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Abstract

The soils of Chernevaya taiga are unique in terms of high fertility that was formed not as a
result of agricultural practices, but due to the combination of a huge volume of biotic and abiotic
resources. This area was able to preserve its “pre-agricultural” level of fertility overtime by avoiding
the negative consequences of long-standing agricultural usage. Comprehensive analysis of all related
properties within the framework of a metagenomic study and identification of microbial drivers of
fertility can become the basis for innovative technologies aimed to increase the productivity of soils
and crops. In this work, for the first time were obtained data on the taxonomic structure and features
of the microbiota of soils in the Chernevaya taiga and identified taxa, the number of which significantly
increases with the transition from the mature zonal soil to the soil of Chernevaya taiga. Analysis of soil
samples collected during expeditionary surveys in 2019 showed that the soils in the Western Siberia
(Novosibirsk, Tomsk, Kemerovo, and Altai regions) portion of the Chernevaya taiga are texture-dif-
ferentiated dark gray soils (clay loam and silt clay varieties confined to the deluvial cover of the Hol-
ocene and Late Pleistocene) that were formed as a result of a unique combination of geogenic and
bioclimatic conditions. These soils are not affected by the permafrost in winter timers and are supplied
with enough moisture to precipitate rapid mineralization of litter material and the fixation of mineral
nutrients in the upper humus layer of the soil profile. The accumulation of nutrients is an essential
property of the soils of the Chernevaya taiga associated with the phenomenon of gigantism and ex-
tremely high levels of plant productivity. The soils of Chernevaya taiga contain the maximum amount
of carbon in organic compounds compared with soils of oligotrophic habitats (9.85% versus 2.74%).
The levels of actual soil fertility in the soils of the Chernevaya taiga are several times higher than in
the soils of adjacent biotopes (the maximum content of the exchange forms of phosphorus and potas-
sium is 702 and 470 mg/kg), which, when compared to oligotrophic forests, are poor in terms of
agrochemical fertility (the maximum content of the exchange forms of phosphorus and potassium is
113 and 18 mg/kg), do not have a pronounced humus profile and are either gray-humus (Umbrisol)
or Podzol types according to substantive-profile classification of Russian soils. The diversity of micro-
organisms in the studied soils varies depending on the trophic regime of the ecosystem. The soils of
the Chernevaya taiga are characterized by an increased diversity of the microbial community (estimated



by the Shannon index), as well as by presence of phyla Nitrospirae and Thaumarchaeota, that, however,
are not dominant. Phyla Proteobacteria, Verrucomicrobia, Actinobacteria, Acidobacteria, Planctomycetes,
Firmicutes appeared to be common for all studied soils.

Keywords: soil ecological functions, Chernevaya taiga, microbial communities, NGS, fertility
factors, Western Siberia

The global dominance of humanity in the biosphere is determined primar-
ily by agriculture development, which covers more than half of the Earth's land
area. It leads to fundamental changes in the environment and climate [1], food
and energy shortages, loss of biodiversity and ecosystem stability, and natural water
pollution [2-5]. More than 60% of all land changes in the period from 1982 to
2016 are related to human activity, which indicates the controlling role of human-
ity in the development of the Earth [6]. The problems caused by the anthropogenic
transformation of the soil cover and the ecological soil functions are among the
most important in the current century [7]. Modern humanity is obliged to preserve
and protect the soil since soil resources are the basis of food and environmental
security of nations. Long-term use of soils in agricultural production has many
negative consequences for soil properties, including organic matter degradation
(including dehumidification), increased greenhouse gas emissions, and diversifica-
tion of its emission products, changes in the acid-base composition of the soil,
soil depletion, etc. [8-10]. The use of agricultural technologies (plowing and loos-
ening, application of mineral and organic fertilizers, etc.) significantly changes the
biogeochemical cycles, including those involving soil microorganisms. The general
trend of these changes is manifested in a decrease in the soil ability to provide
agricultural plants with the necessary amount of mineral nutrition elements and
nitrogen. In this regard, the agroecosystem cannot function effectively without the
introduction of additional doses of nutrients in the form of fertilizers [10].

The introduction of fertilizers into the agroecosystem is accompanied by
the emergence of new problems, namely, the significant removal of elements from
the agroecosystem with surface and subsurface water runoff [11-13]. Moreover,
the return of agriculture from fertilizer application decreases over time [14], and
with an increase in the doses of applied nitrogen, the efficiency of its retention by
the agroecosystem decreases [13]. These unavoidable processes can be slowed
down if a sufficient pool of microbial biomass is created in the soil, which can
accumulate elements of mineral nutrition and nitrogen of organic origin in the
periods between harvesting and planting of crops. Moreover, some biogeochemical
mechanisms that make it possible to retain some of the nitrogen introduced with
fertilizers in ecosystems for decades, even under the conditions of existing agri-
cultural practices, are known [15]. It means that the problem caused by a decrease
in the effectiveness of fertilizers during their long-term use will be solved by tech-
nologies that help maintain and realize the soil fertility potential.

In our opinion, the necessary pool of microbial biomass can be formed
bionically, by using models of natural microbiota that can maintain the highest
possible biological productivity of vegetation in humid autonomous landscapes as a
basis due to the sufficient closure of the biological cycle of substances in the system.
In the conditions of the percolative regime, it is ensured by maintaining the cycle
volume of mineral nutrition elements. The composition of such a microbiota should
develop evolutionarily with a gradual increase in the volume of the biological cycle
due to the constant exogenous supply of fertilizers in the case of their weathering
and nitrogen in the process of nitrogen fixation. The factors that disrupt these events,
by “breaking” the evolutionary cycles, include global natural and anthropogenic
cataclysms, catastrophic fires, and plowing. The use of microbiota could become
one of the directions of biological soil reclamation, which is extremely important
for the agricultural landscapes of Russia [16].



The soils of Chernevaya taiga are a clear example of the key ecological
functions of the edaphotope associated with fertility and forest-growing properties.
Its study is important for understanding the phenomenon of high soil fertility. The
unique combination of soil formation factors in Chernevaya taiga triggers the driv-
ers of intensive soil formation and the circulation of elements. It should be noted
that at present, practically no such ecosystems are left in the moderate climate.
As a rule, the forest ecosystems of Europe are either located on the place of former
agricultural land or were located on their periphery and experienced a powerful
influence of the pyrogenic factor [17]. Primary undisturbed ecosystems, which are
extremely productive and maximally biogeochemically intensive bioinert for-
mations, should be sought within the barrier-rain landscapes of Siberia.

