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Abstract

Post-technogenic ecosystems represent informative natural models of initial pedogenesis
and restoration under the abandoned and reclamation practices. These soils can be considered as
natural experiments on restoration of microbial communities within the age row (time series or
chronoseries). Investigation of different aged stages of soil formation on the spoil banks of the quar-
ries give a possibility to obtain initial data on the rate and trends of the pedogenesis in various com-
binations of substrates and phytocenosis. Among the quarries of mineral substrates in North-West
region, particular place is devoted to quarries for lime stone exploitation located on Izhora upland.
The purpose of this study conducted in one of the largest limestone quarries of Leningrad region was
to examine succession of plant and microbial communities. Species composition and vegetation cov-
er were estimated for different plant communities within each ecotype of quarry. Also at the each
plot the following characteristics of soil were measured: pH; organic carbon; soil basal respiration
and substrate induced respiration; texture; CO, of carbonates and moisture content. Total soil DNA
was exctracted using PowerSoil® DNA Isolation Kit (Mo Bio Laboratories, Inc., USA), sequencing
of v4, the variable region of 16S rRNA gene pDNA, was conducted using a third-generation GS
Junior sequenator (Roshe, Switzerland). The results were processed using the QIIME software. To
compare microbial communities, the alpha and beta diversity analyses were performed. Our results
highlighted that the main difference between plant communities of different plots were due to posi-
tion in the landscape, most similar communities colonize similar ecotypes. The microbial communi-
ties of the old (35 years or more) dumps are essentially specific, and communities of microorganisms
of young (8-16 years) and middle-aged (28-30 years) dumps tend to group into separate clusters. As
compared to young and middle age dumps, old dumps are characterized by a significant (6-8-fold)
increase in the counts of Micromonosporaceae and Sinobacteraceae representatives. Communities of
young dumps have 4.2 times more Pseudomonas and 3.8 times more Micrococcaceae members than
the communities of old ones. The communities of wet terraces also differ from the microbiomes of
the other ecotopes (dry terraces, the bases of the dumps), however, no significant differences could
be identified. The main issue for successful soil reclamation is the restoration of the microbial com-
munity. It was shown that copiotrophes, the microorganisms adapted to high concentration of soil
nutrients, dominate in the youngest soils. As microbial succession proceeded, oligotrophs which are
involved in organic matter decomposition become dominating. It was established that the processes
connected with transformation of organic matter became the main drivers of soil formation, which is
especially important for initial stages of soil body restoration. Data on soil microbiomes and micro-
biomes of soil-vegetation complexes could be the most important tools for reclamation practices.

Keywords: primary succession of plant and microbial communities, limestone quarries, pe-
dogenesis, metagenome, reclamation



The increase in the territories of disturbed lands, occurring as a result of
the development and extraction of minerals, is a particular environmental prob-
lem. As a rule, anthropogenic landscapes are removed from the forest and agricul-
turally used areas, and the processes of soil and vegetation cover remediation are
extremely slow [1]. The study of soil formation under impact of technogenesis is a
theoretical basis for reclamation of disturbed lands and recovery of landscapes [2,
3]. Rendzina soils formed on the Izhora Plateau are characterized by high fertility
and good drainage conditions, so these territories have been actively used in agri-
culture for a long time [4]. The high carbonate content in the dump rock results in
the potential fertility of calcareous dumps, but the specificity of the composition of
quarry-dumping complexes, as well as a relatively low content of nutrients and
unfavorable physical properties of the substrate, creates difficulties in reclamation
of these territories [5]. When selecting approach for reclamation, leveling the sur-
face becomes quite a laborious and expensive task [3]. However, the complex ter-
rain formed during the development of quarries provides a high variety of ecologi-
cal niches, which are favorable for a large number of plant and animal species,
including those valuable for natural conservation. Thus, in various conditions and
geographical zones, it was found that abandoned quarries can increase biodiversity
by acting as refugiums for rare species of plants and animals [6, 7].

