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Abstract: Albic podzols under pine forests are more prone to fires on the planet. The influence of
fire extends to all soil components, including chemical properties, microbiological characteristics,
and the composition and structure of soil organic matter, which persists for a long time. Here, we
present the results of a study of the morphological, physicochemical, and microbiological properties
and features of soil organic matter (SOM) in the albic podzols of pine forests (Pinus sylvestris L.) not
exposed to fires for a long time (from 45 to 131 years). The study areas are characterized by different
numbers of old fires (from four to five) that occurred over the previous several centuries in various
territories of the Russian Federation such as Central Siberia (CS) and the European North (EN). In
general, the albic podzols developing in CS and EN are characterized by similar morphological and
physicochemical properties, with high acidity and poor mineral horizons. In terms of the lower
vegetation layer and stand parameters, forest communities at the CS sites have a lower density and
species diversity than those in EN. The ground cover is almost completely restored 45 years after the
surface fire. The upper mineral horizon of albic podzols in EN contains higher PAHs in comparison
with similar horizons of the CS sites. In the soil of EN pine forests, the MB content in the mineral
horizons is, on average, three times higher than those in CS. Differences were also found in the
qualitative composition of the studied soils’ microbiomes. The EN soil communities are represented
by a wide variety of bacteria and fungi. The presented soil parameters can be used as a reference in
assessing the increasing impact of fires on pine forests and podzols.

Keywords: boreal forest; podzol; PAHs; pyrogenic history; microbial biomass; prokaryotic; fungal
communities

1. Introduction

The albic podzols are among the most recognizable soils in the world. The most
common vegetation growing on podzols is pine (Pinus sylvestris L.) forests. Podzols occupy
about 7% of the territory of the Russian Federation. Podzols are often considered as azonal
soil types, mainly confined to the boreal and tundra zones. On the territory of Russia,
podzols are widespread both in the European North and in the Asian part. Significant
areas of podzols are represented in boreal forest regions. In the Komi Republic, they are
distributed on 10% of the territory (41,590 km2) and in the Krasnoyarsk region, on 3.7%
(86,568 km2) [1]. Podzols are characterized by a well-defined morphological structure of
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the profile. The most general structure of the profile is as follows: O-E-Bs-BC. Podzols
are characterized by low biological productivity and low natural fertility. They are rarely
used in agriculture due to their low natural fertility. In the boreal zone, the territories
occupied by podzols are mainly of forestry importance. One of the most common factors
affecting these ecosystems is fire [2]. Fires in boreal forests, particularly in pine forests,
are a natural historical factor in their development [3–7]. Among the pine forests, lichen
and dwarf types, growing on sandy and sandy loam soils, are most vulnerable in terms of
natural fire hazards [8,9]. The sandy texture of the soil-forming rocks contributes to good
drainage, with the soils and litter drying out, and provides the highest fire hazard [10].
Recent forest fires are an important factor in the existence of both pine forests and albic
podzols [11,12]. Pyrogenic signs at the morhpones and buried horizons of podzols can last
up to 5000 years [13]. Podzols under pine forests are the most pyrogenic soils on the planet
and their morphological and physicochemical properties can be determined by the age
of fires.

A number of recent studies revealed that fire can affect the soil organic matter (SOM).
Part of pyrogenically changed carbon compounds are stable enough [14,15] and play an
important role in the global carbon cycle [16–18]. Santin and Doerr [14] showed that soils
accumulate significant pools of pyrogenic carbon (PyC). Changes in soil organic matter
during fires are often diagnosed by the content of compounds of an aromatic nature, in
particular benzene polycarboxylic acids (BPCAs) or polycyclic aromatic hydrocarbons
(PAHs) [19–24]. According to Rey-Salgueiro et al. [25], the greatest PAH amount is formed
at temperatures of 200–400 ◦C, which are more typical for surface fires in the taiga zone.
PAHs are normally formed during biomass burning [26]. PAHs are known to have toxic,
cancerogenic, and mutagenic properties [27].

Despite the wide distribution of podzols, there is no comparison of the properties
of soils in different geographic regions. The main purpose of this study was to conduct
a comprehensive assessment of the soils of post-pyrogenic old-age pine forests of the
European North and Central Siberia, taking into account their pyrogenic history. This work
is based on the identification of soil features, organic matter, and microbiological properties
associated with the influence of an old pyrogenic impact. We hypothesized that (1) the
basic chemical properties of the soils of the studied regions are close to each other, (2) soils
with a similar pyrogenic history of forests may show differences in the intensity of fires and
accumulation of PAHs, and (3) the microbiological activity in soils after fire decreases and
does not reach the optimal values for a long time. The identification of local geographic
features and the assessment of dominant properties are essential to understanding the
development and evolution of these soils. The objectives of this study were to compare the
fire history of pine forests in EN and CS; (ii) characterize and compare the morphological,
chemical, and microbiological properties of podzols; and (iii) identify the features of the
microbiological characteristics of soils associated with the influence of the last fire.

2. Materials and Methods
2.1. Area Description and Soil Sampling

This paper presents data on six soil pits formed under lichen pine forests
(Supplementary Figure S1). Three soils (109 EN, 113 EN, 131 EN) formed on the terri-
tory of the Komi Republic and the European North (EN) (the territory of the Pechora-Ilych
nature reserve 61◦44′−61◦59′ N, 57◦06′−58◦08′ E), and three soils (45 CS, 79 CS, 121 CS) on
the territory of Central Siberia (CS) and the Krasnoyarsk region (the vicinity of the ZOTTO
International Observatory 60◦44′−60◦48′ N, 88◦48′−88◦26′ E) were studied (Figure 1). The
number before the abbreviation means how many years have passed since the last fire.
Samples were taken from each genetic horizon of the studied soils. Soils were classified ac-
cording to IUSS [28]. We added «pyr» to the horizon name when inclusions associated with
fires were diagnosed (mostly coal and soot residues) during the field description [29–32].
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2.2. Geobotanical and Dendrochronological Studies

Reveles (vegetation descriptions) were made were made at 400 m2 sites using the
standard geobotanical methods [33]. For the tree layer, we described its composition.
Undergrowth, herb-dwarf shrub, and moss-lichen layers were characterized by the relative
abundance of species and the total projective cover (TPC) of each layer. Latin names were
given according to www.worldfloraonline.org/, accessed on 25 May 2022.

Tree-ring samples for the estimation of the fire scars were obtained according to
Madany et al. [34]. About 50–100 cores and 3–7 (cuts) cross-sections were taken from
live trees on each plot. The preparation of wood samples (cores and cross-sections) for
the dating of fires was carried out according to Fritts [35] and Grissino-Mayer [36]. The
tree ring width was measured with an accuracy of 0.01 mm on a LINTAB semiautomatic
device under a binocular microscope with a 40× magnification. Using TSAPW in the
software environment with cross-dating (Cross-Dating), the calendar year of each ring and
fire scar was determined [37]. For dating accuracy, the data collected were checked using
cross-correlation analysis using the COFECHA software [38,39].

2.3. General Soil Analysis

For chemical analysis, mixed samples (from five points) within an area of approx-
imately 2 m2 were collected. Samples were air-dried, and living visible roots and all
particles with a diameter >2 mm were removed by dry-sieving as preparation for the analy-
sis. Organic samples were ground with a sample grinder WCG75 (Pro Prep, Torrington,
CT, USA).

Chemical analyses of the soils were performed in the Ecoanalit laboratory and Soil
science department of the Institute of Biology, Federal Research Center, Komi Research
Center of the Ural Branch of the Russian Academy of Sciences (IB FRC Komi SC UrB RAS).
The pH values were determined on an HI2002-02 edge series pH meter with a Hanna digital
pH electrode (Hanna Instruments, Nusfalau, Romania) at a soil:water ratio of 1 (m):2.5 (v)
for mineral horizons and 1 (m):25 (v) for organic and pyrogenic horizons, respectively.

https://glovis.usgs.gov/
www.worldfloraonline.org/
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Exchangeable cations (Ca2+, Mg2+, K+, Na+) were extracted 1M CH3COONH4 on a mechan-
ical extractor (Sampletek, Mavco Industries Inc., Lawrenceburg, TN, USA) according to
Van Reeuwijk [40]. The cation concentrations were detected by inductively coupled plasma
atomic emission spectroscopy (ICP Spectro Ciros CCD, Spectro Al, Kleve, Germany). The
cation exchange capacity (CEC) was determined by saturation with Na+ ions according
to [40]. Base saturation (BS) was defined as the ratio of the sum of exchangeable cations
(∑) to CEC multiplied by 100%. The texture of soils was determined according to Van
Reeuwijk [40]. The classification of the soil texture was determined using the Ferre triangle.
The specific surface area (SSA) of the samples were determined on a surface area analyzer
(Sorbtometr-M, Katakon, Novosibirsk, Russia) with N2 as the adsorbate gas at the Faculty
of Soil Science, Lomonosov Moscow State University (Moscow, Russia). This method was
described in detail earlier [14].

2.4. Soil Organic Matter, Water-Soluble Organic Carbon and Nitrogen, and PAH Contents

Ctot. and Ntot. were determined by dry combustion on an EA-1100 analyzer (Carlo
Erba, Milano, Italy). Water-soluble organic carbon (WSOC) and nitrogen (WSON) were
extracted with deionized water (ELGA Lab Water, England) at room temperature at a ratio
of 1:50 (soil:water) for mineral horizons and 1:100 for organic horizons in BIOFIL test tubes.
WSOC and WSON were assessed using the TOC-VCPN analyzer (Shimadzu, Kyoto, Japan)
with the TNM-1 module. The method was described in detail earlier [41].

The extraction of PAHs from the soils was carried out on an Accelerated Solvent
Extractor 350 (Thermo Scientific™, Waltham, MA, USA) in the Chromatography Collective
Use Center of the IB FRC Komi SC UrB RAS. The US EPA method 8310 (1986) and certi-
fied national standard method of quantitative chemical analysis (PND F 16.1:2.2:2.3:3.62-
09, 2009) were selected for PAH measurement. The content of PAHs in the concen-
trates was determined by reversed-phase high-performance liquid chromatography in
gradient mode with spectrofluorimetric detection. The following PAHs were assessed:
naphthalene (NP), fluorene (FL), phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLA), pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA),
benzo[g,h,i]perylene (BghiP), and indeno [1,2,3-c,d]pyrene (IcdP). The analysis technique
was described in detail earlier [42].

