydrocarbons, which can be of high practical  value15.

Metataxonomics was used here for the first time in combination with soil zoology and analytical chemistry 
methods to assess the consequences of oil contamination for subarctic soils and determine the efficacy of their 
remediation. Our aim was to characterize the chemical and biological changes in the soil 5 years after its con-
tamination with oil products under self-restoration conditions and after removing the upper soil layer, as well 
as assess changes in the microbiome and soil microfauna structure and taxonomic composition.

Materials and methods
Study area. The study was carried out in the subarctic part of European Russia—Usinsk Urban Okrug, 
Komi Republic (66° 11′ 07′′ N, 57° 22′ 08′′ E—control site; 66° 11′ 01′′ N, 57° 22′ 14′′ E—contaminated sites). 
The study area is located in the forest–tundra and far northern taiga  subzones27. The climate type is moderately 
continental. The average annual temperature is 4 °C; January temperatures range from –18 to –20 °C; and the 
average July temperature is + 14 °C. The snow blanket covers the ground 210 Days a year: from 20 October to 
early  June28. Most of the study area belongs to the Pechora–Usinsk region of swamp–podzolic, gley–podzolic, 
tundra–swamp, and swamp peat  soils29.

Study site descriptions. The vegetation cover of the background area is a birch-spruce shrub-green moss 
forest. The tree layer is dominated by Picea obovata (8–10 m high) and Betula pubescens (5–7 m high). The 
undergrowth consists of birch and spruce up to 2–3 m high. The underwood is represented by Juniperus com-
munis up to 1 m high, Sorbus aucuparia 3–4 m high, Salix caprea 2–3 m high, and Salix phylicifolia and Betula 
nana 1 m high. The total projective cover of the herb-and-dwarf shrub layer is 60–70%.

Among the dwarf shrubs are Empetrum hermaphroditum, Vaccinium vitis—idaea, Vaccinium myrtillus, Vac-
cinium uliginosum, and Ledum palustre. Herbaceous plants comprise the following species: Avenella flexuosa, 
Carex globularis, Luzula pilosa, Melampyrum pratense, Chamaenerion angustifolium, Hieracium altipes, Poa prat-
ensis, Omalotheca sylvatica, and Tussilago farfara. The moss-lichen cover (with total projective cover of 60–70%) 
is represented by Pleurozium schreberi (50–55%) and Polytrichum commune (5–10%) mosses and Cladina stellaris 
lichen. The soil of the site is peaty (Histosol)30, and the soil moisture is up to 85%.

The territory represents a sludge collector area with a landfill where equipment for cleaning oil-contaminated 
soils and grounds is located, as well as a non-hydro-insulated collector of oil sludge. Spring floods accompanied 
by heavy rains in 2013 resulted in damage to the embankment of the landfill and contamination of the adjacent 
area with oil products. The soil was contaminated to a depth of 45 cm.

The removal of the upper soil layer contaminated with oil was carried out at the contaminated site, and 
mineral fertilizers (Azofoska (Fertica, Russia) with NPK 16:16:16 and superphosphate (Fertica, Russia) with 
Ca(H2PO4)2·H2O at 350 and 150 kg/ha, respectively) were added. Sowing of recultivating herbs was not carried 
out. Biopreparations were not used. Part of the contaminated area was left for self-restoration18 and no work 
was carried out there.

Soil sample collection. Soil sampling for the examination of the zone affected by the sludge collector site 
was carried out in September 2018 at three sites: 1—Self-restoration (SR), 2—Removal of the upper soil layer 
(R), and 3—an Undisturbed Forest (UF) site of a birch-spruce forest located in the immediate vicinity of the SR 
and R sites in similar edaphotopic conditions that was not subjected to oil contamination or other anthropogenic 
influences.

The SR and R sites completely lost vegetation cover after the oil spill in 2013. The projective cover on the 
territory contaminated with the contents of the sludge collector was 10–15 and 30–40% at the SR and R sites, 
respectively, during the time of sampling. At the SR site, two variants of the soil were examined: with and without 
vegetation cover. Sampling was conducted 5 years after contamination.
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Soil samples for chemical analysis were collected at the same sites from which samples were collected for the 
metataxonomic analysis and soil fauna composition determination. Each sample plot was 0.2 × 0.2 m and located 
approximately 10 m from each other along the oil spill. The site layout is shown in Fig. 1. The soil columns (7 cm 
deep) were collected from all four corners and the centre of the plot before pooling and mixing the samples well. 
Part of the mixed soil was used as a sample for metataxonomic analysis, and another part was used for chemical 
analysis. A total of 46 samples were collected (16 samples at the UF site and 15 samples each from SR and R). 
All were used for metataxonomics analysis. Nine per study site (27 in total) were used for chemical analysis. 
Sampling for analysis of invertebrate fauna was performed in adjacent plots. Twelve 5 × 5 cm by 10 cm deep soil 
 samples31 were collected at each site.

Soil chemical analyses. Chemical analysis of the soils was carried out in the “Ecoanalit” laboratory 
of IB FRC Komi SC UB RAS. The following characteristics of the soils were determined: pH of the aqueous 
 extract32, total soil carbon and nitrogen content using gas chromatography (CHNS-O, CE Instruments, Italy. 
FR.1.31.2016.23502), and total petroleum hydrocarbons (TRN) using gravimetry (RD 52.18.647–2003).

Soil invertebrates. The collected soil samples were immediately delivered to the IB FRC Komi SC UB RAS 
and placed into Tullgren soil  extractors33. The microarthropod fauna was extracted under 40 Wight bulbs in 96% 
alcohol for seven to ten days until the soil was completely dry.

Collembola species were identified according to their morphological taxonomic  characteristics34–37. Oribatid 
mites were identified as in ref.38. The taxonomy of oribatid mites is given according to the classification of Subías39.

The identified springtail species were also assigned to one of three functional groups with respect to their 
vertical distribution (epiedaphic, hemiedaphic, and euedaphic) and according to their trophic guilds (epigeic 
plant and microorganism consumers, EPMC; epigeic animal and microorganism consumers, EAMC; hemie-
daphic microorganism consumers, HMC; and euedaphic microorganism consumers, EMC)40. The oribatid mite 
species were assigned to one of six life forms: epiedaphic, hemiedaphic, euedaphic, eurybiontic, hydrobiontic, 
and nonspecialized species.

The significance of differences (with p < 0.05) in the abundance and α-biodiversity indices of microarthropods 
was determined using the Mann–Whitney U-test in PAST V 3.0 software.

Soil metataxonomics analysis. To isolate the total DNA, the samples were preliminarily centrifuged 
(2,500  g, 10  min), alcohol was removed, and the pellets were dried. The total DNA was extracted using the 
DNeasy PowerSoil Kit (Quagen, USA) according to the manufacturer’s instructions. Bead beating was per-
formed using TissueLyser II (Qiagen) for 10 min at 30 Hz. The quality of the DNA was assessed using agarose 
gel electrophoresis.

The 16S rRNA gene and ITS2 regions were amplified with the primer pairs V3/V4 and ITS3_KYO2/ITS4, 
respectively, combined with Illumina adapter sequences (Fadrosh et al., 2014). PCR amplification was performed 
as described  previously41. A total of 200 ng PCR product from each sample was pooled and purified using a 
MinElute Gel Extraction Kit (Qiagen, Germany). The obtained amplicon libraries were sequenced with 2 × 300 bp 
paired-ends reagents using MiSeq (Illumina, USA).

Raw sequences were analysed with the UPARSE  pipeline42 using Usearch v11.0.667. The UPARSE pipeline 
included merging of paired reads, read quality filtering, length trimming, merging of identical reads (dereplica-
tion), discarding singleton reads, removing chimaeras and OTU clustering using the UPARSE-OTU  algorithm43. 
The OTU sequences were assigned a taxonomy using the  SINTAX44 and 16S RDP training set  v1645 and fungi ITS 
UNITE v.8.246 as references. As a result of the analysis performed, 730,469 reads of the 16S rRNA gene fragment 
and 1,315,679 reads of the ITS were obtained.

Alpha diversity metrics were calculated in Usearch. Rarefaction and extrapolated curves were generated 
using the “iNEXT”  package47. The Mann–Whitney test was performed using the Python scientific computing 
library SciPy (v.1.5.1).

