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Abstract
Urban and technogenic landscapes in subarctic zones are not considered comfortable habitats for soil microbiota. However, 
green infrastructures in polar cities can provide a new niche for the development of a microbial soil community. Soil micro-
bial biomass and the diversity of cultivable microfungi have been studied in relation to the chemical and morphological 
properties of urban soils in the polar city of Apatity. The quantitative indicators based on fluorescence microscopy and PCR 
real-time methods as well as the qualitative composition of the cultivable microfungal community were used to characterize 
the microbial community. Changes in the morphological and chemical composition of urban soils included a shift in pH and 
increased C and N content compared with forest soil. Studies have shown that the biomass of microfungi and actinomycetes 
in urban soils was lower than in forest soils and equals 0.12–0.19 mg/g and 0.06–0.44 × 10−3 mg/g, respectively. Bacterial 
biomass, on the contrary, increased in urban soils up to 2.6 × 10–3 – 5.6 × 10–3 mg/g. The number of ITS gene copies of fungi 
in urban soils varied from 5.0 × 109 to 1.45 × 1010 copies/g of soil, reaching the highest values in the courtyard. The number 
of rRNA gene copies of bacteria and archaea in urban soils increased compared with forest soil and amounted to 2.37 × 1010 
– 9.99 × 1010 and 0.4 × 1010 – 0.8 × 1010 copies/g of soil, respectively. In urban soils, morphological changes in microfungi, 
including the predominance of small spores, were revealed in comparison with forest soils, where mycelium prevailed. An 
increase in the diversity of microfungi in urban soil and changes in the structure of their communities compared with forest 
soil was noted. Microfungi found in urban soils are not typical of the background soils of the region and would be expected 
in more southern conditions. Among them, opportunistic fungi species have been identified in humans, which increases the 
risk of diseases in residents of the northern region.
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Introduction

Urbanization remains a key land-use change trend responsi-
ble for irreversible changes in vegetation and soils all over 
the globe (Sharma et al. 2016; UN 2018). Environmental 
consequences of urbanization are most remarkable in regions 
in which ecosystem restoration and development are con-
strained by climatic and soil conditions. In polar regions, 
plant growth and soil-forming processes are hampered by 
low temperatures and nutrient deficiencies (Goryachkin et al. 
1999; Grosse et al. 2011). Urbanization here coincides with 
the substitution of natural soils with urban soils and soil con-
structions, whose properties and functions are considerably 
different from their natural counterparts (Korneykova et al. 
2021; Polyakov et al. 2018; Saltan and Sviatkovskaya 2020).

Soil microbial properties are highly sensitive to anthropo-
genic distrubance, and the considerable impact of urbaniza-
tion on microbial soil activity and diversity was reported for 
various cities and climates (Deeb et al. 2020; Ivashchenko 
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et al. 2019; Piotrowska-Dlugosz and Charzynski 2015). 
Direct effects of urbanization on soil microbiome include 
pollution (Vasenev et al. 2013; Yang et al. 2006), saliniza-
tion (Gavrichkova et al. 2020; Litalien and Zeeb 2020), and 
overcompaction (Dovletyarova et al. 2017), which retard 
microbial activity and biomass growth. By contrast, devel-
opment of urban green infrastructures using artificial soils 
based on substrates rich in easily mineralizable carbon (e.g., 
compost, peat, or organic wastes) can increase microbial 
biomass (Slukovskaya et al. 2019) and enzymatic activ-
ity (Ditterich et al. 2016) and trigger microbial succession 
(Vogel et al. 2014). Indirectly, the soil microbial commu-
nity can be affected by an urban heat island, a mesoclimatic 
anomaly with a considerable temperature increase in cen-
tral and densely built-up areas compared with the suburbs 
(Konstantinov et al. 2018; Shi et al. 2012). The impact of 
an urban heat island on soil microbial community can be 
particularly relevant in polar cities, where low temperatures 
are the primary limiting factor (Demin et al. 2016; Kirtsideli 
et al. 2016).

Conventionally, microbiological studies of urban soils have 
been conducted in temperate climates, neglecting the polar 
regions (Guilland et al. 2018; Stepanov et al. 2005). A few 
recent studies focus on industrial and technogenic sites, where 
a combination of severe climatic conditions and high pollution 
creates extremely unfavorable conditions for the soil microbial 
community (Gladkov et al. 2019; Slukovskaya et al. 2020). By 
contrast, residential activities and the development of green 
urban infrastructures can create new niches for the microbial 
soil community. Green zones and courtyards are less exposed 
to anthropogenic pressure and more favorable in climate and 
soil conditions (Peltola and Åström 2003). Higher microbial 
biomass and basal respiration were reported for recreational 
and residential areas compared with the industrial and roadside 
areas of Moscow (Demina et al. 2018; Sushko et al. 2019), 
Beijing (Zhao et al. 2013), and New York (Huot et al. 2017). 
For polar cities, similar patterns were described for Murmansk 
(Peretrukhina 2011; Turchanovskaya and Bogdanova 2011), 
Kandalaksha (Marfenina et al. 2002), and Pyramiden (Mazei 
et al. 2018).