The world practice of reclamation emphasizes the use of regeneration ca-
pabilities of natural ecosystems, where the biotic factors of the soil-forming pro-
cess, the vegetation cover and associated soil microbiome play a critical role [8, 9].
The activity of microorganisms is directly related to the fertility and the provision
of soil ecosystem functions, which include the balance of the nutrient elements
cycle, as well as the ecological adaptation of plants to stressful conditions [10]. In
addition, the high adaptive potential of soil microorganisms that are capable of
adapting to any environmental changes in a short time and to use all available eco-
logical niches allows the use of the microbiome structure as one of the most sensi-
tive environmental indicators that mark different stages of soil remediation [11].

The spontaneous succession of plant communities in quarries with vari-
ous substrates has been studied in sufficient detail. A significant part of domestic
studies is related to various aspects of the succession vegetation cover [12-14], and
the processes of pedogenesis have been analyzed sufficiently [15, 16]. However,
complex observations on remediation of the soil and vegetation cover and the
connection of these components remain insufficient. The majority of foreign pa-
pers, on the contrary, are focused on the conjugate development of the soil and
vegetation cover after planting certain plant species, but not due to self-
organized vegetation [17-20]. Traditionally, papers on the soil reclamation are
focused on the study of vegetation cover and redistribution of soil organic matter
[9, 15, 16]. The importance of a microbiome in ecosystem restoration processes
has been underestimated for a long time. Over the recent decade, many publica-
tions [21-23] have been focused on the study of the microbiome of reclaimed soils
and contain valuable information on the rates of biomass restoration and the activ-
ity of microbial communities in the chronoseries of soils in technogenic landscapes
[24-26]. It has been shown that the structure and composition of microbiomes are
determined by a combination of physical and agrochemical parameters (reserves of
soil organic matter, total nitrogen, pH, cation exchange capacity), the values of
which are significantly higher in reclaimed variants. Much attention is paid to the
use of microbial communities as indicators of different stages of technogenic land-
scapes soil remediation [27-29]. At the same time, the diversity and structure of
microbiomes in disturbed and reclaimed soils is still insufficiently studied. Only
with the advent of metagenomic technologies, it became possible to effectively
analyze and interpret the diversity of soil microbiota. Involvement in the study



on the soil microbiome diversity creates opportunities for the development of
qualitatively new systems for accelerating and optimizing reclamation measures
in disturbed areas. Recently, attention has been paid to the creation of microbial
preparations to improve the quality of soils [30, 31].

A comprehensive study of the three main components of the ecosystem
(soil, plant community and microbiome) in chronoseries of various ecotopes in
conditions of reclamation and self-organized vegetation was carried out in the ter-
ritory of one of the largest limestone quarries in the Leningrad Region for the first
time. The taxonomic structure of the microbiome of the initial soils has been es-
tablished both for quarries located in the Northwest and for the initial soils of
Russia as a whole.

The purpose of the paper was to study the dynamics of phytocoenosis
and soil microbiome in the process of succession on dumps of different ages at
natural self-organized vegetation and reclamation of the limestone quarry.

Techniques. The study was carried out on a limestone quarry Pechurki
(Slantsevsky District, Leningrad Region) during the spring and summer of 2016.
Limestone mining was stopped here in 2014. First of all, the main ecotopes of
the quarry, corresponding to the elementary soil areal, were determined. 12 test
sites 25X25 m in size were set within each ecotope. The total plant cover and
species composition of higher vascular plants, ground mosses and lichens, were
evaluated on sites. Soil cuts were also set within each plot. Field descriptions of
the soils were carried out on each of the open test pits, samples (700 g each)
were taken from the pedogenic horizons to perform laboratory analyzes.

The following indicators were determined: substrate-induced respiration
(SIR) of soil samples [32]; basal respiration according to the procedure for SIR
[32], but in soil not enriched with substrate; the content of organic carbon in bi-
chromate oxidation (I.V. Tyurin's method); pH of the aqueous suspension and
saline pH (1:2.5 soil:solution); exchange and hydrolytic acidity; CO, carbonates
content using the acidimetric method [33]; hygroscopic and maximum hygroscop-
ic humidity, as well as total water capacity (moisture storage capacity) and the
lowest water capacity using gravimetry method [34]; the density of soil and solid
phase of soils, the structure and rockiness of soil using the method of dry screen-
ing; the grain-size composition using Kachinsky's pipette method with phosphate
peptization of microaggregates [34]; the fraction-group composition of humus ac-
cording to the scheme of 1.V. Tyurin, modified by V.V. Ponomareva et al. [35].

