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Restoration of soil-vegetation cover and soil microbial community
at the Pechurki limestone quarry (Leningrad region, Russia)

Abstract: Due to a significant increase in mining activity and subsequent ecosystem disturbances, it is becoming increasingly
important to understand how degraded, unproductive quarries can be converted into new, self-sustaining communities that develop
into natural environments. Former limestone quarry was investigated with aim to determine the best reclamation practice for surfaces
of former lime rock quarries. Effects of spontaneous succession and forestry reclamation restoration approaches on vegetation and
soil features were studied. The study was conducted in one of the largest limestone quarries of the Leningrad region, south taiga
region. Species composition and vegetation cover were estimated for different plant communities within each ecotype of the quarry.
Also soil characteristics were evaluated at each plot. We found that the main differences between plots were due to their position in
the landscape; the most similar communities colonize similar ecotypes. On flat landforms, biodiversity is reduced under biological
reclamation. At the sites under spontaneous succession, the level of biodiversity increases. In terms of biodiversity conservation and
economic benefit, spontaneous succession is preferable to forestry reclamation for the restoration of carbonate substrates. After
examining CO, emissions from the quarry as a result of weathering of carbonates and soil respiration, as well as the level of CO,
sequestration from the atmosphere, we show that the establishment of certain landscape forms within former quarries can help to

reduce atmospheric CO,.
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INTRODUCTION

Quarries are considered as examples of extreme
ecosystem disturbance. The total area occupied by
mining explorations has rapidly increased over
recent centuries and continues to grow (Rehounkova
etal. 2016). The open method of exploration is known
as extensively used for mining activity because it
facilitates complete and economically effective
extraction (Mudd 2010). Quarrying operations can
increase dust emission and noise pollution. In
addition, mining activity can profoundly alter preexi-
sting communities and perturb hydro-geological and
hydrological regimes (Shaban et al. 2007, Abakumov
etal. 2016, Abakumov et al. 2015, Kurae et al. 2012).
Quarrying can profoundly change the soil surface
(Stehouwer et al. 2006), modify the landscape
(Jomaa et al. 2008, Abakumov et al. 2015), eliminate
natural habitats, and discontinue natural succession
(Khater et al. 2003), as well as shift genetic resources
(El-Fadel et al. 2000, Abakumov et al. 2013).

* Prof. Dr. Evgeny Abakumov, e_abakumov@mail.ru

Recovery of the vast majority of quarries is typi-
cally slow, and large areas often remain bare after
decades of abandonment (Williamson et al. 2003).
The major limiting factors for the establishment of
plant communities at abandoned quarries are low
nutrient availability and unfavorable physical properties
of the soil (Sheldon 1975). A recovered community
must be able to develop through natural processes,
without human input (Berger 1993). The restored
ecosystem should have tolerance for stress and
should include an assemblage of native species
(Jomaa et al. 2008). Species of plants should be able
to grow under conditions of rocky ground, in nutrient-
and water-poor soil, in soils of extreme pH, and on
steep slopes. Because of the severity of disturbances
in quarries, plant succession is slow, requiring up to
several centuries. Different abandoned quarry resto-
ration approaches might lead to differences in biodi-
versity and ecological functions.

The vast majority of studies for quarries and similar
disturbances have focused on the effect of seeding or
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transplanting various species of plants (Gretarsdottir
et al. 2004, Tormo et al. 2007), including nitrogen-
fixing plants, such as legumes and alders (Smyth
1997). These studies have produced mixed results.
Although the successful establishment of the trans-
planted trees and shrubs is often reported, this is not
conducive to the recovery of the ecosystem by colo-
nization by native species. The introduced species
might remain dominant, which causes the restored
ecosystems to be characterized by low diversity
(Bishop and Chapin 1989; Brown and Rice 2000;
Densmore 1992) or as landscapes atypical for a
given region. Some researchers suppose that recla-
mation through spontaneous succession (rather than
forestry restoration) favors biodiversity (Rehounkova
et al. 2016, Dmitrakova et al. 2018b).

Some remediation studies have suggested that
biodiversity is an important ecological factor for
mining sustainability (Johnson 2006) and that
efficient techniques leading to the recovery of
ecological processes and biodiversity are imperative.
These finding could be extrapolated to other limestone
quarries. Here the limestones industrial exploitations
are knowns as the most ancient in Russia (up to 300
years), that is why numerous limestone quarries are
located on the macro landscape of Izhora Plateau.

Quarry restoration is a complicated process. The
starting area is usually bare and consists of a low-
fertile substrate (Tischew and Kirmer 2007; Dmitra-
kova et al. 2018a). Therefore, it is important to deter-
mine the optimal restoration approaches when plan-
ning a successful ecological recreation. This includes
detailed quantitative case studies, field experiments,
and comparative studies over wide geographical
areas (Prach 2003).