Most of the previous studies’ quantifying of urban 
soils’ microbial community used indirect methods such 
as the microbiological plating method, on various nutri-
ent media (Ball and Virginia 2014; Bridge and Spooner 
2012) or measurement of CO2 microbial production 
suppressing bacterial activity by fumigation-extraction 
(Ananyeva et  al. 2006; Oechel et  al. 1997). Assess-
ments of fungal biomass by luminescent microscopy 
are rare (Ananyeva et al. 2006; Ball and Virginia 2014; 
Schmidt and Bolter 2002). The quantitative parameters 
of the urban soils’ microbiome, including the taxonomic 
structure of microbial biomass and the number of ribo-
somal genes, remain overlooked. This methodological 

bias constrains the assessment of the potential for green 
urban infrastructures in polar cities to provide such 
important functions and ecosystem services as habitats 
for soil microbial community and biodiversity. Therefore, 
we will docomprehensive analysis of microbial biomass 
and the activity and diversity of cultivable microfungi 
in soils of urban green infrastructures in Apatity, a polar 
city in Russia.

Material and methods

Research area

Apatity (67.5°N, 33.4°E) is located on the Kola Peninsula on 
the left bank of the Belaya River between Imandra Lake and 
the Khibiny Mountains. The city area has a low hilly relief 
with an average elevation of 150–200 m a.s.l. The climate of 
Apatity is continental, cold, and humid (Kottek et al. 2006). 
The average monthly temperatures in January and July are 
–13.5 and + 13.5 °C, respectively; however, the minimum 
recorded temperature was –47 °C. The average annual pre-
cipitation is 853 mm, with a considerable contribution of 
snow (more than 60%) (https://​ru.​clima​te-​data.​org; https://​
www.​weath​eronl​ine.​co.​uk/). The central part of the city is 
exposed to the urban heat island effect resulting in an air 
temperature increase up to 3.2 °C compared with the suburbs 
(Konstantinov et al. 2015). Natural vegetation is typical for 
the north taiga subzone, and natural soils are dominated by 
Podzols and Histosols (Pereverzev 2004); however, urbanized 
and urban soils and soil constructions are spread inside the 
city boundaries (Saltan and Sviatkovskaya 2020; Vasenev 
et al. 2019; Vikhman et al. 2008). Founded in 1926 as an 
industrial and mining settlement, Apatity today is the fifth 
largest city in a polar zone with a population over 55,000 
people and a population density above 1400 citizens/km2. 
Although mining industries dominate the city economy, tour-
ism is becoming more popular (AMAP 2017).

Site description

This research focused on the soils of the urban green 
infrastructure in Apatity (an urban park with external and 
inner courtyards) compared with arable and forest sites 
(Fig. 1). Soil pits were laid on similar geomorphological 
positions: flat surfaces of hilly plains with gentle slopes 
(structural terraces and hilltops) outside the zone of ero-
sion processes. Soil pits were excavated at each of the sites 
for soil description, morphological analysis, and classifica-
tion according to World Reference Base (IUSS Working 
group WRB 2015). The sampling was conducted in June 
2019. For chemical analysis, the samples were taken from 
soil horizons, transported to the lab, air-dried (22 °C), 

https://ru.climate-data.org
https://www.weatheronline.co.uk/
https://www.weatheronline.co.uk/
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and sieved (mesh 2 mm). For the microbiological analy-
sis, the samples were collected from a depth of 0–10 cm 
and stored at –18 °C for luminescent microscopy and at 
–70 °C for molecular analyses. Cultivable microfungi were 
identified in fresh samples the day after collection. Bulk 
density samples were taken from each horizon by cups and 
analyzed in the lab using the dry weight approach (Shein 
et al. 2007).

Soil chemical properties

The pH value (soil: water = 1:5) and hydrolytic acidity 
(soil: 1 M CH3COONa = 1:2.5 for mineral and 1:150 for 
organic soils) were measured by electrometric technique 
(pH-meter Radelkis OP-300). Soil organic carbon (SOC) 
and total nitrogen (TN) were determined by dry combus-
tion on a Vario Isotope CNSH analyzer. Carbon and nitro-
gen stocks were calculated for each layer separately, con-
sidering its thickness and bulk density. The concentration 
of heavy metals (Ni, Cu, and Pb) extracted by 5.0 M HNO3 
was determined by inductively coupled plasma mass spec-
trometry (ISO/TS 16965 2013).

Microbial biomass

The number of cells and biomass of prokaryotes were 
determined using the luminescence microscopy method 
(«Zeiss Axioskop 2 plus» microscope [Germany], × 100, 
oil immersion) using acridine orange fluorescence. Desorp-
tion of cells from soil particles was performed by ultrasound 
«UDNZ-1» device (2 min, 22 kHz, 0.44 A) (Polyanskaya 
and Zvyagintsev 2005). Six preparations were made from 
each soil sample, and cells were counted in 30 observation 
fields. The number of prokaryotic cells per gram of soil was 
calculated according to Eq. (1):

where N is the number of cells per 1 g of substrate; S1 is 
the area of the preparation, μm2; a is the number of cells in 
one observation field; n is the dilution rate of the bacterial 
mixture, ml; V is the volume of the drop applied to the glass, 
ml; S2 is the area of the observation field of the microscope, 
μm2; and C is the soil mass, g.

The number of fungal propagules and the length of the 
fungal mycelium were also determined by luminescence 

(1)N = S1 × a × n∕V × S2 × C,

Fig. 1   Regional soil conditions and location of the research sites: an urban park (1-S-R), inner courtyard (3-RZ-I), external courtyard (2-RZ-O), 
arable (4-AR) and forest (5-FT) areas
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microscopy («Biomed 5PR LUM» microscope [Rus-
sia], × 40) using calcofluor white fluorescence. Cell des-
orption from soil particles was conducted with the «MSV-
3500» vortex [Latvia] at a speed of 3500 rpm for 10 min) 
(Polyanskaya and Zvyagintsev 2005). From each sample, 
3 preparations were made, and cells were counted in 90 
observation fields. The number of fungal cells per gram of 
substrate was calculated following Eq. (2). The length of the 
fungal mycelium in grams of the sample was determined 
following Eq. (3):

where M is the number of cells in 1 g of soil; a is the average 
number of cells in the field of view; p is the area of the field 
of view, μm2; and n is the dilution index.

