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Prostański, D.; Woźniak, G. The Soil

Respiration of Coal Mine Heaps’

Novel Ecosystems in Relation to

Biomass and Biotic Parameters.

Energies 2023, 16, 7083. https://

doi.org/10.3390/en16207083

Academic Editor: M. A. Fazal

Received: 28 July 2023

Revised: 28 September 2023

Accepted: 3 October 2023

Published: 13 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

The Soil Respiration of Coal Mine Heaps’ Novel Ecosystems in
Relation to Biomass and Biotic Parameters
Łukasz Radosz 1,* , Damian Chmura 2 , Dariusz Prostański 3 and Gabriela Woźniak 1,*
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Abstract: The biodiversity, including the diversity of autotrophic organisms of mostly plant species,
assembled in vegetation patches and its impact on the course of ecosystem processes is still a key
subject of research in natural sciences around the world. Certain aspects of the relationship between
biodiversity and CO2 release processes have been studied only in some natural and semi-natural
ecosystems (semi-natural ecosystems such as meadow or grasslands). In contrast, very little is known
about the biotic parameters related to natural processes and the functioning of novel ecosystems.
This study was performed on post-black coal mining heaps. The studied sites were established on
carboniferous mineral material. Among the considered biotic parameters, the vegetation plant species
composition, soil organic matter, soil enzymatic activity, soil fauna presence, and the plant species
biomass were studied. The aim of the research was to analyse the influence of the selected biotic
factors on the CO2 release from the mineral material of black coal mining heaps’ novel ecosystems.
The range of CO2 release at the analysed sites was 0.00158–1.21462 [g CO2/m2/h]. The activity of soil
enzymes such as dehydrogenase, acid phosphatase, and basic phosphatase was positively correlated
with the amount of CO2 released, however, there was no correlation between urease activity and
CO2 emissions from the soil. In our study, a comparison of the soil organic matter developed under
the vegetation types studied and CO2 release (rate) showed a dependence on vegetation type. The
amount of biomass was not linearly correlated with CO2 release from the soil. The presence of soil
fauna displayed a positive effect on CO2 release.

Keywords: soil respiration; biodiversity; biomass; soil organic matter; black coal mining heaps; novel
ecosystems; soil fauna; soil enzyme activity

1. Introduction

The basic process of ecosystem functioning is the flow of matter and energy. Each
ecosystem starts with the habitat colonization by autotrophic organisms and later with
a heterotrophic organisms’ food chain along with the appropriate microorganisms, and
saprophyte decomposition activity, leading to, e.g., CO2 release as the side effect of the
energy acquisition [1–4]. Depending on the environmental conditions, the best adapted
plant species colonize and grow in particular microhabitat places. As a result of the
processes of the above-ground biomass development, the foundation of the biochemical
characteristics of the soil biomass, soil organic matter (SOM), is established. The biochemical
composition of the biomass and the condition of the respiration processes influence the
amount of CO2 released to the atmosphere. Apart from the biochemical composition of
the biomass, the microbial ability to decompose the complex chemical carbon compounds
determines the respiration process [5–7].

The sites that are significantly transformed (or those that are established de novo) due
to human activities such as mineral resource mining, provide unusual habitat conditions
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for the organisms that are successfully colonizing such sites. The previous field study
and conceptual works revealed that extreme habitats are colonized by a non-analogous
species composition assembling spontaneously and leading to the development of a novel
ecosystem [8–11], such as the mineral post-coal mining habitats. The non-analogous
species composition assemblage is comprised of the species best adapted to the unusual,
extreme habitat conditions. The extreme habitat conditions are a trigger to push the living
organisms (primary producers, heterotrophs, and saprophytes) to evolve and adapt. The
harsh, complex system of the habitat conditions are caused by the lack of initial soils in the
sites where the novel ecosystems develop. The term soil is strictly defined in soil sciences.
In many post-mining sites, the mineral material substrate without organic matter of varied
texture or structure (referred to as the soil substrate further in the text) is colonized by
vascular plant species.

Both the untransformed ecosystems and novel ecosystems are dependent on the
biomass quality and quantity which in turn depend on the plant species’ taxonomic and
functional composition and diversity. High diversity enables complementary habitat re-
source use among competing species in species-rich ecosystems [12,13]. A larger amount
of biomass in species-rich ecosystems enhances Rs primarily by increasing root, microbial
communities’, and rhizo-microbial respiration [14]. The diversity of plant species com-
position increases the quantity and multiplicity of plant exudates-derived food resources
in the soil, providing and expanding a variety of niches for saprophytic microbes. The
diversity of plant species composition influences microenvironment variety and habitat
complexity including the soil enzyme activity [12,15,16]. Diverse plant species composi-
tion provides a litter mixture, which accelerates the decomposition of organic matter via
complementary resource use among microbes, resulting in more effective Rs [17]. The
carbon compound decomposition of the soil organic matter (SOM) is related to, e.g., the
plant species composition, mesofauna composition, and soil enzyme activity [18]. Biomass
carbon compounds are broken down quickly during decomposition, providing an energy
source for microbes [19]. Plant species composition plays a crucial role in vegetation and
ecosystem development and the regulation of soil respiration (Rs) because the autotrophs
are the prevalent synthesising organisms through which carbon enters the soil [10].