2.5. Microbiological Parameters

We estimated same soil-microbiological indicators of the respiratory activity of soils:
basal respiration (BR), microbial biomass (MB (Cmic)), and the microbial metabolic coeffi-
cient (QR) [43,44]. The samples were placed in a freezer at a temperature of minus 20 ◦C
until the start of the analysis. The respiratory activity of the peat soil microbial community
was expressed by BR and substrate-induced respiration (SIR) using an Agilent Technologies
6890 N Network GC gas chromatograph (USA). The SIR values were used to calculate the
carbon of the microbial biomass of the microorganisms (Cmic = MB). QR was calculated
as the ratio of BR to SIR, and the contribution of microbial carbon (Cmic, %) to the total
organic C as the ratio Cmic/Ctot. [43–45]. Detailed methods were given in the articles by
Grodnitskaya et al. [46,47].

Molecular genetic analysis of the soil samples was performed at the Research Institute
of Agricultural Microbiology (Pushkin, St. Petersburg, Russia). A set of reagents (Nucle-
oSpin Soil) from MACHEREY-NAGEL (Düren, Germany) was used to isolate DNA from
the soil samples according to the manufacturer’s instructions. The taxonomic composition
of the fungal, bacterial, and archaeal communities was determined based on analysis of the
amplicon libraries of the ribosomal operon fragments in each sample.

Taxonomic analysis of the fungal community was determined based on analysis of the
amplicon libraries of the fungal ribosomal operon fragments (ITS2) obtained by PCR us-
ing ITS1/ITS2 primers (GCATCGATGAAGAACGCAGC/TCCTCCGCTTATTGATATGC).
Taxonomic analysis of the bacterial community was carried out with universal primers
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F515/R806 for the variable region of the 16SrRNA v4 gene (GTGCCAGCMGCCGCG-
GTAA/GGACTACVSGGGTATCTAAT) specific for a wide range of microorganisms, in-
cluding bacteria [48]. Taxonomic analysis of archaea was performed with the primers
A956F/A1401R (TYAATYGGANTCAACRCC/CRGTGWGTRCAAGGRGCA) [49]. All
primers had service sequences containing linkers and index sequences (required for Illu-
mina sequencing).

For different sets of primers, the same PCR program was chosen: the reaction mix-
ture (15 µL) contained 0.5 units of activity of Q5® High-Fidelity DNA Polymerase (NEB,
Ipswich, MA, USA), 5 pM each of forward and reverse primers, 10 ng of DNA tem-
plate, and 2nM of each dNTP (Life Technologies, Carlsbad, CA, USA). The mixture was
denatured at 94 ◦C for 1 min, followed by 25 cycles: 94 ◦C for 30 s, 50 ◦C for 30 s, and
72 ◦C for 30 s. The final elongation was carried out at 72 ◦C for 3 min. PCR products
were purified according to the Illumina-recommended method using AMPureXP (Beck-
manCoulter, Brea, CA, USA). Further preparation of the libraries was carried out in ac-
cordance with the manufacturer’s MiSeq Reagent Kit Preparation Guide (Illumina, San
Diego, CA, USA) (https://support.illumina.com/documents/documentation/chemistry_
documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf, accessed on 25
May 2022). The libraries were sequenced according to the manufacturer’s instructions on an
Illumina MiSeq instrument (Illumina, San Diego, CA, USA) using a MiSeq® ReagentKit v3
(600 cycle) with double-sided reading (2 × 300 n). Initial data processing, namely, sample
demultiplexing and adapter removal, was carried out by Illumina software (Illumina, USA).
For subsequent denoising, sequence merging, restoration of original phylotypes (ASV, Am-
plicon sequence variant), removal of chimeric reads, and further taxonomic classification of
the resulting ASVs (using the SILVA database for prokaryotes and Unite for fungi (release
132 [50])), the software packages dada2 [51], phyloseq [52], and DECIPHER [53] were used,
which were run in the R software environment. The QIIME software package was used [54].

2.6. Statistics

Correlation analysis was used to determine the relationship between the obtained data.
Correlation coefficients (r-Pearson) were calculated using STATISTICA 10.0 (Stat. Soft Inc,
Tusla, OK, USA); differences were considered significant at the significance level p < 0.05.
For PCA, the Past 3.0 program was used.

3. Results
3.1. Vegetation at the Study Sites and Pyrogenic History in the Study Areas

At all study sites, vegetation cover is presented as pine forests (Pinus sylvestris L.)
with the lichen type, with a predominance of dwarf shrubs (Vaccinium vitis-idaea, Ledum
palustre) and lichens (Cladonia arbuscular, Cladonia rangiferina, Cladonia crispata) in the lower
vegetation layers (Table 1). The plant communities have similar qualitative features (floristic
composition and structure) and were classified as Pinetum vaccinioso-cladinosum plant
association in both the Komi and Krasnoyarsk regions.

The analysis of fire activity in the studied areas (Table 2) showed that at the time of
their development, the forests were exposed to fires four to five times. The fire return
interval (FRI) was 5 to 103 years, with an average burning period of 26 to 59 years. In the
territory of the Komi Republic, the surveyed areas are characterized by an inter-fire period
of 5 to 82 years, with an average fire frequency of 27 to 45 years. Forests in the Zotino area
are characterized by an inter-fire interval of 14 to 103 years, with an average fire frequency
of 26 to 59 years. The highest fire activity in all areas manifested in the XVII, XIX, and early
XX centuries.

https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
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Table 1. Total projective cover (TCP) and dominant species of the lower layers of plant communities
of Pinetum vaccinioso-cladinosum formed on albic podzols.

Site Total Projective Cover (TCP) and Dominant Species of Lower Layers of Plant Communities

Zotino (Krasnoyarsk region), Central Siberia (CS)

45 CS

Dwarf-shrub herb layer (TPC 30%),
Vaccinium vitis-idaea, Ledum palustre, Vaccinium uliginosum

Moss-lichen layer (TPC 90%),
Cladonia arbuscula, Cladonia rangiferina, Cladonia crispata, Pleurozium schreberi

79 CS

Dwarf-shrub herb layer (TPC 25%),
Vaccinium vitis-idaea. Calamagrostis obtusata, Diphasium complanatum, Vaccinium myrtillus

Moss-lichen layer (TPC 80%),
Cladonia arbuscula, Cladonia rangiferina, Cladonia crispata, Pleurozium schreberi

121 CS

Dwarf-shrub herb layer (TPC 5%),
Vaccinium myrtillus, Vaccinium vitis-idaea, Ledum palustre, Diphasium complanatum, Empetrum

hermaphroditum
Moss-lichen layer (TPC 90%),

Cladonia arbuscula, Cladonia rangiferina

Pechora-Ilychsky nature reserve (Komi Republic), European North (EN)

109 EN

Dwarf-shrub herb layer (TPC 30%–40%),
Vaccinium vitis-idaea, Vaccinium myrtillus, Calamagrostis purpurea, Avenella flexuosa, Diphasiastrum

complanatum
Moss-lichen layer (TPC 80%–90%),

Cladonia stellaris, Cladonia rangiferina, Cladonia arbuscula, Pleurozium schreberi, Ptilium crista-castrensis

113 EN

Dwarf-shrub herb layer (TPC 40%–50%),
Vaccinium vitis-idaea, Vaccinium myrtillus, Diphasiastrum complanatum

Moss-lichen layer (TPC 80%–90%),
Cladonia stellaris, Cladonia rangiferina, Cladonia arbuscula, Pleurozium schreberi, Ptilium crista-castrensis

131 EN

Dwarf-shrub herb layer (TPC 50%–60%),
Vaccinium vitis-idaea

Moss-lichen layer (TPC 80%),
Cladonia stellaris, Cladonia rangiferina, Cladonia arbuscula, Pleurozium schreberi, Polytrichum commune

Abbreviation: CS—Central Siberia, EN—European North. The number before the abbreviation means how many
years have passed since the last fire.

Table 2. Dates of fires with a fire period for the objects under study.

Site
Dates of Fires Accounting

Year
Fire Interval, Years Average

Frequency of
Fires, Years

The Last
Fire, Years1 2 3 4 5 1–2 2–3 3–4 4–5

Central Siberia (CS)

45 CS 1974 1953 1939 1911 1869 2019 21 14 28 42 26 45
79 CS 1940 1898 1873 – – 2019 42 25 – – 34 79
121 CS 1898 1825 1792 1766 1663 2019 73 33 26 103 59 121

European North (EN)

109 EN 1910 1904 1880 1830 – 2019 6 24 50 – 27 109
113 EN 1911 1906 1869 1841 1772 2019 5 37 28 69 45 113
131 EN 1887 1805 1785 1744 1727 2018 82 20 41 17 40 131

Site designations are presented in Table 1.

3.2. Morphological Properties of Soils

The studied podzols are characterized by a typical morphology. The structure of the
soil profile of the soils is: Oi/Qpyr—Oe,pyr—Epyr—E—Bs—BC. The organic horizon consists
of several subhorizons with different decomposition of plant organic material. The upper
subhorizon Oi consists of slightly decomposed lichens, moss remnants, branches, bark,
and pine needles. The Oe,pyr subhorizon is a medium-decomposed organic material with
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an abundance of charcoals of various sizes. Below, a light gray (10 YR5/2) sandy horizon
Epyr is formed. At the top, Epyr is impregnated with organic matter. Horizon E is whitish
(7.5 YR 8/1), without structures, sometimes with charcoal. Horizon Bs formed below.
Horizon Bs is light brown (7.5 YR6/8), sand, without a structure, and is characterized by
the accumulation of iron compounds. The lowest horizon BC has a non-uniform color
(2.5.6/6–2.5 Y 7/4–10 YR 4/6). This horizon also has no structures.

The thickness and moisture content of the organic horizons are important character-
istics of soils (Figure 2). The highest values of the thickness of the organic horizon were
found for the soil of the site 113 years (113 EN) after the fire (10.7 ± 1.5 cm). The minimum
moisture content of the organic horizons was found in the area of 45 CS. At the site 79 CS,
an abnormally low moisture content level (22%) was detected. The moisture content of the
litter in the pyrogenic areas of a later age increased with the restoration of the ground cover
and varied from 98 to 152%.
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Figure 2. The thickness of the organic horizon (A) and moisture content (B) in the study soils (n = 3,
the error bars are the standard errors). Abbreviation: CS—Central Siberia, EN—European North. The
number before the abbreviation means how many years have passed since the last fire. Different
lowercase letters indicate significant differences at p < 0.05.