Figure 1.  Scheme of the oil spill and location of experimental sites. SR—Self-restoration, R—removal of the 
upper soil layer, and UF—undisturbed forest. The scheme is based on an image taken with a quadcopter.
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Statistical analyses. Statistical processing of the data was carried out using Microsoft Office Excel and 
the Statistica 6.0 software package. The tables show mean values and standard deviations. The values of the 
Chao-1 richness estimator and Shannon biodiversity index calculated for each individual sample were aver-
aged to obtain the value characterizing the site under study. All values of the fractions of reads annotated for an 
OTU were also averaged among the samples of a site. Differences in biodiversity indices of experimental sites 
and differential abundances were assessed using the Mann–Whitney test. All multiple comparisons were made 
using false discovery rate (FDR) correction. OTUs that accounted for more than 1% of all 16S rRNA or ITS reads 
were considered dominant. A nonmetric multidimensional scaling (NMDS) analysis was performed with the R 
 program48 to illustrate the sampling site similarity based on a Bray–Curtis dissimilarity assessment in terms of 
the bacterial or fungal species composition using the metaMDS  function49. Data charts were built using R pro-
gram (Fig. 2) and Microsoft Office Excel (Figs. 3, 4, 5, 6). Rastering, layout and design of all figures was carried 
out using the Photoshop software (Adobe, USA).

Results and discussion
Soil chemical properties. The total soil carbon and nitrogen content, pH and total petroleum hydrocar-
bons (TPH) in the soils of the study sites are presented in Table 1. The acidity of the soil at the UF site varied from 
4.4 to 5.1, the nitrogen content varied from 0.65 to 1.45% and the carbon content varied from 20 to 45%, which is 

Table 1.  Total soil carbon and nitrogen content, pH and TPH in the contaminated (SR, R) and 
uncontaminated (UF) study sites (mean ± SD).

Site pH N, % C, % TPH, mg/kg

SR 5.1 ± 0.2 0.6 ± 0.3 18.5 ± 7.4 21,450 ± 11,033

R 5.0 ± 0.4 0.3 ± 0.2 10.7 ± 5.3 2608 ± 1251

UF 4.6 ± 0.2 1.1 ± 0.3 34.8 ± 9.3 1002 ± 837

Figure 2.  Taxonomic structure and richness of the soil microbiome of the study areas based on total 16S 
rRNA sequencing. (A) Averaged values of the phylum distribution of annotated reads in samples from the 
experimental sites. (B) Averaged values of the Chao1 and Shannon indices in samples of the study areas. (C) 
Average number of OTUs found in samples of experimental sites within the corresponding phyla. Lowercase 
letters indicate significant differences between the corresponding indicators of different experimental sites at 
p < 0.05 (Mann–Whitney test with FDR correction). In diagram (B), *, ** and *** denote significant differences 
at p < 0.05, 0.01, and 0.001, respectively (Mann–Whitney test).
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typical for soils of the taiga  zone31. The acidity of the soils in sites contaminated with TPH was generally slightly 
higher and varied from 4.6 to 5.6 (Table 1). The nitrogen and carbon content were significantly (p < 0.005) lower 
than those at the UF site. When soil is severely contaminated with oil, its pH is known to increase due to a weakly 
alkaline or neutral reaction of  oils50. The content of biogenic elements may decrease because sites SR and R were 
deprived of vegetation as a result of significant contamination with oil products.

In general, the content of oil products in the surface layer of the soil of the UF site (Table 1) is enhanced com-
pared with the background content of hydrocarbons (11–32 mg/kg) in the soils of the studied  region50, although 
it does not typically exceed the permissible level. The value of this indicator at different sampling points varied 
from 270 to 2,900 mg/kg; the level of contamination was assessed as low in two samples and medium in  one51. 
The increased content of oil products in the soils of the undisturbed site is associated with the lateral runoff of the 
contents of the sludge collectors from the adjacent contaminated landscapes, which is typical for bog-podzolic 
soils occupying accumulative  landscapes50.

The level of soil contamination with oil products at the recultivation site at the time of sampling was assessed 
as  average51; however, in several samples, the hydrocarbon content exceeded 3,000 mg/kg. Contamination of the 
territory of the self-restoration site (Table 1) was characterized as very  high51.

Soil microarthropods. Oribatid mites. Soil invertebrates react to anthropogenic influences on natural 
ecosystems, causing changes in the composition, structure and abundance of  populations52–56. This determines 
their value as  bioindicators57–59.

While conducting multiyear studies, certain patterns in the dynamics of soil invertebrates in oil-contaminated 
 ecosystems20,21 were identified. The main taxa of microarthropods were found to follow different trends in 
changes in their abundance: a decrease for Diptera larvae and mesostigmatid mites and an increase for spring-
tails and oribatid mites. The stages of recovery of soil zoocoenosis were established; the taxonomic groups of 
soil microarthropods that serve as biomarkers of stages of succession were identified: for the first stage, Diptera 
larvae and mesostigmatid mites; for the second stage, collembolans; and for the third stage, oribatid  mites21. The 
relationship between the dynamics of the abundance, composition and structure of groups of soil invertebrates 
and the succession of the plant community under conditions of oil  contamination60 were established. The depend-
ence of the succession of the zoocoenosis on the methods of remediation was identified; the most successful 
recovery of soil zoocoenosis in the soil occurred when biopreparations were  used19,21.

Thirty species of oribatid mites from 24 families were found in the territory studied, including 29 species 
from 24 families at the undisturbed site (Table S1). The whole spectrum of life forms of oribatid mites typical 
for taiga forests was represented. The epiedaphic life form (inhabitants of the soil surface and upper horizons 
of the litter, according to the D.A. Krivolutsky’s classification of life  forms33) was distinguished by the greatest 
diversity of species. Among the epiedaphic species, the most abundant were Ceratozetes gracilis, Nanhermannia 
sellnicki, Eueremaeus oblongus silvestris, Eupelops plicatus and Chamobates pusillus. Some samples had a notice-
able presence of hemiedaphic species (inhabitants of the litter, according to D.A. Krivolutsky): Heminothrus 
longisetosus and Camisia biurus.

Additionally, euedaphic species were observed, the inhabitants of small soil wells (according to D.A. 
 Krivolutsky33), and Oppiella nova and Oppiella neerlandica were dominant (Table S1). The most numerous of the 
eurybiontic species was Tectocephes velatus. In the background community, nonspecialized (Palaeacarus hystrici-
nus, Hypochthonius rufulus, Liochthonius (L.) sellnicki) and hydrobiontic (Malaconothrus (M.) monodactylus) 
species (according to D.A.  Krivolutsky33) were also observed, but the hydrobiontic species had low abundance.

Figure 3.  Nonmetric multidimensional scaling (NMDS) ordination plots based on the composition of bacterial 
(A) and fungal (B) taxa with Bray–Curtis distance among samples.
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Such a spectrum of life forms of oribatids is characteristic of an undisturbed community. The inhabitants of 
the soil surface were repeatedly shown to be the most vulnerable to various types of soil  disturbance57,61. The 
abundance of preimaginal stages of oribatid mites, i.e., larvae and nymphs, was high in undisturbed soil of the 
background community (31,100 ± 5655 ind./m2).

Oribatid mites were rare at the sites with oil contamination, both R and SR. Species of the family Oppiidae 
were found there; most often, the species Oppiella nova. O. nova is known as eurytopic, tolerant to different 
community disturbances and registered as a pioneer species in recovery  successions21,54. In addition to O. nova, 
sporadic representatives of the eurybiontic species Scheloribates laevigatus, Zygoribatula exilis and Tectocepheus 
velatus and the epiedaphic species Epidamaeus bituberculatus were also found at the recultivation site (Table S1). 
The abundance of the preimaginal stages of oribatid mites at the recultivation site was 267 ± 150 ind./m2. The 
self-restoration site had the lowest number of species compared with the background and recultivation sites. In 
addition to O. nova mentioned above, S. laevigatus and Oribatula tibialis were also found there.

The very low abundance of oribatid mites at the contaminated sites indicates a significant soil disturbance. 
E.N.  Melekhina21 established that oribatid mites are indicators of a later (third) stage of microarthropod recov-
ery succession. Numerous studies have shown that after disturbances of various types, Oribatida restore their 
diversity and abundance more slowly than other mass groups of  invertebrates55,56. In particular, they were very 
sensitive to oil contamination of  soil62,63. It can be concluded that, five years after remediation, the oribatid mite 
communities were at the earliest stages of recovery succession.

Collembola. In total, 2238 individuals of Collembola belonging to 24 species were found and identified. A 
complete list of the identified species and their abundance is provided in Table S2. The mean total abundance of 
springtails significantly differed across all sites. The background site (UF) was characterized by the highest total 
abundance of collembolans in comparison with the R and SR sites. The lowest total abundance was found at the 
contaminated site where recultivation was carried out. The total abundance of collembolans was much higher at 
the self-restoration site than in the recultivated soil (Table S2).

The species richness of springtails also significantly differed between the study sites (Table S2). The lowest 
number of species was recorded in the sites with oil contamination, both the recultivation and self-restoration 
sites (Table S2). It was the highest at the UF site. The mean species richness at sites R and SR was significantly 
lower than that at UF.

In the spectrum of life forms of the background site, a sharp predominance of the hemiedaphic life form (more 
than 80% of all Collembola) was observed, which is characteristic of undisturbed soils; one species, Folsomia 
quadrioculata, was dominant.