The main areal of Chernevaya taiga is located in the altitude range of
approximately from 200 to 700-800 m on the western, windward macroslopes of
the mountains and foothills of the south of Western Siberia. Chernevaya taiga
belongs to the type of barrier-rain landscapes and is characterized by a complex
of features [26-31]: fir and aspen are dominants in the stand; the grass layer formed
by Siberian tallgrass species is well-developed; large shrubs are present in the un-
derwood; the synusia of ground leafy mosses is poorly represented, the epiphytic
bryoflora is quite rich; the flora is represented by a complex of relatively thermo-
philic nemoral species; the spring synusia of ephemeroids is strongly developed;
in winter, a deep snow cover is formed (from 80 cm to 2 m or more), due to
which the soils do not freeze, which is not typical for the continental climate of
the taiga of Western Siberia; there is no stratified ground litter, the decomposition
time of the litter is less than 2 years; the number of earthworms is one of the
highest in Russia, in general, mesofauna activity is high, including the winter pe-
riod. Due to the above factors and the soil features of Chernevaya taiga, its bio-
productivity in comparison with other zonal types of ecosystems of the temperate
zone is maximum.

The tallgrass Chernevaya taiga in the foothills and mountains of southern
Siberia is one of the largest preserved massifs of tallgrass forests in Russia. Tallgrass
forests are also typical for the Far East. In general, within the taiga zone, tallgrass
forests have been preserved in the form of isolated areas, for example, in the Cis-
Ural region and on the western slopes of the Urals, on the plains of Western
Siberia, in places that have been least exposed to fires and the effects of traditional
nature management [21, 22]. The least disturbed areas of tallgrass forests meet the
definition of climax ecosystems according to both phytocenotic and soil criteria.
The annual litter of tallgrass rapidly decomposes, which over time leads to the
accumulation of mineral elements in the humus horizon [18] and supports an
active biological cycle of substances, heterogeneity of the intra-cenotic environ-
ment, and high biodiversity. The water and climatic conditions and the specific
hydrophysical characteristics of the respective soils probably contribute to the sta-
bilization of plant food elements in the soil profile.

The choice of tallgrass forests as a bionic model is associated with the fact
that they were the least exposed to exogenous disturbances in the past [19, 20]. In
biogeographic studies, it is shown that exogenous disturbances lead to the struc-
ture simplification (spatial, species) of communities [23]. There is a point of
view that the modern zonal ecosystems of the southern, middle, and northern
taiga are seral series of vegetation restoration after exogenous disturbances —
fires, logging, plowing, in other words, during demutation shifts [20]. Almost all
of these forests are litter-bearing, with a predominance of green mosses, small-
grass and low-bush species. Among them, only boreal-nemoral tallgrass forests
are considered by some authors as relatively fully corresponding to the final stage
of autogenic succession [24].



The given point of view on the nature of boreal forests is debatable, but it
well emphasizes the isolation of tallgrass forests. Despite the name, Chernevaya
taiga actually differs significantly from the actual taiga, boreal ecosystems in terms
of species and coenotic composition, nutrient status, and biogeochemistry. Cher-
nevaya taiga is considered by most researchers as a sub-nemoral, or hemiboreal,
ecosystem, that is, it belongs to another class of ecosystems than the boreal forest
(the taiga itself) [25].

The uniqueness of the soils of Chernevaya taiga is in exceptionally high
fertility, realized at the expense of internal biotic and abiotic resources, and the
preservation of microbiota that is not affected by agricultural practices. The soils of
Chernevaya taiga show some features, in particular, high forest growth activity with
a general low accumulation of humus (effective fertility) [26], and an unusually high
rate of decomposition of plant residues [27]. The analysis of such a complex of
related properties in the framework of metagenomic research is a serious fundamen-
tal task. The result of its solution and the identification of microbial drivers of fer-
tility can be innovative technologies to increase the productivity of soils and crops.

To study the soil microbiota, high throughput sequencing is used [28, 29],
which makes it possible to identify components of microbial communities, including
uncultivated ones, with previously inaccessible accuracy. It has become clear that
the soil microbiota (especially the rhizospheric microbiota) plays an important role
in plant nutrition and protection from biotic and abiotic stresses, which is why spe-
cial attention is currently being paid to the analysis of rhizospheric communities of
microorganisms [30].

It is obvious that the phenomenon of high soil fertility in Chernevaya taiga
cannot be limited only by agrochemical and agrophysical parameters and must be
associated with the characteristics of the soil microbiota. It can also be expected
that studies of this potential source of new economically significant strains (for ex-
ample, cellulolytic microorganisms, producers of antibiotics, and a variety of bio-
logically active molecules) typical for the studied ecosystem will go beyond the limits
of soil and agricultural microbiology. However, no data on the soil microbiota of
Chernevaya taiga have been available so far.

This paper is the first one dedicated to characterization of the taxonomic
structure of prokaryotic microbiota of the Chernevaya taiga soil. It is shown that
the differences between the mature zonal soil and the soil of Chernevaya taiga
are most likely determined at levels below the phylum. Taxa, the number of
which significantly increases in the soil of Chernevaya taiga, were identified.
These are predominantly unclassified prokaryotes. Among the identified micro-
organisms, the order Chthoniobacterales is of particular interest, the first repre-
sentative of which was isolated only recently.

One of the major goals of this study is to determine the main morpholog-
ical, agrochemical features, and taxonomic composition of the soil microbiota of
Chernevaya taiga in Western Siberia in comparison with soils associated with oli-
gotrophic ecosystems of pine forests on sandy soil-forming substrates.

Materials and methods. In the second half of July 2019, expeditionary sur-
veys of soils have been conducted in the Tomsk, Kemerovo, and Novosibirsk
Regions, as well as in the Altai. The objects of the study were four soil profiles
(different variants of Chernevaya taiga in the Salair and Kuznetsk-Alataus areals),
as well as two soils from relatively oligotrophic habitats associated with ancient
Aeolian sand massifs covered with pine forests. The southern variants of the stud-
ied soils were represented by the following objects: N1 (Dark Gray Soil of Cher-
nevaya taiga, Altai Territory; 54.14070°N, 84.9495°E), N2 (Dark Humus Luvisol,
grass pine forest, erosion valley, Novosibirsk Region; 54.37083°N, 82.4393°E), N3
(Gray Humus Soil on aeolian sandy loams under oligotrophic coniferous forest



ecosystem, Novosibirsk Region; 54.40810°N, 82.18420°E); northern variants —
T1 (dark gray soil in a tallgrass fir-aspen forest with a shrinking fir stand, Tomsk
Region; 56.30693°N, 85.47063°E), T2 (Sod-Podzolic Soil, tallgrass broad grass
birch-fir post-logging Chernevoy forest, Kemerovo Region; 55.88619°N,
86.00433°E), T3 (Sod-Eluvial Sandy Loam Soil under the oligotrophic ecosystem
of mixed pine forest with an admixture of larch, Tomsk Region, coordinates:
56.48106°N, 84.79860°E).

The soil texture was analyzed according to Kaczynski with pyrophosphate
peptization of microaggregates (the sedimentation method). The content of or-
ganic carbon and nitrogen was determined using an elemental analyzer (EURO
EA-3028-HT, EuroVector S.p.A., Italy; resource center Chemical Analysis and
Materials Research Centre of the St. Petersburg State University Research Park).
The pH of the water extract was measured at a ratio of 1:2.5, when the pH of the
water suspension was below 7.0. The pH of the salt suspension was measured at
the same ratio. Mobile compounds of phosphorus and potassium were determined
by the Kirsanov method modified by CINAO (GOST R 54650-2011. National
standard of the Russian Federation. Soils), exchangeable ammonium — by the
CINAO method (GOST 26489-85. State standard of the USSR. Soils), nitrates —
by the ionometric method (GOST 26951-86. State standard of the USSR. Soil).