The spontaneous succession of plant communities
in quarries with various substrates has been studied
in sufficient detail. Much of the research is devoted
to various aspects of succession of the vegetation
cover (Kopceva 2005, Neshataev et al. 2012, Sumina
2013), the processes of pedogenesis have been ana-
lyzed quite thoroughly (Abakumov et al. 2013, Yar-
wood et al. 2015). However, complex observations
on the restoration of the soil and vegetation cover
and the connection of these components remain small.
In contrast, other works are focused on the conjugate
development of soil and vegetation cover, but not due
to overgrowth, but after planting certain plant
species (Labbe et al. 1995, Laitinen et al. 2008,
Gretarsdottir et al. 2004, Tormo et al. 2007). Traditio-
nally, articles about land reclamation focused on the
study of vegetation cover and the redistribution of
soil organic matter (Archegova 2013, Androhanov
2000). The importance of microbiom in ecosystem
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restoration processes has long been underestimated.
In the last decade, many publications (Stifeev et al.
2011, Dangi et al. 2012, Acosta-Martinez et al. 2010)
have been devoted to the study of the microbial com-
munities of reclaimed soils, containing valuable
information on the rates of biomass restoration and
the activity of microbial communities in the chrono-
sequence of soils in technogenic landscapes (Liu et
al. 2016, Li et al. 2014, Luna et al. 2016). It is shown
that the structure and composition of microbioms are
determined by a combination of physical and agro-
chemical parameters (reserves of soil organic matter,
total nitrogen, pH, cation exchange capacity of
soils), whose values are significantly higher in
reclaimed variants. Much attention is paid to the use
of microbial communities as indicators of various
stages of soil restoration of technogenic landscapes
(Fierer et al. 2012, Zhang et al. 2011). At the same
time, the diversity and structure of microbioms 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. Invo-
lvement of the diversity of soil microbiom in the
study creates prospects for the development of quali-
tatively new systems for accelerating and optimizing
remediation measures in disturbed areas. Recently,
attention has been paid to the creation of microbial
preparations to improve the quality of soils (Burns et
al. 2013).

The aim of this study was a comprehensive analy-
sis of the geo- and bio-diversity of a limestone quarry
in order to determine the preferred method of recla-
mation. To achieve this goal, following objectives
were stated: (1) to identify the main landforms of the
quarry; (2) to evaluate the relationship between geo-
(diversity of ecotypes) and bio-diversity; (3) to define
the basic physical and chemical properties of the soil;
and (4) to determine the quantitative composition of
the microbial communities.

MATERIALS AND METHODS
Study sites

The investigation has been conducted on the
Pechurki limestone quarry (59°08"02.7"N 27°58'06.5"E)
during the spring and summer season of 2016. The
area is characterized by Atlantic-continental climate
(average annual temperature of 2°C and average
annual precipitation of 700 mm per year, evaporation
rate is about 450 mm). The climate characteristics
are caused by the proximity to the sea, with modera-
tely cold winters and warm summers. The natural soil
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cover of the region is mainly characterized by the
predominance of Podzols (IUSS WRB 2015) that have
developed on acid moraine tills or fluvioglacial
deposits, but in region of Izhora Plateau also Calcaric
Leptosols are typical due to the exposition of limestone
derived parent materials of the surface (Ivlev 1994).

The main type of vegetation belongs to southern
taiga with coniferous forests, but a high frequency of
natural and anthropogenic disturbances has led to the
establishment of small-leaved forests. Ecosystems of
Izhora Plateau also characterizes by presence some
representative of sub-boreal flora due to increased
content of carbonates in local parent materials.

The Pechurki quarry is situated in Slantsy Town
in the Leningrad region. Production of limestone was
stopped in 2014 but biological reclamation was
initiated already in 1970 and, in the course of this
work, pine was planted on the dumps. Therefore, there
are now reclaimed plots at various stages of overgrowing.
However, the vast majority of the quarry area has
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undergone spontaneous revegetation. First, we iden-
tified all of the landforms of the quarry. Soil samples
were collected from 12 key plots (Fig. 1) formed at
12 different sites under common plant communities
(Fig. 2), where A — Umbric Leptosols (Calcaric)
under accumulative self-overgrowing ecotope,
overgrowing age is about 35 years, B — Leptosols
(Skeletic, Calcaric) under self-overgrowing bottom
of the quarry, overgrowing age is 29 years. Since the
small-scale topographical differences strongly affect
the soil and vegetation succession dynamics (Burga
et al. 2010), plots with different topographic features
were chosen. Field descriptions of the soil pits were
made. Soil materials were collected from each
horizon (in total of 33 soil samples). An inventory of
the quarry flora was conducted. On each ecotype, we
established sites of 25%25 m. Within each site, we
determined all species of plants, on-soils mosses,
total projective cover, and the projective cover of each
species.
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FIGURE 1. Schematic map of landforms on the
quarry and location of the study sites j
Sites: 1, 3, 4, 12 — self overgrowing dumps; ol
2 — self overgrowing terraced plot; 5, 6 — self
overgrowing accumulative ecotopes on a soft
overburden 7, 9, 10 — reclaimed terraced plots;
8, 11 — rocky bottom

FIGURE 2. The most different soil surface of
the quarry: A — soil profile of 5 site Umbric
Leptosols (Calcaric); B — Leptosols (Skeletic,
Calcaric)
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Laboratory analyses

Mesomorphological description of soils and
determination of the physical-chemical properties of
soils were performed in the laboratory of the Department
of Applied Ecology (Saint Petersburg State Univer-
sity). Soil samples were grounded and passed
through a 2-mm sieve.