At the R site, only two groups were notable in the spectrum of life forms: the hemiedaphic group, which 
was predominant in abundance, and the epiedaphic group. The dominant species included two species, namely, 
Proisotoma minima and Xenyllodes armatus.

The abundance of epiedaphic springtails significantly differed at sites SR and UF. Hemiedaphic collembolans 
were significantly affected by “Site type”. The abundance of this group at the site with recultivation was decreased 
compared with that at the self-restoration and control sites. Euedaphic springtails were found only in uncon-
taminated soil (Table S2).

Among trophic groups of collembolans, “Site type” had a significant effect on epigeic animal and microor-
ganism consumers (EAMC), hemiedaphic microorganism consumers (HMC) and euedaphic microorganism 
consumers (EMC) (Table S2).

Our results demonstrate that the recovery of the total abundance of springtails and the abundance of selected 
functional groups at the SR and R sites was very slow. Similar but stronger effects of recultivation methods after 
oil contamination were also reported in forest-tundra  ecosystems17. However, the magnitude of differences was 
much larger than in our case.

The significant reduction in the number of species at the self-restoration and remediation sites in comparison 
with the control plot indicates that it takes longer to restore the species richness of springtails than their total 
abundance. This suggests that a limited number of relatively resistant and ecologically flexible species of col-
lembolans, which can colonize disturbed soils contaminated by oil, mainly contribute to the restoration of the 
total population at the self-restoration site. A similar picture was shown for rice-growing  systems62.

At the self-restoration site, Proisotoma minima was found to be absolutely prevalent, accounting for more 
than 90% of all the species specimens. This species is common at the initial stages of vegetation restoration and 
is tolerant of a high level of  contamination36. Similar patterns have been shown for ecosystems subject to other 
disturbance  types62,63. The lack of significant differences in the springtail species richness between the SR and 
R sites is also interesting. In our opinion, this may be due to the development of vegetation cover, which causes 
changes in bacterial and fungal  communities64 that are the main source of food for  springtails40. In addition, 
mechanical removal of the upper soil horizon leads to soil compaction, which affects the living space of eue-
daphic  collembolans65.

Our studies show that there are no significant differences in the abundance of epiedaphic springtails between 
the recultivation and control plots. Notably, a significantly low density of epiedaphic collembolans found in the 
self-restoration site indicates extreme conditions. The data obtained can be confirmed by the epigeic trophic 
guilds that consume animals and microorganisms, since their abundances differed at the self-restoration and 
control sites. This indicates that this group is adapted to the rapid environmental changes in tilled soils and thus 
can quickly recolonize soil after the end of intense disturbance, which is in line with the data obtained for rice 
 paddies62. A negative effect of the site type was found for the abundance of euedaphic springtails, including 
relevant trophic guilds. Our data confirm the assumption that representatives of the euedaphic life form have a 
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selective advantage in disturbed soils due to the development of complex sensory  organs66 as well as their habitat 
dependence on the microstructure of soil pores and level of soil  compaction65.

Other groups of arthropods. In addition to oribatid mites and springtails, the dominant taxonomic groups in 
the background, i.e., undisturbed community, included mesostigmatid mites (8200 ± 1399 ind./m2). Coleoptera 
larvae (1133 ± 108 ind./m2) and Diptera larvae (1133 ± 157 ind./m2), prostigmatid mites (namely, Trombidiidae) 
(1000 ± 285 ind./m2), uropod mites (567 ± 289 ind./m2) and thrips (667 ± 320 ind./m2) were also found.

The zoocoenosis was more diverse at the recultivation site than at the self-restoration site. In addition to ori-
batid mites and springtails, beetles were found at the R site, both imago and larvae (33 ± 33 ind./m2 and 233 ± 91 
ind./m2, respectively), Diptera larvae (467 ± 146 ind./m2), Hymenoptera larvae (33 ± 33 ind./m2), thrips (767 ± 305 
ind./m2), spiders (167 ± 77 ind./m2), Prostigmata (267 ± 102 ind./m2), Uropodida (67 ± 45 ind./m2) and Acaridia 
(133 ± 102 ind./m2). Mesostigmatid mites were the most abundant (4333 ± 1056 ind./m2). At the SR site, Mes-
ostigmata (5100 ± 1138), Prostigmata (133 ± 90), Diptera larvae (1800 ± 741) and Aranea (33 ± 33) were found.

Soil microbiome. Bacteria. The analysis of the obtained results indicates the greatest α-diversity of the 
bacterial community at the undisturbed site. The Chao1 index was significantly higher there than at both con-
taminated sites (Fig. 2B). However, the number of bacterial OTUs at the recultivation site was reduced to a lesser 
extent than at the self-restoration site. When the diversity was assessed using the Shannon index, statistically 
significant differences were found only between the SR and UF sites.

It is interesting that under different conditions of contamination (extent, type of contaminant, duration of 
contamination, type of soil and climatic conditions), the species diversity of bacteria in oil-contaminated areas 
can either  decrease67–70 or  increase71–73; the changes can be very pronounced in both directions. However, it is 
worth noting that a decrease in richness in response to oil contamination was observed in studies carried out in 
Poland and in the far north of Canada whereas an increase was observed in China and Thailand. The authors of 
the  study74 noted that in samples of soils contaminated with refined oil, the diversity of bacterial communities 
was higher than that in samples contaminated with crude oil. Thus, at low/nonextreme contamination levels, 
it would be more useful to assess the diversity changes as well as variations in the community structure. The 
mechanisms of changes in diversity and their dependency on the contamination level require separate study at 
different initial conditions.

Analysis of the NMDS plot allowed for us to separate two distinct clusters (Fig. 3A). The first contains all sam-
ples from the SR site, two-thirds of the R site and one-third of the UF site. The second cluster joins most points 
of the UF site and the rest of the R site. To some extent, the clusters reflect soil contamination with oil products. 
The bacterial community differed in richness and abundance in the soil of the most contaminated locations of 
the SR site. Variability and close values in the content of crude oil in the soil of UF and R sites create gradient 
conditions for the formation of the bacterial community. The intermediate position of the R site community was 
confirmed with data on phylum representatives’ richness and abundance.

The phyla Acidobacteria, Proteobacteria, and Actinobacteria accounted for more than 80% of the bacterial 
community (Fig. 2A) at the UF site. The same was reported for undisturbed taiga forests in North  America75,76. 
Other phyla were observed to a much lesser extent. Representatives of these three phyla of the bacterial domain 
were also characterized by the greatest number of OTUs. A great richness of the Verrucomicrobia, Saccharibac-
teria, and Bacteroidetes phyla was also observed, although they were characterized by a low abundance.

The dominance of the Proteobacteria, Acidobacteria, and Actinobacteria phyla persists at oil-contaminated 
sites, but the order of dominant phyla changes. The abundance of Actinobacteria significantly decreased in soils 
from both the SR and R sites, and that of Proteobacteria increased with increasing contamination level. Actino-
bacteria abundance at the R site increased by 1.5 times compared to that at the UF and SR sites.

The richness and representation of the Verrucomicrobia and Bacteroidetes phyla at the contaminated sites 
(Fig. 2A,C) were lower than at the UF site. In contrast, the proportion of the Saccharibacteria phylum in the 
bacterial community structure was significantly higher. The OTU diversity of representatives of Saccharibacteria 
at the R site was 1.5 times higher than that at the UF site whereas at the SR site it did not differ from that at the 
UF site level, as in the case of Actinobacteria. The relative abundance of Saccharibacteria at the R site was 5 times 
higher. The richness and relative abundance of the Firmicutes phylum also increased as the contamination level 
increased. Interestingly, in some samples collected at the R site, increases in the share (values varied from 0.05 
to 16%) and richness (from 2 to 19 OTUs) of Cyanobacteria were observed, which may be associated with a 
spotty overgrowth of the site with herbaceous plants. Along with areas with a high projective cover of perennial 
grasses, spots completely devoid of vegetation cover were observed there.

The Proteobacteria phylum is a numerous and heterogeneous group of bacteria, the division of which into 
classes is based on the analysis of 16S  rRNA77,78. At all sites investigated, this bacterial phylum had the highest 
number of detected OTUs. The share of Proteobacteria in the samples increased with increasing contamination 
levels, despite a decrease in detected OTUs. The increase in Proteobacteria abundance is a common change in 
the soil microbiome in response to oil contamination, both in soils of southern and temperate  latitudes15,26,67,71,72 
and beyond the Arctic  Circle69,70. However, there are exceptions to this rule, when the relative abundance of 
Proteobacteria in a contaminated area becomes significantly  lower73 or its changes vary ambiguously depending 
on the extent and history of  contamination68,79.