Basal respiration as an indicator of the biological metabolic activity of soils
was measured according to the description [37] in closed chambers, taking into
account the amount of CO2 emitted over 7 days by the titration method.

The soil temperature regime was recorded with an automatic device for
monitoring climatic parameters SAM-SM (Institute of Monitoring of Climatic
and Ecological Systems SB RAS, Russia).

DNA for metagenomic analysis was isolated from soil samples using the
NucleoSpin Soil kit (Macherey-Nagel GmbH & Co. KG, Germany) following
the manufacturer’s instructions.

Preparation of libraries for high throughput sequencing included amplifi-
cation of the target fragment of the variable V4 region of the 16S rRNA gene using
universal primers (515F — 5'-GTGCCAGCMGCCGCGGTAA-3"/806R — 5'-
GGACTACVSGGGTATCTAAT-3") [31] together with linkers and unique bar-
codes. Polymerase chain reaction (PCR) was performed on a T100 Thermal Cycler
device (Bio-Rad Laboratories, USA) in 15 1l of a reaction mixture containing 0.5
units of Q5® High-Fidelity DNA Polymerase (New England BioLabs, USA), 1X
Q5 Reaction Buffer, 5 pmol of each of the primers, 3.5 mM dNTP (Evrogen,
Russia) and 1-10 ng of the DNA matrix. The PCR program included a denatura-
tion stage at 94 °C — 1 min, product amplification for 35 cycles (94 °C — 30 s,
50 °C — 30 s, 72 °C — 30 s), and final elongation at 72 °C — 3 min. Further
sample preparation and sequencing were performed following the Illumina proto-
col (16S Metagenomic Sequencing Library Preparation) on the Illumina MiSeq
instrument (Illumina, Inc., USA) using the MiSeq Reagent Kit v3 (600 cycles)
with two-way reading (2%300 n) (Illumina, Inc., USA).

Preprocessing of the received data included removal of service sequences
using the Cutadapt program [32], as well as denoising, combining paired reads,
and deleting chimeras using the Dada2 package [33] implemented in the R soft-
ware environment. The taxonomic classification of the obtained amplicon se-
quence variants was also performed using release SILVA 132 database
(https://www.arb-silva.de/documentation/release-132/) containing data for the
SSU rRNA genes [34]. Further processing, including the construction of a phylo-
genetic tree using the SEPP algorithm [35], the calculation of o- and B-diversity,
was performed within the QIIME?2 package [36], and the plugins implemented in
it. The diversity indices reflecting the actual predicted species richness (Chaol),



the degree of evenness according to Shannon and dom-inance according to Simp-
son were taken into account to assess the a-diversity,

The packages phyloseq [37] and DESeq2 [38] were used to identify dif-
ferentially abundant taxa. taxa. Based on the results of the performed analysis, a
sub-sample of phylotypes was formed, the change in the abundance of which is
significant at o < 0.1 (taking into account the Benjamini-Hochberg correction).

The total organic carbon and nitrogen content, soil basal respiration, and
agrochemical parameters were measured in 3-fold analytical repetition and pre-
sented as mean (M) and standard errors of the mean (=SEM). The soil texture
was evaluated in one repetition. To assess the correlation ratio between the pa-
rameters of soil availability of nutrients, Spearman's correlation coefficient » was
calculated. The significance of the differences between the indicators for the soils
of Chernevaya taiga and oligotrophic habitats was evaluated by one-way analysis
of variance (one-way ANOVA). The taxonomic structure of soil microbiota sam-
ples was analyzed in 4 independent repetitions.

Results. Morphology and analytical characteristics. The
morphological characteristics and texture of the soils of the selected sites (Fig. 1)
are presented in Table 1. The studied sections had covered the main components
of the biodiversity of Chernevaya taiga, represented on the surface clays by such
contrasting variants as dark gray and sod-podzolic soils [39].

" Fig. 1. Profiles of the studied soils of Chernevaya taiga (N1, N2, T1, T2) and
reference soils of oligotrophic pine forests (N3, T3): a — Dark Gray (N1); b —
F Dark Humus Stratozem (N2); ¢ — Gray Humus Soil on aeolian sandy loams

& (N3); d — Dark Gray soil on surface clays (T1); e — Sod-Podzolic Typical Soil
on surface clays (T2); f — Sod-Eluvial Soil (T3) (Western Siberia, July 2019, for
more information, see the section Materials and methods).

The morphology of the studied soils is quite different, even
if one compares the soils of Chernevaya taiga ecosystems with each
other. Sections N1 and T1 are represented by dark Gray Loamy-
| Clay Soil on loess-like loams and dark gray, residual-humus, with
dark cutans, wind-turbated soil on Loess-Like Clay (Fig. 2). In both
soils, there is a well-developed deep dark humus horizon, which has
a more complex structure in T1, which is associated with signs of residual humus
formation, namely, a decrease in lightness on the Munsell scale in Fig. 1 (see
Table 1). This horizon in both soils is characterized by a well-developed three-di-
mensional lumpy structure, which is gradually replaced by prismatic and nutty-pris-
matic separations (Fig. 2, A, B). The dark humus horizon in the first case passes into
a subeluvial stratum with signs of the EL eluvial horizon in the form of separate small
morphons. In the second case, the dark humus horizon is replaced by the flow-humus
horizon Ahh, which is characterized by an increased moisture content, the presence



Fig. 2. Mesomorphology of the dark gray soil of Chernevaya taiga:
A — forest version of the AU horizon, upper part; B — nutty
structure of the lower part of the AU horizon (forest version);
C — cutans in the Ahh subhorizon of the lower part of the deep
AU (forest version); D — cutans in the BT horizon (Western
Siberia, 2019).

of thin dark clay-humus cutans on the faces of struc-
tural separations, emphasized by a darker color of
the interface surfaces in comparison with the intra-
surface mass.