The following parameters were determined in soil
samples: pH in water and salt (KCl) suspension
(1:2.5), skeletal fraction content, particle size distri-
bution of the soil using pipette method by Kaczynski
with pyrophosphate peptization of microaggregates
(Rastvorova 1983), organic carbon oxidation by the
bichromate (Walkey and Blake) method, substrate-
induced respiration (Ananyeva et al. 2008), basal soil
respiration, acidometric evaluation of CO, content in
carbonates (Tsitovich 1994), fractional-group com-
position of humus by Tyurin’s scheme modified by
Ponomareva and Plotnikova with extraction of
groups of humic and fulvic acids (Ponomareva and
Plotnikova 1980), quantitative determination of
carbon of microbial biomass (Cmic) according to the
formula proposed by Anderson and Domsch (1978),
Cmic (g C g™! soil) =LED (L CO, / g soil h™")x 40.04
+0.37, microbial metabolic rate (the specific respiration
microbial biomass, CO,) is found as the ratio of basal
respiration to microbial biomass carbon index: qCO,
(mg CO, / Cmic mg h™') = DB / Cmic.

DNA extraction was performed using the Power-
Soil DNA Isolation Kit (MO BIO, USA), which
included a mechanical destruction step using abrasive
materials (Mobio Laboratories, USA). The destruction
of the soil sample was carried out on a Precellys 24
homogenizer (Bertin Technologies, France). The
purity of isolation and the amount of isolated DNA
were checked by electrophoresis in 1% agarose in
0.5xTAE buffer. The average DNA concentration in
the sample was 50 ng cm™>.

The purified DNA preparations (10—15 ng) were
used as templates in the PCR reaction (temperature
profile: 95°C for 30 s, 50°C for 30 s, 72°C for 30 s,
30 cycles in total) using Encyclo polymerase (Eurogen,
Russia) and universal primers to the V4 variable
region of the 16S rRNA gene: F515 (GTGC-
CAGCMGCCGCGGTAA) and R806 (GGACTA-
CVSGGGTATCTAAT) (Bates et al. 2010). The
primers included oligonucleotide barcodes for each
sample and the service sequences required for
454-pyrosequencing by «Roche» protocol (Roche,
Switzerland). Sample preparation and sequencing
were performed on a GS Junior device (Roche, Swit-
zerland) according to the manufacturer’s recommen-
dations.
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Data analysis

We have tested the significance of environmental
factors using the direct selection approach (forward
selection). Using only significant variables, we
performed an analysis of correspondence (CCA) to
establish how environmental factors affect the distri-
bution of plant communities. Calculations were
performed using Statistica 7 and Excel software pro-
grams.

We also considered those species that have not
been described but fixed by descriptive routine
method. We also conducted an ecological-phytoce-
notic analysis of vegetation. Types of living forms
have been determined according to Cvelev (2000).
For the purpose of estimating species composition,
the similarity of vegetation on different key plots was
calculated by the Sorensen-Chekanovsky coefficient.
For the estimation of diversity on different key plots,
Simpson’s inverse ratio index and Shannon’s index
were calculated.

Downstream processing of the 16S rRNA gene
libraries was performed using the QIIME software
package (Caporaso et al. 2010). At the first stage, the
sequence quality was verified: sequences smaller than
200 nucleotides in length, with a quality score of less
than 25, containing incorrectly read primer and
multiplex identifier sequences, as well as extended
homopolymeric repeats (more than eight nucleotides)
and unidentified nucleotides were excluded from the
analysis. All non-bacterial and chimeric sequences
were excluded from the analysis; the data were
normalized according to the number of sequences in
the library of the smallest size. As a result of all of
these procedures, 14,312 sequences were selected.
After the data normalization procedure, the number
of'sequences in each library was 4700. Sequences with
similarity over 97% were combined into operational
taxonomic units (OTU) using a de novo algorithm
(based on the UCLUST method). From each OTU,
one sequence was chosen to compose a set of repre-
sentatives. The next stage was the classification of
representative sequences using the RDP nad’'ve
Bayesian rRNA Classifier program and PyNast
algorithm alignment (Caporaso et al. 2010), and a
specially designed set of sequences, the Greengenes
core set (DeSantis et al. 2006), was used to align the
sequences. The aligned sequences were used to
construct the distance matrix and phylogenetic tree.

To assess biodiversity and conduct a comparative
analysis of communities, the parameters of a-and
B-diversity were calculated. The ot-diversity was assessed
using the index of species richness (the number of
OTUs in the sample) and the Shannon index. The
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reliability of differences in o-diversity indices among
microbiomes was assessed using the t-test. To assess
the a-diversity, we used the weighted UniFrac
method, which allows estimating the percentage of
similarities/differences between all pairs of compared
microbiomes (Lozupone and Knight 2005). To represent
the results of the analysis, we used a multidimensional
statistics approach (analysis of the main components)
using the Emperor program.

To assess the reliability of differences in the
representation of individual taxa in the analyzed
samples, in addition to the QIIME software, a script
was written using the Python programming language.
This script performs multiple pairwise tests of
contingency tables of OUT frequencies in different
collections of samples/replicates. The algorithm
dynamically chooses either the G-test or the Fisher
exact test depending on the circumstances and
applies Bonferroni p-value correction.

RESULTS
Soil surfaces diversity and spatial distribution

The quarry has a different landscapes and a variety
of ecotopes (Fig. 3).