The amount of carbon of the microbial biomass was calculated according
to the formula of J.P.E. Anderson et al. [36]: Cic (ug C/g soil) = SIR (ul CO,/g
soil- h™1) x 40.04 + 0.37, where SIR is substrate-induced respiration. The micro-
bial metabolic coefficient (specific respiration of microbial biomass) was deter-
mined as the ratio of basal respiration (BR) to the indicator C.;.: qCO; (ug
CO,-C/mg Cpic - h'!) = BR/Cpc.

The similarity coefficient (the Serensen-Czekanowski coefficient) was
calculated according to the lists of higher plants species prepared for each site:
K = 2c¢/(a + b), where a is the number of species at the first site, b is the
number of species at the second site, ¢ is the number of common species for the
first and second sites. The most typical coefficients of biodiversity were also de-
termined for each site. The Simpson index (C) was calculated by the formula:
C =1 - 3(ny/N)2, where n; is an estimate of each species significance (projec-
tive cover), N is the sum of significance estimates. The Shannon index was cal-
culated according to the formula: H = -3 n;y/N X log (n;/N).

The method of forward selection with two limiting criteria [37] for re-
ducing the type I error was used to evaluate the effect of environmental factors
on the phytocenosis structure. The canonical correspondence analysis (CCA)



proposed by C.J.F. Ter Braak [38] was performed using only significant variables
(p < 0.05) in order to determine the effect of environmental factors on the dis-
tribution of plant communities.

Soil samples were taken from a depth of 8-10 cm at sites No. 1-9. DNA
was isolated from the samples (0.2 g) using the PowerSoil® DNA Isolation Kit
(Mo Bio Laboratories, Inc., USA) in accordance with the manufacturer's instruc-
tions. Purified DNA preparations (10-15 ng) were matrices in polymerase chain
reaction (PCR) (temperature profile: 30 s at 95 °C, 30 s at 50 °C, 30 s at 72 °C;
total 30 cycles) using En-cyclo DNA polymerase (Eurogen, Russia) and universal
primers at the variable region v4 of the 16S rRNA gene: F515 (GTGCCAG-
CMGCCGCGGTAA) and R806 (GGACTACVSGGGTATCTAAT). The oligo-
nucleotide identifiers were introduced into the primers for each sample and the
service sequences necessary for the pyrosequencing according to the Roche proto-
col (Switzerland). Samples preparation and sequencing were performed using GS
Junior (Roche, Switzerland) in accordance with the manufacturer's recommenda-
tions. Demultiplexing, quality control of 16S rRNA gene sequences, isolation of
OTU (operational taxonomic units, species analog), normalization of samples,
taxonomic identification of OTU, calculation of a- and B-diversity indices were
performed with QIIME software package (http://qiime.org/) using the default
parameters [39, 40]. Libraries of 16S rRNA gene fragments were standardized
according to the number of sequences in the smallest library.

Differences in the frequencies of microbial taxa between the test samples
were determined by an accurate Fisher test, adjusted for multiple comparisons us-
ing the Benjamini-Hochberg procedure at a 5% significance level. In order to ex-
plain the variability in the composition of species of microbial communities under
the influence of the environmental factor, the Principal Component Analysis
(PCoA) was used. Calculations were carried out with Statistica 7 software
(StatSoft, Inc., USA) and Microsoft Excel.

Results. Works on reclamation in the limestone quarry Pechurki began in
1970, during which pine seedlings were planted in some areas at different times.
In this case, most of the quarry was left for self-organized vegetation. The quarry
was characterized by a complex internal relief, which contributed to the for-
mation of a relatively wide variety of soils. Most environmental factors were
optimal for the development of vegetation (Table), except for high density and
rockiness on the rocky bottom of the quarry. All sites showed an extremely het-
erogeneous distribution of fractions along the section and a significant amount of
skeletal coarse clastic material with a relatively low content of fine soil. In gen-
eral, the results of mesomorphological studies indicated a fairly high rate of pedo-
genic transformation of the substrate. Chemical, biochemical and physical weath-
ering of carbonate rocks are the basic transformation processes of the mineral
part of the soil. The high content of fine earth contributed to the intensive weath-
ering of limestone fragments (except for the rocky bottom of the quarry). This, in
turn, increased the water capacity of embryozem and its fertility, thereby ensuring
the active development of plant communities that produce organic matter. Inten-
sive decarbonization was in a significant decrease in the pH of the humus horizons
in comparison with the rock.