The magnitude of the soil respiratory metabolism is due to four factors: (1) CO2 release
by plant roots, (2) soil fauna, (3) soil microorganisms, and (4) the chemical oxidation of
carbon compounds. The rate of the soil metabolic processes depends on a number of factors,
which includes the microclimatic conditions (temperature and humidity), the structure
of the soil and the content of organic matter—living and SOM. Soil nematodes, whether
they are hosts of bacteria, fungi, plants, omnivores or predators, affect the populations of
the organisms they feed on. Although the contribution of nematodes to soil respiration is
probably less than 1%, they can play an important role in soil nutrient cycling by influencing
bacterial growth and nutrient availability to plants [20]. All species of Enchytraeidae,
through intensive respiration processes, have a significant contribution to the mineralization
of organic matter. Enchytraeidae stimulate the course of mineralization and humification
processes, including by loosening the soil, breaking up soil particles, their movement
in the soil profile, and catalysing the activity of microorganisms. The contribution of
Enchytraeidae to these processes, and to shaping of the proper structure of and increasing
the fertility of soils, is often much greater than that of other representatives of soil macro-
and mesofauna [21].

The knowledge of the biotic factors influencing the nature of the functional respiration
processes in the coal mine heaps’ novel ecosystem is very limited and only includes limited
information on mechanisms related to aspects of the biotic parameters and respiration that
are a key part of the functioning of the ecosystem [22].

It can be hypothesized that (a.) the vegetation types with a larger amount of biomass
will respire more intensively, while the vegetation types with a smaller amount of biomass
will respire less intensively; (b.) the respiration will be less intense in less diverse vegetation
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types; and (c.) the vegetation types with higher enzyme activity and a greater presence of
soil fauna are characterized by greater respiration intensity.

The aim of this research was to analyse the influence of the selected biotic factors on
the CO2 release from the mineral material of black coal mining heaps’ novel ecosystems.
Among the biotic habitat parameters, the following have been recorded and analysed:
(i.) the diversity of plant species composition of the studied vegetation types; (ii.) the
amount of SOM; (iii.) the enzyme activity; (iv.) the presence of nematodes and vases;
(v.) soil respiration measurements; and (vi.) the biomass amount recorded for the studied
vegetation types.

2. Materials and Methods
2.1. Study Site Description

The study site’s area is located in the central part of the Silesian Upland. The Silesian
Upland lies in a moderate climate zone, transitional between oceanic and continental. It
is mainly influenced by polar maritime air masses from the Atlantic (60% of days) and
polar–continental air masses from Eurasia (30% of days). This region has been subject to
intense industrial human activity, such as urbanization, agriculture, mining, smelting, open
sandpits, and quarries. The impact of human activity on the natural environment and its
individual components is significant. This is particularly true of mineral mining, which
has intensively transformed the relief of the landscape and excluded large areas of other
human activity, e.g., agricultural and forest land use, degrading the landscape’s value.
Field studies were carried out in the mineral habitats of the mine heaps of the coal mines
at “Makoszowy” (Zabrze, Sosnica; 50◦16′22′′ N, 18◦44′43′′ E); “Kostuchna” in Katowice
(50◦11′04′′ N, 19◦00′33′′ E); “Murcki Boże Dary” in Murcki (50◦11′21′′ N, 19◦02′07′′ E);
and “Wesoła” in Mysłowice (50◦10′28′′ N, 19◦5′44′′ E) with a total area of 170 ha and an
altitude of approximately 310–339 m a.s.l. p.m. The by-products of the black hard coal
extraction in the coal mine heaps are carboniferous rocks—quarried at a depth of about
1 km. In terms of abiotic conditions, the post-mining heap areas are characterized by limited
water availability, low nutrient reserves, high temperature, and high salinity. Compared to
other sites of this type (e.g., zinc–lead heaps), the deposited material does not contain high
concentrations of heavy metals.

2.2. Vegetation Sample Collection

In order to determine the relationship and potential impact of species diversity on soil
carbon emissions, a number of species diversity indices were calculated for the vegetation
patches in the areas analysed and these were compared and analysed. On the basis of
phytosociological studies, the following indices were calculated: the Shannon–Wiener H′

diversity, Evenness uniformity, and Simpson’s dominance index. The Shannon–Wiener
index (H′), which takes into account evenness and species richness, was used to determine
the species diversity of the vegetation patches studied. To determine the probability that
two individuals selected at random from a given sample would belong to the same species,
Simpson’s index was calculated as provided in the next section. During the field work,
GPS devices were used, 324 plots were established on the analysed site (Figure 1), and
vegetation and soil substrate samples and data were collected.
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Figure 1. A map of the location of post-coal mine heaps in the area of the Upper Silesia (South
Poland). 1—black coal mine heaps; 2—the studied black coal mine heaps; 3—country border; 4—the
Silesia Upland border (according to Woźniak 2010); 5—minor country border; 6—lakes and rivers;
7—towns, cities.