We detected a high diversity of soil surfaces in
the quarry, supporting the multivariate model of
ecosystem development. Physical and chemical
properties of the studied soil substrate and the results
of our mezomorphological studies show relatively
high rates of pedogenic substrate conversion. Organic
matter accumulation in surface horizons increased
with age and pH values decreased to 5.0 (Table 1).
Surprisingly, the lowest pH values were found in the
topsoils on the relatively elevated landforms (Sites 1,
2, and 4). In these plots, the dominant species are
Populus tremula and Betula pendula.
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FIGURE 3. Ecotopes diversity of quarry (Sumina, 2013):
1 —undisturbed community; 2 — peripheral part; 3—5, 8 — transit-
trans eluvial ecotopes (slopes of different steepness and exposure);
6 — accumulative terraced areas; 7 — eluvial ecotopes (dumps);
9 — ponds
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All areas were characterized by an extremely
inhomogeneous distribution of the fractions in the
profile. For all sites, there was a large amount of
coarse skeletal material at a relatively low content of
fine earth. The variation of stoniness (from 4.5% in
the remediated sites up to 80% on the self-overgro-
wing bottom) demonstrates the high heterogeneity of
the conditions at the quarry. This indicator is strongly
dependent on the applied remediation technology.

High CO, emissions is a negative consequence of
mining; this is especially true for carbonate rocks.
The release of carbon dioxide into the atmosphere
can be estimated by the weathering of carbonates and
soil basal respiration. In the process of development
of soil and vegetation, emissions of carbon dioxide
are changed by its sequestration, the rate of the last
one can be estimated on the content of organic
carbon in the soil. The basal respiration rate of the
quarry soil was extremely low (from 0.015 to 0.1 mg
CO, g ! soil h™!). The main sources of CO, released
into the atmosphere are weathered carbonates. The
CO, content of carbonate varies from 0.06 to 0.5%.
The highest levels of carbon dioxide deposition were
observed at Site 6. This site is an accumulative
ecotype with optimal moisture conditions and
physical parameters of the substrate. The relatively
high clay content and humification processes contri-
bute to the carbon content in the soil, as well as the
retention of stable forms of carbon. The maximum
content of humic acid (Cha/Cfa ratio = 0.91-0.80)
was observed on the self-overgrowing dumps under
small-leaved forests. A relatively large amount of
fulvic acid (Cha/Cfa = 0.57) was typical for the site
9, corresponding to the remediated site under the pine
trees.

The status of the microbial communities at the
quarries is poorly understood. This is problematic
because microbial communities play critical roles in
maintaining the sustainability of communities and
ecosystem development. Therefore, studies addressing
the state of a microbiological component of man-made
habitats is particularly relevant. The microbial
biomass content ranged from 0.98 to 4.60 g C/g soil.
Although we were unable to identify any trends in
microbiological criteria based on the type of vegetation
or landforms, values tended to increase with time of
overgrowing. Since the basal respiration and
microbial biomass content depends largely on
parameters such as humidity and temperature
(Prihodko and Sizemskaya 2015), we calculated the
microbial metabolic rate, which refers to integral
biological indicators of soil. The values of this index
ranged from 0.004 to 0.022 mg CO, C/mg C mic/ h.
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TABLE 1. Physical and chemical properties of the studied soil substrates
Sites Horizon Depth pHin H,O CO, ocC Cha/Cfa  Basal Substrate- Cmic qCoO, Coarse
cm % % respiration  induced (mkg (mkg CO, fraction
mgCO, respiration C g! Cg'! contnet
glsoilh! soil) hh %
1 (0} 04 5.0 0.00 8.16 0.85 0.07 0.07 3.23 0.021 13.1
A 4-33 4.4 0.06 6.79 - 0.03 0.03 1.70 0.018
Cl1 33-48 5.7 0.10 1.19 - 0.02 0.02 1.19 0.017
C2 481 7.5 0.17 0.86 - 0.03 0.03 1.49 0.017
2 (0} 0-3 53 0.00 1.69 0.76 0.11 0.12 5.06 0.022 30.5
Bs 3-13 6.4 0.24 5.73 - 0.04 0.04 2.10 0.019
C 134 6.6 0.08 2.05 - 0.04 0.04 1.80 0.020
3 (0} 0-7 6.4 0.10 3.27 0.78 0.04 0.05 2.21 0.018 6.9
A 7-15 59 0.10 7.85 - 0.02 0.03 1.49 0.015
Bg 15-36 6.4 0.07 0.65 - 0.06 0.07 3.02 0.020
Bgr 3645 6.1 0.08 1.94 - 0.04 0.04 2.00 0.019
C 45) 6.5 0.09 5.45 - 0.02 0.02 0.98 0.016
4 A 0-26 5.2 0.21 3.94 0.91 0.04 0.05 2.21 0.018 29.5
AC 26+ 6.3 0.16 6.32 - 0.02 0.02 0.98 0.016
5 (0} 0-13 5.6 0.00 14.4 0.65 0.04 0.05 2.21 0.020 28.0
A 13-25 6.1 0.35 2.13 - 0.06 0.07 3.02 0.021
C 25-37 5.8 0.08 0.67 - 0.02 0.03 1.39 0.018
Cr 37+ 6.1 0.52 3.33 - 0.03 0.04 1.80 0.017
6 o 0-4 6.6 0.00 24.81 - 0.06 0.08 2.82 0.022 13.8
A 4-28 6.5 0.13 13.25 0.76 0.04 0.04 2.00 0.018
C 28+ 5.4 0.27 4.47 - 0.04 0.04 1.80 0.020
7 o 0-7 6.0 0.00 8.24 - 0.07 0.08 3.43 0.019 4.50
A 7-9 6.9 0.00 9.46 0.68 0.03 0.04 1.90 0.017
C 9+ 7.4 0.09 3.89 - 0.04 0.04 1.90 0.019
C 0-5 6.7 0.52 3.24 - 0.05 0.05 2.31 0.020 80.0
(0} 0-3 6.0 0.00 8.80 0.57 0.07 0.07 3.33 0.021 22.4
AC 3 6.7 0.36 3.75 - 0.04 0.04 2.10 0.019
10 A 0-18 6.5 0.04 12.6 0.62 0.02 0.11 4.67 0.005 22.4
C 18+ 6.5 0.07 12.5 - 0.04 0.08 3.73 0.010
11 AC 0-3 6.0 0.91 16.0 - 0.03 0.08 3.62 0.009 80.0
C 3+ 6.3 1.03 15.6 - 0.02 0.09 3.83 0.005
12 A 0-25 6.2 0.23 17.7 0.80 0.02 0.1 4.25 0.005 30.0
C 25+ 6.1 0.22 10.0 - 0,02 0.07 3.10 0.006
Vegetation cover