In Eq. (3) NMA is the length of the mycelium, m; S1 is 
the area of the preparation, μm2; a is the average length of 
the fragments of mycelium in the field of view, μm; n is the 
suspension dilution index, ml; v is the volume of the drop 
applied to the glass, ml; S2 is the area of the field of view of 
the microscope, μm2; and c is the sample weight, g.

The length of actinomycete mycelium in grams of the 
sample was determined using Eq. (4):

where M is the length of the mycelium in 1 g of soil (m/g), 
a is the average length of mycelium in the field of view, p 
is the field of view area (µm2), and n is the dilution index.

Fungal biomass (mg/g of soil) was estimated based on 
the assumption that the spore density was 0.837 g/cm3 and 
the mycelium density was 0.628 g/cm3 (Polyanskaya and 
Zvyagintsev 2005). The content of fungal biomass per gram 
of dry soil was calculated considering its moisture content.

Number of gene copies

Quantitative assessment of the content of ribosomal gene 
copies of bacteria, archaea, and ITS gene copies of fungi 
was performed by real-time polymerase chain reaction 
(PCR). Primers for the 16S rRNA gene were used to 
account for archaea and bacteria, and primers for the ITS 
region were used to account for fungi. The reaction was 
performed in a Real-Time CFX96 Touch amplifier («Bio-
Rad»). The reaction mixture was prepared from SuperMix 
Eva Green («Bio-Rad»). The Escherichia coli (Sigma) 
ribosomal operon was used as the control for bacteria, 
the FG-07 Halobacterium salinarum strain for archaea 
(Jurgens and Saano 1999), and the Saccharomyces cer-
evisiae Meyen 1B-D1606 yeast strain for fungi. For each 

(2)M = ((4 × a × n)∕p) × 10
10
,

(3)NMA = S1a n∕vS2c × 10
6
,

(4)M = 4an × 10
10∕p,

sample, the reaction was performed in 3 repetitions. Gene 
concentrations were calculated using CFX Manager soft-
ware. The concentration of genes in the DNA preparations 
was converted into the number of genes per gram of soil, 
considering the dilutions and weight of the sample.

Diversity of the cultivable microfungi

Diversity of the cultivable microfungi was determined by 
the plating method on a Chapek´s medium with lactic acid 
(4 ml/l) to inhibit bacteria (Zvyagintsev 1991). Incubation 
was performed in a thermostat at a temperature of + 27 °C 
for 7–10 days and + 5 °C for 5–6 weeks to further isolate 
psychrotolerant strains. The species diversity of microfungi 
was performed based on cultural and morphological features 
(Olympus CX41 microscope) using keys (Domsch et al. 
2007; Klich 2002; Seifert et al. 2011). The species name and 
systematic position were derived from the database: CABI 
Bioscience Databases (http://​www.​index​fungo​rum.​org). For 
the species isolated as sterile mycelium, identification was 
based on the analysis of the ITS1–5.8 S–ITS2 rDNA site. 
DNA isolation was performed using the method described 
by Glushakova et al. (2011), but the strains were subjected to 
3 treatment cycles because mycelial fungi are more resistant 
to external influences than yeast. Sequencing of DNA sec-
tions was done using a set of reagents, BigDye Terminator 
V. 3.1 Cycle Sequencing Kit (Applied Biosystems, USA), 
with subsequent analysis of reaction products on the applied 
Biosystems 3130l Genetic Analyzer sequencer at the Syntol 
research and production center (Moscow). The abundance 
(density) of microfungi species was determined according 
to Eq. (5):

where C is abundance, %; n is the number of isolates of a 
particular species; and N is the total number of isolates of all 
species. The similarity of the microfungal complexes species 
composition was evaluated by the Sørensen–Czekanowski 
index.

Statistical analysis

The analytical measurements were carried out in three rep-
licates per sample for chemical and microbiological proper-
ties. The significance of differences in experimental data 
between the studied options (independent groups) was 
assessed using the Student’s t-test. Relationship between 
chemical and microbiological properties was analyzed using 
correlation analysis (Pearson’s correlation coefficient). The 
analysis of the qualitative similarity of the species and con-
struct the dendrogram was carried out using cluster analysis. 

(5)C = (n∕N) × 100,

http://www.indexfungorum.org
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Experimental data was statistically processed and visualized 
by Microsoft Office Excel 2016 and Statistica 8.0.

Results

Soil morphological and chemical properties

The soil profile at the natural forest (5-FT) site was classified 
as Folic Leptic Albic Podzol (Arenic) because of clearly vis-
ible albic (E) and spodic (Bs) horizons. Iron migration and 
accumulation were the main processes of soil formation at 
the area. The accumulation of litter and its slow mineraliza-
tion in cold climatic conditions resulted in a folic (O) hori-
zon. At the arable site (4-AR), the soil profile was consider-
ably transformed by long-term ploughing with the addition 
of fertilizer, resulting in a plaggic horizon (Ap) underlined 
by a loose spodic (Bs) horizon. Urbanization resulted in 
considerable soil transformation, clearly visible from soil 
profiles excavated in Apatity. The soil profile observed at 
the inner courtyard (3-RZ-I) inherited the main natural fea-
tures, including albic and spodic horizons. The anthropo-
genic effect mainly altered the processes of humification and 
carbon (SOC) accumulation and resulted in the Au horizon. 
Similar Au horizons were identified in soil profiles at the 
park (1-S-R) and external yard (2-RZ-O) sites. Soils at these 
sites were exposed to the longer or more intensive anthro-
pogenic effect, which altered both topsoil and subsoil and 
resulted in the formation of a mineral Bu horizon. A clear, 

straight boundary with the underlying buried Bs horizon and 
inclusions of artifacts (i.e., bricks, glass, and rubber parti-
cles) identifies the anthropogenic origin of the Bu horizon. 
Subsoil horizons (BCg) at all the sites had visible gleyic 
spots resulting from high precipitation and slow evaporation, 
which are typical of the subarctic climate, and poor drainage 
by the rocky parent material (Fig. 2).