Representatives of four classes of this taxon were found in the study area (Table 2): Alpha-, Beta-, Gamma-, 
and Delta-proteobacteria. More than half of all bacteria of this group at all the sites were Alphaproteobacteria, 
among which the orders Rhizobiales and Rhodospirillales could be distinguished; their representatives comprised 
30 and 20% Proteobacteria, respectively, at the undisturbed site. The share of Rhizobiales in the samples from 
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the most contaminated site was significantly lower (Table 2) whereas the number of certain OTUs at the SR and 
R sites was the same or slightly higher than that at the UF site.

A different picture was observed for OTUs that belong to the order Rhodospirillales, including the most rep-
resentative families Acetobacteraceae and Rhodospirillaceae; at the sites contaminated with oil products, both 
the share of bacteria of these taxa and number of OTUs were lower.

The next most represented class at the study sites was Gammaproteobacteria. Its share was significantly higher 
at the self-restoration site than in the soil at both other sites. Within the class, the largest increase was observed 
among the members of the Xanthomonadales order. The number of OTUs of Gammaproteobacteria was almost 
the same at all experimental sites.

Changes in the abundance of Alpha- and Gammaproteobacteria revealed at the contaminated sites were 
typical for areas contaminated with oil products. However, an increase in Proteobacteria abundance can 
occur in various ways. For example, only at the expense of  Alphaproteobacteria26, only at the expense of 
 Gammaproteobacteria15,69 or at the expense of all classes of the  phylum68. In the present study, the richness and 
share of the total abundance of Betaproteobacteria at the study sites were insignificant. The abundance and OTU 
number of Deltaproteobacteria were significantly reduced in the contaminated areas.

The Acidobacteria phylum comprised more than 30% of all registered bacteria at the UF site and was second 
in the number of OTUs. These bacteria are known to be well adapted to living in acidic soils that are poor in 
organic  matter80. However, their abundance was three times lower at the oil-contaminated sites, and the OTU 
diversity was two times lower than at the undisturbed site. This could be due to changes in soil acidity, among 
other things; the abundance of Acidobacteria within a microbial community was shown to be strongly regulated 
by pH, significantly decreasing when the pH value exceeds 5.580,81.

Representatives of nine groups of the 26 currently known subdivisions of  Acidobacteria82 were present in 
the study area, with the dominant Gp1 that included more than 80% of all Acidobacteria at all sites. The share 
of this group tended to be higher at the oil-contaminated sites, and the OTU diversity of this group of bacteria 
was lower by 36 and 43% at the R and SR sites, respectively (Table 3).

Another bacterial phylum that was dominant in the area studied was Actinobacteria. Several representatives 
of this phylum are known to decompose organic matter in  soils83. The number of OTUs of this phylum was the 
lowest at the SR site (Fig. 2C). Actinobacteria representatives of the three classes that comprise this phylum were 
predominant at all sites studied.

The results presented above are consistent with the results of research on the metagenomes of oil-con-
taminated soils. Some authors found an increase in the share of Proteobacteria in soil samples, particularly 
 Gammaproteobacteria14–16,84,85, which indicates that this is the best-adapted phylogenetic group for hydrocarbon 
pollution, particularly in cold environments. They also noted an increase in the abundance of Bacteroidetes, 
Firmicutes, and Actinobacteria; apparently, in acidic soils of cold climatic zones, an increase in the abundance 
of Actinobacteria was more noticeable whereas in areas with a warm climate and more alkaline soils, the shares 
of Bacteroidetes and Firmicutes, which were numerous, also increased. The increase in the share of bacteria of 
the listed groups in oil-contaminated soils is due to the presence of enzymes that allow for their possessors to 
use oil products as  substrates12,69.

A bacterial community that effectively uses oil products as a substrate can be built from multilevel metabolic 
chains, including representatives of different  phyla86,87. Therefore, from a functional point of view, the changes 
in the composition of the dominant species and genera of bacteria are most interesting.

Table 2.  Abundance of Proteobacteria OTUs registered at the study sites (mean ± SEM). Different letters 
indicate a significant difference among data within the row.

Site

Average abundance, % Average number of OTUs

SR R UF SR R UF

Alphaproteobacteria 52.5 ± 2.5a 77.1 ± 3.5b 65.6 ± 1.8b 92.0 ± 3.3 99.1 ± 6.0 104.9 ± 5.2

Rhizobiales 20.9 ± 1.6a 28.8 ± 2.4ab 30.1 ± 2.0b 22.8 ± 0.7 23.1 ± 1.2 19.9 ± 0.9

Rhodospirillales 9.5 ± 1.  6a 12.9 ± 0.9a 20.5 ± 1.8b 26.2 ± 1.2a 29.7 ± 1.2a 37.3 ± 1.5b

Acetobacteraceae 7.4 ± 1.7a 10.3 ± 1.0a 17.0 ± 1.6b 17.3 ± 0.9a 21.3 ± 0.6b 24.0 ± 0.8b

Rhodospirillaceae 0.5 ± 0.1a 0.4 ± 0.1a 1.6 ± 0.2b 3.2 ± 0.3ab 2.7 ± 0.4a 4. 6 ± 0.3b

Betaproteobacteria 3.0 ± 0.6 3.6 ± 0.7 4.5 ± 0.9 13.0 ± 0.9 11.5 ± 1.4 13.9 ± 1.2

Gammaproteobacteria 41.8 ± 2.8a 17.3 ± 3.2b 25.6 ± 1.6b 40.9 ± 1.7 49.5 ± 4.3 43.9 ± 2.2

Deltaproteobacteria 0.8 ± 0.4a 1.5 ± 0.2b 3.38 ± 0.74b 3.9 ± 0.  6a 5.2 ± 0.8a 18.3 ± 2.1b

Table 3.  Abundance of OTUs from subdivision Gp1 of the Acidobacteria phylum registered at the study sites 
(mean ± SEM). Different letters indicate a significant difference among data within the row.

Site

Average abundance, % Average number of OTUs

SR R UF SR R UF

Gp1 85.1 ± 2. 7 87.2 ± 1.1 81.1 ± 2.3 30.1 ± 1.0a 33.5 ± 1.0b 52.8 ± 0.9c
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The OTUs characterized by reads having more than 1% of the total number analysed in samples from the SR 
and R sites and the differences relative to the UF site are shown in Fig. 4A. The results allow for us to conclude 
that the main (in terms of abundance) structure of the bacterial community at the contaminated sites completely 
changed. It is important to note that the averaged numbers obtained from 15–16 samples from each of the sites 
are presented, which practically excludes the random nature of the dominance of certain OTUs. An uncultured 
bacterium of the Chromatiales order (Gammaproteobacteria) was represented the most (6.45%) in the contami-
nated soil of the SR site, to a much lesser extent in the soil that underwent remediation (0.13%) and was not 
found in the soil of the UF site. Previously, representatives of this order have been found in the soil community 
characterized by accelerated biodegradation of oil  products88. However, no detailed studies of the petroleum 
hydrocarbon-biodegrading activity of this group have been published. The opposite is true for a bacterium of the 
Alcanivorax genus that is known to be involved in the biodegradation of a wide range of  hydrocarbons89. Among 
the dominant contaminated soil bacteria that were identified to a species or genus, Rhodanobacter ginsengisoli 
is notable. Representatives of the genus Rhodanobacter have been found in bacterial consortia involved in the 
biodegradation of crude  oil90. The dominant bacteria also included Acidobacterium capsulatum, a chemoor-
ganotrophic microorganism that has not been previously noted among oil-degrading bacteria but is known to 

Figure 4.  The most represented OTUs (more than 1% of reads) at the study sites based on sequencing of 16S 
rRNA amplicons and differences in the number of reads at the SR and R sites relative to the UF site. The number 
before the “/” indicates the OTU number within the study (and in Supplementary file 1). The average percentage 
of reads corresponding to the indicated OTU in the samples of the site is shown after the OTU classification. The 
diagrams (logarithmic scale) show the fold change of the indicator relative to the average percentage of reads of 
the OTU in the samples from the UF site. The ∝ symbol indicates that the fold change can be considered equal 
to infinity since no reads corresponding to this OTU were detected in the samples from the UF site. (B) The 
number of common and unique OTUs detected at the experimental sites. All OTUs were taken into account, 
including those represented by one read in one of the samples from the corresponding site.
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be capable of living in a wide range of concentrations of various carbon  sources91, and Acidocella, which can 
metabolize several aromatic  hydrocarbons92.

Comparing the presented data with the results obtained by other authors in research on oil-contaminated 
soils, two conclusions can be noted. First, contamination often leads to the dominance of the same hydrocarbon-
degrading microorganisms, regardless of the conditions, extent and history of contamination or soil properties. 
Second, combinations of dominant taxa and their hierarchical rank can dramatically differ even with small vari-
ations of the listed  conditions74. A decisive role is played by the composition of the microbial community before 
contamination, since consortia that efficiently utilize hydrocarbons can be built from microorganisms that are 
present in natural soil, even at a very low abundance. In addition, settlement/resettlement processes can also be 
very active and play a role in the formation of functional communities. These two assumptions are supported by 
the NMDS analysis results (Fig. 3A) and the Venn diagram (Fig. 4B) showing that the composition of bacteria 
detected by high-throughput sequencing changes by more than half as a result of contamination and differs 
significantly depending on whether remediation was performed or not.