In total, we detected 136 species of higher plants
belonging to 106 genera, 49 families, 45 orders, 5
classes, and 4 divisions (Fig. 4). The families with
the most species were Fabaceae and Poaceae,
including 13 species (about 10% of the identified
diversity) and Asteraceae and Rosaceae (11 species,
8% of the identified diversity). A large number
Fabacaea family members is a characteristic feature
of disturbed habitats, while the Asteraceae and

Rosaceae families are the leading flora families of
the Leningrad region. We detected 24 single-species
families. The relatively high species richness of the
family Orchidaceae (9 species, 6% of the total
species list) is noteworthy, which is associated with
the carbonate substrate of the quarry. We also recorded
22 species of mosses from 10 families, 11 epilithic
lichens of 7 families, about 75 species of algae, and
cyanoprokaryote species from 38 genera and 29
families. We detected representatives of all of the plant
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B Poaceae
W Equisetaceae
W Juncaceae
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B Fabaceae
W Scrophulariaceae
mCaryvophyllaceae

H Asteraceae
W Cyperaceae
m Polygalaceae

Plantaginaceae

B Rosaceae

m Ericaceae

m Ranunculaceae

® Chenopodiaceae

m Alismataceae

m Aristolochiaceae

m Dipsacaceae
Fumariaceae
Solanaceae

m Orchidaceae

W Lamiaceae

| Salicaceae

m Onagraceae

| Trilliaceae

® Balsaminaceae

m Geraniaceag

® Primulaceae
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m Convallariaceae B Apiaceac ® Boraginaceae
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Hypericaceae m Dleaceae m Oxalidaceae
Rubiaceas Aceraceac
Violaceae Cupressaceae Woodsiaceae

FIGURE 4. Species richness plant families

forms common to the Leningrad region (according to
Cvelev (Cvelev 2000)).

According to the soil wealth exactingness approach,
all environmental groups are presented (from oligo-
trophs to eutrophic and typical nitrophilic). Also,
calcicole species are widespread in the quarry. The
wide spectrum of soil water regimes (from xerophytes
to hygrophytes) was represented at the quarry. The
number of species of vascular plants in the areas

Dennstaedtiaceae

ranged from 14 to 39, depending on the ecotope.
Fourteen protected species were detected among the
various ecotopes of the quarry (Table 2).

The maximal similarity of species was observed
on the rocky bottoms of the quarry (92%). These
areas have the most severe conditions, and only a few
species can develop here (Table 3). The lowest number
of common species are related to the areas occupying
different positions in the relief (Site 4rt and 5th, and

TABLE 2. The list of protected species found in the “Pechurki” quarry

Division Class Order Family Genius Type
Equisetophyta Equisetopsida Equisetales Equisetaceae Equisetum Equisetum variegatum Schleich. ex Weber & D.
Mohr
Magnoliophyta Liliopsida Orchidales Orchidaceae  Cypripedium  Cypripedium calceolu L .
Dactylorhiza  Dactylorhiza fuchsii (Druce) Soo
Dactylorhiza incarnata (L.) Soo
Dactylorhiza maculata (L.) Soo
Epipactis Epipactis atrorubens (Hoffm.) Besser
Epipactis helleborine (L.) Crantz
Epipactis palustris (L.) Crantz
Gymnadenia  Gymnadenia conopsea (L.) R. Br.
Platanthera  Platanthera bifolia (L.) Rich.
Magnoliopsida Ericales Ericaceae Chimaphila ~ Chimaphila umbellata (L.) W.P.C. Barton
Fabales Fabaceae Anthyllis Anthyllis vulneraria
Vicia Vicia hirsuta (L.) Gray
Polygalales  Polygalaceae Polygala Polygala amarella Crantz
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TABLE 3. The similarity of species composition of different parts
of the quarry (Sorensen-Czekanowski coefficient)

Site/ 2 3 4 5 6 7 8 9 10 11 12
Site
1 53 39 24 13 13 29 38 46 66 43 49

2 29 24 18 11 31 44 32 45 48 42
3 37 17 4 15 22 28 26 27 36
4 4 14 10 20 31 30 21 28
5 30 29 13 20 10 19 18
6 22 13 8 16 14 48
7 44 40 37 37 31
8 26 41 92 47
9 61 27 32
10 42 40
11 48

3rd and 6th are only 4% of the total of willows). Com-
munities of 3rd and 4rt position occupied eluvial
positions in relief, and 5 and 6 —accumulative positions.
Thus, there are completely different physicochemical
soil parameters.