1. Morphological characteristics, the color of soil horizons, the skeletal and fine soil
content in the studied soils of Chernovaya taiga (Western Siberia, 2019)

Depth, cm | Horizon |

Munsell color code |

Skeletal content, % | Fine soil content, %

0-10
10-20
20-30
30-40
40-50
60-80
80-100

0-2
2-10
10-20
30-40
60-70
80-90

0-3
3-15
20-30
40-50

0-1
1-15
15-30
35-55
70-110

0-3
3-17
20-30
30-40
40-50
60-70
80-90
105-120

0-3

10-20
40-50
50-60
60-80

NI, Dark Gray Soil (Altai Region)

(0] 10 YR 3/1 No data No data
AU 10 YR 4/1 11 89
AU 10 YR 4/1 12 88
BEL 10 YR 6/2 18 82
BEL 10 YR 6/2 21 79
BI 5YR 6/3 19 81
BC 5YR 6/3 21 79

N2, Dark Humus Stratozem (Novosibirsk Region)

(0] 10 YR 3/1 No data No data
AU 10 YR 4/1 22 78
RU 5YR 2.5/1 11 89
RU 5YR 2.5/1 0 100
RU 5YR 2.5/1 0 100
C 7.5 YR 8/1 0 100
N3, Gray-Humus Soil on aeolian sandy loams (Novosibirsk Region)

10 YR 4/1 No data No data
AY 7.5 YR 8/1 6 94
AC 7.5 YR 8/1 4 96
C 7.5 YR 8/1 2 98

Tl,Dark Gray Soil (Tomsk Region)

(0] 10 YR 4/1 No data No data
AU 10 YR 4/1 19 81
AU 10 YR 4/1 18 82
Ahh 10 YR 3/3 19 81
BTtur 5 YR 4/6 21 79

T2, Sod-Podzolic Soil (Kemerovo Region)
AY 7.5 YR 6/1 93 7
EL 5YR 7/1 25 75
BEL 5YR 7/1 18 82
BT 5 YR 4/6 21 79
BT 5YR 4/5 22 78
BT 5YR 4/5 23 77
BCi 5YR 6/3 5 95
BCi 5YR 6/3 10 90
T3, Sod-Eluvial Soil (Tomsk Region)

(0] 10 YR 4/1 No data No data
AY 7.5 YR 8/1 5 95
EL 5YR 7/1 2 98
BT 5 YR 4/6 1 99
BT 5 YR 4/6 1 99

Note. N1, N2, T, T2 — soils of Chernevaya taiga, N3, T3 — reference soils of oligotrophic pine forests.




Dark Gray Soils are not widely distributed in Chernevaya taiga. They
have not been previously described for the low-mountain part, although the au-
thors’ studies have shown that there is a high probability of meeting them in the
lower parts of the slopes, in hollows, that is, in places with additional moisture.
Apparently, the fact that such soils are not mentioned in the works of other
authors on Chernevaya taiga is due to the insufficient geographical knowledge
of this region. The two examined profiles, N1 and T1, differ in the features of
the lower part of the deep dark-humus horizon. In the N1 profile, eluvial mor-
phons appear, which is associated with active subsurface runoff in low-mountain
terrain, when in this part there is no accumulation, but the concentration of
flows and the removal of a fine fraction, which is enriched with humus. A relative
accumulation of skeletal, a dusty fraction that has light tones happens in this
place. Such morphons indicate the evolution of this soil towards the dark humus
butterburs, which are widely distributed in the foothill sub-taiga of Western Si-
beria (Prialtaiskaya soil province), where they occupy a reduced position in mi-
cro-, less often in mesorelief. In the T1 profile, the Ahh subhorizon is isolated
in the lower part of the deep AU horizon. It is the second humus horizon bearing
signs of illuvial transformation, which is diagnosed by dark humus-clay cutans
on the interface surfaces (see Fig. 2, C). Clay cutans settle due to the slow flow
of the topwaters (which is confirmed by a series of field observations in spring
and late summer) in the conditions of hollows that drain the gentle slopes relative
to the flat terrain of the northern part of the studied area of Chernevaya taiga.
Below in the textural horizon, the composition of the cutans is preserved, but
their thickness and abundance increase (see Fig. 2, D).

The soils of points N2 and T2 are represented by the next stage of nutrient
status, that is, not Dark Gray Soils, but Stratozem and Sod-Podzolic ones, both
of which are also typical for Chernevaya taiga. The Dark-Humus Medium-Loamy
Stratozem on stratified loams (slide-rocks) is located in the erosional valley of the
Karakan River under a grassy pine forest with the presence of aconite. Sod-Pod-
zolic Medium Loam on loess-like loam is located in the post-logging aspen-birch-
fir tallgrass forest of Chernevaya taiga.

The soils of points N3 and T3 (reference soils of oligotrophic pine forests)
are represented by relatively oligotrophic variants since in their origin they are
associated with light soil-forming rocks and pine forests: N3 — Gray-Humus Sandy
Loam on aeolian sandy loam in the grass-pine brake-sedge forest, T3 — Sod-
Eluvial Sandy Loam under the oligotrophic ecosystem of mixed-grass pine forest
with an admixture of larch. At the same time, within the T3 point, there are plant
species typical for the Chernevoy forest: Cacalia hastata L., Aconitum septentrionale
(Koelle) Korsh., Milium effusum L. However, their abundance and viability are
significantly lower than in the studied Chernevye forests. The soil profiles of Cher-
nevaya taiga are usually more differentiated by the content of silt and physical clay
compared to the soils of the oligotrophic variants (Fig. 3), which indicates the
intensive development of eluvial processes.

Thus, it can be seen that the type of soil and its profile organization largely
correspond to the type of forest. Thus, Chernevaya taiga is not formed on soils
confined to sandy rocks with light soil texture. Forests of Chernevaya taiga are
confined to either dark gray or Sod-Podzolic Soils with a pronounced binomial
structure of the soil profile, loam-clay soil texture.

Chemical analysis showed a gradual decrease in the profile distribution of
carbon and nitrogen (Table 2), which is in principle typical for texture-differenti-
ated and gray-humus soils. The highest content of organic carbon and nitrogen is
typical for the upper organomineral horizons of the soils of Chernevaya taiga, and
it is precisely for dark gray soils, which indicates their maximum trophicity. The



soils of oligotrophic habitats have, on average, the lowest humus content. Approx-
imately the same patterns apply to the total nitrogen content. The ratio of carbon
to nitrogen [40] indicates an average or high nitrogen content of the soil. The
studied soils are close to neutral or slightly acidic, which is typical for texture-
differentiated soils. At the same time, the soils of oligotrophic habitats are more
acidic, which is associated with less buffering of sandy loam fine soil compared to
loam [41]. The intensity of basal respiration was generally higher in oligotrophic
soils (points N3 and T3), and the profiles — in the bedding horizons.
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Fig. 3. Profile diagrams of the soil texture of the studied soils: N1, N2, T1, T2 — soils of Chernevaya
taiga, N3, T3 — reference soils of oligotrophic pine forests (Western Siberia, 2019). For a description
of the soil samples, see the section Materials and methods and Table 1.