Fungi. The richness of representatives of the fungi kingdom in the study area varied greatly. For example, in the 
samples from the undisturbed site, the number of OTUs in one sample varied from 126 to 314; at the recultiva-
tion site, it varied from 96 to 421. The richness of fungi at the SR site was significantly lower: the number of OTUs 
in one sample ranged from 51 to 191. The lower richness of fungi at the most contaminated site was confirmed 
by the values of the Chao index (Fig. 5B), which were significantly lower than those at the undisturbed and 
recultivation sites. The Shannon index demonstrated exactly the same trends as the Chao index; however, the 
differences in this case were not statistically significant (Fig. 5B).

The NMDS plot (Fig. 3B) shows a clustering of samples from the UF site separately from the R and SR sites. 
Points of oil-contaminated sites form two distinct zones located close to each other. The R site points are in an 
intermediate position between the most contaminated SR site and the undisturbed community of the UF site, 
as in the case of bacterial communities.

Figure 5.  Taxonomic structure and richness of the soil microbiome of the study areas based on total ITS 
sequencing. (A) Averaged values of the phylum distribution of annotated reads in samples from experimental 
sites. (B) The averaged values of the Chao1 and Shannon indices in samples of the study areas. (C) The average 
number of OTUs found in the samples of the experimental sites within the corresponding phyla. Lowercase 
letters indicate significant differences between the corresponding indicators of different experimental sites at 
p < 0.05 (Mann–Whitney test with FDR correction). In diagram (B), *, ** and *** denote significant differences 
at p < 0.05, 0.01, and 0.001, respectively (Mann–Whitney test).
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The fungal community (Fig. 5A) in the study area was represented predominantly by the Ascomycota, Basidi-
omycota and Rozellomycota phyla. Almost 80% of the community of the undisturbed site consisted of asco-
mycetes; basidiomycetes comprised 18.9% of all fungi, and the share of other phyla was insignificant. As in the 
present study, the dominance of Ascomycota was noted in temperate forests of North  America75,76,93.

The structure of the fungal community at the oil-contaminated sites was different (Fig. 5C). The OTU num-
ber of Ascomycota at the most oil-contaminated SR site was almost two times lower. At the R site, which was 
less contaminated with oil products, the richness of ascomycetes was slightly higher than that at the UF site. 
The abundance of this phylum at the SR site was the same as that at the UF site, and the abundance at the R site 
tended to be lower than that at the undisturbed site. Representatives of Basidiomycota at the UF site accounted 
for approximately one-fifth of all fungi; at the oil-contaminated sites, their abundance was much lower. A decrease 
in the richness of these saprotrophic fungi was observed at both contaminated sites, but it was significant only 
at the SR site.

In addition to the significant abundance of unknown species at the oil-contaminated sites, a significant 
reorganization of the ratio of the species of fungi of the Ascomycota and Basidiomycota phyla was revealed.

In the composition of Ascomycota (Table 4), which dominated at all sites, representatives of the Leotiomycetes 
(44.3%) and Lecanoromycetes (30.4%) classes were predominant at the undisturbed site (the dominance of the 
Lecanoromycetes was due to the high representation of one OTU (OTU_1, an unclassified Lecanorales). Among 
Leotiomycetes, more than 90% were representatives of the family Helotiaceae, saprotrophic fungi involved in 
the decomposition of plant remnants, which also includes plant parasites and predatory fungi. Both the share 
of Leotiomycetes and their OTU number were significantly higher at the R site and lower at the SR site. Lecano-
romycetes, the dominating OTU_1, had almost negligible abundance at the contaminated SR and R sites; this 
species was replaced by representatives of the Eurotiomycetes class at the R site and by unclassified Ascomycota 
at the SR site.

The share of another Ascomycota class of fungi, Sordariomycetes, was 8 times higher at the SR site than at 
the R and UF sites.

Among Basidiomycota, 97% at the undisturbed site were representatives of the class Agaricomycetes (Table 5), 
which is apparently typical of temperate  forests76. These species of fungi can be both saprotrophs and para-
sites, as well as form mycorrhizas. Basidiomycetes of the recultivation site were represented by three classes: 
Agaricomycetes, Microbotryomycetes and Tremellomycetes. The representatives of Microbotryomycetes were 
predominant at the self-restoration site. Some representatives of this class of fungi are noted for being able to 
degrade petroleum  hydrocarbons94,95.

Unfortunately, there is very little research on changes in fungal communities in oil-contaminated soils. For 
instance, among identified strains isolated from contaminated soils of Kazakhstan, the predominance of Asco-
mycota (78%), capable of biodegradation of oil hydrocarbons, was identified; representatives of Basidiomycota 
comprised 22%85.

Table 4.  Abundance of OTUs from different Ascomycota classes registered at the study sites (mean ± SEM). 
Different letters indicate a significant difference among data within the row.

Class/site

Average abundance, % Average number of OTUs

SR R UF SR R UF

Eurotiomycetes 7. 6 ± 2.1a 32.5 ± 6.3b 13.2 ± 2.2a 12.1 ± 1.3 22.3 ± 2.3 17.9 ± 1.7

Leotiomycetes 30.9 ± 5.3 52.3 ± 5.3 44.3 ± 6.1 27.4 ± 2.5a 75.9 ± 8.8b 65.8 ± 3.9b

Sordariomycetes 3.5 ± 1.7a 0. 5 ± 0.1ab 0.4 ± 0.2b 8.0 ± 0.7 9.6 ± 0.9 5.6 ± 0.9

Dothideomycetes 3.0 ± 1.4 1.2 ± 0.3 1.4 ± 0.6 4.9 ± 1.0 11. 7 ± 2.1 9.0 ± 1.4

Lecanoromycetes 0.05 ± 0.02a 0.8 ± 0.5a 30.4 ± 6.6b 0.7 ± 0.2a 2.1 ± 0.5a 3.9 ± 0.3b

Unclassified_Ascomycota 54.9 ± 4.3a 12.7 ± 3.9b 9.8 ± 2.9b 12. 7 ± 0.9a 27.5 ± 3.6b 17.5 ± 1.7ab

Table 5.  Abundance of OTUs from different Basidiomycota classes registered at the study sites (mean ± SEM). 
Different letters indicate a significant difference among data within the row.

Class/site

Average abundance, % Average number of OTUs

SR R UF SR R UF

Agaricomycetes 19.5 ± 4.9a 35.0 ± 5.9a 97.2 ± 0.9b 8.3 ± 1.5a 13.6 ± 2.4a 29.8 ± 3.6b

Microbotryomycetes 49.4 ± 6.2a 28.2 ± 5.2a 0.03 ± 0.01b 6.1 ± 0.7a 5.8 ± 0.9a 1.0 ± 0.3b

Tremellomycetes 11.3 ± 2.8a 33.7 ± 5.9b 1.2 ± 0.4c 3.8 ± 0.4 6.9 ± 1.0 4.1 ± 0.4

Exobasidiomycetes 6.4 ± 3.1 0.03 ± 0.02 0 0.5 ± 0.1 0.3 ± 0.2 0

Cystobasidiomycetes 0.1 ± 0.1 1.6 ± 1.0 0 0.3 ± 0.2 0.8 ± 0.2 0

Unclassified
Basidiomycota 12.9 ± 5.3 0.8 ± 0.3 1.6 ± 0.5 1.4 ± 0.2a 1.1 ± 0.2a 4.5 ± 0.5b
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A general view of the changes in the composition of the dominant fungal OTUs at the study sites yields simi-
lar conclusions as in the case of the dominant OTUs in the bacterial community. The composition of the most 
abundant species in the contaminated soils completely changed, despite the lack of dramatic differences in the 
integral indicators of biodiversity (Fig. 6A).

The predominance of an uncultured representative of Ascomycota in the soil of the most contaminated SR 
site was noted (on average, 21.3% of all ITS reads in samples of the SR site). This species, as well as the next most 
abundant representatives of Ascomycota fungi and one representative of an unidentified group, can be important 
in the processes of utilization of oil hydrocarbons or may have the greatest resistance to their presence in the 
soil. In any case, these taxa require further study.

Second in abundance in soil of the highly contaminated SR site was Amorphotheca resinae, another Asco-
mycota. This species is capable of growing in containers with aviation fuel and is a well-known hydrocarbon 
 destructor96. It is noteworthy that the abundance of this species at the R and UF sites was similar and extremely 
low (0.00148% and 0.00143%, respectively). Thus, only a very high level of pollution could have led to the 
dominance of this species.