3.3. Physicochemical Properties of Soils

The soils are strongly acidic. The pHH2O value varied from 4.1 to 4.8 in the organic
horizons (Figure 3A). In the mineral horizons, the pHH2O value ranged from 4.7 to 6.1. The
most common trend of the profile changes in acidity is an increase in the pH values from
the upper mineral horizons to the lower ones.
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Figure 3. pH (water) values (A), cation exchange capacity (B), and base saturation (C) and specific
surface area (SSA) values for albic podzols (D) (n = 3, the error bars are the standard errors). Abbrevi-
ation: CS—Central Siberia, EN—European North. *—indicate significant differences between EN
and CS, ns—differences between EN and CS are not significant at p < 0.05.

The analysis of the texture composition (Supplementary Table S1) showed that the
studied soils are characterized by a weak profile differentiation by granulometric fractions.
It was revealed that these soils are characterized by a low content of silty fraction (1%–42%).
The content of the sand fraction prevails and varies from 14 to 98% while the content of the
clay fraction is 0%–44%. The mineral horizons of the studied soils belong to different types
of sands. There was no direct pyrogenic effect on the content of individual granulometric
fractions. The differences in the compared sites are probably determined by the initial
lithological heterogeneity.

The organic horizons are characterized by the maximum content of exchange cations
(Figure 3B,C). A significant decrease in the content of exchange cations was found in the
mineral horizons. Among the exchange bases, calcium cations predominate. The content of
Ca2+ varies from 0 to 10.3 mmol 100 g–1. The content of exchangeable Mg2+ is 0–3.1 mmol
100 g–1 of the soil. The content of exchangeable K+ cations in soils varies from 0.001 to
2.6 mmol 100 g–1. The minimum content was found for Na+ cations (from 0 to 0.44 mmol
100 g–1). In addition, an increase in the exchange cations in the lower mineral horizons was
revealed. The sum of the exchange cations in the lower mineral horizons ranges from 0.09
to 6.48 mmol 100 g–1.

SSA of sandy soils is characterized by very low values (Figure 3D). The minimum
values were found for the E and Epyr horizons. The SSA values of the Bs horizons are
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significantly higher. SSA of the illuvial horizons of the EN podzols is significantly higher
than that of the illuvial horizons of soils in Central Siberia.

3.4. Carbon and Nitrogen Contents

The highest concentrations of carbon and nitrogen were found in the organic soil
horizons (Figure 4A,B). The Ctot. and Ntot. contents were decreased in the mineral horizons.
The Ctot. concentrations in the studied soils vary from 1.0 to 497 g kg–1 and the nitrogen
concentrations from 0.1 to 9.4 g kg–1. The key characteristic of the postpyrogenic soils is
the carbon content in the upper mineral horizon. We found an increase in the content of
carbon (11.8–80 g kg–1) and nitrogen (0.6–2.1 g kg–1) in the pyrogenic horizons (Epyr). The
maximum content was found at Epyr of the soil of the area affected by fire 109 years ago
(80 g kg–1). The same area is characterized by the highest frequency of fires.
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Figure 4. Carbon (A) and nitrogen (B), water-soluble carbon compound, (C) and water-soluble
nitrogen compound (D) contents at horizons of studied soils (n = 3, the error bars are the standard
errors). Abbreviation: CS—Central Siberia, EN—European North. *—indicate significant differences
between EN and CS, ns—differences between EN and CS are not significant at p < 0.05.

The organic horizons were characterized by the maximum concentrations of WSOC
and WSON of the studied soils. The mineral horizons contained lower WSOC and WSON
(Figure 4C,D). Therefore, we only considered the organic and upper mineral horizons.
The WSOC content of the 131 year site in the organic horizon is 3.2–4.6 mg g–1 and the
WSON content is 0.17–0.19 mg g–1. In the upper mineral horizon, the WSOC content is
0.082 mg g–1.



Forests 2022, 13, 1831 10 of 22

At sites 45 years after the fire (45CS), high values of WSOC and WSON were observed
in the organic horizons. Similarly, there was an increase in water-soluble organic com-
pounds in the Epyr horizon in the range from 0.08 to 0.10 mg g–1. In the areas affected by
fires 79 (79 CS), 109 (109 EN), and 131 (131 EN) years ago, smaller and similar values of the
carbon content WSOC and nitrogen WSON were found. Carbon values ranged from 1.1
to 2.6 mg g–1. The nitrogen content was 0.04–0.14 mg g–1. Similar values were also found
for the upper mineral horizons: 0.03–0.12 mg g–1. The maximum content of water-soluble
organic compounds was found for the site that was exposed to fire 131 years ago (131 EN):
6.2–6.5 (WSOC) and 0.20–0.24 mg g–1 (WSON). WSOC of 0.16 mg g–1 is also maximum in
the Epyr horizon. The share of water-soluble carbon from the total carbon content in the
soil profile is uneven. In the lower mineral horizons, it was found to increase up to 2.5%.

3.5. PAH Contents

The PAH contents was determined in the organic and upper mineral (Epyr) horizon
(Table 3). Only the upper horizons were studied because the highest concentrations of the
compounds under consideration are observed here [11]. All horizons are characterized
by a high content of PAHs. Polyarenes in organic soil horizons are mainly represented by
light structures. The contribution of 5–6-nuclear structures to the total mass fraction of
PAHs in organic horizons ranged from 5%–6% in areas recently burned to 20% in older
burning sites and naturally increases with age. Correlation analysis of the obtained data of
the Epyr horizon did not reveal significant relationships between the number of fires and
the frequency of fires with chemical indicators. However, there is a certain tendency for
some PAHs to depend on the age after a fire: naphthalene (r = 0,89, p < 0.05), phenanthrene
(r = 0.58, p < 0.05), anthracene (r = 0.63, p < 0.05) and benzo[k]fluoranthene (r = 0.64,
p < 0.05). The content of total C and N is significantly correlated with 4-, 5-, and 6-nuclear
PAHs. The correlation coefficients are r = 0.85–0.95 for carbon and r = 0.85–0.94 for nitrogen.
Dibenzo[a,h]anthracene and benzo[g,h,i]perylene are significantly correlated with the
carbon stocks in the pyrogenic horizon Epyr (r = 0.85, p < 0.05). In addition, PAHs have high
values for the correlation coefficient with CEC (r = 0.85–0.99, p < 0.05). The granulometric
fractions of fine/very fine sand and coarse silt of the upper mineral horizon have high
values of the correlation coefficient with the content of individual PAHs (r = 0.82–098,
p < 0.05) and their sum (∑PAHs) (r = 0.81–0.87, p < 0.05). Nevertheless, significant negative
values of the correlation coefficient of the PAH content and the medium sand fraction were
revealed (r = −0.86 . . . −0.98, p < 0.05).

In general, the patterns of formation of the PAH composition of organic horizons of
soils of the Komi Republic and the Krasnoyarsk region are similar. The content of PAHs in
the organic horizon of soils can be arranged in a row: 113, 121, and 133 years after the fire.

The mass fraction of both light and heavy structures decreased with an increase in the
time elapsed since the last fire. At the same time, there were differences in the composition
of PAHs. Significant amounts of indenopyrene were found in the organic soil horizons of
EN, which were not detected in other sites (Figure 5). Heavy PAHs in insignificant amounts
were only present in the mineral horizons of the soils of EN.
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Table 3. PAH content in the upper soil horizons (x ± δ), ng g−1.

Site Horizon
Depth,

cm

2-Ring 3-Ring 4-Ring 5-Ring 6-Ring
∑PAHs

NP FL PHE ANT FLA PYR BaA CHR BbF BkF BaP DahA BghiP IcdP

Zotino (Krasnoyarsk region), Central Siberia (CS)

45 CS
Oe,pyr 3–5 127 ± 64 8 ± 3 76 ± 38 4 ± 2 17 ± 8 5 ± 2.3 2 ± 0.8 9.2 ± 5 7.3 ± 3 2 ± 1 5.3 ± 3 3.4 ± 1.6 – – 266.1
Epyr 5–11 6.5 ± 3.2 1.3 ± 0.5 6.7 ± 3.3 0.4 ± 0.2 2.6 ± 1.2 0.8 ± 0.4 0.3 ± 0.1 1 ± 0.5 – – – – – – 19.6

79 CS
Oe,pyr 1–2 75 ± 37 7 ± 3 121 ± 27 5 ± 3 9.5 ± 4.4 5.4 ± 2.5 1.5 ± 0.6 2.5 ± 1.3 6.1 ± 2.6 3.2 ± 1.5 3.6 ± 1.8 15 ± 7 1.8 ± 0.8 – 256.6
Epyr 2–6 8.9 ± 4.4 1.2 ± 0.5 6.8 ± 3.4 0.3 ± 0.1 3.5 ± 1.6 2.1 ± 0.9 – 1.1 ± 0.5 – – – – – – 23.8

121 CS
Oe,pyr 2–4 191 ± 96 9 ± 4 95 ± 21 3.8 ± 2 9 ± 4 4 ± 1.8 0.8 ± 0.3 23 ± 12 62 ± 26 0.9 ± 0.4 5.8 ± 2.9 29 ± 14 – – 432.7
Epyr 4–10 13 ± 7 0.7 ± 0.3 7.5 ± 3.7 1 ± 0.5 1.7 ± 0.8 0.7 ± 0.3 0.4 ± 0.2 2.2 ± 1.1 – – – – – – 27.5

Pechora-Ilychsky nature reserve (Komi Republic). European North (EN)

109 EN
Oe,pyr 2–4 184 ± 92 13 ± 5 161 ± 35 4.2 ± 2 22 ± 10 5.8 ± 2.7 2.6 ± 1.1 31 ± 16 14 ± 6 3.2 ± 1.5 8.7 ± 4.3 14 ± 6 3.9 ± 1.7 18 ± 10 483.0
Epyr 4–7 16 ± 8 3.6 ± 1.4 40 ± 20 3.1 ± 1.6 5.8 ± 2.7 7.2 ± 3.3 1.3 ± 0.5 7.4 ± 3.8 5.2 ± 2.1 0.3 ± 0.1 2.7 ± 1.3 3.8 ± 1.8 0.7 ± 0.3 – 97.0

113 EN
Oe,pyr 2–4 130 ± 65 16 ± 6 272 ± 60 7.2 ± 3.6 31 ± 14 18.5 ±

8.5 2.3 ± 1.0 27 ± 14 47 ± 20 4.9 ± 2.4 7.2 ± 3.6 14 ± 7 4.6 ± 2.0 41 ± 22 622.9

Epyr 4–7 13 ± 7 2.9 ± 1.2 25 ± 12 1.5 ± 0.7 4.9 ± 2.3 4 ± 2 0.4 ± 0.2 0.9 ± 0.5 – 0.2 ± 0.1 0.4 ± 0.2 – – – 53.4

131 EN
Oe,pyr 1–3 61 ± 31 3.7 ± 1.5 159 ± 35 5 ± 3 18 ± 8 2.6 ± 1.2 1.3 ± 0.5 7 ± 4 49 ± 20 2.6 ± 1.1 5.2 ± 2.6 – 1.6 ± 0.7 – 315.8
Epyr 3–7 21 ± 10 3.4 ± 1.4 32 ± 16 1.7 ± 1 4.7 ± 2.2 4.7 ± 2.2 0.7 ± 0.3 3.7 ± 1.9 3 ± 1.3 0.5 ± 0.2 1.3 ± 1 – – – 76.6

Note: NP naphthalene, FL fluorene, PHE phenanthrene, ANT anthracene, FLA fluoranthene, PYR pyrene, BaA benzo[a]anthracene, CHR chrysene, BbF benzo[b]fluoranthene,
BkF benzo[k]fluoranthene, BaP benzo[a]pyrene, DahA dibenzo[a,h]anthracene, BghiP benzo[g,h,i]perylene, IcdP indeno[1,2,3-c,d]pyrene. Dash—below the limit of determination.
Designations of study sites are the same as in Table 1.
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Figure 5. The total content of PAHs in the upper horizons of the studied soils (n = 3, the error bars
are the standard errors). Abbreviation: CS—Central Siberia, EN—European North. *—indicate
significant differences between EN and CS, ns—differences between EN and CS are not significant at
p < 0.05.