2.3. Vegetation Diversity Analysis

This research uses the most commonly used indicators calculated on the basis of
the frequency, abundance, and population density of individual species and facilitates
the assessment of similarities and differences between vegetation patches. The analysed
indicators were selected on the basis of previous studies conducted in such areas. In order
to determine the relationship and potential impact of species diversity on CO2 release, a
number of species diversity indices were calculated for vegetation patches in the analysed
area of the post-mining heap, and results were compared and analysed. On the basis
of phytosociological studies, visual estimates of the cover of individual species, using a
percentage scale, were determined. For each plot the total cover of plants and total biomass
were also determined. To measure biodiversity, the following biodiversity indices were
implemented: number of all species present—S, Shannon–Wiener index (H), Shannon
evenness (H/log(S)), evenness uniformity, and Simpson’s dominance index.

The Shannon–Wiener index (H′), was calculated according to the formula [9].

H′ =
R

∑
i=l

pilnpi

R—number of species;
pi—share of individuals of species i in the cover of individuals of all species;
i—cover of this species in the vegetation patch.
The evenness index for vegetation patches occurring in the analysed area was calcu-

lated using the following formula [9]:

Hmax =
H′

Hmax

H′—the value of the Shannon–Wiener diversity index;
Hmax—the maximum possible value of the Shannon–Wiener index if each species was

equally probable.
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In order to determine the probability that two individuals randomly selected from a
given sample would belong to the same species, Simpson’s index was calculated according
to the following formula [9]:

Hmax = −
s

∑
i=1

1
s

ln
1
s
= lnS

S—number of species;
pi—share of individuals of species i in the cover of individuals of all species;
i—share of that species in the vegetation patch.

2.4. Soil Sample Collection

The research was conducted on 324 study plots. The sites were selected using stratified
random sampling in which the study population is divided into qualitatively different
parts, and then a certain number of units are drawn from each distinguished part (layer).

The sampling method was based on research conducted by Woźniak, 2010, in the same
type of habitats [9].

During the field work, research plots with a radius of 3 m were established. The
test plots were established in patches of vegetation comprised of various dominant plant
species that had been identified during the field work. The control plot was a section of the
heap area not covered by vegetation. Substrate was taken from each plot at 3 points, from
a depth of 0–10 cm (the root zone). After transporting the samples to the laboratory, they
were sieved through 2 mm mesh sieves and then frozen until further analysis [9].

2.5. Soil Biotic Parameters Analysis
Soil Fauna Samples

The plots were delineated on heaps with similar conditions, which was necessary due
to the different age of the heaps, size, method of dumping, nature of the surroundings,
and high variability of abiotic factors. In order to present the fullest possible range of
variability, a network of systematically delineated study plots was used [9]. Three soil
samples (approximately 1.5 kg each) were taken from the test plots. By taking soil from
different locations, a proper picture of the abundance of soil fauna species was obtained,
i.e., the average number of vascular flies occurring on the study plot. The material was
stored in string bags at low temperature (6 ◦C). The Nematode and Enchytraeidae numbers
and their dispersal procedure was carried out using a Tullgren apparatus. Quantitative
analysis of the biological material obtained was carried out using a Delta Optical SZH-650T
stereo microscope, Delta Optical, Mississauga, ON, Canada.

2.6. Enzyme Activity Measurement

Dehydrogenase activity was determined via the reduction of 2,3,5-triphenyltetrazolium
chloride (TTC) to triphenylformazan (TPF) using the method developed by Schinner, 1996.
The TTC solution was added to the soil samples being studied. The whole mixture was
mixed and then transferred to a thermal chamber for incubation at 37 ◦C for a period of
24 h. After incubation, the formazan was extracted from the soil with acetone. The colour
intensity was examined using a DR 5000 Spectrophotometer–Hach Lange, Loveland, CO,
USA. Absorbances were measured at 546 nm. The concentration of TPF produced was then
calculated based on the standard curve. Soil dehydrogenase activity was determined based
on the amount of formazan obtained per unit weight of the soil per unit time [23]. Urease
activity was determined according to the Alef and Nannipieri protocol based on incubating
soil substrate samples in urea solution. The activity of this enzyme was determined using
a spectrophotometric method that used urea as a substrate. To maintain the appropriate
pH, lemon buffer was added to the test samples. The samples were then transferred to
a thermal chamber, where they were incubated at 37 ◦C for a period of 3 h. After the
incubation period, the samples were filtered through a hard tissue filter, and 0.75 mL of the
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filtrate was collected, to which a solution of sodium hypochlorite and sodium phenolate
was added to induce a blue colour. The colour intensity was analysed using a DR 5000
Spectrophotometer–Hach Lange at 580 nm. The assays of acid phosphatase and alkaline
phosphatase activity were determined by measuring the p-nitrophenol (PNP) released by
phosphatase activity after soil incubation with buffered (pH 6.0 for acid phosphatase and
pH 11.0 for alkaline phosphatase) sodium p-nitrophenyl phosphate (115 mM) solution.
Absorbances were measured using a DR 5000–Hach Lange spectrophotometer at 400 nm.
This was followed by producing a calibration curve, for which a p-nitrophenol solution
was used [24].