Figure 6.  (A) The most represented OTUs (more than 1% of reads) at the study sites based on sequencing of 
ITS amplicons and differences in the numbers of reads at SR and R sites relative to the UF site. The number 
before the “/” indicates the OTU number within the study (and in Supplementary file 2). The average percentage 
of reads corresponding to the indicated OTU in samples of the site is shown after OTU classification. The 
diagrams (logarithmic scale) show the fold change of the indicator relative to the average percentage of reads of 
the OTU in the samples from the UF site. The ∝ symbol indicates that the fold change can be considered equal 
to infinity since no reads corresponding to this OTU were detected in the UF site samples. (B) The number of 
common and unique OTUs detected at the experimental sites. All OTUs were taken into account, including 
those represented by one read in one of the samples from the corresponding site.
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Oil contamination led to deep reorganization of the community. The dominant OTU_1 at the UF site was 
almost completely absent at the oil-contaminated sites SR and R. The richness of Ascomycota at the most oil-
contaminated SR site was two times lower than that at the UF site. At the same time, the abundance of this 
phylum at the SR site was higher than that at the undisturbed site, especially for unclassified Ascomycota and 
the class Sordariomycetes. Conversely, the number of OTUs of ascomycetes at the less oil-contaminated R site 
was slightly higher and the abundance was generally significantly lower. Agaricomycetes, which comprised 
97% of Basidiomycota at the undisturbed site, were dramatically reduced at the oil-contaminated sites, and the 
diversity of this phylum of fungi at the SR and R sites was 2- and threefold lower, respectively. Species of the 
Microbotryomycetes class were dominant at the SR site.

Conclusion
This study provides the first description of the composition of soil bacterial and fungal communities using 
marker fragments of the 16S rRNA gene and ITS region at European Subarctic sites with an increased content 
of oil products and variation in recultivation and self-restoration. The microbial community at oil-contaminated 
sites was found to be reorganized at the phylum level: the shares of Proteobacteria and Actinobacteria were 
higher whereas the share of Acidobacteria was lower than that at the background site. In fungal communities, 
the richness of the Ascomycota class was lower than that at the background site. Moreover, a decrease in the 
OTU number and a complete change in the composition of the dominant OTUs among both bacteria and fungi 
occurred at the contaminated sites.

Among the bacterial genera studied, there was a manifold increase in the abundance of known degraders 
of hydrocarbons at the oil-contaminated sites compared with the background site: Alcanivorax (SR: 5.35%; R: 
0.2%; UF: 0.005%), Rhodanobacter ginsengisoli (SR: 2.9%; R: 2.2%; UF: 0.5%), Acidobacterium capsulatum (SR: 
2.5%; R: 0.11%; UF: 0.01%), and Acidocella (SR: 1.2%; R: 0.2%; UF: 0.07%). Among the fungi, an increase in 
the abundance of Amorphotheca resinae (SR: 11.4%; R: 0.00148%; UF: 0.00143%) was observed. However, the 
dominant positions in soils with the highest level of contamination were occupied by an uncultivated representa-
tive of the Chromatiales order (SR: 6.45%; R: 0.12%; UF: not detected) among bacteria and by representatives 
of the Ascomycota phylum (SR: 21.28%; R: 0.3%; UF: 0.0004%) among fungi, which were almost absent in the 
background soils. Possible oil-destructive properties or high resistance to oil contamination make these organ-
isms important for further study.

Despite the very large differences between the sites studied, mechanical recultivation was generally found to 
be relatively efficient in terms of reducing the amount of oil products and preventing a decrease in the taxonomic 
richness of bacteria and fungi.

At the recultivation and self-restoration sites, the communities of indicator taxonomic groups of soil micro-
fauna (oribatid mites and springtails) demonstrated an extreme degree of their degradation, which was mani-
fested by the low total abundance, small number of species, and absence of euedaphic forms of collembolans. 
Among oribatid mites, the eurytopic species Oppiella nova was the most abundant; among springtails, Proisotoma 
minima was the most dominant species due to its tolerance of a high level of soil contamination.

The data obtained contribute to the extremely limited knowledge about the microbiota and microfauna of 
subarctic soils and their response to heavy oil pollution and the effectiveness of mechanical recultivation. The 
accumulation and systematization of such data are necessary to develop approaches for monitoring and restoring 
oil-polluted ecosystems. It will be useful to analyse the effectiveness of other existing methods of recultivation 
to select the optimal method for a given climate and soil type. The uncultivated dominant species found in the 
contaminated samples are of interest for further study as potential new oil degraders.

Data availability
The metataxonomics data sets generated during the current study are available in the NCBI repository (registra-
tion number PRJNA661725). https:// www. ncbi. nlm. nih. gov/ biopr oject/ 661725. All other data generated during 
this study are included in this published article and its Supplementary Information files.

Received: 4 March 2021; Accepted: 1 September 2021

References
 1. Yang, S.-Z. et al. Bioremediation of oil spills in cold environments: A review. Pedosphere 19, 371–381 (2009).
 2. Solntseva, N. P. Oil production and geochemistry of natural landscapes. (1998).
 3. Nature-conservation measures on the refinery companies. Part 1: Rehabilitation of petroleum polluted soils in Usinsk district, Komi 

Republic. (2006).
 4. Cébron, A. et al. Biological functioning of PAH-polluted and thermal desorption-treated soils assessed by fauna and microbial 

bioindicators. Res. Microbiol. 162, 896–907 (2011).
 5. García-Segura, D. et al. Macrofauna and mesofauna from soil contaminated by oil extraction. Geoderma 332, 180–189 (2018).
 6. Pikovsky, Yu. I. Natural and technogenic flows of hydrocarbons in the environment. (1993).
 7. Dobrovol’skaya, T. G. et al. The role of microorganisms in the ecological functions of soils. Eurasian Soil Sci. 48, 959–967 (2015).
 8. Kireeva, N. A. Microbiological Processes in Oil-Polluted Soils. (1994).
 9. Tyagi, M., da Fonseca, M. M. R. & de Carvalho, C. C. C. R. Bioaugmentation and biostimulation strategies to improve the effective-

ness of bioremediation processes. Biodegradation 22, 231–241 (2011).
 10. Macaulay, B. M. & Rees, D. Bioremediation of oil spills: a review of challenges for research advancement. Ann Env. Sci 8, 9–37 

(2014).
 11. Murygina, V. P., Markarova, M. Yu. & Kalyuzhnyi, S. V. Application of biopreparation “Rhoder” for remediation of oil polluted 

polar marshy wetlands in Komi Republic. Environ. Int. 31, 163–166 (2005).
 12. Fuentes, S., Méndez, V., Aguila, P. & Seeger, M. Bioremediation of petroleum hydrocarbons: Catabolic genes, microbial communi-

ties, and applications. Appl. Microbiol. Biotechnol. 98, 4781–4794 (2014).

https://www.ncbi.nlm.nih.gov/bioproject/661725


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19620  | https://doi.org/10.1038/s41598-021-98680-8

www.nature.com/scientificreports/

 13. Roslee, A. F. A. et al. Statistical optimisation of growth conditions and diesel degradation by the Antarctic bacterium, Rhodococcus 
sp. strain AQ5‒07. Extremophiles 24, 277–291 (2020).

 14. Uhlik, O. et al. Identification of Bacteria Utilizing Biphenyl, Benzoate, and Naphthalene in Long-Term Contaminated Soil. PLoS 
ONE 7, 1 (2012).

 15. Bao, Y.-J. et al. High-throughput metagenomic analysis of petroleum-contaminated soil microbiome reveals the versatility in 
xenobiotic aromatics metabolism. J. Environ. Sci. 56, 25–35 (2017).

 16. Kumar, V. et al. Metagenomic analysis of rhizosphere microflora of oil-contaminated soil planted with barley and alfalfa. PLoS 
ONE 13, 1 (2018).

 17. Melekhina, E. N., Markarova, M. Yu., Anchugova, E. M., Shchemelinina, T. N., & Kanev, V. A. The efficiency assessment of oil 
polluted soil remediation methods. Proc. Komi Sci. Cent. Ural Div. Russ. Acad. Sci. 27, 61–70 (2016).

 18. Melekhina, E. N. et al. Assessment of the state of oil-polluted ecosystems of European Subarctic: A multidisciplinary approach. 
Theor. Appl. Ecol. 2, 99–106 (2020).

 19. Melekhina, E. N., Markarova, M. Yu., Shchemelinina, T. N., Anchugova, E. M. & Kanev, V. A. Secondary successions of biota in 
oil-polluted peat soil upon different biological remediation methods. Eurasian Soil Sci. 48, 643–653 (2015).

 20. Melekhina, E. N. The impact of oil pollution on soil microfauna of tundra communities of Far North taiga. Ekol. Cheloveka 16–23 
(2007).

 21. Melekhina, E. N. Recovery successions of soil microfauna in oil-polluted ecosystems of the European Subarctic. Biol. Bull. 47, 
97–105 (2020).