3.6. Microbiological Properties

The podzols of CS and EN showed a generally similar trend in the distribution of MB,
BR, and QR along the horizons, with a difference in their quantitative content. The MB and
BR values decreased down the profile and varied depending on the organic matter content.

Podzols are characterized by a low MB content in the mineral soil horizons and high
values of MB and BR in the organic horizons (Figure 6). The microbiological parameters
(MB, BR, and QR) in the Epyr horizon are the most variable. The upper litter subhorizons
(Oi) are characterized by the highest biomass. The MB and BR values vary from 978 to 1440
for the EN plots and 1431 to 1596 µg C g−1 soil at the CS sites. The minimum values were
studied in the pyrogenic eluvial horizon (Epyr): 8.5–83 for CS and 9–261 µg C g−1 soil in
the EN plots. At the same time, the QR values in this horizon, on the contrary, increased
(QR = 2.7) (Figure 6), indicating the stress of the microbial communities. It was noted
that, in general, the saturation of EN podzols with the microbial biomass is higher than
in the CS plots. On average, the MB content in the CS pits was 42 µg C g−1 soil, and in
EN, 132 µg C g−1 soil. The microbial carbon contribution to organic carbon (Cmic at Ctot.)
increased with depth. The Cmic share at Ctot. in CS podzols was 0.2 to 0.72%, and in EN, 1.3
to 3.0% (Figure 6).
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Figure 6. Values of microbial carbon, % (A), part of Cmic at Ctot., % (B), microbial biomass (MB)
(C), and basal respiration (BR) (D), and microbial metabolic coefficient (QR) (E), (n = 3, the error
bars are the standard errors). Abbreviation: CS—Central Siberia, EN—European North. *—indicate
significant differences between EN and CS, ns—differences between EN and CS are not significant at
p < 0.05.

The development of bacteriobiomes and mycobiomes in pyrogenic horizons is closely
related to the time of past fires. Differences in the qualitative composition of the main
groups of fungi and bacteria in the soils of the studied sites (CS and EN) were noted
(Table 4).
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Table 4. Relative content of prokaryotes and fungi at the type level in samples from the studied sites,
averaged data by horizons, %.

Taxonomic
Position,
Phylum

Fraction of OTU from Total Number of Obtained Sequences (%)

Zotino (Krasnoyarsk Region), Central Siberia (CS) Pechora-Ilychsky Nature Reserve (Komi Republic),
European North (EN)

45 CS 79 CS 121 CS 109 EN 113 EN 131 EN

Horizon, Depth, cm

Oe,pyr
3–5

Epyr
5–11

Oe,pyr
1–2

Epyr
2–6

Oe,pyr
0–3

Epyr
4–10

Oe,pyr
2–4

Epyr
4–7

Oe,pyr
2–4

Epyr
4–7

Oe,pyr
1–3

Epyr
6–7

Bacteria

Proteobacteria 27.68 27.04 28.31 20.14 20.14 15.84 17.98 19.77 24.59 21.3 28.38 18.66
Actinobacteria 11.86 9.72 17.97 7.77 10.31 9.6 13.14 7.9 9.03 9.26 24.57 15.05
Acidobacteria 12.1 8.62 10.35 7.49 8.7 6.61 9.63 10.78 9.02 8.78 15.91 6.24

Planctomycetes 8.17 16.86 8.69 21.86 9.2 13.52 16.09 13.1 18.55 10.57 5.97 16.43
Verrucomicrobia 1.55 2.28 0.89 2.21 3.41 1.3 0.65 2.19 0.95 0.88 0.26 1.02

Bacterioidetes 2.42 1.49 2.52 0.35 0.84 1.05 0.36 0.86 1.07 1.59 0.67 0.66
Cyanobacteria 0.14 0.16 0.26 0.16 0.31 0.13 0 0.05 0.06 0.09 0.095 0.03

Firmicutes 0.09 0.31 0.37 1.01 0.35 0.61 0.02 0.1 0.81 0.28 1.31 1.73
Myxococcota 0.3 0.27 0.12 0.16 0.52 0.41 0.35 0.38 0.67 0.18 2.25 0.64

Unc._Bacteria 1.39 1.03 1.45 0.76 1.54 0.62 0.9 0.87 1.89 0.77 0.14 0.28

Fungi

Ascomycota 90 59 75 66 62 74 79 63 99 80 94 83
Basidiomycota 2 3 20 9 7 0.6 12 10 0.2 2.6 0.7 6

Mortierellomycota 0.07 0.02 0.3 0 0.08 0.04 1.18 11 0.3 1.7 0 0.09
Mucoromycota 6 36 2.3 25 28 26 6 11 0.5 14 5 9

unc_Fungi 1.5 1.3 2.1 0.09 3 0.05 1.2 4.5 0.06 1.1 0.11 0.5

Abbreviation: CS—Central Siberia, EN—European North. The number before the abbreviation means how many
years have passed since the last fire.

Representatives of the Ascomycota phylum dominated among the fungi in all CS and
EN sites. In the EN sites, the representatives of Basidiomycota were the sodominants (up to
12%), and Mucoromycota (up to 26%) in the CS sites, which were most actively developing
in the Epyr horizon. Proteobacteria, Actinobacteria, Acidobacteria, and Planctomycetes phylum
representatives dominated among the bacteria.

In the Oe,pyr horizon of the CS plots, their share was 48%–65%, and in the Epyr horizon,
this was 46%–62%. In the EN plots in the Oe,pyr horizon, the share was 57%–75%, and in the
Epyr horizon, it was 50%–56% (Table 4). It is noted that the contribution of Cmic to Ctot. in
EN exceeded that in CS by 4.4 times. The indicator (Cmic/Ctot.) has a correlation coefficient
of r = 0.52, p < 0.05 with SSA. Microbiological indicators of MB and BR are statistically
significantly correlated with the exchange cations (r = 0.52–0.85, p < 0.05), cations exchange
capacity (r = 0.70–0.73, p < 0.05), and content of WEOC (r = 0.79–0.85, p < 0.05) and WEON
(r = 0.80–0.85, p < 0.05). In addition, there is a tendency of correlation with the total carbon
content (r = 0.45–0.47, p < 0.05) and negative values of the correlation coefficient with the
pH of both water and salt (r = −0.43 . . . −0.58, p < 0.05).

The microbiological activity was significantly influenced by soil pH, Ctot., and Ntot.
content. In the CS podzols, the values of MB and BR correlated with pH (r = −0.64 and
r = 0.72), Ctot. (r = 0.89 and 0.96), and N (r = 0.88 and r = 0.95, respectively). In the EN
podzols, the values of MB and BR correlated with pH (r = −0.66 and r = −0.74), Ctot.
(r = 0.91 and 0.96), and Ntot. (r = 0.92 and r = 0.95, respectively) as well.

Statistical analysis by principal components (PCA) based on the soil parameters of
the first three soil layers of the pits showed a difference between them and a significant
influence of the pyrogenic factor (Figure 7). The first component accounted for 59.9% of the
total variance and the second component for 20.1%. The first component was determined
by the content of carbon (C). The Cmic/Corg ratio made the largest contribution to the
second component. There are three clusters in the area of the first two components. The
first cluster, located in the area of the second component, contained pyrogenic E layers of
both the EN and CS pits. The second cluster, located in the area of the first component,
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contained non-pyrogenic Oi layers of two soil types. The third cluster was formed by
pyrogenic Oe,pyr layers.
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4. Discussion
4.1. Vegetation Dynamics and Dendrochronology

The total projective cover (TPC) of lower vegetation layers depends on the age of
the last fire. The plots located at Komi burned 109 or more years ago (Table 1), and the
lower layers of the plant communities are currently characterized as well developed. The
dwarf shrub-herb TPC ranged from 30 to 60% and the moss-lichen TPC from 80 to 90%.
Compared to Komi, in the Krasnoyarsk region at plots that burned 45 and 79 years ago
(45 CS and 79 CS), the lower vegetation layers are poorer, have lower TCP, and contain less
species (Table 1). We assume that the age of the last fire is crucial for the lower vegetation
layer’s development. Plot 121 CS differs from the other plots by a very poor moss-lichen
layer. This fact might be evidence of relatively low soil moisture, which in turn led to the
low TPC of the dwarf shrub-herb layer (<5%) at this plot.

Throughout all study plots, TPC of the dwarf shrub-herb layer was found to be mini-
mal at the plots that burned relatively recently and then increased during post-pyrogenic
succession. In boreal forests, the middle-term post-fire recovery rate of the TPC [55] and
biomass [56] of the moss-lichen layer is much faster than the other vegetation layers. In
our study, we also revealed relatively fast restoration of the moss-lichen layer at all plots
(Table 1) while a stable state was maintained during further succession.

In the studied forests of Komi Republic located at the foothills of the Ural Mountains,
the average fire periodicity is 79 years. On the plains, the fire return interval is much higher,
ranging from 12 to 106 years (average 55). Recent studies on the dynamics of fires in the
territory of the Pechora-Ilych Reserve and its adjacent territories [57] revealed a 46-year fire
cycle during the period from 1650s. Studies in northern Scandinavia [58,59] reported an
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average fire cycle ranging from 40 to 300 years. The swampy pine forests from the northern
taiga in the east part of the Urals have burnt up to 10 times over the past 100 years with a
3–30 year periodicity [60]. Gorshkov et al. [61] reported a 100 year average frequency of
fires for the pine forests of the European North. According to Listov [62], the fire period
was 20–50 years in the lichen pine forests of the Mezen River Basin.