Places for establishment of test sites were selected in such a manner as to
avoid the border effect (the density and number of species increases at the joints
of biocenoses which can lead to distorted results), that is, preferably in the cen-
tral part of the phytocenosis (if available) or in the central part of the ecotope
(in the absence of closed vegetation cover). The location of the test sites is
shown in Figure 1. The key pedogenic processes in all areas were the accumula-
tion of organic matter and the substrate oxidation. They led to the formation of
an A-horizon with maximum power and the largest content of organic matter in



Characterization of soils formed in the limestone quarry Pechurki (Slantsevsky Dis-

trict, Leningrad Region, 2016)

AlB|C[DIJIE]FIG] ®H [ 1 [ 7 [ K [ L
1 (0] 0-4 5.02 0.00 8.16 0.85 0.07 0.07 3.225 0.021 13.1
AY 4-33 440 0.06 6.79 - 0.03 0.03 1.695 0.018
C 33-48 572 0.10 1.19 - 0.02 0.02 1.186 0.017
[C] 48+ 745 0.17 0.86 - 0.03 0.03 1.491 0.017
2 (0] 0-3 526 0.00 1.69 0.76 0.11 0.12 5.060 0.022 30.5
BF 3-13  6.35 024 573 - 0.04 0.04 2.103 0.019
C 13+ 6.55 0.08 2.05 - 0.04 0.04 1.797 0.020
3 (0] 0-7 6.36  0.10 3.27 0.78 0.04 0.05 2.205 0.018 6.9
AY 7-15 5.86 0.10 7.85 - 0.02 0.03 1.491 0.015
G 15-36 643 0.07 0.65 - 0.06 0.07 3.021 0.020
Gox 36-45 6.12 008 194 - 0.04 0.04 2.001 0.019
C 45 6.50 0.09 545 - 0.02 0.02 0.982 0.016
4 AY 0-26 522 021 394 091 0.04 0.05 2.205 0.018 29.5
AC 26+ 6.34 0.16 6.32 - 0.02 0.02 0.982 0.016
5 (0] 0-13 5.64 0.00 14.4 0.65 0.04 0.05 2.205 0.020 28.0
AY 13-25 6.05 0.35 2.13 - 0.06 0.07 3.021 0.021
Cl 25-37 576 0.08 0.67 - 0.02 0.03 1.390 0.018
C2ox 37+ 6.10 0.52 3.33 - 0.03 0.04 1.797 0.017
6 0-4 6.57 0.00 24.81 - 0.06 0.08 2.817 0.022 13.8
AY 4-28 6.53 0.13 13.25 0.76 0.04 0.04 2.001 0.018
C 28+ 540 0.27 447 - 0.04 0.04 1.797 0.020
7 (0] 0-7 598 0.00 8.24 - 0.07 0.08 3.429 0.019 4.5
AY 7-9 690 0.00 9.46 0.68 0.03 0.04 1.899 0.017
C 9+ 7.35 0.09 3.89 - 0.04 0.04 1.899 0.019
8 C 0-5 6.70 0.52 3.24 - 0.05 0.05 2.307 0.020 80.0
9 (0] 0-3 596 0.00 8.80 0.57 0.07 0.07 3.327 0.021 224
AC 3-14 6.70 0.36 3.75 - 0.04 0.04 2.103 0.019
10 AY 0-18 6.50 0.04 12.64 0.62 0.02 0.11 4.669 0.005 22.4
C 18+ 6.50 0.07 12.50 - 0.04 0.08 3.726 0.010
11 AC 0-3 6.00 091 16.00 - 0.03 0.08 3.621 0.009 80.0
C 3+ 6.30 1.03 15.58 - 0.02 0.09 3.831 0.005
12 AY 0-25 6.15 0.23 17.68 0.8 0.02 0.10 4.250 0.005 30.0
C 25+ 6.11 0.22 10.00 - 0.02 0.07 3.097 0.006

Note. A — site; B —horizon; C —power, cm; D — pHygeer: E —

COy, %; F — Corg, %; G — Spa/Cra; H —

basal respiration, pg CO»-C/g-hl; I —SIR (substrate-induced respiration), ng CO,-C/g-h'l; J — Cpic, ng C/g soil;
K — qCOy, pg COy-¢/mg Cpyic - h'l; L — rockiness, %; Corg — the content of total organic carbon, Cp, — carbon
content of humic acids, Cy, — carbon content of fulvic acids, Cyjc — carbon content of microbial biomass,
qCO, — metabolic coefficient. Dashes mean that the analysis was not carried out.