Diversity of plants at the eluvial ecotopes

The eluvial ecotopes (sites 1, 3, 4, 12) of the quarry
differ in their physical and chemical parameters.
Because of this, even within the same type of relief,
diverse communities are formed. For each ecotope,
the number of selected plant species varied from 19
to 31. Small-leaved forests with a predominance of
Populus tremula and Betula pendula were most
typical for dumps of late succession stages. In such
cases, the grass-shrub cover is mainly edge-meadow
and meadow species (e.g., Poa pratensis and Cala-
magrostis epigeios). Furthermore, for coniferous
forests of Pinus sylvestris and Picea abies, the
herb-shrub floor mainly consists of forest-edge and
forest species (e.g., Convallaria majalis and Pyrola
rotundifolia). Mixed forests with indistinct dominants
were rarely detected. The tops of the dumps, regar-
dless of the length of overgrowth, tended to differ in
species composition, the proportion of common
species varied from 24 to 39%. On those dumps that
are not overgrowing over 12 years, currently, shrub
cover with the dominance of Rubus idaeus is forming.
On the eluvial ecotopes of the quarry, we detected
eight species of higher plants (Chimaphila umbellate,
Dactylorhiza fushsii, D. maculata, Epipactis atroru-
bens, E. palustris, Equisetum variegatum, Gymnade-
nia conopsea, and Cypripedium calceolus) that are
protected in the Leningrad region.
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Diversity of plants at the transit-trans
eluvial ecotopes

Transit-transeluvial ecotopes (7, 9, 10) are wide-
spread in the quarry and include different exposition
slopes of dumps and stepped walls of the quarry.
Currently, the bare steeped slopes are completely
covered with vegetation. Species composition of the
dump slopes coincides with the species diversity top
of the piles. Beyond the slopes, the terraced areas of
the quarry are represented by transeluvial ecotopes.
Mining and biological reclamation have been
performed on such sites and, over the years, pine has
been planted here. Currently, these sites differ in
their period of overgrowth, soil texture class and
moisture conditions. As a result, on the quarry green
mosses and grass associations are represented, pine
and lichen formed on a well-drained, sandy area. For
these areas, species diversity is not a useful indicator
since each represents a different type of forest. Thus,
these areas are useful for preserving biodiversity. It
should be noted that Chimaphila umbellate is fixed
and this species is known as vulnerable. In the bright,
dry forests of the quarry, Dactylorhiza maculate and
Epipactis helleborine were found growing. The
well-moistened and sometimes swampy areas were
often inhabited by protected species, such as Dacty-
lorhiza baltica, Epipactis palustris, and Equisetum
variegatum. These species from Red data book list
should be protected despite the specificity of ecotope.

Diversity of plants at the self-overgrown
bottoms

Self-overgrown bottoms (sites 8 and 11) of the
quarry characterizes by high stones content (80%),
surface overcompaction and low water-holding
capacity. Overgrowing by higher vegetation is slow;
the first colonists inhabit nano-lowerings since in this
conditions there is some accumulation of fine earth,
seeds, slightly better moisture conditions. On the
rocks, a large number of epilithic lichens were
detected, including Arthonia fusca, Acarospora
moenium, A. glaucocarpa, Candelariella aurella,
Lecanora dispersa, L. crenulata, Lecidella stigma-
tea, Phaeophyscia nigricans, Hymenelia epulotica,
Sarcogyne regularis, and Verrucaria sp. The total
projective cover of vegetation in these areas reaches
25%, and the main dominants here are Ceratodon
purputreus and Bryum pseudotriquetum. The number
of species of vascular plants in the self-overgrown
bottoms has remained stable over the time (19-20
species detected at all such sites of differing ages).
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The species composition of the bottom part of the
quarry is uniform (S€rensona-Czekanowski coeffi-
cient of 92%). Vegetation is growing according the
forest trend; the most characteristic species are
Pinus sylvestris, Picea abies, and Betula pendula. In
the depressions, Salix sarrea has developed. Herba-
ceous vegetation is represented by individual parcels,
some of which are typical weed species (Tussilago far-
fara), and representatives of the edge-forestry and
edge-meadow (Fragaria vesca, Solidago virgaurea,
Calamagrostis epigeios, Stellaria graminea, and
Agrostis tenuis). In these areas, we detected five
endangered species (Dactylohiza incarnata, D. ma-
culata, Gymnadenia conopsea, Epipactis atrorubens,
and Epipactis palustris) from the Orchid family,
which is under protection in the Leningrad region.

Diversity of plants at the quarry

The lowest diversity was at Site 10, where, on a
flat surface, pine seedlings were planted in 1970
(Table 4). The greatest diversity, according to the
Shannon index, was at the recently remediated site,
where crown closure has not yet occurred, and
typical forest species have not yet been supplanted
by edge-meadow species. According to the Simpson
index, Site 12 has the greatest diversity; this site was
a quarry dump where spontaneous succession without
human intervention has been ongoing for at least 30
years. On flat areas, biodiversity decreased under
biological reclamation. In areas where development
was by spontaneous succession (e.g., dumps), the
level of biodiversity has increased. Interestingly, on
strongly rocky areas (dumps of large fragments and
rocky bottoms) development is so slow that no signi-
ficant changes have occurred over a 46 year period.
This is because the time has been insufficient for
natural algae conversion of the substrate. Thus, if the
aim is to maximize biodiversity, the creation of favo-
rable substrate conditions and the abandoning land
for self-overgrowing is the best method for remediation
of carbonate quarries. This approach is also the most
economically advantageous.