2.7. Biomass Samples (Cover) Collection

Field studies were conducted in 2018/2019, during one growing season. Plant samples
were collected on four post-mining waste dumps in the area of the Katowice Upland, i.e.,
the “Sośnica” dump in Gliwice, the “Wesoła” dump in Mysłowice, and the “Murcki” and
the “Kostuchna” dumps in Katowice. Research plots were delineated in a circle shape
with a radius of 3 m, in a homogeneous vegetation patch dominated by a given dominant
species. The species that occupied the largest area within the established plot, compared
to the rest of the vegetation, was taken as the dominant species. The samples were then
packed into string bags. After collection, the samples were immediately weighed using a
field scale so that the weight of the fresh biomass of the dominant species and other plants
was obtained. In the test plot, a representative square was determined, i.e., containing the
dominant species and best representing the entire patch (the coverage of the dominant
species and quantitative responses between the dominant and co-occurring species). The
test field had a side length of 0.5 m (Figure 2).
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Figure 2. (A) An example of a disturbed site with initial plant species assembled into vegetation
patches. (B) A patch of Calamagrostis epigejos vegetation. (C) A distant view of a colonised site (photo.
G. Woźniak).

2.8. Respiration Measurement—CO2 Gas Analyzer

Respiration tests were performed using a Targaz–1 analyser. The analyser performs
short-term measurements in a closed system using a ground breathing chamber. The area
of the ground breathing chamber was 78 cm2 and the closed volume was 1171 cm3. The
edge of the soil breathing chamber was pushed into the substrate to a depth of 1–2 cm. The
rate of soil CO2 efflux is calculated on the basis of the CO2 increase inside the chamber.
The nature of the closed chambers causes CO2 to continue to accumulate, and therefore



Energies 2023, 16, 7083 8 of 24

measurement periods are reduced to a minimum to achieve a detectable linear concen-
tration increase, avoiding an excessive build-up of CO2 inside the chamber over time.
The results of five measurements of CO2 concentrations have been averaged within the
research field (for a certain site). The range of CO2 release at the analysed sites was
0.00158–1.21462 [g CO2/m2/h].

2.9. Data Analysis

All statistical analyses and visualizations were carried out by means of R software (ver.
4.2.2, R Core Team 2022, Vienna, Austria, https://www.R-project.org) using the chosen
libraries “vegan”, “labdsv”, “corrplot”, and “ggplot2”. Cluster analysis of vegetation
data (324 plots) was performed using Manhattan distance and the Ward method as a
grouping method. The distance measure was selected based on the ranking of correlation
tests between vegetation data and respiration data (four repetitions for vegetation season).
The Caliński–Harabasz criterion was used to indicate the most appropriate number of
vegetation groups. The classification of indicator species into separate communities and
then the merging of two or more vegetation groups was carried out using the statistics
of the indicator value, the IndVal method [25], which was modified [26]. The statistical
significance of this relationship was tested with a permutation test (999 repetitions). Only
the indicator species of site groups with a statistically significant IndVal were presented.

An unconstrained ordination method—Detrended Correspondence Analysis (DCA)—
was undertaken to demonstrate the species variation under the influence of soil respiration
(the mean annual value), the total cover of plants in a plot, the total biomass, and biodiver-
sity indices. The passive projection of these variables was performed using the Monte Carlo
test with 999 permutations. The inter-correlations among biodiversity indices, biomass, and
cover were calculated using the Spearman rank correlation matrix. A Kruskal–Wallis test,
followed by a Conover test for pair-wise comparisons, was used to check the significance
of differences among distinguished vegetation patches in terms of biodiversity indices and
cover, biomass, and SRL.

3. Results

The studied vegetation patches, based on the species composition, have been arranged
into five groups (Figure 3A). The distinguished vegetation patch groups can be character-
ized as 1—Arenaria serpylifolia; 2—Phragmites australis; 3—Tussilago farfara; 4—Hieracium
pilosella; and 5—Solidago gigantea.

In total, 47 species were significant indicatory species for at least one vegetation group.
The most common indicatory species for each one of five groups are presented in Table 1.
The transitory species, i.e., indicator plants for at least two vegetation groups are shown
in Table 2. The first group has no indicator species while group no. 2 has 14 species.
The species Daucus carota, Hieracium piloselloides, and Medicago lupulina were significant
indicator species for four of the five distinguished vegetation groups (Table 2).

Table 1. The list of the vegetation types (dominant plant species) with their individual IndVal value,
calculated for the group vegetation patches, based on the distance measure selected on ranking of
correlation tests between vegetation plant species composition data and the data on respiration (four
repetitions for vegetation season).

Group IndVal Value p-Value

Group 2 Phragmites australis 0.994 0.001
Bidens frondosa 0.378 0.001

Lathyrus sylvestris 0.378 0.002
Puccinellia distans 0.365 0.006

Plantago major 0.363 0.006
Phalaris arundinacea 0.339 0.009

Urtica dioica 0.33 0.011

https://www.R-project.org
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Table 1. Cont.