® Points of soil sampling
[ Pond
Dumps
Bottom of the quarry
[0 Wet terraced sites
[ Dry terraced sites

Fig. 1. The scheme of collection of soil samples in limestone
quarry Pechurki: 1 — dump, rare vegetation (28 years old),
2 — dry terrace, small pine forest (16 years old), 3 —
dump, rare vegetation (30 years old), 4 — dump, rare
vegetation (8 years old), 5 — wet terrace, parvifoliate forest
(35 years old), 6 — wet terrace, parvifoliate forest (35 years
old), 7 — wet terrace, pleurocarpous moss pine forest (35
years old), 8, 11, 12 — base of the dump, rare vegetation
(29 years old), 9, 10 — dry terrace, rare vegetation (29 years
old) (Slantsevsky District, Leningrad Province, 2016).

accumulative ecotopes with op-
timal moisture conditions and
physical parameters of the sub-
strate. Differences between the
upper organogenic horizons and
the lower ones were increasing
with the increase in the period
of colonization. The primary
substrate and the underlying
horizons were characterized by
higher acidity values (pH from
6 to 7.45) due to a large amount
of primary minerals and the
absence of organic matter. The
content of organic carbon in-
creased with the time of vegeta-
tion, while the pH decreased to
5.02. The most acidic reaction
was observed on the positive
elements of the relief (sections
1, 2, 4). The main dominants
were Populus tremula and Betula



pendula.

The soils with a fulvate-humate type of humus prevailed, which was typ-
ical for the region. The increased proportion of humic acids is due to the car-
bonate substrate of the soil-forming rock. Five environmental factors that have the
greatest influence on the distribution of vegetation have been highlighted by
forward selection for inclusion in the model: the grain-size composition of the
soil, rockiness, the content of physical clay, pH of water extract and moisture.
These data are consistent with studies conducted in Canada [41]. All identified
factors have a significant influence on the distribution of the plant community, but
other sources note the great importance of the age of the dump [41-43].

05 . . i : : . , The results of the canonical
ol + pec | correspondence analysis are shown
sl ° - | in Figure 2. The first axis explains
' | 65% variability, the second axis is
o8 for 23%. Sites with the maximum
o2 | rockiness were colonized mainly by
Y 1 thinned plant groups with a predom-
244 4l - inance of Ceratodon purpureus and
Bryum pseudotriquetrum. Many studies
03— ————  have confirmed that mosses and li-

Dimension 1 chens are the first that colonize
Fig. 2. Results of the canonical correspondence analy- abandoned quarries [17, 44, 45].

sis of environmental factors and plant communities Presumably this is due to the fact
(non-metric multidimensional scales). Circles specify i

plant communities, PCC — physical clay content, H — that they are better adapted to ad-
humidity, GC — grain-size composition, R — rockiness verse environmental conditions,
(s i s, | s S 7 and are also able o prepare a sub-

strate for other plants [46-48]. Sites
with a high proportion of clay fraction were colonized by grass spruce forest.
Drained sandy loamy sites were occupied by various types of pine forests. Parvifo-
liate forests prevailed on the sites with a significant amount of skeletal material
and a relatively low content of fine earth.