The results of physical and chemical soil analysis con-
firm the anthropogenic effects identified based on soil 
profile descriptions. Anthropogenic disturbance increased 
topsoil bulk density with the highest values obtained for 
croplands. Soil pH in urban sites was significantly higher 
than in cropland and forest sites. This is a typical feature of 
urban soils, usually explained by the alkalization effect of 
lime-containing dust deposition from building construction 
(Kosheleva et al. 2018; Straigytë et al. 2019; Vasenev et al. 
2019). The content of available phosphorus in urban soils 
was also higher than in the natural and arable soils, likely 
caused by implementation of fertilizers and deposition from 
the mining industries (Zhang et al. 2001). The heavy met-
als’ contents at the urban sites did not exceed the health 
thresholds (approximated permissible concentrations, APC, 
HS-2.1.7.2511-09 2009) and were comparable to or even 
lower than cropland and forest sites (Table 1).

The most remarkable effects of urbanization were 
observed for SOC and N stocks. In urban soils SOC 
were, on average, 20%–40% higher than in arable lands 
and twice as high as in forest soils. Profile distributions 
were also different. In arable and forest soil profiles, 

Fig. 2   Vegetation and soil 
profiles at the research sites (see 
Fig. 1 for abbreviations)
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SOC stocks in the top 10 cm were 42% and 57% of total 
stocks for the whole profiles whereas this contribution 
was 25%–35%. in urban topsoil similar patterns were 
observed for N stocks (Fig. 3). The C/N ratio ranged from 
17 to 27 with a median of 20. The highest values were 
observed in forest topsoil, where SOC content was high 
due to slow litter decomposition. We did not observe a 
significant difference in the C/N ratio between croplands 
and urban soils.

Soil microbial biomass

For all the sites, fungi dominated soil microbial biomass. 
The biomass of fungi and actinomycete in forest soils was 
significantly higher than in urban soils (t-test, p < 0.05). By 
contrast, the biomass of bacteria (4.3 × 10-3) in urban soils 
was significantly (t-test, p < 0.05) higher than in the forest 
(1.49 × 10-3) and cropland (2.09 × 10-3) sites. Among the 
urban sites, soils in the external courtyard (2-RZ-O) had the 

Table 1   Physical and chemical 
properties of soils in Apatity 
and neighboring non-urban sites

Horizon Depth, cm Density
g/cm3

pH AP
mg/100 g

Ni Cu Pb
mg/kg

1-S-R Someriumbric Leptic Entic Podzol (Arenic, Technic)
Au 0–12 0.98 6.34 46.23 29 30 5
Bu 12–31 1.18 6.87 17.92 15 30 3
Bs 31–45 1.30 6.94 1.23 33 52 3
BCg 45–55 1.30 6.85 16.89 26 54 3
2-RZ-O Someriumbric Leptic Entic Podzol (Arenic, Technic)
Au 0–15 0.79 6.49 55.66 26 62 11
Bu 15–27 1.00 7.01 2.36 28 75 4
Bs 27–35 1.30 6.98 0.85 17 135 7
BCg 35–55 1.30 7.06 19.43 31 145 3
3-RZ-I Someriumbric Leptic Albic Podzol (Arenic)
Au 0–5 0.63 6.24 189.62 29 45 17
E 5–10 0.80 5.99 4.25 3 94 6
Bs 10–15 0.75 5.68 13.21 17 84 3
Bs 20–25 1.10 5.62 10.28 27 118 2
BCg 25–35 1.2 5.63 22.26 30 143 3
4-AR Plaggic Entic Podzol (Arenic)
Ap 0–5 1.18 5.91 26.32 26 155 6
Bs 20–25 1.30 5.42 3.21 15 108 4
BCg 30–35 1.40 5.93 3.21 38 61 4
C 45–50 1.40 5.92 8.77 20 127 3
5-FT Folic Leptic Albic Podzol (Arenic)
O 0–5 0.32 6.19 50.94 40 112 8
E 7–10 1.00 5.78 1.51 7 86 7
Bs 15–20 1.36 6.03 6.32 33 162 5
BC 40–45 1.53 5.89 29.25 14 74 2

Fig. 3   Profile distribution of 
soil organic carbon (left) and 
total nitrogen (right) stocks in 
Apatity
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highest bacterial biomass (5.6 × 10-3) and the lowest bio-
mass of fungi (13 × 10-2) and actinomycete (0.063 × 10-3) 
compared with the other sites (Fig. 4). The length of the 
fungal mycelium at different urban sites varied from 27.95 
m (3-RZ-O) to 104.16 m (1-S-R), which was 2 to 6 times 
shorter than at the forest site. Similarly, the length of actino-
mycete mycelium in forest soil (19.66 m/g) was significantly 
higher than in arable (0.18 m/g) and urban (7.06 m/g) soils.