Group IndVal Value p-Value

Chelidonium majus 0.267 0.041
Eleocharis palustris 0.267 0.033

Polygonum hydropiper 0.267 0.033
Rorippa sylvestris 0.267 0.033

Group 3 Tussilago farfara 0.969 0.001
Group 4 Hieracium pilosella 0.35 0.03
Group 5 Solidago gigantea 0.901 0.001

Tanacetum vulgare 0.661 0.001
Hypericum perforatum 0.637 0.001

Melilotus albus 0.512 0.015
Vicia hirsuta 0.48 0.001
Carex spicata 0.471 0.001
Carex hirta 0.457 0.002

Deschampsia caespitosa 0.437 0.002
Astragalus glycyphyllos 0.426 0.003

Melandrium album 0.399 0.002
Lathyrus pratensis 0.333 0.005

Linaria vulgaris 0.329 0.011
Rosa canina 0.316 0.012

Leucanthemum vulgare 0.252 0.047

Table 2. The indicator species analysis, ISA, based on species abundance and frequency.

Group Stat p-Value

Group 1 + 4
Arenaria serpyllifolia 0.509 0.004

Group 2 + 5
Poa palustris 0.515 0.001

Agrostis gigantea 0.483 0.001
Elymus repens 0.423 0.001

Group 4 + 5
Calamagrostis epigejos 0.923 0.001

Erigeron annuus 0.574 0.003
Achillea millefolium 0.564 0.001

Cirsium arvense 0.509 0.023
Vicia tetrasperma 0.458 0.006
Centaurea jacea 0.287 0.036

Group 1 + 2 + 4
Lotus corniculatus 0.529 0.023

Group 1 + 3 + 4
Chamaenerion palustre 0.619 0.008

Echium vulgare 0.585 0.021
Group 1 + 4 + 5

Poa compressa 0.659 0.001
Centaurea stoebe 0.603 0.015

Group 2 + 3 + 4
Pinus sylvestris 0.425 0.036

Group 2 + 4 + 5
Epilobium sp. 0.356 0.024

Group 1 + 2 + 3 + 4
Daucus carota 0.772 0.002

Hieracium piloselloides 0.728 0.001
Group 1 + 2 + 4 + 5

Medicago lupulina 0.607 0.003
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Figure 3. Cluster analysis based on Manhattan distance (A) and Ward method. The biplot of DCA
with ordination of distinguished vegetation groups (B). Explanation of abbreviations: cluster 1, Poa
compressa; cluster 2, Tussilago farfara; cluster 3, Daucus carota; cluster 4, Chamaenerion palustre; cluster 5,
Phragmites australis.

The five groups are distinctively distributed along the strongest gradients revealed
in the detrended correspondence analysis (Figure 3B). The distribution of the studied
vegetation patches, in the ordination space of the detrended correspondence analysis,
reveals the distance between cluster 2, cluster 3, and cluster 1, while the vegetation patches
grouped in the clusters 4 and 5 and part of cluster 1 are in between the middle crossing of
the main gradients (Figure 3B).

The unconstrained ordination DCA biplot of species scores along the first two DCA
axes, while the passive projection of significant explanatory variables (Figure 4A) showed
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that cover and the biomass of species are strongly correlated, mostly along the first axis,
whereas the biodiversity indices are correlated with the second axis of the DCA. The
main factors explaining the variability of the studied patches are soil respiration and H.
The vector representing the SRL index is parallel to the DCA 1 axis along which species
belonging to clusters 4 and 5 are differentiated (Table 2). The vector representing the H
index is the second most important factor differentiating the studied species, around which
the species represented by cluster 1 are clustered.
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Figure 4. The unconstrained ordination DCA biplot of species scores along the first two DCA
axes, with the passive projection of significant explanatory variables (A) and matrix correlation
(Spearman rank correlation) of the studied diversity indexes and biomass measurements’ variables (B).
E—Evenness index; H—Shannon–Wiener diversity index; S—Simpson’s index; SRL—CO2 release.
*—p < 0.05, **—p < 0.01, ***—p < 0.001.

Spearman analysis showed a positive correlation between the SRL respiration index
and H and E, biomass and E, and cover and E. There is a strong positive correlation
between the CO2 release and the biomass of all the studied vegetation patches. However, a
strong negative correlation has been revealed by the evenness diversity index and Shannon–
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Weiner diversity index values. Additionally, the Spearman rank correlation showed a
strong correlation between the biomass measurements and the cover value (Figure 4B).

The significance of the relationship between the respiration parameters and the part
of the biotic parameters related to varied diversity measurements (diversity indexes) and
abundance measurements (cover and biomass) was the inspiration to perform a more
detailed analysis (Figure 5).
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Figure 5. The comparison of the five distinguished vegetation types in terms of the six analysed
parameters (SRL soil respiration; Biomass; Vegetation cover; S—species richness (number of species
in a patch); H—Shannon–Weiner; E—Evenness); (Kruskal–Wallis test and Conover test for multiple
comparisons). The groups with the same letters do not differ significantly at p < 0.05. Abbreviation
explanation of the vegetation type coding: 1—Arenaria serpyllifolia; 2—Phragmites australis; 3—Tussilago
farfara; 4—Hieracium pilosella; 5—Solidago gigantea.

The graph shows the results of statistical analyses in terms of the differences among
distinguished vegetation groups in terms of diversity, biomass, cover, and respiration.
These four biotic parameters are shown to be significantly higher in group 2. In terms of
the vegetation diversity indexes such as the analysed S-index, H-index and E-index, the
values are significantly higher in group 1. The group of vegetation also presenting the
largest deviation from all analysed groups, compared with the other groups, was group 5
in particular.