2. Carbon and nitrogen content, acidity, and basal respiration of the studied soils
(n =3, MESEM, Western Siberia, 2019)

Code, pH of the extract Basal respiration, mg of
depth, cm C.% No% | C/N ater | saline C02/(100 g of soil - day)
N1 0-10 4.76%0.23 0.37£0.05 12.81 6.56 5.82 0.022+0.003
N1 10-20 3.2240.17 0.27£0.04 11.57 6.13 5.20 0.019£0.002
N1 20-30 2.40+0.17 0.18+£0.03  13.00 6.02 4.69 0.013+£0.002
N1 30-40 2.25%0.10 0.17£0.03  12.88 5.85 4.64 0.021£0.002
N1 40-50 1.41£0.07 0.11£0.02 12.71 5.44 4.89 0.021£0.002
N1 60-80 0.45+0.05 0.06£0.02 8.14 6.30 4.53 0.020£0.004
N1 80-100 0.24+0.04 0.05+0.01 542 6.39 4.57 0.028+0.003
N2 0-2 2.14+0.21 0.16£0.01 13.51 6.95 5.96 0.062£0.001
N2 2-10 2.02+0.19 0.15£0.01 13.59 7.35 No data 0.047+0.009
N2 10-20 0.23+£0.04 0.03£0.01 6.45 7.22 No data 0.037£0.008
N2 30-40 0.16£0.04 0.03£0.01 5.68 7.09 No data 0.040+0.002
N2 60-70 0.15£0.02 0.03£0.01 5.18 6.81 5.70 0.041£0.004
N2 80-90 0.46%0.09 0.05£0.01 8.44 6.65 5.65 0.041£0.004
N3 0-3 2.70£0.21 0.17£0.03 15.46 6.70 6.20 0.051£0.004
N3 3-15 0.21£0.04 0.03£0.01 7.49 593 5.52 0.029+0.007
N3 20-30 0.05£0.02 0.02+0.01 2.85 6.06 491 0.045+0.008

N3 40-50 0.03+0.05  0.01£0.01  6.00 6.39 5.38 0.052+0.007



Continued Table 2

T10-1 9.85%0.28 0.62+0.04 15.66 6.59 6.32 0.20610.006
TI 1-15 3.4610.25 0.28+0.05 12.31 5.96 5.14 0.048%0.007
T1 15-30 2.37£0.20 0.31%0.02 7.67 5.93 4.71 0.0410.004
T1 35-55 1.84%0.12 0.14£0.02 12.73 5.28 4.69 0.043%0.001
T1 70-110 0.7610.09 0.08£0.02  9.00 5.97 4.86 0.048%0.001
T2 0-3 3.9710.42 0.37£0.02 10.75 6.72 6.16 0.071£0.007
T2 3-17 1.38%0.12 0.14£0.03  9.44 5.33 4.82 0.053%0.002
T2 20-30 0.5610.07 0.0610.02 8.08 5.70 4.38 0.028+0.003
T2 30-40 0.38%0.07 0.04%0.01 7.89 5.17 4.26 0.053%0.008
T2 40-50 0.47%0.09 0.07£0.01 6.98 6.03 4.25 0.059%0.008
T2 60-70 0.29+0.04 0.05%0.01 6.30 5.61 4.17 0.055%0.007
T2 80-90 0.20%0.04 0.04%0.01 4.98 5.86 4.30 0.052%0.008
T3 0-3 2.41%0.31 0.20£0.03  12.24 6.96 6.17 0.078%0.001
T3 10-20 0.3610.08 0.0410.02 8.62 5.16 4.40 0.053%0.003
T3 40-50 0.0740.02 0.0240.01 3.57 5.18 4.54 0.04210.003
T3 50-60 0.09%0.02 0.03%0.01 3.26 5.69 4.66 0.057£0.004
T3 70-110 0.07£0.01 0.03%0.01 2.25 5.73 4.69 0.06310.007
One-way ANOVA:
p <0.04 p <0.03 p <0.04

Note. N1, N2, T1, T2 — soils of Chernevaya taiga, N3, T3 — reference soils of oligotrophic pine forests.

3. Agrochemical parameters of the studied soils (» = 3, M=SEM, Western Siberia,

2019)

Code, depth, cm | P, mg/kg | K, mg/kg | N-NH4, mg/kg | N-NO3, mg/kg
N1 10-20 343+21 319+25 11.14%2.15 15.57£1.53
N1 20-30 357124 266+17 4.331£0.23 10.07£0.58
N1 30-40 702+34 21714 2.76%£0.22 8.5910.41
N1 40-50 460122 71£6 0.73£0.06 5.3740.32
N1 60-80 605123 133+8 0.41£0.07 5.3710.42
N1 80-100 682145 120£8 0.41£0.04 4.97+0.41
N2 0-2 255420 198+11 10.23+£0.97 14.53%+1.01
N2 2-10 210%13 174%12 5.4240.23 11.24%0.85
N2 10-20 178%11 12548 0.41£0.05 9.54+0.41
N2 30-40 223+11 114£8 0.32+0.04 4.51£0.31
N2 60-70 200%15 9548 0.25+0.03 7.5410.52
N2 80-90 210%13 152+11 0.95+0.08 8.56+0.45
N3 3-15 113£8 19516 0.57£0.05 7.1110.40
N3 20-30 13119 715 0.49+0.04 4.56%0.25
N3 40-50 243+12 58+4 0.73£0.05 4.03+£0.14
T1 1-15 234+15 470+45 7.3240.54 8.59+0.61
T1 15-30 166+10 355+32 2.20+0.04 7.5240.45
T1 35-55 23116 262122 1.06£0.08 8.19140.35
T1 70-110 373%16 18614 0.49+0.05 6.71£0.50
T2 3-17 7917 200+29 12.6910.89 18.93+£0.33
T2 20-30 76+7 10615 1.79+0.09 9.66%0.12
T2 30-40 107£8 6216 0.65%0.05 6.98%0.15
T2 40-50 104+7 9818 BLD 7.2510.40
T2 60-70 82+5 142+12 0.24+0.03 12.89£0.60
T2 80-90 87+5 151+14 BLD 9.40+0.10
T2 105-120 18416 160+12 BLD 8.46+0.20
T3 10-20 4415 10611 0.09+0.01 12.21+0.98
T3 40-50 9719 1812 0.16£0.02 8.05+0.14
T3 50-60 319422 2242 0.08+0.02 6.31£0.50
T3 70-110 234424 71+3 0.16£0.03 8.3240.32

One-way ANOVA p <0.05 p < 0.04 p < 0.04 p <0.03

Note. N1, N2, T1, T2 — soils of Chernevaya taiga, N3, T3 — reference soils of oligotrophic pine forests. BLD —
below limit of detection.

The distribution of available forms of phosphorus in the soil profiles was
inhomogeneous. Thus, there is a first maximum in the humus horizon, as well as
a second maximum in the illuvial formation (Table 3). This distribution is typical
for potassium, although sometimes the second maximum is just below the illuvial
formation. As for the ammonium and nitrate forms of nitrogen, they are concen-
trated mainly in the upper horizons. At the same time, the predominance of nitrate
forms of nitrogen in soils is typical.