The fire return intervals (FRIs) in the middle taiga zone of CS were estimated to be
25 to 50 years [63]. According to Kharuk et al. [64], FRI (in larch forests) tends to increase
northward from 112 ± 49 years at 65 ◦N to 300 years at ~71 ◦N altitude. The landscape
position is also very important, in that southern slopes burn more often and swampy
valleys much less often [65].

Thus, it was found that FRIs between fires and the vegetation of the ground cover of
the studied pine forests of the European North and Central Siberia are close to each other.
The moss-lichen layers are almost completely restored 45 years after the fire.

4.2. Morphological and Chemical Properties

The studied soils are characterized by a typical morphological structure with the
pyrogenic features in the upper genetic horizons, which is similar to the literature data
on the podzols of the Leningrad region, Karelia, Central Yakutia, Finnish Lapland, and
sandy soils of the Baikal region [66–69]. Under low-intensity surface fires, there is a
change in the dominant vegetation cover and burning organic horizon. As a result, the
pyrogenic Qpyr horizon is formed in the soils of the young burnt-out forest instead of
the organic horizon [30,31]. Most of the pyrogenic traits in the soils of old-growth forests
are concentrated in the lower part of the litter and the upper mineral horizon. Similar
results are typical for the soils of pine forests in the Baikal region [70], which confirms the
influence of surface fires on the transformation of organic soil horizons into new specific
pyrogenic horizons.

Important visible parameters of the fires’ impact are the thickness and humidity of
the organic soil horizons. The minimum values of the moisture content and thickness of
the organic horizons were found on 45 CS areas, on which the moss-lichen layer of plants
had not yet completely formed. With the time that has passed since the fire, there is a
clear trend of an increase in the thickness of the ground cover and the moisture content
of the organic soil horizons. The exception is the section 79 years after the fire, in which
the moisture content is low. This is due to the preservation of a pronounced dominance of
lichens in the ground cover of a specific sample area due to selective and partial burnout.
An important diagnostic role in the analysis of the duration of time since the last fire is
played by the thickness of the organic horizon. Our data correspond to the results given
in the literature [61]: the average thickness of forest litter during the stabilization stage is
7.5–8.5 cm for pine forests.

An important factor in the transformation of the organic horizon is the combustion
temperature of plant materials [16]. According to Santín and Doerr [4], at temperatures
of about 300 ◦C, a fire can change the structure of organic matter complexes, forming
pyrogenic compounds (alkaline ash and charcoal). Charcoal particles play an important
diagnostic role in genetic horizons [69,70]. It was revealed that pyrogenic morphological
features (charcoal, soot, partially charred residues) can be traced not only in the organic but
also in the upper mineral horizons of soils. The eluvial horizons can accumulate pyrogenic
carbon. As a result of fire, the upper mineral horizons are enriched with pyrogenic residues
(Epyr). The presence of well-diagnosed coal particles in the litter and eluvial horizons was
revealed in all the studied post-pyrogenic soils, which persists for a long time after a fire,
even after 131 years.

The chemical properties of the studied EN and CS soils are very similar. Podzols are
among the most acidic soils in the world. The maximum acidity is characteristic of the
lower subhorizons of the litter and the eluvial horizon. The content of carbon and nitrogen
in the Epyr horizon is significantly higher compared to the E horizon for all studied soils.
This may be associated with the enrichment of the upper part of the horizon with pyrogenic
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products, their migration, and accumulation. As vegetation recovers, the soil acidity values
of the post-pyrogenic areas approach strongly and moderately acidic values.

SSA is a complex parameter that depends on the soil texture, cation exchange capacity,
and other physical properties. SSA has significant correlation values with the content of
exchange cations Ca2+ (r = 0.96, p < 0.05), Mg2+ (r = 0.97, p < 0.05), K+ (r = 0.84, p < 0.05),
Na+ (r = 0.91, p < 0.05), their sum (r = 0.97, p < 0.05), and CEC (r = 0.74, p < 0.05). In
addition, SSA is significantly correlated with the granulometric composition. The strongest
SSA relationships were found with silty (r = 0.94–0.97, p < 0.05) and clay fractions (r = 0.93,
p < 0.05). Negative significant correlation coefficients were established with the sand
fractions (r = from −0.58 to −0.65, p < 0.05).

4.3. Soil Organic Matter of Studied Soils

Water-soluble organic compounds are represented by the most reactive substances.
The quantitative and qualitative composition is largely determined by the plants of the
ground cover and corresponds to the type of moisture and the type of forest [31,41]. This
fact is probably due to the destruction of organic material concentrated in the forest organic
horizons: the main source of water-soluble organic substances in the upper layers of the
soil. The post-pyrogenic change in the carbon content of water-soluble compounds is
associated with two main factors. The first is the production of water-soluble carbon by
ground cover plants. Probably, this factor is crucial in identifying the patterns of pyrogenic
effects and subsequent changes in post-pyrogenic successions. After a fire, a significant
part of the plants dies. In the course of their further restoration, an increase in the contents
of carbon and nitrogen of water-soluble organic compounds is observed due to the influx
of organic substances from the restored organic horizons. The second important factor
is the formation of a high proportion of pyrogenic inclusions (coals), which can absorb a
significant part of the organic compounds entering the soil [71–73].

It is known that fires change the chemical composition of organic matter, leading to
the enrichment of soils with pyrogenic black carbon (PyC) [74–77]. Comparing our results
with the data of the podzols of Finnish Lapland [68], it can be assumed that part of the PyC
as a result of oxidation passes into the composition of WSOC in soils [78,79]. However, this
requires additional studies of the molecular composition of WSOC.

Forest fires are recognized as the main natural source of PAHs [80]. PAHs are formed
during the combustion process. An increased content of light PAHs (about 70% of the total
mass fraction of PAHs) in the organic horizon immediately after fire was also revealed by
other authors [25]. According to Campos et al. [81], fire immediately caused an increase
in the PAH (mainly light compounds) levels in the upper soil layer, but after four months,
this effect largely disappeared. According to [80,81], PAHs can be released from the soil
during the first year after a fire. Our earlier studies suggest that high levels of light PAHs
may remain in the litter 10–16 years after a fire [22]. The decrease in the proportion of light
PAHs in soils with older fires is due to the decomposition of naphthalene. Some authors
claim that light PAHs (naphthalene, anthracene, chrysene, fluorene, and fluoranthene)
tend to move from the soil to the air [82]. The increased contribution of naphthalene
in the organic soil horizon of the 121-year-old site (121 CS) after the fire is due to the
overall low PAH content. Perhaps, in this case, the processes of decomposition of three
to four nuclear structures of PAHs to lighter ones occurred since the proportion of high-
molecular PAHs at this site had maximum values. The high content of heavy polyarenes
in the soils of this site (121 years) could be due to a significant number of fires. Since
1663, five fires have occurred, which contributed to the active accumulation of heavy
structures, mainly benz [b]fluoranthene and dibenz [a, h]anthracene, in the organic horizon.
Significant concentrations of benz [b]fluoranthene were found in pyrogenic soil of the Komi
Republic 131 years after the fire (131 EN), for which an increased frequency of fires was
also noted. At the same time, dibenz[a, h]anthracene was absent in the organic horizon,
which could be due to the old age of the site. Because of this, dibenz[a, h]anthracene could
already decompose to lighter structures. The same works have shown the ability of the soil
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microbiota to use low-molecular-weight PAHs as an energy source and, in their absence,
heavier structures [81–83]. In addition, an increased content of indenopyrene in the soils of
the Komi Republic was found in podzols for which fires occurred one to two times, which
could be associated with the processes of pedogenesis more than with fires.

Studies have shown that the combustion conditions and properties of the organic
horizon strongly affect the PAH levels [25,81]. They suggest that the formation of low-
molecular-weight PAHs depends more on the fire conditions. The content of heavy PAHs is
mainly related to the characteristics of the biomass, species diversity, and the type of organic
horizon. Thus, the organic horizon formed by Pinus nigra was characterized by the lowest
PAH content. Whereas the combustion of Pinus pinaster revealed large amounts of PAHs
in the organic horizon [25]. We calculated a number of coefficients that are recommended
for identifying the contribution of pyrogenic and pedogenic PAHs [84–91]. However, we
did not find significant correlations with the time of the last fire. On the one hand, this
may be due to the fact that the diagnostic ratios of PAHs were originally developed for
the snow cover [84,92]. Therefore, they may not work for soils due to the presence of
many interfering influences. On the other hand, the pyrogenic factor could be based on the
processes of anthropogenic burning of oil and gas. So, natural biomass combustion PAHs
might be included in petrogenic PAHs.

The low content of PAHs in the mineral horizons of soils is largely due to the weak
ability of PAHs to migrate and their low solubility [93]. Heavy PAHs, characterized by
lower solubility [94], were absent or were present in minimal concentrations in the mineral
horizons. Similar data were obtained for different soil types [95], including for soils under
medium-taiga shrub-green-moss pine forests in the first months after fire [11]. Under these
conditions, PAHs were mainly concentrated in the soil organic horizon. Other authors
have shown the possibility of PAHs leaching into the underlying horizons for the example
of soils in the zone of action of a coke factory [96]. The detection of heavy PAHs in the
mineral horizons of soils of the Komi Republic could be associated with climatic factors
and possibly a more intensive washing regime (more precipitation, snowmelt) than in the
Krasnoyarsk region. It can be assumed that the higher intensity of fires, and hence the
combustion temperature characteristic of Siberia, leads to a lower content of PAHs.

4.4. Microbiological Properties

Thus, the podzols of the CS and EN pine forests differed in terms of the MB content,
specific respiration rate, and mineralization processes. In the soil of the EN pine forests,
the MB content in the mineral horizons was, on average, three times higher than in CS. In
all pine forests, the maximum MB and BR values were recorded in the litter, where not
only microorganisms but also other biota (mosses, lichens, microfauna) take part in the
respiration processes. In the Epyr horizon, the minimum values of MB and rather high
respiration (BR, QR) were noted, which indicates stressful conditions for microbocenosis.
Most likely, the soil in these horizons has not recovered after the fire, there is little organic
matter (Ctot. and Ntot.) in it, and the activity of microbial communities is reduced. In the
CS podzols, along with Ascomycota, Mucomycota fungi most actively colonized the Epyr
horizon, and in EN, Basidiomycota. Among the bacteria, representatives of Planctomycetes,
Verrucomicrobia, and Firmicutes significantly contributed to the development of Epyr.