YANINA ALEKSANDROVNA DMITRAKOVA et al.

Relationships between plant communities and
environmental variables

Five environmental factors (texture class of the
soil, stoniness, content of physical clay (clay content
<0,001 mm), pH in water, and moisture) were selected
for inclusion in the model (Table 5). These five
factors have the greatest impact on the distribution of
vegetation.

TABLE 5. Significant variables selected by direct selection

Significant Cumulative F P
variables adjusted R2

Soil texture 0.035 11.2 <0.001
Content of physical clay 0.050 53 <0.001
fractions

Moisture 0.098 3.9 <0.001
pH in water 0.105 2.5 <0.002
Stoniness 0.114 2.7 <0.003

Our canonical analysis results are shown in
Figure 5. The first axis explains 65% of the variance
and the second axis explains 23%. Areas with maxi-
mum stoniness are mostly colonized by sparse vege-
tation with a predominance of Ceratodon purpureus
and Bryum pseudotriquetrum. Bryophytes and lichens
are dominant in rocky areas (dumps of large fragments
and rocky bottoms — sites 8 and 11) because they are
better adapted to these harsh conditions than vascular
plants are (Glime 2007).

Areas with a clay portion 37,5 + 3% are colonized
by spruce grove. Drained sandy areas are occupied
by various types of pine. Small-leaved forests are
dominant in areas with a large amount of skeletal
material and relatively low content of fine earth.

Soil microbiome

By principal component analysis (PCA), the age
of dumps was identified as the most significant envi-
ronmental factor (explaining 19.9% of the total
variance) (Fig. 6). The microbial communities of the

TABLE 4. Indices of biodiversity for different sections of the quarry

Site number Indices

1 2 3 4 5 6 7 8 9 10 11 12

241 313 229 221 283 298 337 291 299 210 2.83 3.31 Shannon

694 21.7 559 592 160 207 245 257 170 534 263 334 Reverse index of Simpson
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old (=35-years-old) dumps are clearly isolated,
communities of microorganisms of young (8—16-
years-old) and middle-aged (28—30-years-old) dumps
tend to group into separate clusters. Taxonomic
analysis of communities at the phyla level did not
reveal differences between differently aged dumps.
In all cases, the largest phyla were the Proteobacteria
(55.7%), Actinobacteria (17.0%), Bacteroidetes
(10.3%), Acidobacteria (6.4%), and Chloroflexi
(3.8%). The dominant taxa in young dumps were
Acinetobacter (8.8% of the total community), Micro-
coccaceae (8%) and Pseudomonas (6%). In the mid-
dle-aged dumps, representatives of Micrococcaceae
(4.5%) and Sphingomonadaceae (1.4%) prevailed
(Fig. 7). Old dumps showed a high proportion of
representatives of Bradyrhizobiaceae (5%), Chitino-
phagaceae (2.9%) and Hyphomicrobiaceae (2.5%).
Compared to young and middle-aged dumps, old
dumps are characterized by a significant (6—8 times)
increase in representatives of Micromonosporaceae
and Sinobacteraceae. Communities of young dumps
have more representatives of Pseudomonas (4.2-times)
and Micrococcaceae (3.8-times) than the communities

important soil characteristic, had no significant
effect on the composition of the microbial community.

DISCUSSION

The main processes of transformation of the
mineral soil are chemical-, biochemical-, and physical
weathering and alteration of the carbonate rocks.
Intensive weathering of the limestone debris contri-
butes to a significant content of fine earth (the only
exception is the rocky bottom of the quarry), which,
in turn, increases the moisture content and fertility.
Our research results showed, that organic matter
accumulation and acidification in the soil horizons
were the main pedogenetic processes in all of the
soils. These processes led to the formation of A
horizons, with a maximum thickness and highest
organic carbon content in accumulative ecotype with
optimal moisture conditions and physical parameters
of the substrate. The differences between the superficial
and subsurface horizons decreased with increasing
overgrowing time; this is because of more intensive
organic matter incorporation in the soil profile.
Together with the increase in organic matter accu-
mulation, acidification and carbonate leaching
proceeded fast enough, particularly in topsoil
horizons layer. Under small-leaved forests, soil-for-
ming processes and horizon formation were similar
for accumulative ecotypes, but faster compared to
those observed on eluvial ecotypes.

Most of the environmental factors are considered
as optimal for the development of vegetation. The
exception was the high density and over-compacted
substrates on the stony bottoms of the quarry; these
properties are obstacles for the development of plant
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FIGURE 7. Taxonomic
structure of microbioms
at the level of bacterial
families (families
representing more than
0.5% in the community
are represented and the
share of which is
statistically significantly
different between dumps
of different ages)
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communities. Also, results of the microbial metabolic
rate indicate a reduced stability of microbial commu-
nities and the inefficient use of the organic substrate,
especially during the early stages of overgrowing.
Our results are consistent with multiple studies of
quarries under various environmental conditions and
geographical zones have shown that abandoned
quarries can enhance biodiversity by acting as refuges
for plant and animal species (Jefferson 1984; Benes
et al. 2003). Landform diversity induced by mining
activity provides a diversity of ecological niches
suitable to a large number of plant and animal
species, including species with high heritage value.
Thus, abandoned quarries could be viewed as tools
for providing a variety of potential niches for various
groups of organisms (Burnett et al. 1998).
According to Frouz and Novakova (2005), who
studied the microbiological state of various quarries
in the Czech Republic, the index of soil respiration
per unit of microbial biomass decreases with incre-
asing period of overgrowing. However, according to
our data, it is difficult to identify the trend of changes
in microbiological indicators with age. Also, the
authors note that under 30-40 years of community,
most microbiological indicators are the same as in
undisturbed communities. To such conclusions came
Malyuta et al. (2015); their results prove that the
level of active microbial biomass in the soils of the
sand pit is slightly different from undisturbed soils,
however, it should be noted that our methods of
assessment differ. According to our research, a very
low level of intensity of microbiological processes,