The values of the Spearman's correlation coefficient calculated for the soils
of Chernevaya taiga and oligotrophic habitats (Table 4) revealed in the studied



soils a negative correlation between the content of phosphorus and potassium, as
well as phosphorus and ammonium and nitrate forms of nitrogen. This correlation
was more pronounced in the soils of Chernevaya taiga, which indicates a higher
degree of nutrient status in comparison with the soils of oligotrophic habitats. The
correlation coefficients for potassium and other compared elements had positive
values, and their values were higher for the soils of Chernevaya taiga. The accu-
mulation of total nitrogen correlates well with the accumulation of potassium and
nitrate nitrogen. For total nitrogen and ammonium nitrogen, no close relationships
were found.

4. Spearman's correlation coefficients (», p = 0.05) for agrochemical indicators of
the studied soils (Western Siberia, 2019)

Indicator

. P K N-NH4 N-NO3 C N

Indicator
Soils of Chernevaya taiga (NI,N2, Tl, T2)
P 1 -0,75 -0,37 -0,27 -0,48 -0,55
K -0.75 1 0.78 0.69 0.17 0.20
N-NH4 -0.37 0.78 1 0.93 -0.06 -0.003
N-NO3 -0.27 0.69 0.93 1 0.08 0.11
C -0.48 0.17 -0.06 0.08 1 0.98
N -0.55 0.20 -0.03 0.11 0.98 1
reference soils of oligotrophic pine forests (N3, T3)

P 1 -0.36 0.24 -0.67 -0.17 -0.10
K -0.36 1 0.19 0.45 0.40 0.46
N-NH4 -0.24 -0.19 1 -0.71 -0.03 -0.04
N-NO3 -0.67 0.45 -0.71 1 0.35 0.37
C -0.17 0.40 -0.03 0.35 1 0.98
N -0.10 0.46 -0.04 0.37 0.98 1

Thermal monitoring conducted for the Dark Gray Soil (T1) showed that
during the winter period (2019-2020), the soil practically did not freeze. Negative
temperatures (from -1 to 0 °C) began to penetrate the soil in early November,
reaching a depth of 30 cm by the end of December, after which the zero level
(temperatures from +0.1 to —0.1 °C) slowly fell to a depth of 40 cm by mid-Febru-
ary. Within these depths, a great constancy of temperatures was observed in winter.
Only in the first centimeters from the surface, the temperature could fall below
-0.1 °C, but not reaching -2 °C. In the summer, the soil warmed up to +12 °C to
a depth of 50 cm, and the maximum temperature detected was +16 °C at the depth
of 10 cm. It is probably due, among other reasones, to the high humidity of the soil.

It should be noted that Chernevaya taiga is characterized by unusually
high biological productivity of all components of the ecosystem. No other auton-
omous landscapes in Siberia can compete with Chernevaya taiga either in terms
of the volume of “living matter” or in terms of the intensity of its impact on
geogenic and microclimatic factors. According to available data, the mass of an-
nual ground litter of plants is about 55-63 c/ha of dry matter per year, and the
biomass is expressed in the following figures: phytomass — up to 4000 dt/ha, zoo-
mass (herpetoria and pedobionts) — 4-8 dt/ha, the biomass of soil-dwelling mi-
croorganisms — 80-90 dt/ha [42]. In forests of Chernevaya taiga, tallgrass supplies
28-30 dt/ha of the total annual amount of ground litter of 55-63 dt/ha of dry
matter. The content of nitrogen and ash elements in the litter of the grassy layer
is significantly higher than in the material of the wood litter (the ash content of
the grassy layer is 11.3%, and the ash content of the wood layer is 3.4%, the
amount of nitrogen is 2.4 and 1.6 %, respectively) [26]. The tree layer, which has
a huge phytomass, returns annually to the biological cycle a disproportionately
small amount of ash elements and nitrogen — almost 3-4 times less than their
annual intake to the soil surface when the grass stands die off. Phytomass reserves
in Chernevaya taiga are 1.5-2 times higher than in the lowland southern taiga of



Western Siberia, nitrogen reserves are 2-2.5 times higher, calcium reserves are 1.4-
1.8 times higher, and the annual intake of Ca with litter is 4 times higher [41]. It
is known about the study, according to which the content of phosphorus in the
soils of Chernevaya taiga is 879-1042 mg/kg [43]. Let us note that it corresponds
to the upper range typical for other ecosystems of the Earth's biosphere (including
rainforests of the tropical and temperate zones). It has been reported that in terms
of the number of actinomycetes and spore-forming forms of bacteria, these soils
are close to some steppe soils, black soils, while they are characterized by small
absolute and relative numbers of fungi [33].

The rate of litter cycle in Chernevaya taiga is 1-1.5 years [44]. The litter
consists of several fractions that differ in the decomposition rate (the lowest is in
the needles of fir and cedar, birch leaves, the fall of branches, and the bark of
shrubs and trees). The tallgrass fall is labile, decomposing in a year. The absence
of litter, the retention of mineral substances from leaching in a humid climate,
and the powerful development of tallgrass give the biological cycle some “tropical”
features. That's why Chernevaya taiga is also called “Siberian tropics”.

Another feature of Chernevaya taiga is that the total content of calcium
in the soil-forming rocks (loess-like clays) in a layer of 1 m is 3300 dt/ha [44].
This amount of calcium passes through the biological cycle in less than 6-7 thou-
sand years. Therefore, in the absence of a reliable recycling mechanism, for which
tallgrass parcels are responsible, Chernevaya taiga could not exist. This is what can
be observed in the southern part of the forest zone of Western Siberia, where
recycling mechanisms were disrupted by forest fires.

The most common component of the soil cover of Chernevaya taiga is
texture-differentiated soils (Podzolic, Sod-podzolic, and Light Gray). The trend
of the Holocene evolution of these soils consisted of the depletion of the root zone
by silt and the periodic mixing of the soil mass by treefalls. At present, within the
average depth of the root systems of the main forest-forming plants — fir and
aspen, a relatively homogeneous horizon EL or AEL has been formed, with a
thickness of 45 to 80 cm, under which the BT horizon lies. Performed measure-
ments of the depths of the tree-fall hollows of fir and aspen in Chernevaya taiga
showed that their average depth in normal humid conditions was 51 cm, in case
of water-logging — 40 cm. At the same time, no significant differences in the
depth of the aspen and fir hollows were detected. Such a soil structure corresponds
to the definition of the climax profile of forest soil and indicates the absence of
significant exogenous disturbances that interrupted the steady flow of generations
of tree species.