A total of 136 species of higher plants belonging to 106 genera, 49 fami-
lies, 45 orders, 5 classes and 4 divisions were found in the quarry. In terms of
the number of species, the Fabaceae and Poaceae families were predominant,
each of them included 13 species (almost 10% of the diversity), as well as Aster-
aceae and Rosaceae, which included 11 species (8% each). A large number of
Fabaceae family representatives are typical for disturbed habitats. Asferaceae and
Rosaceae are the leading families of the flora of the Leningrad Region. There
were 24 single-species families. A rather large number of species was in the Or-
chidaceae family, 9 species (6% of all species), which is due to the carbonate
substrate of the quarry. A total of 22 types of mosses from 10 families and 11
epilithic lichens from 7 families, 75 species of algae and cyanobacteria from 38
genera and 29 families were also recorded. Representatives of all life forms of
plants, common in the Leningrad REGION according to N.N. Tsvetlev, were
found in the quarry [49]. There were all ecological groups in terms of require-
ments on soil richness: from oligotrophic plants to eutrophic and typical nitro-
philous plants, as well as calciphile plants. All groups in terms of the water re-
gime of soils have been identified, from xerophilous to hygrophytic plants. The
number of higher vascular plants species on the sites varied from 14 to 39, de-
pending on the ecotope. Fourteen protected species were found in different eco-
topes. The maximum similarity of the species composition was observed at the
rocky bottom of the quarry (the Serensen-Czekanowski coefficient was 92%). The
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most severe conditions for vegetation development were created here, so that
communities were represented by a limited set of species. Sites with different posi-
tions in the relief were characterized by the smallest number of common species.

According to all the calculated indices, the smallest variety corresponded
to the site where pine seedlings were planted on a flat surface (on a soft over-
burden) in 1970. Such biodiversity is typical for the pine forests of the Leningrad
Province. The greatest variety, according to Shannon's index, corresponded to
the recently recultivated site where the tree crowns had not yet closed, and mar-
ginal meadow species had not yet been displaced by typical forest species. By
Simpson's index, the greatest variety was at the dumping ground of the quarry,
where spontaneous succession without human intervention was taking place for
more than 30 years. Biodiversity was reduced at flat sites under biological reclama-
tion. Biodiversity has increased over time on sites, namely on dumps, where de-
velopment was of spontaneous succession type. It is interesting that the develop-
ment on heavily rocky sites (dumps of large fragments and rocky bottoms) was so
slow that in 46 years no significant changes occurred. Apparently, this time is not
enough for the natural transformation of the substrate by algae, lichens, and moss-
es. Our results are confirmed by the large body of literature data, which claims
that spontaneous succession, in terms of the diversity of plant communities, is the
best approach for partially managed land reclamation [50-53].

A microbiome is a link in the soil-plant system, which provides an eco-
logical adaptation of the plant to stressful conditions of disturbed soils. In addi-
tion, microorganisms are able to utilize many chemical compounds by partici-
pating in the bioremediation of disturbed territories.

The content of microbial biomass in the samples studied ranged from
0.98 to 4.6 pg C/g of soil, while the values increased with the increase in the
period of colonization and a tendency to a decrease in this indicator downward
along the soil cross section was observed. According to published data [55, 56],
the amount of microbial biomass can be considered as one of the indicators of
organic matter accumulation and mineralization. Since basal respiration and the
content of microbial biomass strongly depend on parameters such as humidity
and temperature [57], a microbial metabolic coefficient, which refers to integral
indicators of the biological state of soils, was calculated. Its values varied from
0.004 to 0.022 pg CO,-C/mg Cpic - h'l. The obtained results indicate a reduced
stability of microbial communities and the ineffective use of the organic sub-
strate, especially at the first stages of quarry colonization. According to J. Frouz
et al. [58], who actively studied the microbiological state of quarries in the
Czech Republic, the index of soil respiration per unit of microbial biomass de-
creases with the increase in the period of colonization. However, according to
the our data, it is difficult to identify the tendency of changes in microbiological
indicators with age. Also, the authors note that the majority of microbiological
indicators in 30-40-year-old communities were the same as in undisturbed
communities.

The taxonomic analysis of microbiomes in our study showed that the
dominant phylotype in all samples are Proteobacteria (55.7%), followed by Actino-
bacteria (17.0%), Bacteroidetes (10.3%), Acidobacteria (6.4%) and Chloroflexi
(3.8%). The obtained results are consistent with the literature data: the listed
phyla become dominant in the soils of disturbed habitats [25, 59, 60].