The share of resting single- and oligocellular spores and 
mycelium in fungal biomass characterizes the soil mycobiota 
(Nikitin et al. 2017). The share of 66%–70% mycelium dom-
inated the fungal biomass in the forest site (5-FT) and in the 
urban park (1-S-R) whereas the dominating role of spores 
(up to 80%) was observed at the other sites. The number of 
fungal spores ranged from several thousand to several hun-
dred thousand per gram of soil (Table 2). Fungal spores were 
represented by small (2–3 microns) and large (≥ 5 microns) 
forms. Small spores predominated (104–105 cells/g of soil) 
whereas large propagules were no more than 103 cells/g of 
soil. The contribution of large spores to the total number 
of propagules was 10%–15% for all sites whereas the total 
mass of large spores was higher than the mass of small prop-
agules. According to the results of the correlation analysis, 
a significant relationship was found between the number 
of large spores and SOC content (r = 0.7); and between the 
number of large spores and pH (r = 0.9). This dependence 
was noted earlier in a number of other works (Polyanskaya 
and Zvyagintsev 2005; Nikitin et al. 2017).

The shape of fungal spores was considered a marker to 
determine a particular taxon. The bio morphological features 

of the small spores did not differ among the sites. They have 
spherical or oval shapes without any noticeable irregulari-
ties. For the large spores, the specific didymospores and 
dictyospores, as well as macrospores Fusarium and spores 
Alternaria, Phoma, and Ulocladium, were observed in urban 
soils, where they gave 5% of all large spores. The thickness 
of the fungal hyphae ranged from 2.5 to 4 microns, with 
larger-diameter mycelium observed only in the forest soil. 
Buckled basidiomycete mycelium was found only in the soil 
of the urban park (1-S-R) and forest (5-FT), where its share 
was 21% and 38%, respectively.

Number of gene copies

The number of rRNA gene copies of bacteria in the urban soil 
ranged from 2.37 × 1010 to 9.99 × 1010 copies of genes/g of 
soil, compared with the 6.75 × 1010 copies of genes/g of soil 
in the forest. Bacteria prevailed over other groups of microor-
ganisms at all sites by the number of gene copies. Their pro-
portion of percentage was up to 80% of the total number of 
gene copies of all microorganisms. The share of archaea and 
fungi did not exceed 5%–10%. The average number of rRNA 
gene copies of archaea (0.89 × 1010) in urban soils was lower 
than in forest soil (1.22 × 1010). The average number of ITS 
gene copies of fungi (0.63 × 1010) in urban soils was lower 
than in arable (0.95 × 1010) and forest (1.14 × 1010) soils. The 
lowest number of microorganism gene copies was found in 
the park (1-S-R), where it was two and three times lower than 
in the external and inner yards, respectively (Fig. 5).

Fig. 4   Bacterial (A), actinomycete (B) and fungal (C) biomass in urban, arable and forest soils
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Diversity of soil microfungi

The diversity of cultivable microfungi was represented by 22 
species belonging to 11 genera, 9 families (Aspergillaceae, 
Ceratocystidaceae, Chaetomiaceae, Hypocreaceae, Mor-
tierellaceae, Nectriaceae, Stachybotryaceae, Torulaceae, 
Umbelopsidaceae), 7 orders (Eurotiales, Hypocreales, 
Microascales, Mortierellales, Pleosporales, Sordariales, 
Umbelopsidales), 5 classes (Dothideomycetes, Eurotiomy-
cetes, Mortierellomycetes, Sordariomycetes, Umbelopsi-
domycetes), and 3 divisions (Ascomycota, Mortierellomy-
cota, Mucoromycota) (Table 3). The Mortierellomycota 
division was represented by the genera Mortierella and 
the Mucoromycota division was represented by the genera 
Mortierella and Umbelopsis. The Ascomycota division was 
represented by 8 anamorphic genera (Acremonium, Aspergil-
lus, Berkeleyomyces, Fusarium, Penicillium, Stachybotrys, 
Torula, Trichocladium). One type of sterile mycelium iso-
lates of uncertain taxonomic position was reported because 
of the difficult cultivation.

The total number of species isolated from the arable soils 
was half that of all the other sites, where 7 to 10 species were 
found. In total, 17 species of microfungi were isolated from 
urban soils, which was considerably higher than in the forest 
and arable soils, indicating additional ecological niches and 
increased microfungal diversity in urban green infrastruc-
tures. According to cluster analysis, the species diversity 
of microfungi differed significantly between the sites. The 
value of the Sørensen coefficient was low for different sites 
(34%–43%), with the exception of 3-RZ-I and S-R zones 
(Fig. 6). Some species were not site specific; for example, 
Trichocladium griseum, a typical phytopathogen and cellulo-
lytic (Domsch et al. 2007), was isolated from all the studied 
sites excluding 3-RZ-I. Many others were typical only for 
urban (e.g., Penicillium spinulosum and P. simplicissimum), 
arable (e.g., Aspergillus fumigatus and Trichoderma kon-
ingi), or forest (e.g., Penicillium aurantiogriseum, P. decum-
bens, Acremonium felinum and Berkeleyomyces basicola) 
soils. Microfungi P. nalgiovense and Stachybotrys echina-
tus were isolated only from urban park soil (S-R) whereas 
P. canescens was found only in the inner courtyard and P. 
dierckxii, Torula sp. were found in the external courtyard 
soil.