The soil cover of Chernevaya taiga is a phenomenon of high-altitude dif-
ferentiation of landscapes on the mountain macroslopes of southern Siberia, open
to western moist air currents. In the mountains and foothills of Chernevaya taiga,
there is an upper limit of distribution, above which in the area of medium-moun-
tain terrain, mountain Podzolic Soils, Eluvozem — Pseudopodzolic Soils without
an illuvial horizon [42], and Brown Soils [45] dominate in soil profiles. A geo-
graphically common feature for all soils of Chernevaya taiga is the presence of
well-structured strata, light in the soil texture, with high-quality water-physical
properties, represented in the studied soils by the AY, AEL, EL, AU, Ahh hori-
zons. Below these horizons, there is always a water-resistant horizon, whether it
is the surface loams and clays transformed into the BT horizon, or the debris-
weathering crust and the deeper dense R horizon. The presence of such a binomial
structure favors the formation of topwaters and longer retention of moisture, which
in the conditions of the sub-boreal belt and high differentiation of the relief sup-
ports the possibility of the existence of tallgrass communities with sufficient



moisture supply in the dry season. Outside of such a binomial structure of soils,
the functioning of tallgrass ecosystems is impossible, tallgrass will be replaced by
mixed grasses or sedge phytocenoses. In spring and the rainy season, the presence
of a well-structured half-meter thick layer contributes to the infiltration of mois-
ture, which is why a favorable air regime is always maintained in the upper root
horizon, which contributes to the favorable functioning of root systems. It is also
proved by the fact that at the oligotrophic point N3, where there was no water-
resistant horizon, there were no tallgrass herbaceous species in the community,
and at the point T3, there were these species, since the presence of the horizon
D at this point contributes to a favorable water regime, although the lack of
nutrient status of the habitat does not allow tallgrass species to maintain their
phytocenotic positions.

In the studied soils, the cutan complexes were also very different. Dark
Gray Soils that occupy concave slopes have a better-formed cutan complex than
Sod-Podzolic Soils.

The two main wood edificators of Chernevaya taiga are Siberian fir Abies
sibirica Ledeb. and aspen Populus tremula 1.. When moving to the north, climbing
into the mountains, in the lower parts of the slopes, aspen may give dominance
to birch (Betula pendula L.). Chernevaya taiga ecosystems are closely related to
Sod-Podzolic Ultra-Deep-Lit Soils, which are changed throughout the areal. As
it has been already noted, the most significant are not the soils themselves, but
their eluvial horizons in the presence of the underlying water-resistant horizon, as
evidenced by the wide distribution of eluvial reservoirs in the mountains.

Soils with a strong eluvial profile dominate not only in the soil profiles of
Chernevaya taiga but are also developed on the well-drained plains of Western
Siberia [46-49]. The Ultra-Deep Podzolic Soils of the plain, as well as the moun-
tains, are characterized by the spread of fir forests or forests dominated by fir. As
it is noted [50], the coefficient of association of fir phytocenoses with Sod-Pod-
zolic Soils is 1.0. During the expeditionary survey, it was confirmed that the fir
had a deeply penetrating root system (a large number of anchor roots concentrated
in the thickness of 1 m), it reacted to the nature of moisture, and in waterlogged
areas, the root distribution becomes surface. With fir, cedar (Cedrus Trew, 1757,
nom. cons.), which also has a deep root system, dominates as well. During the
Holocene period, when the fir formation occupied territories with Deep-Podzolic
Soils, there was repeated inversion of the soil layer during treefalls, as evidenced
by a complex of signs of treefall disturbances. During successions of wind-turbated
soils, the processes that cause eluvial cleavage and lessivage increase [51, 52],
which leads to textural differentiation. It can be assumed that where the conditions
for deep treefall (with the involvement of a thickness of up to 1 m) were more
favorable, the formation of more deeply eluviated soils occurred. The strengthen-
ing of eluviation was undoubtedly favored by vigorous intra-soil erosion, which
enhances the morphogenetic effect of treefalls.

High humus content is generally typical for Dark Gray Soils [53]. At the
same time, the Dark Gray Soils under our study were characterized by a humus
profile developed in depth, which indicates their high fertility. The humus content
was slightly lower in Sod-Podzolic Soils and even lower in Gray-Humus and Sod-
Podzols of oligotrophic pine forests, which corresponds to the literature data [54].
In the studied soils, no eluvial-illuvial differentiation of humus profiles was ob-
served, which is more typical for texture-differentiated soils than for alpha humus
soils [55]. According to our data, the acidity of the soils, was quite consistent with
their nature and was increased in the case of Gray-Humus and Sod-Podzolic Soils,
which is associated with the type of plant litter (pine) and the light soil texture of
the soil-forming rocks.
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The dissociation of the illuvial profiles of various nutrition elements is due
to the unequal mobility of their forms in the soil environment [55]. The very
presence of the second maximum is associated with the role of the eluvial type of
soil formation in the formation of biologically active reserves of nutrients in various
parts of the soil profile. The predominance of nitrate forms of nitrogen, which are
easily accessible to plants (especially in the upper horizons), indicates the im-
portant role of nutrient intake from the litter.

Thus, the Dark-Gray Soils of Chernevaya taiga represent a peculiar variant
of texture-differentiated soils, which differ from their European counterparts from
non-Chernevoy forests by the development of the humus profile and the increased
content of fertilizer elements, which contributes to the formation of a special nu-
trient status with a pronounced phenomenon of gigantism. At the same time, there
is a decrease in the degree of morphochromatic differentiation of soil profiles due
to the impregnation of humus substances.

Characteristics of the taxonomic structure of soil micro-
biota. The analysis of the taxonomic structure of the soil prokaryotic microbiota
of the mature zonal soil and the soil of Chernevaya taiga, performed in four rep-
lications, showed that at the level of prokaryotic phylum, both soils had a similar
structure and contained representatives of 15 phyla typical for soil microbial com-
munities. Among them, Proteobacteria, Verrucomicrobia, Actinobacteria, Acidobac-
teria, Planctomycetes, and Firmicutes dominated, and the proportion of unclassifi-
able microorganisms was also very high (Fig. 4, A).

A much finer structure can be identified at the genus level (see Fig. 4, B),
from which become obvious that the differences between soils are most likely due
to differences between taxa of a lower rank than phyla. The revealed dominants
of the soil microbiota are typical for the majority of natural soils of the temperate
zone [56], which includes the boreal type of soils and forests. The presence of
acidobacteria is typical of soils with a slightly acidic reaction of the environment
[38], which is one of the characteristics of the studied taiga soils. Representatives
of the phylum Firmicutes can participate in the decomposition of organic alkyl
fragments of forest litter, which also occurs in the studied soils, where there is a
residual accumulation of well-humified organic matter. Actinobacteria can also
take part in the degradation of plant polymers, which confirms the high intensity
of the biological cycle in the forest ecosystems of Chernevaya taiga and the rapid
mineralization of low-molecular components of soil organic matter. Represent-
atives of Verrucomicrobia indicate the presence of an intense zoogenic (possibly
coprogenic) factor in soil formation, which was also confirmed by the results of
our morphological study of soils.

The analysis of the diversity indices (see Fig. 4, C) showed that there was
no significant difference in the number of identified taxa between the soils, but
according to the Simpson and Shannon indices [57], it can be seen that there are,
although small, but significant differences in the parameters due to both evenness
and richness of diversity. The total effect can be seen in the analysis of p diversity
(see Fig. 4, D), where a clear differentiation between the microbiota of the mature
zonal soils and the soils of Chernevaya taiga is visible.