The significant Spearman rank correlation between the soil respiration CO2 release
and biomass and urease is positive, while the correlation is negative with Enchytraeideae
(Figure 6).

The analysis of the impact of the biotic variables showed (Figure 7) that all of the
analysed vegetation groups are significantly statistically different in terms of the soil en-
zymes studied. In the quantitative index of Enchytraeidae, there were significant statistical
differences between groups 1, 2, and 4, but groups 3 and 5 are not statistically significantly
different from each other. In terms of nematode quantitative index, significant statistical dif-
ferences were shown between groups 1, 3, and 4, while groups 2 and 5 were not statistically
significantly different from each other.
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Figure 7. The comparison of selected biotic variables among distinguished vegetation types (Kruskal–
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serpyllifolia; 2—Phragmites australis; 3—Tussilago farfara; 4—Hieracium pilosella; 5—Solidago gigantea.
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4. Discussion

In our study, we analysed a variety of biotic habitat parameters concerning the soil
respiration rate. Among the biotic site characteristics, the diversity indexes of the vegetation
species composition of the studied vegetation types, the SOM content, the enzyme activity,
the mesofauna occurrence, and the cover percentage, along with the amount of biomass in
the recorded vegetation types, were analysed in the novel post-coal mine ecosystems. It is
known that natural or anthropogenic disturbances (e.g., logging, agriculture, urbanization,
land-use changes, mineral resource excavation) often alter the soil profile, and the habitat
conditions change in terms of carbon stocks and carbon fluxes [27]. The magnitude of
change in the soil or soil substrate CO2 flux depends on the amount and quality of litter
and organic layers, disturbance by roots, or the admixture of mineral soil horizons that are
exposed to oxygen. When organic matter, which is almost pure organic carbon, is exposed
to oxygen, the organic carbon is oxidized to CO2 and an adequate flux of energy is released.

4.1. The Unusual Conditions of Novel Ecosystems

Mineral extraction significantly transforms the natural landscape. Complicated habitat
conditions are the basis for the implementation of research focused on understanding
the new ecosystems, the complexity of the relationships between bacteria, plants, and
abiotic conditions, and the broadening of the limited understanding of these relationships
in natural and semi-natural ecosystems. At the same time, human industrial and mining
activities are creating entirely new challenges [2,28]. Open-pit mining and the storage of
minerals from underground mining are causing the removal of the existing vegetation and
a change in soil composition and structure, affecting hydrological conditions [21,29–33].
Human activities in some places cause fundamental changes beyond the particular bio-
geochemical thresholds of habitats. These new habitats with different plant compositions
appear to be examples of the new ecosystems [10,19,22,34,35]. Living conditions in coal
mine heaps vary significantly in terms of moisture content, grain size, and salinity, not
to mention differences in slope, elevation, and shape. The diversity of habitats within a
coal mine heap is often much greater than between two or more heaps. The mosaic of
microhabitats (e.g., grain size, moisture content, salinity) is reflected in the mosaic of plant
composition [21,36–38]. Studies of the different species composition of vegetation on the
mineral material of mining sites reveal new ecosystems that differ from the surrounding
non-industrial areas [39,40]. New ecosystem habitats offer a unique opportunity to study
the primary succession processes in broad and specific habitat conditions [7,19,34,37,41,42].

4.2. Diversity of Plant Species Composition and Soil Respiration

In natural and semi-natural non-disturbed ecosystems, the plant species composition
of the studied communities plays a crucial role in controlling soil respiration. Vegetation
plant species composition is the only way carbon enters the soil and determines the micro-
bial communities’ composition. The variety of different plant species assemblages enriches
soil autotrophic respiration by intensifying metabolic rates and fine root biomass [10]. In
our study the recorded vegetation type diversity has been grouped into five clusters based
on the similarities in plant species composition and the background soil substrate respira-
tion parameters. The identified vegetation type groups revealed significant differences. The
respiration is significantly higher in the vegetation type cluster in group 2 in comparison to
the much lower respiration rate in the vegetation type clustered in groups 1, 3, 4, and 5.

The autotrophic diversity promotes soil heterotrophic respiration due to a greater vari-
ety of nutrient and carbon resources available for soil microorganisms [43]. The structural
complexity of the vegetation can indirectly influence soil respiration by changing environ-
ments (e.g., light intensity, high cover, and shading of the lower layers), plant diversity [44],
and soil temperature variability [45]. Except for the differences in root respiration, plant
species communities’ diversity mainly influences soil respiration via the quality and quan-
tity of the plant input on the remaining biomass biochemistry and, as a result, the attraction
of the available microbes [46]. It is possible that soil microbial diversity and variety, derived
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from plant species diversity, has a crucial impact on the cycling of carbon and nutrients in
the soil in terrestrial ecosystems. Some empirical studies have revealed that a loss of micro-
bial diversity caused higher velocities of soil microbial respiration [35,39,47]. Soil microbial
diversity and community composition is closely related to the diversity of plant species
composition [48]. How above- and below-ground diversity collectively shapes seasonal
differences in soil respiration at local scales is unknown [35]. The vegetation percentage
cover, the biomass amount, and soil organic carbon (SOM) provide comparative indices.
Our respiration measurements were conducted at the same time of year (August). In late
summer, the vegetation percentage cover and the above-ground biomass is the highest in
group 2 and the lowest in group 3. The recorded differences are statistically significant.