regardless of the type of substrate, plant community
and the period of overgrowth, is found on a quarry.
An analysis of the taxonomic structure showed the
formation of microbial communities in the study
areas characteristic of acidified Podzols and Calcaric
Leptosols of the Northwest (Chirak et al. 2013).
A significant proportion of bacterial communities
belonging to the copiotrophic forms indicate that no
climax stage of succession has been achieved in any
of the sites. The presence of a large number of oligo-
trophs indicating the completeness of the carbon cycle
and the stabilization of the composition of the microbial
community (Leff and Fierer 2013) can be an indicator
of the pre-climax stage of the oldest sites (from 35
years). Alfa-diversity at all sites is quite low, this may
be a consequence of the low intensity of soil formation,
the values are well correlated with those for Podzols
and Calcaric Leptosols of the North-West region,
investigated earlier (Chirak et al., 2013). Our results
contradict the generally accepted opinion that the
composition of microbial communities is most affected
by the pH and soil moisture response (Chirak et al.,
2013). The greatest influence is rendered by the time
of overgrowing of the site, it needs to be clarified
that time is a complex of environmental factors.

CONCLUSIONS

In this study, we characterized the main types of
ecotypes of the Pechurki quarry, western Russia.
Special attention was given to the main pedogenic
processes under different vegetation covers. In total,
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136 species of higher plants were recorded, of which
14 were classified as threatened. We found high
heterogeneity and diversity of soils. Soil texture, clay
content, moisture, pH in water, and content of rock
fragments >2 mm had the greatest influence on the
natural colonization of this limestone quarry. We
suggest that a relatively fast rate of soil formation
can occur when the substrate parameters are favorable,
which leads to rapid plant community succession. On
flat areas, biodiversity is reduced under biological
reclamation, whereas biodiversity increases in those
areas where development takes place according to the
type of spontanecous succession. Based on our
findings and an analysis of the literature, we propose
that a significant part of quarries can be successfully
rehabilitated by self-over revegetation. We also
recommend saving complicated relief on the quarry,
which positively affects the biodiversity level. Our
data shows that, for sites with numerous ecological
limitations (e.g., over-compacted substrate and high
content of rock fragments >2 mm), reclamation is
necessary. For example, these sites should be covered
by a top layer of soft overburden to the rock bottoms,
thereby improving the physical properties of the
substrate, thus encouraging the overgrowing process.
An important opportunity for increasing the speed of
succession and maintaining the stability of ecosys-
tems is an increase the proportion of microorganisms
belonging to oligotrophs in the early stages of over-
growing.
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Rekonstrukcja pokrywy glebowo-roslinnej i réznorodnosci mikrobiologicznej

w kamieniolomie wapienia Pechurki (Obwo6d Leningradzki, Rosja)

Streszczenie: Wzrost dziatalno$ci gorniczej nieodtacznie wiaze si¢ z zaburzeniami ekosystemow i ich degradacja. Obszarom
poprzemystowym i powydobywczym mozna nada¢ nowe wlasciwosci, aby zapewni¢ im samowystarczalno$¢ i mozliwo$¢ rozwoju w
naturalne srodowiska. Kompleksowe badania pokrywy roslinnej i glebowej przeprowadzono w jednym z najwigkszych kamienioto-
moéw wapienia w Obwodzie Leningradzkim w Rosji. Teren badan byt objgty zardwno spontaniczng sukcesja, jak i planowa rekulty-
wacja w kierunku lesnym. Oszacowano sktad gatunkowy i pokrycie roslinnosci dla réznych zbiorowisk ro§linnych w obrebie kazde-
go ekotypu. Przedstawiono réwniez charakterystyke wlasciwosci gleb na kazdej powierzchni badawczej. Stwierdzono, ze glowne
réznice migdzy powierzchniami wynikaty z ich potozenia w krajobrazie. Na obszarach ptaskich stwierdzono niska bior6znorodno$é
bedaca efektem rekultywacji biologicznej. W miejscach, na ktorych zachodzita naturalna sukcesja, poziom réznorodnosci biologicz-
nej byl natomiast zauwazalnie wyzszy. Z punktu widzenia ochrony bioréznorodnosci oraz korzysci ekonomicznych (koszty rekulty-
wacji), spontaniczna sukcesja na obszarach powydobywczych wapienia wypada korzystniej w zestawieniu z planowa rekultywacja
lesna. Na podstawie badan emisji CO, z kamieniotomu (wynikajacego zaréwno z wietrzenia weglanow, jak i oddychania organi-
zméw glebowych), a takze poziomu sekwestracji CO, z atmosfery stwierdzono, ze zachowanie pewnych form krajobrazowych w
dawnych kamieniotfomach moze poméc w zmniejszeniu zawartosci CO, w atmosferze.

Stowa kluczowe: rekultywacja, kamieniolomy wapienne, ré6znorodnos$¢ biologiczna, gleby technogeniczne