Discussion

Urbanization effects on soil properties in subarctic zone

The comparative analysis of forest, arable, and urban soils in 
Apatity revealed the effects of urbanization on soil formation 
and functioning. The observed changes in morphological 
and basic chemical properties, including formation of Au Ta
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horizons, an increased number of artifacts, and a shift in 
pH, were similar to those described for Moscow (Prokofyeva 
et al. 2011, 2014), St. Petersburg (Aparin and Sukhacheva 
2014; Pashkevich et al. 2020), Stuttgart (Lehmann and Stahr 
2007), and other cities with temperate climates. Mainly, 
the urban topsoil was anthropogenically transformed, and 
the subsoil horizons remained without considerable dis-
turbances. In general, the Apatity soils were less disturbed 
than soils in many other studies in bigger cities with longer 
histories, such as Moscow (Stroganova et al. 1997), Kursk 
(Sarzhanov et al. 2017), or New York (Deeb et al. 2020). 
This can be explained by a relatively short period of his-
torical development, limited resources, and few demands 
for large-scale and expensive greening and landscaping 
projects. However, even these limited anthropogenic effects 
were enough to have a considerable impact on soil biogeo-
chemistry, primarily on C and N cycles. The average topsoil 
C stocks in urban sites were 15% higher than in the forest 
and 20% higher than in the cropland site. When summarized 
for the profile (0–50 cm), urban soil C and N stocks were 
twice as high as the natural forest areas. The development 
of artificial soil constructions, the maintenance and man-
agement of urban green infrastructures, and the disposal 
and management of organic wastes are the main sources 
of C and N input to urban soils, reported for different cit-
ies of the world (Lorenz et al. 2008; Lorenz and Lal 2015; 
Richter et al. 2020). However, the difference in C and N 
stocks between urban and natural soils reported for Apatity 
was much higher than those reported for cities in temper-
ate (Vasenev et al. 2013) and especially arid (Gorbov and 
Bezuglova 2014) or tropical climates (Yang et al. 2017). 

This can partially be explained by additional C input from 
fuel combustion for central heating, typical in northern 
cities (Dymov et al. 2013; Vasenev and Kuzyakov 2018). 
However, the main factor is likely the cold climate, which 
hampers the mineralization of organic matter and preserves 
C stocks (Karelin et al. 2016, 2020). These considerable 
C and N stocks and neutral pH create favorable conditions 
for soil microbial community. Moreover, the low content of 
heavy metals in the investigated sites exclude the limitation 
from soil pollution. Heavy metals are often reported in urban 
and technogenic soils (Yang et al. 2006; Zhao et al. 2013; 
Ivashchenko et al. 2019; Slukovskaya et al. 2019).

Soil microbiome in a polar city

Urban soils are unique habitats for microorganisms 
because of the following processes and properties: 
extremely high spatial heterogeneity and dynamics 
(Vasenev et  al. 2014); the permanent anthropogenic 
impact of compaction, warming, etc. (Guilland et  al. 
2018; Ivashchenko et al. 2019); Stroganova et al. 1997), 
and the introduction of easily decomposable substrates 
such as peat–sand mixtures, compost, oil products, and 
waste (Stoma et al. 2020; Vasenev and Kuzyakov 2018). 
As a result, urban environments provide a unique variety 
of ecological niches for microbial communities (Ferreira 
et al. 2018; Stepanov et al. 2005). In a polar city, tem-
perature becomes the primary driver for soil microbial 
activity, and additional sources of heat in urban ecosys-
tems have a strong stimulating effect on the develop-
ment of the soil microbiome and its taxonomic diversity 

Fig. 5   The number of ribosomal gene copies of bacteria (A) and archaea (B) and ITS gene copies of fungi (C) in urban, arable and forest soils
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(Tepeeva et al. 2018). Urbanization in Apatity doubled 
the biomass of soil bacteria whereas the biomass of 
microfungi in urban soils was 40%– 60% less than the 
forest soils. Similar patterns emerged obtained on the 
number of ribosomal gene copies. These patterns are 
often reported for regions dominated by soils with acid 
or slightly acid pH (e.g., Podzols, Retisols) and can be 
explained by a shift in pH to neutral or slightly alkaline 
in urban areas (Semenov et al. 2018; Tripathi et al. 2019; 
Zhelesova et al. 2019). However, the correlation between 
the detected biomass of bacteria and actinomycete myce-
lium and the content of copies of ribosomal genes was 

not always identified. For example, the biomass of actin-
omycetes is extremely low at sites 2-RZ-O and 4-AR 
whereas the content of gene copies in these sites is suf-
ficient and comparable to site 1-SR. In stress conditions, 
most actinomycetes are not in the form of mycelium, but 
in the form of spores. Spores, unlike mycelium, contain 
a low number of nucleic acids. However, during germina-
tion, the amount of DNA and RNA (the content of gene 
copies) in actinomycete spores increases sharply. Thus, 
there can simultaneously be a large length of hyphae 
of actinomycetes in the soil but a low content of cop-
ies of their genes. Similarly, unicellular bacteria in a 

Table 3   The diversity of soil microfungi

* fungi, identified by molecular-genetic method

Species Soil pit

5-FT 1-S-R 4- AR 2- RZ-O 3-RZ-I

Ascomycota, Pezizomycotina, Dothideomycetes, Pleosporomycetidae, Pleosporales,Torulaceae
Torula sp.  + 
Eurotiomycetes, Eurotiomycetidae, Eurotiales, Aspergillaceae
Aspergillus fumigatus Fresen  + 
Penicillium aurantiogriseum Dierckx  + 
P. canescens Sopp  + 
P. decumbens Thom  + 
*P. dierckxii Biourge  + 
*P. melinii Thom  +   + 
*P. miczynskii K.W. Zaleski  +   + 
P. nalgiovense Laxa  + 
*P. simplicissimum (Oudem.) Thom  +   + 
P. spinulosum Thom  +   + 
Sordariomycetes, Hypocreomycetidae, Hypocreales, Hypocreaceae
*Trichoderma koningii Oudem  + 
Incertae sedis
Acremonium felinum (Marchal) Kiyuna, K.D. An, R. Kigawa & Sugiy  + 
A. sp.  + 
Nectriaceae
Fusarium sp.  +   + 
Stachybotryaceae
*Stachybotrys echinatus (Rivolta) G. Sm  + 
Microascales, Ceratocystidaceae
Berkeleyomyces basicola (Berk. & Broome) W.J. Nel, Z.W. de Beer, T.A. 