The seasonal changes in soil respiration are also related to the seasonality of the
vegetation plant species composition in the temperate zone [49–51].

4.3. Soil Enzyme Activity and Respiration in the Studied Vegetation Types

The temperature increases could increase extracellular enzyme reaction rates and, con-
sequently, the decomposition process [14,52–55]. If warming increases decomposition, soil
microbial communities could drain soil C pools [56–59]. Soil enzyme activity is suggested
to be the indicator of soil quality, which can reflect the changes in the ecosystem’s health.
Ecosystem health can be characterized by soil enzymes closely related to crucial soil-quality
parameters such as biomass, soil organic matter, the resulting microbial activity, and soil
physical properties [60].

Theoretical models suggest that increased soil respiration results in a rapid decom-
position of the carbon pool—soil respiration typically returns to pre-warming levels [6].
Two hypotheses explaining the observed decline in respiration after warming are substrate
depletion and the thermal adaptation of soil microbial communities [56,61,62]. The sub-
strate depletion hypothesis suggests that energy-intensive enzyme production should only
begin when the substrate inhibits microbial growth and is ready for degradation [63,64].
Soil respiration reaches a steady state if unstable carbon is rapidly consumed in response
to warming, and carbon resists degradation at the same rate [15,65–67]. With enzymatic
changes, respiration will increase until the labile substrate C is depleted, and then decrease,
or return to the initial temperature, before the bacteria have switched from a labile substrate
to resistant substrate. The thermal adaptation hypothesis suggests that microbial commu-
nities will adapt to warming and change their structure to utilize non-catalytic substrates
after labile substrate depletion [68]. Heat-adapted microbial communities can maintain
enzyme production even with reduced soil respiration, allocating more C for growth [14].
Enzyme activity is likely closely related to the overall demand for C, N, and P and is not
regulated by the availability of a single target enzyme [64].

The SOM quality and biochemistry affect the energy supply for microbial growth and
therefore enzyme release. Some studies show positive correlations between enzyme activi-
ties and SOC and T to N in human-disrupted areas [69,70]. Baldrian et al. (2008) [71] found
that during spontaneous succession on heaps, established after brown coal extraction, the
presence of SOC and T to N in the topsoil layer significantly influenced enzyme activities.
In the few studies performed on the mineral material of deep post-black coal mine heaps,
results show no significant correlations between the amount of SOC in the mineral soil
substrate and dehydrogenase activity, or between SOC and the activity level of acid or
alkaline phosphatases [72]. However, some studies showed a negative correlation between
urease activity and SOC [72–74]. The SOM in the mineral soil substrate of the post-coal
mine heaps might be rich in carbon related to organic matter of recent or geogenic ori-
gin [37,75–78]. The black, hard, geogenic coal is not available to microorganisms, regardless
of its high quantity of organic carbon (loss of ignition analysis of 10–18%) [79]. The mineral
post-coal mine substrate had low carbon sources for microorganisms [76,78]. Typical for
mineral habitats, the limited amount of carbon available for microorganisms in the total
habitat pool of SOC may influence the lack of correlation between SOC and the activity
of the studied soil enzymes [72]. The results of some studies have revealed that soil pH
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influences enzyme activity and soil microbial community structure [73]. Some studies have
detected positive correlations between dehydrogenase and alkaline phosphatase activity,
soil functional diversity, and substrate pH. In our study, the activity of soil enzymes such
as dehydrogenase, acid phosphatase, and the alkaline phosphatase is positively correlated
with the amount of CO2 released. There was no positive correlation between urease activity
and soil respiration.

Tests of soil respiration have shown that the respiration is seasonally specific, i.e., there
is a decrease in summer [80] or an increase in winter [81]. The soil respiration changes with
long histories of N deposition [82,83]. In forest ecosystems the herbaceous understory plants
are often make up the largest part of plant diversity in deciduous forests. In this respect
the herbaceous plants in forests can contribute significantly to total forest net primary
productivity (NPP) and consequently contribute significantly to the soil organic matter
(SOM) [84,85]. In this way the forest understory should be considered as an important
focus for understanding the effect of warming on soil C storage.

4.4. Soil Organic Matter and Respiration in the Studied Vegetation Types

The majority of the study focused on the relation between the soil organic matter
and the soil respiration process, considering the temperature and moisture conditions
influencing the process. The example of Calamagrostis epigejos protein quality and quantity
composition has shown significant differences between individuals of the same species in
response to severe habitat factors [86].

Soil organic matter (SOM) derives mainly from above and below-ground organic
matter synthesized by plants. The foundation of SOM establishment is well studied, but
it is still unknown how the litter’s biochemical structure and composition influence the
formation of new SOM and the decomposition of already existing SOM [11,84]. There are
few studies on the separation of the effect of plant litter composition on carbon transference
from different plant tissues into specific SOM fractions, and the determination of the
magnitude of the effect on already existing SOC caused by litter amendments could be very
informative. The effect of the different litter types, such as bark, leaves, twigs, and roots in
the soil rhizosphere zone, has been studied [87].