 22. Handelsman, J., Rondon, M. R., Brady, S. F., Clardy, J. & Goodman, R. M. Molecular biological access to the chemistry of unknown 
soil microbes: a new frontier for natural products. Chem. Biol. 5, 1 (1998).

 23. Fierer, N. et al. Cross-biome metagenomic analyses of soil microbial communities and their functional attributes. Proc. Natl. Acad. 
Sci. 109, 21390–21395 (2012).

 24. Jung, J., Philippot, L. & Park, W. Metagenomic and functional analyses of the consequences of reduction of bacterial diversity on 
soil functions and bioremediation in diesel-contaminated microcosms. Sci. Rep. 6, 1 (2016).

 25. Kotoky, R., Rajkumari, J. & Pandey, P. The rhizosphere microbiome: Significance in rhizoremediation of polyaromatic hydrocarbon 
contaminated soil. J. Environ. Manag. 217, 858–870 (2018).

 26. Koshlaf, E. et al. Bioremediation potential of diesel-contaminated Libyan soil. Ecotoxicol. Environ. Saf. 133, 297–305 (2016).
 27. Lesa Respubliki Komi (Forests of the Republic of Komi). (Kozubov, G.M., Taskaev, A.I., Degteva, S.V., Martynenko, V.A., Zaboeva, 

I.V., Bobkova, K.S., and Galenko, E.P., 1999).
 28. Atlas of the Republic of Komi on Climate and Hydrology. (Taskaev A.I., 1997).
 29. Atlas of Soils of the Republic of Komi. (Dobrovol’skii, G.V., Taskaev, A.I., Zaboeva, I.V., 2010).
 30. IUSS Working Group. WRB. World Reference Base for Soil Resources 2014, Update 2015. International Soil Classification System for 

Naming Soils and Creating Legends for Soil Maps. World Soil Resources Reports. vol. 106 (2015).
 31. Methods of Soil-Zoological Research. (1975).
 32. Soils. Methods for determination of specific electric conductivity, pH and solid residue of water extract. State standard. (1986).
 33. Krivolutsky, D. A. et al. Oribatid Mites: Morphology, Development, Phylogeny, Ecology, Research Methods, and Characteristic of the 

Model Species Nothrus palustris CL Koch, 1839). (1995).
 34. Fjellberg, A. The Collembola of Fennoscandia and Denmark. Part I: Poduromorpha. Fauna Entomol. Scand. 35, 1 (1998).
 35. Fjellberg, A. The Collembola of Fennoscandia and Denmark. Part 2: Entomobryomorpha and Symphypleona. Fauna Entomol. 

Scand. 42, 1 (2007).
 36. Potapov, M. Synopses on Palaearctic Collembola. V. 3. Isotomidae. (2001).
 37. Kaprus, I. J., Weiner, W. & Pasnik, G. Collembola of the genus Protaphorura Absolon, 1901 (Onychiuridae) in the Eastern Palearctic: 

morphology, distribution, identification key. ZooKeys 620, 119–150 (2016).
 38. The Key to Identify Soil Mites. in Sarcoptiformes. (Gilyarov, M.S., 1975).
 39. Subías, L. S. Listado sistemático, sinonímico y biogeográfico de los ácaros oribátidos (Acariformes, Oribatida) del mundo (1758–

2002). http:// bba. bioucm. es/ cont/ docs/RO_1.pdf (accessed on 31 March 2019, 1–536). Graellsia 60 (número extraordinario), 
3–305 (2004).

 40. Potapov, A. A., Semenina, E. E., Korotkevich, A. Yu., Kuznetsova, N. A. & Tiunov, A. V. Connecting taxonomy and ecology: Trophic 
niches of collembolans as related to taxonomic identity and life forms. Soil Biol. Biochem. 101, 20–31 (2016).

 41. Naumova, N. B., Savenkov, O. A., Alikina, T. Y. & Kabilov, M. R. Rhizosphere Bacteriobiome of the Husk Tomato Grown in the 
Open Field in West Siberia. Agric. Polnohospodárstvo 65, 147–154 (2019).

 42. Edgar, R. C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998 (2013).
 43. Edgar, R. C. UNOISE2: improved error-correction for Illumina 16S and ITS amplicon sequencing. https:// doi. org/ 10. 1101/ 081257 

(2016).
 44. Edgar, R. C. SINTAX: A simple non-Bayesian taxonomy classifier for 16S and ITS sequences. https:// doi. org/ 10. 1101/ 074161 (2016).
 45. Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naïve bayesian classifier for rapid assignment of rRNA sequences into the new 

bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267 (2007).
 46. Abarenkov, K. et al. UNITE USEARCH/UTAX release for Fungi. https:// doi. org/ 10. 15156/ BIO/ 786375 (2020).
 47. Hsieh, T. C., Ma, K. H. & Chao, A. iNEXT: an R package for rarefaction and extrapolation of species diversity ( H ill numbers). 

Methods Ecol. Evol. 7, 1451–1456 (2016).
 48. R Core Team. r-a-language-and-environment-for-statistical-computing. R-project https:// www.R- proje ct. org/.
 49. Oksanen, J. et al. vegan: Community Ecology Package. (2020).
 50. Beznosikov, V. A. & Lodygin, E. D. Ecological-geochemical assessment of hydrocarbons in soils of Northeastern European Russia. 

Eurasian Soil Sci. 43, 550–555 (2010).
 51. A letter of Ministry of protection of environment and nature resources of Russian Federation from 27.12.1993 year. №04–25–61–

5678 «About the procedure of assessment of the degree of loss from contamination of soil with chemical compounds». (1993).
 52. Zaitsev, A. S., Wolters, V., Waldhardt, R. & Dauber, J. Long-term succession of oribatid mites after conversion of croplands to 

grasslands. Appl. Soil Ecol. 34, 230–239 (2006).
 53. Holtkamp, R. et al. Soil food web structure during ecosystem development after land abandonment. Appl. Soil Ecol. 39, 23–34 

(2008).
 54. Ryabinin, N. A. & Pan’kov, A. N. Successions of Oribatid Mites (Acariformes: Oribatida) on Disturbed areas. Biol. Bull. 36, 510–515 

(2009).
 55. Coulson, S. J. et al. Microarthropod communities of industrially disturbed or imported soils in the High Arctic; the abandoned 

coal mining town of Pyramiden, Svalbard. Biodivers. Conserv. 24, 1671–1690 (2015).
 56. Coulson, S. J. et al. The invertebrate fauna of anthropogenic soils in the High-Arctic settlement of Barentsburg, Svalbard. Polar 

Res. 32, 19273 (2013).
 57. Krivolutsky, D. A. Soil fauna in environmental control. (1994).
 58. Behan-Pelletier, V. M. Oribatid mite biodiversity in agroecosystems: Role for bioindication. Agric. Ecosyst. Environ. 74, 411–423 

(1999).
 59. Khalil, M. A., Janssens, T. K. S., Berg, M. P. & van Straalen, N. M. Identification of metal-responsive oribatid mites in a comparative 

survey of polluted soils. Pedobiologia 52, 207–221 (2009).

http://bba.bioucm.es/cont/
https://doi.org/10.1101/081257
https://doi.org/10.1101/074161
https://doi.org/10.15156/BIO/786375
https://www.R-project.org/


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19620  | https://doi.org/10.1038/s41598-021-98680-8

www.nature.com/scientificreports/

 60. Melekhina, E. N. Recovery of soil invertebrates after oil pollution: importance of composition and development degree of plant 
community. Vestn. Inst Biol Komi Nauch Tsentra Ural Otd Ross Akad Nauk 208, 9–17 (2019).

 61. Melekhina, E. N. & Krivolutsky, D. A. Perennial dynamics of population of microarthropods of epiphytic lichens in the area 
Chernobyl Atomic power station. Proc. Komi Sci. Cent. Ural Branch RAS 127, 60–72 (1993).

 62. Saifutdinov, R. A., Sabirov, R. M. & Zaitsev, A. S. Springtail (Hexapoda: Collembola) functional group composition varies between 
different biotopes in Russian rice growing systems. Eur. J. Soil Biol. 99, 103208 (2020).

 63. Malmström, A. Life-history traits predict recovery patterns in Collembola species after fire: A 10 year study. Appl. Soil Ecol. 56, 
35–42 (2012).

 64. Mikola, J., Sørensen, L. I. & Kytöviita, M.-M. Plant removal disturbance and replant mitigation effects on the abundance and 
diversity of low-arctic soil biota. Appl. Soil Ecol. 82, 82–92 (2014).

 65. Larsen, T., Schjønning, P. & Axelsen, J. The impact of soil compaction on euedaphic Collembola. Appl. Soil Ecol. 26, 273–281 
(2004).

 66. Filser, J., Wittmann, R. & Lang, A. Response types in Collembola towards copper in the microenvironment. Environ. Pollut. 107, 
71–78 (2000).