Duong & M.J. Wingf
 + 

Sordariomycetidae, Sordariales, Chaetomiaceae
*Trichocladium griseum (Traaen) X. Wei Wang & Houbraken  +   +   +   + 
Mortierellomycota, Mortierellomycotina, Mortierellomycetes, Incertae sedis, Mortierellales, Mortierellaceae
Mortierella alpina Peyronel  +   + 
Mucoromycota, Umbelopsidomycetes, Incertae sedis, Umbelopsidales, Umbelopsidaceae
Umbelopsis isabellina (Oudem.) W. Gams  +   + 
U. longicollis (Dixon-Stew.) Y.N. Wang, X.Y. Liu & R.Y. Zheng  +   + 
Incertae sedis
Mycelia Sterilia  +   +   +   +   + 
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dormant state (spores, cysts, akinetes, etc.) contain few 
nucleic acids, but upon awakening to an active state, the 
amount of DNA and RNA increases dramatically. Thus, 
one method (fluorescence microscopy) can detect many 
microorganism cells, but another method (quantitative 
PCR) can detect a low number of copied microbial genes. 
The morphological properties of microfungi, character-
ized by the domination of small spores and thin myce-
lium, were also typical of cold ecosystems (Nikitin et al. 
2019; Polyanskaya and Zvyagintsev 2005). The biomass 
of actinomycetes in urban soils was 2–4 times smaller 
than the forest soils, confirming their high sensitivity to 
the anthropogenic impact reported in previous studies 
(Sharkova et al. 2011; Stepanov et al. 2005). At the same 
time, it was 3 to 10 times higher than in arable soils, 
indicating more favorable conditions provided by green 
infrastructures.

For all groups (i.e., fungi, bacteria, and actinomycetes), the 
microbial biomass in the urban green infrastructure of Apatity 
was considerably smaller than in cities with warmer climates 
(Ivashchenko et al. 2019; Marfenina and Danilogorskaya  
2017; Polyanskaya and Zvyagintsev 2005), however higher 
than in technogenic and even some natural areas in the subarc-
tic zone (Evdokimova et al. 2011; Nikonov et al. 2006). The 
microfungal diversity also increased considerably. In general, 
the list of genera isolated from urban and forest soil was typi-
cal for the Murmansk region (Korneikova 2018; Korneikova  
et al. 2018). Penicillium, being the dominant genus among 
the cultivable microfungi of Northern taiga soils (Domsch 
et al. 2007; Marfenina et al. 2002; Seifert and Gams 2011), 
prevailed in the urban soils (40%–70% of the total number of 
species). Some of the cultivated species (e.g., Aspergillus, 
Stachybotrys, and Fusarium) are typical of more southern 
locations and are rarely found in natural areas of the subarctic 

Fig. 6   Similarity dendrogram of 
microfungal species composi-
tion in the forest and urban 
soils. On the abscissa axis – 
land use zones; on the ordinate 
axis – % of species composi-
tion similarity according to the 
Sørensen coefficient
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zone. Their abundance in the urban soils of Apatity is likely 
driven by the warmer climate caused by the urban heat island 
effect (Konstantinov et al. 2015). A similar positive effect 
of urbanization on the diversity of microfungi (Marfenina 
and Danilogorskaya 2017; Tepeeva et al. 2018) and bacte-
ria (Lysak and Lapygina 2018) was previously reported for 
the other northern cities. Although, the increased microbial 
diversity is an ecosystem service, the “quality” and functions 
of the urban-specific species shall be considered. Some spe-
cies additionally cultivated from urban soils compared with 
natural soils can be conditionally pathogenic for humans (Li 
et al. 2018; Marfenina and Danilogorskaya 2017). In Apatity, 
at least three species (i.e., P. canescens, P. nalgiovense, and 
Stachybotrys echinatus) cultivated only from urban soils were 
pathogenic.

Environmental and anthropogenic factors influencing 
soil microbial biomass and microfungal diversity 
in Apatity

The soil sampling design with a limited number of exca-
vated and thoroughly analyzed soil pits aimed to investigate  
the effects of morphological and chemical soil properties 
on microbiomes in urban and nonurban soils rather than 
studying the spatial variability of soil microbial proper-
ties inside the city. However, even for a limited number of  
urban sites, the obtained variability was quite high and cor-
responded with the level of anthropogenic disturbance. For  
example, judging by direct microscopy, the highest biomass 
of microfungi, the biggest number of large spores, and the 
greatest abundance of basidiomycetes were reported in the 
park compared with other urban sites. This can be explained 
by high C content (Nikitin et al. 2017; Polyanskaya and  
Zvyagintsev 2005) and by the composition of the vegetation 
(Dobrovol'skaya et al. 2015; Dominguez-Nuñez et al. 2016; 
Nilsson et al. 2005). The abundance of trees in the forest 
compared with the urban areas and in the park compared  
with the courtyards could contribute to the abundance of 
ectomycorrhizal fungi, in which mycelium often makes a  
significant contribution to the biomass of soil mycobiota 
(Cairney 2012; Högberg et  al. 2020; Polyanskaya and 
Kalimova 2017). By contrast to urban sites, soil fun-
gal mycelium dominated the spores in the forest soils, 
which is a widely accepted indicator of the undisturbed 
taiga ecosystems (Khabibullina et al. 2014; Korneikova  
2018). The patterns obtained for prokaryotes differed 
considerably from those shown for the mycelial micro-
organisms: the highest bacterial biomass was in the 
external courtyard whereas in the park and in the for-
est, it was respectively 40% and 50%. This can be partly 
explained by the antagonism of many groups of bacteria  
to fungi (Mille-Lindblom and Tranvik 2003; Shirokih  
and Shirokih 2019).