It is clear that possible differences in the taxonomic structure of the mi-
crobiotas of the mature zonal soil and the soil of Chernevaya taiga are most in-
teresting to identify prokaryotic taxa, presumably associated with high fertility. As
a result of the analysis, taxa were identified, the number of which significantly
increases during the transition from the mature zonal soil to the soil of Chernevaya
taiga. The total part of such taxa was 5.6% in the mature zonal soil and 32.2% in
the soil of Chernevaya taiga. Table 5 shows a list of the identified taxa of the genus
rank, grouped at the level of prokaryotic orders, showing a significant increase



in the number during the transition from the mature zonal soil to the soil of
Chernevaya taiga.

More than half of the differentially presented taxa belong to unclassified
prokaryotes, as, indeed, in the entire original microbiota. However, among the
taxa that have been identified, there are several very interesting ones. In Table
5, taxa are sorted by abundance in the soil of the Chernaya taiga. This list is
dominated by genera of the orders Rhizobiales, Chthoniobacterales, Bacillales,
Mpyxococcales, each of which potentially has some connection with soil fertility,
although it is difficult to prove it. Nevertheless, the order Rhizobiales can un-
doubtedly be associated with soil, mainly symbiotic, nitrogen fixers. Bacillales
and Myxococcales, as well as the listed Chitinophagales, may be related to the
decomposition of organic matter.

5. Taxa that increase in abundance during the transition from the mature zonal soil
(ZT) to the soil of Chernevaya taiga (ChT), grouped at the level of prokaryotic
orders (Western Siberia, 2019)

Phvlum Order Taxon abundance, % Magnifica- | Number
Y ZT average | ChT average | tion degree | of genera
Unclassified 3.085 18.616 6.0 138
Proteobacteria Rhizobiales 0.648 3.193 49 11
Verrucomicrobia Chthoniobacterales 0.581 2.744 4.7 7
Firmicutes Bacillales 0.120 1.456 12.1 7
Proteobacteria Mpyxococcales 0.289 1.266 4.4 10
Actinobacteria Propionibacteriales 0.199 0.772 39 5
Bacteroidetes Chitinophagales 0.044 0.686 15.5 5
Actinobacteria Gaiellales 0.106 0.451 43 2
Acidobacteria Pyrinomonadales 0.131 0.382 29 1
Actinobacteria Micromonosporales 0.106 0.304 29 2
Planctomycetes Pirellulales 0.034 0.255 7.6 2
Actinobacteria Frankiales 0.012 0.200 16.9 1
Verrucomicrobia unclassified_ Verrucomicrobiae 0.053 0.197 3.7 2
Actinobacteria Microtrichales 0.014 0.171 12.5 2
Actinobacteria Corynebacteriales 0.012 0.160 13.5 1
Actinobacteria Solirubrobacterales 0.044 0.153 35 2
Proteobacteria Steroidobacterales 0.005 0.147 29.3 1
Actinobacteria unclassified_Actinobacteria 0.005 0.146 26.8 1
Verrucomicrobia Pedosphaerales 0.026 0.139 5.4 1
Proteobacteria Xanthomonadales 0.018 0.106 5.8 2
Actinobacteria Micrococcales 0.018 0.094 5.3 1
Gemmatimonadetes Gemmatimonadales 0.024 0.090 3.7 1
Bacteroidetes Flavobacteriales 0.004 0.073 19.7 1
Actinobacteria unclassified_Actinobacteria 0.010 0.066 6.9 1
Planctomycetes Isosphaerales 0.019 0.063 33 1
Planctomycetes Tepidisphaerales 0.008 0.063 7.6 1
Actinobacteria Streptosporangiales 0.004 0.059 14.9 1
Actinobacteria Streptomycetales 0.014 0.046 33 1

The order Chthoniobacterales noted in this list is quite interesting: only re-

cently the first representative of this order was isolated in culture [58], and its ge-
nome was sequenced [59]. This taxon is interesting not only because it belongs to
the phylum Verrucomicrobia, the ecological significance of which (especially in soil
communities) has become apparent recently, but also because its “talking” name
has some connection with the topic of this study since it comes from the Greek
word x0wv (earth, soil) and is used in ancient mythological and modern philosoph-
ical discourse to refer to “chthonic” creatures and essences that represent the pri-
meval natural power of the earth. Certainly, it is not necessary to take this circum-
stance too clearly, but it is impossible not to pay attention to it since this taxon is
one of the dominant ones, presumably related to the soil fertility of Chernevaya
taiga. In any case, the taxonomic and functional composition of a specific compo-
nent of the soil microbiota of Chernevaya taiga can become a source of new
knowledge about the mechanisms of formation and maintenance of soil fertility.
Noteworthy is the actual absence of Archaeal phyla in mature zonal soil,



while the phylum Thaumarchaeota (0.1%) is represented in the soil of the Cher-
nevaya taiga.

Thus, our data have clarified the morphological organization, taxonomic
position, thermal regime, and texture of the soils of Chernevaya taiga of Western
Siberia. It has been found that the soils of the Chernevaya taiga of Western Siberia
mainly belong to the division of texture-differentiated soils, of Sod-Podzolic,
Gray, and Dark Gray Soil types with clay loam and silt clay soil texture of soil-
forming material. These soils are formed in unique combinations of geogenic and
bioclimatic conditions, not affected by the permafrost in winter, supplied with
moisture to precipitate the rapid mineralization of the litter material and the fix-
ation of mineral nutrients in the upper humus layer of the soil profile. The accu-
mulation of biophilic elements is the most important property of the soils of Cher-
nevaya taiga, which is associated with the phenomenon of gigantism and extremely
high plant productivity. Located in adjacent biotopes on light soil-forming mate-
rial, the soils of oligotrophic forests are poor in terms of agrochemical fertility, do
not have a pronounced humus profile, and belong either to the gray humus or to
the Al-Fe humus and sod-eluvial variants. At the level of prokaryotic phyla, both
soils have a similar structure and contain representatives of 15 phyla typical for
soil microbial communities. In general, the taxonomic composition of the micro-
bial phyla corresponds to that in moderately moist soils of the temperate zone.
The differences between soils are most likely due to differences between taxa of
the rank lower than phyla. The diversity of microorganisms in the studied soils
varies depending on the nutrient regime of the ecosystem. The number of phylo-
types in soil samples of Chernevaya taiga is increased in comparison with oligo-
trophic habitats. The soils of Chernevaya taiga are characterized by a greater va-
riety of microbial communities according to the Shannon index, as well as the
presence of the phyla Nitrospirae and Thaumarchaeota, which are not present in
the soils of oligotrophic habitats. The Actinobacteria phylum, which is one of the
prokaryotic dominants, provides a high intensity of the biological cycle in the
forest ecosystems of Chernevaya taiga and rapid mineralization of low-molecular
components of soil organic matter. Thus, the soils of Chernevaya taiga have a
specific microbiota and the corresponding microbial drivers of soil processes re-
sponsible for the productivity of these soils. They are a unique component of the
boreal ecosystems of Western Siberia, which allows gaining new knowledge about
the mechanisms of increased soil productivity with a unique combination of bio-
climatic and geogenic factors.
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