PCA showed that the C, N, and MB contents contributed most to the differences
between the EN and CS soil types, and the differences between the pyrogenic and non-
pyrogenic layers were due to the Cmic/Corg (%) ratio and pH values.

5. Conclusions

The results of a comparison of the basic parameters of natural soils, which are not
affected by any types of human activity (except fires), of forest pine ecosystems of the
EN and CS regions, which can be used as background for comparison, were presented.
This study revealed similar morphological and physicochemical characteristics of the albic
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podzols in the EN and CS regions. It was shown that pyrogenic signs have persisted in the
organic and upper mineral soil horizons for more than 130 years after the last fire.

The soils of the studied regions did not statistically differ in their physicochemical
properties and profile distribution of indicators (pH, BS, CEC, texture, carbon and nitrogen
contents and storages, content of water-soluble forms of carbon and nitrogen). In the upper
mineral horizon Epyr of the European North, a statistically greater value of the total PAH
content was revealed.

The microbiological activity of the organic horizons of the EN and CS soils was similar.
Podzols were characterized by high MB and BR values in the organic horizons and a low
MB content in the upper mineral soil horizons. The mineral horizons of the EN and CS
soils differ in the microbial biomass content, specific respiration rate, and mineralization
processes. The MB content in EN was, on average, three times higher than in CS. The lower
EN mineral horizons were also characterized by higher values of microbial carbon and its
contribution to total carbon. Differences were also noted in the qualitative composition of
the studied soils’ microbiomes in EN, which are represented by a wide variety of bacteria
and fungi. This is probably due to the more continental conditions for the formation of
podzols in the CS territory compared to EN.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13111831/s1, Figure S1: Profile photos of the investigated podzols;
Table S1: texture of studied soils.

Author Contributions: Conceptualization, A.A.D. and A.S.P.; methodology, A.A.D., I.D.G. and A.S.P.;
software, V.V.S.; validation, V.V.S., A.A.D. and I.D.G.; formal analysis, A.A.D., I.D.G., E.V.Y., V.V.S.,
I.N.K., E.Y.M. and Y.A.D.; investigation, A.A.D., I.D.G. and V.V.S.; resources, A.A.D., A.S.P. and I.D.G.;
writing—original draft preparation, A.A.D., V.V.S., E.V.Y., Y.A.D. and I.D.G.; writing—review and
editing, A.A.D., I.D.G., V.V.S. and A.S.P.; visualization, V.V.S., I.D.G. and A.A.D.; supervision, A.A.D.;
project administration, A.A.D.; funding acquisition, A.A.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Russian Foundation for Basic Research (RFBR) under
Grant No. 19-29-05111 mk and budgetary theme of IB FRC Komi SC UB RAS 122040600023-8.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ivanov, A.L.; Shoba, S.A. (Eds.) Unified State Register of Soil Resources of Russia. Version 1.0; Dokuchaev Soil Science Institute:

Moscow, Russia, 2014; 768p. (In Russian)
2. Sannikov, S.N. Ecology and Geography of Scots Pine Natural Regeneration; Nauka: Moscow, Russia, 1992; 264p. (In Russian)
3. Bond-Lamberty, B.; Peckham, S.; Ahl, D.; Gower, S.T. Fire as the dominant driver of central Canadian boreal forest carbon balance.

Nature 2007, 450, 89–92. [CrossRef] [PubMed]
4. Santin, C.; Doerr, S.H. Fire effects on soils: The human dimension. Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 20150171. [CrossRef]

[PubMed]
5. Mergelov, N.; Petrov, D.; Zazovskaya, E.; Dolgikh, A.; Golyeva, A.; Matskovsky, V.; Bichurin, R. Soils in karst sinkholes record the

Holocene history of local forest fires at the north of European Russia. Forests 2020, 11, 1268. [CrossRef]
6. Köster, K.; Aaltonen, H.; Berninger, F.; Heinonsalo, J.; Köster, E.; Ribeiro-Kumara, C.; Sun, H.; Tedersoo, L.; Zhou, X.; Pumpanen, J.

Impacts of wildfire on soil microbiome in Boreal environments. Environ. Sci. Health 2021, 22, 100258. [CrossRef]
7. Ponomareva, T.V.; Litvintsev, K.Y.; Finnikov, K.A.; Yakimov, N.D.; Sentyabov, A.V.; Ponomarev, E.I. Soil Temperature in Disturbed

Ecosystems of Central Siberia: Remote Sensing Data and Numerical Simulation. Forests 2021, 12, 994. [CrossRef]
8. Evdokimenko, M.D. Pyrogenic disturbances of the hydrothermal regime of cryogenic soils under light coniferous forests in

southeastern Siberia. Eurasian Soil Sci. 2013, 46, 117–126. [CrossRef]
9. Nadporozhskaya, M.A.; Pavlov, B.A.; Mirin, D.M.; Yakkonen, K.L.; Sedova, A.M. The influence of forest fires on the formation of

the profile of podzols. BIOSFERE 2020, 12, 32–44. (In Russian) [CrossRef]

https://www.mdpi.com/article/10.3390/f13111831/s1
https://www.mdpi.com/article/10.3390/f13111831/s1
http://doi.org/10.1038/nature06272
http://www.ncbi.nlm.nih.gov/pubmed/17972883
http://doi.org/10.1098/rstb.2015.0171
http://www.ncbi.nlm.nih.gov/pubmed/27216528
http://doi.org/10.3390/f11121268
http://doi.org/10.1016/j.coesh.2021.100258
http://doi.org/10.3390/f12080994
http://doi.org/10.1134/S106422931302004X
http://doi.org/10.24855/BIOSFERA.V12I1.525


Forests 2022, 13, 1831 20 of 22

10. Bezkorovainaya, I.N.; Ivanova, G.A.; Tarasov, P.A.; Sorokin, N.D.; Bogorodskaya, A.V.; Ivanov, V.A.; Konard, S.G.; McRae, D.J.
Pyrogenic Transformation of Pine Stand Soil in Middle Taiga of Krasnoyarsk Region. Contemp. Probl. Ecol. 2005, 12, 143–152.

11. Dymov, A.A.; Dubrovskii, Y.A.; Gabov, D.N. Pyrogenic changes in iron illuvial Podzols in the middle taiga of the Komi Republic.
Eurasian Soil Sci. 2014, 47, 47–56. [CrossRef]

12. Maksimova, E.; Abakumov, E. Soil organic matter quality and composition in a postfire Scotch pine forest in Tolyatti, Samara
region. Biol. Commun. 2017, 62, 169–180. [CrossRef]

13. Loiko, S.V.; Kuzmina, D.M.; Dudko, A.A.; Konstantinov, A.O.; Vasilyeva, Y.A.; Kurasova, A.O.; Lim, A.G.; Kulizhsky, S.P.
Charcoals of albic podzols of the middle taiga of Western Siberia as indicator of ecosystem history. Eurasian Soil Sci. 2022,
55, 176–192. [CrossRef]

14. Dymov, A.A.; Startsev, V.V.; Milanovsky, E.Y.; Valdes-Korovkin, I.A.; Farkhodov, Y.R.; Yudina, A.V.; Donnerhack, O.; Guggen-
bergerd, G. Soils and soil organic matter transformations during the two years after a low-intensity surface fire (Subpolar Ural,
Russia). Geoderma 2021, 404, 115278. [CrossRef]

15. Bryanin, S.V.; Danilov, A.V.; Susloparova, Y.S.; Ivanov, A.V. Pyrogenic Carbon Pools of the Upper Amur Region. Russ. J. For. Sci.
2022, 3, 285–296. [CrossRef]

16. Bird, M.I.; Wynn, J.G.; Saiz, G.; Wurster, C.M.; McBeath, A. The Pyrogenic Carbon Cycle. Annu. Rev. Earth Planet. Sci. 2015,
43, 273–298. [CrossRef]

17. Chebykina, E.; Abakumov, E. Characteristics of humic acids isolated from burned and unburned topsoils in sub-boreal Scotch
pine forests by 13C-NMR spectroscopy. One Ecosyst. 2022, 7, e82720. [CrossRef]

18. Eckdahl, J.A.; Kristensen, J.A.; Metcalfe, D.B. Climatic variation drives loss and restructuring of carbon and nitrogen in boreal
forest wildfire. Biogeosciences 2022, 19, 2487–2506. [CrossRef]

19. Glaser, B.; Haumaier, L.; Guggenberger, G.; Zech, W. Black carbon in soils: The use of benzenecarboxylic acids as specific markers.
Org. Geochem. 1998, 29, 811–819. [CrossRef]

20. Brodowski, S.; Rodionov, A.; Haumaier, L.; Glaser, B.; Amelung, W. Revised black carbon assessment using benzene polycarboxylic
acids. Org. Geochem. 2005, 36, 1299–1310. [CrossRef]

21. Guggenberger, G.; Rodionov, A.; Shibistova, O.; Grabe, M.; Kasansky, O.A.; Fuchs, H.; Mikheyeva, N.; Zrazhevskaya, G.; Flessa,
H. Storage and mobility of black carbon in permafrost soils of the forest tundra ecotone in Northern Siberia. Glob. Chang. Biol.
2008, 14, 1367–1381. [CrossRef]

22. Dymov, A.A.; Gabov, D.N. Pyrogenic alterations of Podzols at the North-East European part of Russia: Morphology, carbon pools,
PAH content. Geoderma 2015, 241–242, 230–237. [CrossRef]

23. Dymov, A.A.; Gorbach, N.M.; Goncharova, N.N.; Karpenko, L.V.; Gabov, D.N.; Kutyavin, I.N.; Startsev, V.V.; Mazur, A.S.;
Grodnitskaya, I.D. Holocene and recent fires influence on soil organic matter, microbiological and physico-chemical properties of
peats in the European North-East of Russia. Catena 2022, 217, 106449. [CrossRef]

24. Startsev, V.V.; Yakovleva, E.V.; Kutyavin, I.N.; Dymov, A.A. Fire impact on the carbon pools and basic properties of Retisols in
native spruce forests of European North and Central Siberia of Russia. Forests 2022, 13, 1135. [CrossRef]

25. Rey-Salgueiro, L.; Martínez-Carballo, E.; Merino, A.; Vega, J.A.; Fonturbel, M.T.; Simal-Gandara, J. Polycyclic Aromatic Hydrocar-
bons in Soil Organic Horizons Depending on the Soil Burn Severity and Type of Ecosystem. Land Degrad. Dev. 2018, 29, 2112–2123.
[CrossRef]

26. Gennadiev, A.N.; Tsibart, A.S. Pyrogenic polycyclic aromatic hydrocarbons in soils of reserved and anthropogenically modified
areas: Factors and features of accumulation. Eurasian Soil Sci. 2013, 46, 28–36. [CrossRef]

27. Ravindra, K.; Becs, L.; Wauters, E.; Hoog, J.; Deutsch, F.; Roekens, E.; Bleux, B.; Berghmans, P.; Grieken, R.V. Seasonal and
site-specific variation in vapour and aerosol phase PAHs over Flanders (Belgium) and their relation with anthropogenic activities.
Atmos. Environ. 2006, 40, 771–785. [CrossRef]

28. 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. In World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015.