The general patterns revealed by the PCR analysis 
were consistent with those obtained by direct micros-
copy: a higher number of ribosomal gene copies of bac-
teria and a lower number of fungi in urban areas than in 
forest sites. The number of bacterial ribosomal gene cop-
ies were comparable to other studies on subarctic eco-
systems like the Bolshezemelskaya tundra (Zhelezova  
et  al. 2019) and Northern Alaska (Kim et  al. 2014; 
Tripathi et al. 2019). The spatial pattern in the num-
ber of archaea genes was similar to the one reported 
for the fungi; however, the absolute number was ten 
times smaller. This is a typical ratio reported for soils 
of different biomes (Semenov et al. 2018; Zhelezova 
et al. 2019). Inside the city, the patterns obtained by 
different methods were not always similar. For example, 
the smallest number of gene copies of all the microor-
ganism groups was observed in the park based on the 
PCR whereas the number of fungi revealed by direct 
microscopy in the park was higher than in the residential 
areas. This can be explained by methodological specif-
ics like the uneven distribution of genetic material in 
fungal hyphae (Glöckner et al. 2017) and by the high 
complexity of environmental and urban factors, such as 
bulk density; C, N, and P contents; and pH, which can 
have a local impact on soil microbiomes (Bergkemper 
et al. 2016; Guilland et al. 2018; Zak et al. 2019).

Microfungal diversity also differed between the sites 
considering the number of species and cultivating species 
specific to each site. Such heterogeneity is usually reported 
for urban soils and explained by variability in soil proper-
ties and specific substrates for microfungi (Khabibullina 
et al. 2014; Ivashchenko et al. 2019; Marfenina et al. 2017). 
For example, the highest number of fungal species was 
isolated from the forest and park areas. They were charac-
terized by polydominant structure, including P. melinii, P. 
simplicissimum, and Stachybotrys echinatus in the parks 
and P. decumbens, P. melinii, and Umbelopsis isabellina 
in the forest soil. The taxonomic structure of the sites 
was similar, likely following the similarity in soil prop-
erties, vegetation cover, and low level of anthropogenic 
load (Ivanova et al. 2015). The monodominant structure 
was clearly observed in the inner and external courtyards, 
dominated by P. dierckxii (82%) and Trichocladium gri-
seum (64%), respectively. In previous studies, Trichocla-
dium griseum in the regional soils was described only as a 
random or rare taxon. The development of the T. griseum 
cellulolytic in the urban soils of Apatity can be explained 
by the abundance of plant residue and easily mineralizable 
organic substrates (Domsch et al. 2007; Seifert et al. 2011) 
as well as by warmer conditions driven by the urban heat 
island effect and climate change (Demin et al. 2016). Soils 
of all the urban sites were dominated by dark-pigmented 
micromycetes. The pigmentation could be a protective 
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function against negative effects (Marfenina et al. 2017; 
Nosanchuk et al. 2015), but at the same time, most of the 
melanized micromycetes are conditionally pathogenic for 
humans (Marfenina and Danilogorskaya 2017).

Conclusion

Urbanization and the development of urban green infrastruc-
tures in Apatity coincided with remarkable changes in the 
morphological and chemical properties and processes of 
soil. Constructing soil using easily mineralizable organic 
substrates doubled soil C and N compared with forest and 
arable areas and shifted soil pH from acid to slightly alka-
line and neutral. The availability of organic substrates and a 
warmer climate created new niches for the development of 
the soil microbial community. As a result, the biomass and 
the number of ribosomal gene copies of bacteria in urban 
soils more than doubled whereas the opposite occurred for 
fungi. Moreover, the morphological properties of microfungi 
were affected by urban disturbance, including domination 
of the small pores in urban soils compared with forest soils 
dominated by mycelium. These effects were clearly visible 
for the courtyard soils, whereas the morphology of micro-
fungi in the parks was similar to the undisturbed forest site.

Increased microfungal diversity was another important 
urbanization outcome. A total of 17 species were culti-
vated from urban soils in Apatity, including several urban-
specific species. These species included taxa, which are 
rarely described in the subarctic region and are typical for 
the warmer conditions. At least three species conditionally 
pathogenic for humans were also cultivated from urban 
soils in Apatity, which can be considered a drawback of the 
increased microfungal diversity in urban areas. Microbial 
biomass and the diversity of the microfungi described in 
Apatity were considerably higher than many other studies 
on technogenic soils in subarctic conditions. In the study, 
we purposely excluded more disturbed industrial areas and 
roadsides from the analysis; in addition, analyzed soils may 
not be representative of all the urban soils of Apatity. This 
focus on recreational and residential areas allowed confirma-
tion of the potential for urban green infrastructures to be hot-
spots for soil microbial growth and diversity in a polar city.
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