According to the results of the Principal Component Analysis (PCoA),
the age of the dumps was the strongest factor (19.9% of the explained variabil-
ity). The microbiomes of the old (35 years or more) dumps were distinctly iso-
lated, while microorganism communities of young (8-16 years) and middle-aged
(28-30 years) dumps tended to group into separate clusters (Fig. 3). Microbiomes



of the quarry bottom also
formed a separate group,
which was the result of special
“E»b environmental conditions due
S oo to the rockiness of the sub-
Ceo strate and thinned vegetation
cover. The dominant taxa in
young dumps were Acinetobac-
ter (8.8% of the total com-
of “g munity), Micrococcaceae (8%)
PC1(2392%) and Pseudomonas (6%), while
the number of these bacteria
significantly decreased (p <

0.05) in the young > middle
Fig. 3. The results of Principal Component Analysis (PCoA): )> 1d dy g Th
white circles — old dumps (35 years old), gray circles — agej 0 umps. row. €
middle age dumps (28-30 years), black circles — young Acinefobacter species have a

dumps (8-16 years). The highlighted areas specify groups of comparatively wide ecological
dumps of a certain age combined into clusters (the analysis niche and can be found in

was carried out with QIIME program; the Pechurki quarry, X X .
Slantsevsky District, Leningrad Province, 2016). habitats Contarmnated with
hydrocarbons, activated sludge,

sewage, and also in dumps with overburden grounds [61]. A high proportion of
Pseudomonadaceae was recorded during the analysis of 6-year-old technosoils
formed on dumps due to coal mining [62]. Representatives of Micrococcaceae
(4.5%) and Sphingomonadaceae (1.4%) prevailed in the middle-aged dumps. The
proportion of a-proteobacteria of the Rhizobiales order in the microbiome struc-
ture increased with the increase in the age of the dumps, mainly due to Brady-
rhizobiaceae and Hyphomicrobiaceae. Statistically significant maxima of the pro-
portion of these groups were in 35-year dumps — 5.0 and 2.5% of the sequences,
respectively. It is known that the Hyphomicrobiaceae and Bradyrhizobiaceae bac-
teria play an important role in the processes of carbon and nitrogen transfor-
mations in soil [63]; many of them are often found in the rhizosphere of herba-
ceous plants and are part of the plant-growth-promoting (PGPR) group of bac-
teria. Old dumps were characterized by a significant (6-8-fold) increase in the
proportion of Micromonosporaceae and Sinobacteraceae representatives in com-
parison with young and middle age dumps, and a significant increase in the pro-
portion of Chitinophagaceae and Cytophagaceae bacteria in the microbiomes of
35 years dumps was also noted.

Wet terraces communities also differed somewhat from microbiomes of
dry terraces and dump bases; however, no significant differences could be
identified. Acidity (pH), which is one of the main soil factors and the main
predictor of the microbial community composition [64-66], also did not have a
significant effect on the composition of the microbiomes under study. Appar-
ently, the formation of the specific structure of the microbial communities was
the result of the combined effect of factors with their most favorable combina-
tion in 35-year-old dumps.

The results of a taxonomic analysis of the composition of dump microbi-
omes revealed a distinct change in the species composition of microorganisms
with the increase in the age of dumps. Microorganisms that belong to the eco-
logical group of copiotrophs, the presence of which in the soil marks the early
stages of succession, prevailed in young dumps. According to the data of Y. Li et
al. [25], the most important stage of microbiome recovery is between years 15 and
years 20 after the beginning of the reclamation. In our studies, beginning with
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middle-aged dumps (over 16 years old), oligotrophic groups of bacteria predomi-
nated in the community, including bacteria involved in the decomposition of
complex biopolymers. The dominance of this group of microorganisms in the
community can characterize the microbiocenosis transition to the climax stage.

Thus, the unfavorable grain-size composition becomes a limiting factor
in the development of vegetation due to the high rockiness of rocky bottoms.
The presence of areas with different physical parameters of the substrate, which
are at different stages of vegetation, contributes to the development of a high
diversity of plant communities. A change in the species composition of micro-
organisms is observed in the succession process, while the copiotrophic groups
predominate in the early stages and the oligotrophic groups prevaile in the later
stages. Monitoring of each site of the quarry is necessary in order to develop an
optimal plan for territory reclamation and its further use for agricultural
purposes since edaphic conditions can differ depending on the position in the
relief and the impact on the ground. Territory reclamation for its further use for
agricultural purposes requires expensive measures to flatten and level the high
heterogeneity of the substrate. In terms of biodiversity, the best method for rec-
lamation of carbonate quarries is the creation of favorable physical conditions of
the substrate and further self-organized vegetation of the site.
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