 67. Czarny, J. et al. Metagenomic Analysis of Soil Bacterial Community and Level of Genes Responsible for Biodegradation of Aromatic 
Hydrocarbons. Pol. J. Microbiol. 66, 345–352 (2017).

 68. Sutton, N. B. et al. Impact of Long-Term Diesel Contamination on Soil Microbial Community Structure. Appl. Environ. Microbiol. 
79, 619–630 (2013).

 69. Yergeau, E., Sanschagrin, S., Beaumier, D. & Greer, C. W. Metagenomic analysis of the bioremediation of diesel-contaminated 
Canadian high arctic soils. PLoS ONE 7, 1 (2012).

 70. Ferguson, D. K. et al. Natural attenuation of spilled crude oil by cold-adapted soil bacterial communities at a decommissioned 
High Arctic oil well site. Sci. Total Environ. 722, 137258 (2020).

 71. Peng, M., Zi, X. & Wang, Q. Bacterial community diversity of oil-contaminated soils assessed by high throughput sequencing of 
16S rRNA genes. Int. J. Environ. Res. Public. Health 12, 12002–12015 (2015).

 72. Kuang, S. et al. Soil microbial community structure and diversity around the aging oil sludge in yellow river delta as determined 
by high-throughput sequencing. Archaea 2018, 1–10 (2018).

 73. Meeboon, N., Leewis, M.-C., Kaewsuwan, S., Maneerat, S. & Leigh, M. B. Changes in bacterial diversity associated with bioreme-
diation of used lubricating oil in tropical soils. Arch. Microbiol. 199, 839–851 (2017).

 74. Auti, A. M., Narwade, N. P., Deshpande, N. M. & Dhotre, D. P. Microbiome and imputed metagenome study of crude and refined 
petroleum-oil-contaminated soils: Potential for hydrocarbon degradation and plant-growth promotion. J. Biosci. 44, 114 (2019).

 75. Docherty, K. M. et al. Key edaphic properties largely explain temporal and geographic variation in soil microbial communities 
across four biomes. PLoS ONE 10, 1 (2015).

 76. Sun, S., Li, S., Avera, B. N., Strahm, B. D. & Badgley, B. D. Soil bacterial and fungal communities show distinct recovery patterns 
during forest ecosystem restoration. Appl. Environ. Microbiol. 83, 1 (2017).

 77. Ciccarelli, F. D. Toward automatic reconstruction of a highly resolved tree of life. Science 311, 1283–1287 (2006).
 78. Yarza, P. et al. Update of the All-Species Living Tree Project based on 16S and 23S rRNA sequence analyses. Syst. Appl. Microbiol. 

33, 291–299 (2010).
 79. Sun, W. et al. Profiling microbial community structures across six large oilfields in China and the potential role of dominant 

microorganisms in bioremediation. Appl. Microbiol. Biotechnol. 99, 8751–8764 (2015).
 80. Naether, A. et al. Environmental factors affect acidobacterial communities below the subgroup level in grassland and forest soils. 

Appl. Environ. Microbiol. 78, 7398–7406 (2012).
 81. Mannisto, M. K., Tiirola, M. & Haggblom, M. M. Bacterial communities in Arctic fjelds of Finnish Lapland are stable but highly 

pH-dependent: Bacterial communities in Arctic fjelds of Finnish Lapland. FEMS Microbiol. Ecol. 59, 452–465 (2007).
 82. Kielak, A. M., Barreto, C. C., Kowalchuk, G. A., van Veen, J. A. & Kuramae, E. E. The ecology of acidobacteria: Moving beyond 

genes and genomes. Front. Microbiol. 7, 1 (2016).
 83. Bhatti, A. A., Haq, S. & Bhat, R. A. Actinomycetes benefaction role in soil and plant health. Microb. Pathog. 111, 458–467 (2017).
 84. Liu, Q. et al. Response of microbial community and catabolic genes to simulated petroleum hydrocarbon spills in soils/sediments 

from different geographic locations. J. Appl. Microbiol. 123, 875–885 (2017).
 85. Mikolasch, A. et al. Diversity and degradative capabilities of bacteria and fungi isolated from oil-contaminated and hydrocarbon-

polluted soils in Kazakhstan. Appl. Microbiol. Biotechnol. 103, 7261–7274 (2019).
 86. Varjani, S. J. Microbial degradation of petroleum hydrocarbons. Bioresour. Technol. 223, 277–286 (2017).
 87. Borowik, A., Wyszkowska, J. & Wyszkowski, M. Resistance of aerobic microorganisms and soil enzyme response to soil contamina-

tion with Ekodiesel Ultra fuel. Environ. Sci. Pollut. Res. 24, 24346–24363 (2017).
 88. Ros, M., Rodríguez, I., García, C. & Hernández, T. Microbial communities involved in the bioremediation of an aged recalcitrant 

hydrocarbon polluted soil by using organic amendments. Bioresour. Technol. 101, 6916–6923 (2010).
 89. Hara, A., Syutsubo, K. & Harayama, S. Alcanivorax which prevails in oil-contaminated seawater exhibits broad substrate specificity 

for alkane degradation. Environ. Microbiol. 5, 746–753 (2003).
 90. Xu, R., Zhang, Z., Wang, L., Yin, N. & Zhan, X. Surfactant-enhanced biodegradation of crude oil by mixed bacterial consortium 

in contaminated soil. Environ. Sci. Pollut. Res. 25, 14437–14446 (2018).
 91. de Castro, V. H. L., Schroeder, L. F., Quirino, B. F., Kruger, R. H. & Barreto, C. C. Acidobacteria from oligotrophic soil from the 

Cerrado can grow in a wide range of carbon source concentrations. Can. J. Microbiol. 59, 746–753 (2013).
 92. Jones, R. M., Hedrich, S. & Johnson, D. B. Acidocella aromatica sp. nov.: an acidophilic heterotrophic alphaproteobacterium with 

unusual phenotypic traits. Extremophiles 17, 841–850 (2013).
 93. Rosenberg, N. A. Genetic structure of human populations. Science 298, 2381–2385 (2002).
 94. Chandran, P. & Das, N. Role of plasmid in diesel oil degradation by yeast species isolated from petroleum hydrocarbon-contam-

inated soil. Environ. Technol. 33, 645–652 (2012).
 95. Bempelou, E. D., Vontas, J. G., Liapis, K. S. & Ziogas, V. N. Biodegradation of chlorpyrifos and 3,5,6-trichloro-2-pyridinol by the 

epiphytic yeasts Rhodotorula glutinis and Rhodotorula rubra. Ecotoxicology 27, 1368–1378 (2018).
 96. Ran, H., Zhang, J., Gao, Q., Lin, Z. & Bao, J. Analysis of biodegradation performance of furfural and 5-hydroxymethylfurfural by 

Amorphotheca resinae ZN1. Biotechnol. Biofuels 7, 51 (2014).

Acknowledgements
This work was carried out using the SB RAS Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia) and 
facilities of the Center of Collective Usage “Molecular Biology” and in the “Ecoanalit” laboratory of the IB FRC 
Komi SC UB RAS (Syktyvkar, Russia).

Author contributions
E.N.M.: Conceptualization, Funding acquisition, Project administration, Supervision, Investigation, Roles/Writ-
ing—original draft; E.S.B.: Investigation, Formal analysis, Roles/Writing—original draft; M.Yu.M.: Investigation, 



16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19620  | https://doi.org/10.1038/s41598-021-98680-8

www.nature.com/scientificreports/

Methodology; A.A.T.: Investigation, Roles/Writing—original draft; E.E.R.: Investigation; O.A.B.: Investigation, 
Formal analysis, Writing—review & editing; M.R.K.: Investigation, Formal analysis, Writing—review & editing, 
Methodology; I.O.V.: Methodology, Formal analysis, Roles/Writing—original draft.

Funding
This work was supported by the RFBR No. 18–29-05028 mk and by the Ministry of Science and Higher 
Education of the Russian Federation (Project No. AAAA-A17-117112850235–2). Metataxonomics analy-
sis is partially supported by Ministry of Science and Higher Education of the Russian Federation project No. 
AAAA-A17-117020210021–7.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 98680-8.

Correspondence and requests for materials should be addressed to I.O.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-98680-8
https://doi.org/10.1038/s41598-021-98680-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Soil microbiota and microarthropod communities in oil contaminated sites in the European Subarctic
	Materials and methods
	Study area. 
	Study site descriptions. 
	Soil sample collection. 
	Soil chemical analyses. 
	Soil invertebrates. 
	Soil metataxonomics analysis. 
	Statistical analyses. 

	Results and discussion
	Soil chemical properties. 
	Soil microarthropods. 
	Oribatid mites. 
	Collembola. 
	Other groups of arthropods. 

	Soil microbiome. 
	Bacteria. 
	Fungi. 


	Conclusion
	References
	Acknowledgements