29. Sapozhnikov, A.P.; Karpachevskii, L.O.; Il’ina, L.S. Postpyrogenic soil formation in Siberian pine–broad leaved forests. Lesn. Vestn.
2001, 1, 132–164. (In Russian)

30. Krasnoshchekov, Y.N.; Cherednikova, Y.S. Postpyrogenic transformation of soils under Pinus sibirica forests in the southern Lake
Baikal basin. Eurasian Soil Sci. 2012, 45, 929–938. [CrossRef]

31. Dymov, A.A. Soil Successions at Boreal Forests of the Komi Republic; GEOS: Moscow, Russia, 2020; (In Russian). [CrossRef]
32. Krasnoshchekov, Y.N.; Cherednikova, Y.S. Postpyrogenic Variability of Forest Soils in the Mountainous Baikal Region; SBRAS:

Novosibirsk, Russia, 2022; (In Russian). [CrossRef]
33. Ipatov, V.S.; Mirin, D.M. Description of Phythocoenosis. Metodical Recommendations; St. Petersburg State University Press: St.

Petersburg, Russia, 2008. (In Russian)
34. Madany, M.N.; Swetnam, T.W.; West, N.E. Comparison of two approaches for determining fire dates from tree scars. For. Sci.

1982, 28, 856–861.
35. Fritts, H.C. Dendroclimatology and dendroecology. Quat. Res. 1971, 1, 419–449. [CrossRef]
36. Grissino-Mayer, H.A. Manual and tutorial for the proper use of an increment borer. Tree-Ring Res. 2003, 59, 63–79.
37. Rinn, F. Tsap; Version 3.5. Reference Manual. Computer Program for Tree-Ring Analysis and Presentation; Frank Rinn: Helenberg,

Germany, 1996; 264p.

http://doi.org/10.1134/S1064229314020045
http://doi.org/10.21638/11701/spbu03.2017.303
http://doi.org/10.1134/S1064229322020089
http://doi.org/10.1016/j.geoderma.2021.115278
http://doi.org/10.31857/S0024114822030044
http://doi.org/10.1146/annurev-earth-060614-105038
http://doi.org/10.3897/oneeco.7.e82720
http://doi.org/10.5194/bg-19-2487-2022
http://doi.org/10.1016/S0146-6380(98)00194-6
http://doi.org/10.1016/j.orggeochem.2005.03.011
http://doi.org/10.1111/j.1365-2486.2008.01568.x
http://doi.org/10.1016/j.geoderma.2014.11.021
http://doi.org/10.1016/j.catena.2022.106449
http://doi.org/10.3390/f13071135
http://doi.org/10.1002/ldr.2806
http://doi.org/10.1134/S106422931301002X
http://doi.org/10.1016/j.atmosenv.2005.10.011
http://doi.org/10.1134/S1064229312100055
http://doi.org/10.34756/GEOS.2020.10.37828
http://doi.org/10.53954/9785604782354
http://doi.org/10.1016/0033-5894(71)90057-3


Forests 2022, 13, 1831 21 of 22

38. Holmes, R.L. Computer-assisted quality control in tree-ring dating and measurement. Tree-Ring Bull. 1983, 44, 69–75. [CrossRef]
39. Grissino-Mayer, H.D. Evaluating crossdating accuracy: A manual and tutorial for the computer program COFECHA. Tree-Ring

Res. 2001, 57, 205–221.
40. Van Reeuwijk, L.P. (Ed.) Procedures for Soil Analysis. Technical Paper, 9; ISRIC: Wageningen, The Netherlands, 2002.
41. Dymov, A.A.; Gabov, D.N.; Milanovskii, E.Y. 13C-NMR, PAHs, WSOC and repellence of fire affected soils (Albic Podzols, Russia).

Environ. Earth Sci. 2017, 76, 275. [CrossRef]
42. Yakovleva, E.V.; Gabov, D.N.; Vasilevich, R.S.; Goncharova, N.N. Participation of Plants in the Formation of Polycyclic Aromatic

Hydrocarbons in Peatlands. Eurasian Soil Sci. 2020, 53, 317–329. [CrossRef]
43. Anderson, T.H.; Domsch, K.H. Application of eco-physiological quotients qCO2 and qD on microbial biomass from soils of

different cropping histories. Soil Biol. Biochem. 1990, 22, 251–255. [CrossRef]
44. Ananyeva, N.D. Microbiological Aspects of Self-Cleaning and Soil Stability; Nauka: Moscow, Russia, 2003. (In Russian)
45. Sparling, G.T. The substrate-induced respiration method. In Methods in Applied Soil Microbiology and Biochemistry; Alef, K.,

Nannipieri, P., Eds.; Academic Press: Cambridge, MA, USA, 1995; pp. 397–404.
46. Grodnitskaya, I.D.; Karpenko, L.V.; Syrtsov, S.N.; Prokushkin, A.S. Microbiological Parameters and Peat Stratigraphy of Two

Types of Bogs in the Northern Part of the Sym–Dubches Interfluve (Krasnoyarsk Krai). Biol. Bull. 2018, 45, 160–170. [CrossRef]
47. Grodnitskaya, I.D.; Karpenko, L.V.; Pashkeeva, O.E.; Goncharova, N.N.; Startsev, V.V.; Baturina, O.A.; Dymov, A.A. Impact of

Forest Fires on the Microbiological Properties of Oligotrophic Peat Soils and Gleyed Peat Podzols of Bogs in the Northern Part of
the Sym-Dubches Interfluve, Krasnoyarsk Region. Eurasian Soil Sci. 2022, 55, 460–473. [CrossRef]

48. Bates, S.T.; Berg-Lyons, D.; Caporaso, J.G.; Walters, W.A.; Knight, R.; Fierer, N. Examining the global distribution of dominant
archaeal populations in soil. ISME J. 2010, 5, 908–917. [CrossRef]

49. Comeau, A.M.; Li, W.K.W.; Tremblay, J.-E.; Carmack, E.C.; Lovejoy, C. Arctic Ocean Microbial Community Structure before and
after the 2007 Record Sea Ice Minimum. PLoS ONE 2011, 6, e27492. [CrossRef]

50. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef]

51. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]

52. McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

53. Wright, E.S. Using DECIPHER v2.0 to Analyze Big Biological Sequence Data in R. R J. 2016, 8, 352–359. [CrossRef]
54. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich,

J.K.; Gordon, J.I.; et al. QIIME allows analysis of highthroughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef]

55. Degteva, S.V.; Dubrovskiy, Y.A. Forests in the Basin of the Ilych River in the Pechoro-Ilychsky Reserve; Nauka: St. Petersburg, Russia,
2014; 291p. (In Russian)

56. Kukavskaya, E.A.; Buryak, L.V.; Kalenskaya, O.P.; Zarubin, D.S. Transformation of the ground cover after surface fires and
estimation of pyrogenic carbon emissions in the dark-coniferous forests of Central Siberia. Contemp. Probl. Ecol. 2017, 10, 62–70.
[CrossRef]

57. Ryzhkova, N.I.; Kutyavin, I.N.; Pinto, G.; Kryshen, A.M.; Aleinikov, A.A.; Vozmitel, F.K.; Drobyshev, I.V. Dynamics of fire activity
in the pine forests of the Pechora-Ilychsky reserve according to the data of dendrochronological studies. Proc. Pechora-Ilychsky
Reserve 2020, 19, 101–106. (In Russian)

58. Niklasson, M.; Drakenberg, B.A. 600-year tree-ring fire history from NorraKvills National Park, southern Sweden: Implications
for conservation strategies in the hemiboreal zone. Biol. Conserv. 2001, 101, 63–71. [CrossRef]

59. Rolstad, J.; Blanck, Y.L.; Storaunet, K.O. Fire history in a western Fennoscandian boreal forest as influenced by human land use
and climate. Ecol. Monogr. 2017, 87, 219–245. [CrossRef]

60. Komin, G.E. Influence of Fires on the Age Structure and Growth of Northern Taiga Boggy Pine Forests in the Trans-Urals. Type and
Dynamics of Forests in the Urals and Trans-Urals; Academy of Sciences of the USSR. Ural branch: Sverdlovsk, Russia, 1967;
pp. 207–222. (In Russian)

61. Gorshkov, V.V.; Stavrova, N.I.; Bakkal, I.Y. Post-fire restoration of forest litter in boreal pine forest. Lesovedenie 2005, 3, 37–45. (In
Russian)

62. Listov, A.A. Bory Belomoshniki (Burs Lichen); Agropromizdat: Moscow, Russia, 1986; 81p. (In Russian)
63. Ivanova, G.A.; Konard, S.G.; Makrae, D.D. (Eds.) Influence of Fires on the Ecosystem Components of Middle Taiga Pine Forests in Siberia;

Nauka (Science): Novosibirsk, Russia, 2014; 232p. (In Russian)
64. Kharuk, V.I.; Dvinskaya, M.L.; Petrov, I.A.; Im, S.T.; Ranson, K.J. Larch Forests of Middle Siberia: Long-Term Trends in Fire Return

Intervals. Reg. Environ. Chang. 2016, 16, 2389–2397. [CrossRef]
65. Kharuk, V.I.; Ranson, K.J.; Dvinskaya, M.L. Wildfires dynamic in the larch dominance zone. Geophys. Res. Lett. 2008, 35, L01402.

[CrossRef]
66. Bakhmet, O.N. Carbon storages in soils of Pine and Spruce forests in Karelia. Contemp. Probl. Ecol. 2018, 11, 697–703. [CrossRef]
67. Gyninova, A.B.; Kulikov, A.I.; Gonchikov, B.N.; Dyrzhinov, Z.D.; Gyninova, B.D. Post-pyrogenic evolution of sandy soils under

pine forests in the Baikal region. Eurasian Soil Sci. 2019, 52, 414–425. [CrossRef]

http://doi.org/10.1016/j.foreco.2006.06.001
http://doi.org/10.1007/s12665-017-6600-2
http://doi.org/10.1134/S1064229320030102
http://doi.org/10.1016/0038-0717(90)90094-G
http://doi.org/10.1134/S1062359018020036
http://doi.org/10.1134/S1064229322040093
http://doi.org/10.1038/ismej.2010.171
http://doi.org/10.1371/journal.pone.0027492
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
http://doi.org/10.32614/RJ-2016-025
http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.1134/S1995425517010073
http://doi.org/10.1016/S0006-3207(01)00050-7
http://doi.org/10.1002/ecm.1244
http://doi.org/10.1007/s10113-016-0964-9
http://doi.org/10.1029/2007GL032291
http://doi.org/10.1134/S199542551807003X
http://doi.org/10.1134/S1064229319040082


Forests 2022, 13, 1831 22 of 22

68. Ide, J.; Ohashi, M.; Köster, K.; Berninger, F.; Miura, I.; Makita, N.; Yamase, K.; Palviainen, M.; Pumpanen, J. Molecular composition
of soil dissolved organic matter in recently-burned and long-unburned boreal forests. Int. J. Wildland Fire 2020, 29, 541–547.
[CrossRef]

69. Startsev, V.V.; Dymov, A.A.; Prokushkin, A.S. Soils of Postpyrogenic Larch Stands in Central Siberia: Morphology, Physicochemical
Properties, and Specificity of Soil Organic Matter. Eurasian Soil Sci. 2017, 50, 885–897. [CrossRef]

70. Krasnoshchekov, Y.N. Postpyrogenic variability of litter in mountain forest of Baikal region. Eurasian Soil Sci. 2019, 52, 258–270.
[CrossRef]

71. González-Pérez, J.A.; González-Vila, F.J.; Almendros, G.; Knicker, H. The effect of fire on soil organic matter—A review. Environ.
Int. 2004, 30, 855–870. [CrossRef]

72. Knicker, H. How does fire affect the nature and stability of soil organic nitrogen and carbon? A review. Biogeochemistry 2007,
85, 91–118. [CrossRef]

73. Krasilnikov, P.V. Stable carbon compounds in soils: Their origin and functions. Eurasian Soil Sci. 2015, 48, 997–1008. [CrossRef]
74. Schmidt, M.W.I.; Noack, A.G. Black carbon in soils and sediments: Analysis, distribution, implications, and current challenges.

Glob. Biogeochem. Cycles 2000, 14, 777–793. [CrossRef]
75. Preston, C.M.; Schmidt, M.W.I. Black (pyrogenic) carbon: A synthesis of current knowledge and uncertainties with special

consideration of boreal regions. Biogeosciences 2006, 3, 397–420. [CrossRef]
76. Czimczik, C.I.; Schmidt, M.W.I.; Schulze, E.D. Effects of increasing fire frequency on black carbon and organic matter in Podzols

of Siberian Scots pine forests. Eur. J. Soil Sci. 2005, 56, 417–428. [CrossRef]
77. Czimczik, C.I.; Masiello, C.A. Controls on black carbon storage in soils. Glob. Biogeochem. Cycles 2007, 21, 1–8. [CrossRef]
78. Masiello, C.A. New directions in black carbon organic geochemistry. Mar. Chem. 2004, 92, 201–213. [CrossRef]
79. Hockaday, W.C.; Grannas, A.M.; Kim, S.; Hatcher, P.G. Direct molecular evidence for the degradation and mobility of black

carbon in soils from ultrahigh-resolution mass spectral analysis of dissolved organic matter from a fire-impacted forest soil. Org.
Geochem. 2006, 37, 501–510. [CrossRef]

80. García-Falcón, M.S.; Soto-González, B.; Simal-Gándara, J. Evolution of the 15 Concentrations of Polycyclic Aromatic Hydrocarbons
in Burnt Woodland Soils. Environ. Sci. Technol. 2006, 40, 759–763. [CrossRef]

81. Campos, I.; Abrantes, N.; Pereira, P.; Micaelo, A.C.; Vale, C.; Keizer, J.J. Forest fires as potential triggers for production and
mobilization of polycyclic aromatic hydrocarbons to the terrestrial ecosystem. Land Degrad. Dev. 2019, 30, 2360–2370. [CrossRef]

82. Manzetti, S. Polycyclic Aromatic Hydrocarbons in the Environment: Environmental Fate and Transformation. Polycycl. Aromat.
Compd. 2013, 33, 311–330. [CrossRef]

83. Vasconcelos, U.; de França, F.P.; Oliveira, F.J.S. Removal of high-molecular weight polycyclic aromatic hydrocarbons. Quim. Nova
2011, 34, 218–221. [CrossRef]

84. Wang, Z.; Liu, S.; Bu, Z.-J.; Wang, S. Degradation of polycyclic aromatic hydrocarbons (PAHs) during Sphagnum litters decay.
Environ. Sci. Pollut. Res. 2018, 25, 18642–18650. [CrossRef]

85. Sihi, D.; Ingletta, P.W.; Inglett, K.S. Warming rate drives microbial nutrient demand and enzyme expression during peat
decomposition. Geoderma 2019, 336, 12–21. [CrossRef]

86. Yunker, M.B.; Macdonald, R.W.; Vingarzan, R.; Mitchell, R.H.; Goyette, D.; Sylvestre, S. PAHs in the Fraser River basin: A critical
appraisal of PAH ratios as indicators of PAH source and composition. Org. Geochem. 2002, 33, 489–515. [CrossRef]

87. Pies, C.; Yang, Y.; Hofmann, T. Distribution of Polycyclic Aromatic Hydrocarbons (PAHs) in Floodplain Soils of the Mosel and
Saar River. J. Soils Sediments 2007, 7, 216–222. [CrossRef]

88. Froehner, S.; de Souza, D.B.; Machado, K.S.; Falcao, F.; Fernandes, C.S.; Bleninger, T.; Neto, D.M. Impact of coal tar pavement
on polycyclic hydrocarbon distribution in lacustrine sediments from non-traditional sources. Int. J. Environ. Sci. Technol. 2012,
9, 327–332. [CrossRef]

89. Tobiszewski, M.; Namiesnik, J. PAH diagnostic ratios for the identification of pollution emission sources. Environ. Pollut. 2012,
162, 110–119. [CrossRef] [PubMed]

90. Chen, R.; Lv, J.; Zhang, W.; Liu, S.; Feng, J. Polycyclic aromatic hydrocarbon (PAH) pollution in agricultural soil in Tianjin, China:
A spatio-temporal comparison study. Environ. Earth Sci. 2015, 74, 2743–2748. [CrossRef]

91. Mizwar, A.; Trihadiningrum, Y. PAH Contamination in Soils Adjacent to a Coal-Transporting Facility in Tapin District, South
Kalimantan, Indonesia. Arch. Environ. Contam. Toxicol. 2015, 69, 62–68. [CrossRef]

92. Nemirovskaya, I.A. Hydrocarbons in the White Sea: Routes and forms of migration and genesis. Geochem. Int. 2005, 43, 493–504.
93. Gabov, D.N.; Beznosikov, V.A.; Kondratenok, B.M. Polycyclic aromatic hydrocarbons in background podzolic and gleyic

peat-podzolic soils. Eurasian Soil Sc. 2007, 40, 256–264. [CrossRef]
94. Lu, G.-N.; Danga, Z.; Tao, X.-Q.; Yanga, C.; Yi, X.-Y. Estimation of Water Solubility of Polycyclic Aromatic Hydrocarbons Using

Quantum Chemical Descriptors and Partial Least Squares. QSAR Comb. Sci. 2008, 27, 618–626. [CrossRef]
95. Gabov, D.N.; Beznosikov, V.A. Polycyclic aromatic hydrocarbons in tundra soils of the Komi republic. Eurasian Soil Sci. 2014,

47, 18–25. [CrossRef]
96. Garcia, R.; Diaz-Somoano, M.; Calvo, M.; Lopez-Anton, M.A.; Suarez, S.; Suarez Ruiz, I.; Martinez-Tarazona, M.R. Impact

of a semi-industrial coke processing plant in the surrounding surface soil. Part II: PAH content. Fuel Process. Technol. 2012,
104, 245–252. [CrossRef]

http://doi.org/10.1071/WF19085
http://doi.org/10.1134/S1064229317080117
http://doi.org/10.1134/S1064229319030086
http://doi.org/10.1016/j.envint.2004.02.003
http://doi.org/10.1007/s10533-007-9104-4
http://doi.org/10.1134/S1064229315090069
http://doi.org/10.1029/1999GB001208
http://doi.org/10.5194/bg-3-397-2006
http://doi.org/10.1111/j.1365-2389.2004.00665.x
http://doi.org/10.1029/2006GB002798
http://doi.org/10.1016/j.marchem.2004.06.043
http://doi.org/10.1016/j.orggeochem.2005.11.003
http://doi.org/10.1021/es051803v
http://doi.org/10.1002/ldr.3427
http://doi.org/10.1080/10406638.2013.781042
http://doi.org/10.1590/S0100-40422011000200009
http://doi.org/10.1007/s11356-018-2019-x
http://doi.org/10.1016/j.geoderma.2018.08.027
http://doi.org/10.1016/S0146-6380(02)00002-5
http://doi.org/10.1065/jss2007.06.233
http://doi.org/10.1007/s13762-012-0044-8
http://doi.org/10.1016/j.envpol.2011.10.025
http://www.ncbi.nlm.nih.gov/pubmed/22243855
http://doi.org/10.1007/s12665-015-4593-2
http://doi.org/10.1007/s00244-015-0141-z
http://doi.org/10.1134/S1064229307030039
http://doi.org/10.1002/qsar.200710014
http://doi.org/10.1134/S1064229313110033
http://doi.org/10.1016/j.fuproc.2012.05.018

	Introduction 
	Materials and Methods 
	Area Description and Soil Sampling 
	Geobotanical and Dendrochronological Studies 
	General Soil Analysis 
	Soil Organic Matter, Water-Soluble Organic Carbon and Nitrogen, and PAH Contents 
	Microbiological Parameters 
	Statistics 

	Results 
	Vegetation at the Study Sites and Pyrogenic History in the Study Areas 
	Morphological Properties of Soils 
	Physicochemical Properties of Soils 
	Carbon and Nitrogen Contents 
	PAH Contents 
	Microbiological Properties 

	Discussion 
	Vegetation Dynamics and Dendrochronology 
	Morphological and Chemical Properties 
	Soil Organic Matter of Studied Soils 
	Microbiological Properties 

	Conclusions 
	References