The origin and amount of organic carbon influence the presence, metabolic activity,
and functional diversity of the microbial assembly in mineral habitats, such as organic
carbon availability in poor mineral habitats in, for example, sandy soils [35].

However, it remains difficult to separate root respiration (including rhizosphere mi-
croorganisms) from microbial respiration under field conditions. To date, various in situ
approaches have been used, ranging from crude soil exposure to very specific requirements
such as changing the carbon isotopic signatures of the two components of respiration (as
a result of altering the photosynthetic pathways of vegetation or manipulating isotopic
tracers). The autotrophic portion of respiration in intact roots has been measured in the
field using root cuvettes [88,89]. A different approach has been used when the autotrophic
part of the respiration has been measured with excised roots in the laboratory [90]. In
another study the method of trenching labelling with 14C, 13C, or O has been applied [91],
inhibiting one respiratory component [92,93] has been used to separate the root from micro-
bial respiration. However, the ratio between the two respiration components is generally
quite site-specific and varies between 1:9 and 9:1 [94].

4.5. The Amount of Biomass and Respiration in the Studied Vegetation Types

The plant species composition in the vegetation patch can be assessed by estimating
the percentage cover of the whole plant community and each of the plant species separately.
Apart from the percentage cover of the vegetation, the biomass weight (dry and wet) is
measured. The biomass can be divided into the dominant plant species weight and the
weight of the rest of the non-dominant plant species. All of the biomass, and thus the
amount of carbon that accumulates in the vegetation types in each ecosystem, is established
due to the balance of photosynthesis (the whole primary production, (P), and the plants’
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(autotrophs) respiration, the energy needed for the plant growth and living processes). The
difference between these fluxes is the net primary production (Pn) [95,96].

In our study we have performed a comparison of the identified vegetation group types,
vegetation cover, and the amount of biomass in relation to the respiration parameters. The
results revealed that the vegetation biomass was the highest in vegetation group cluster 2,
and is significantly higher and different from the 1, 3, 4, and 5 vegetation group clusters.

In our study, we conducted a comparison of the identified vegetation groups, types,
vegetation cover, and the amount of biomass in relation to respiration parameters. The
amount of biomass is not linearly correlated with CO2 release from the soil.

Based on the metabolic scaling theory, the hypothesis suggests that respiration should
scale with biomass [97]. According to some studies [98,99] respiration scales with whole-
plant carbon (C) or nitrogen (N) content. In this approach, the scaling is similar within and
among different species, irrespective of environmental and climatic conditions, which might
influence the normalization constant, but not the exponent. The traditional view of forest
dynamics assumed the isometric scaling of respiration with biomass set out, for example,
by Kira and Shidei (1967) [100] and Odum (1969) [101]. In the absence of significant
disturbances, if respiration increases in parallel with biomass, primary productivity (Pn)
necessarily declines because primary productivity (Pn) cannot increase indefinitely but
becomes relatively stable at canopy closure in forest ecosystems [102].

For forest ecosystems, many vegetation models simulate plant respiration considering
respiration R to be a fixed fraction of (phosphorus) P. Others more explicitly relate respira-
tion (R) to the amount of biomass, and thus only indirectly to P [96]. The calculation based
on the theoretical approach of the two above hypotheses produces quite different results.
The differences in the obtained results caused by both hypotheses (and their supposed
underlying mechanisms) have been subject to criticism [102–105].

This study was performed on the comparison of the identified vegetation group
types and vegetation cover in relation to the respiration parameters. The results revealed
that vegetation percentage cover was the highest in vegetation group cluster 5, and is
significantly higher and different from the other three vegetation group clusters. No
significant differences have been identified between the recorded vegetation cover in the
vegetation group clusters 2 and 4. In our study, we conducted a comparison of identified
vegetation groups, types, vegetation cover, and the amount of biomass in relation to
respiration parameters. The amount of biomass is not linearly correlated with CO2 release
from the soil.

The vegetation percentage cover, and the biomass quantity and quality determine a
considerable CO2 flux within the soil or soil substrate respiration in terrestrial ecosystems
and between the biosphere and the atmosphere [103]. Soil CO2 fluxes include autotrophic
root respiration and heterotrophic microbial respiration in the soil. Information on soil CO2
fluxes and on factors that govern these fluxes are needed to constrain the ecosystem carbon
cycling and to decide whether terrestrial ecosystems are carbon sinks or sources [104,105].
Other factors, such as land-use change, can also enhance or reduce soil CO2 fluxes. Changes
in precipitation (moisture) and temperature, as well as changes in habitat conditions
or management practices, will impact soil respiration fluxes and the carbon budget of
terrestrial ecosystems [18,106].

4.6. Soil Fauna and Soil Respiration in the Studied Vegetation Types

The soil fauna improves litter decomposition at the global biome and ecosystem scales
(average enhancement of 27%) [107,108]. The soil fauna is a vital element of ecosystems
because of its functional position in biogeochemical processes in accelerating the efficiency
of biomass and litter decomposition and nutrient conversion [109].

The data collected on species composition, mesofauna abundance, and biomass al-
lowed us to look for evidence of interrelationships between the biotic elements of the study
sites. Relatively strong interactions were detected between the biomass and abundance of
the studied soil organisms. The abundance of Vasomonads and nematodes on vegetated
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sites is relatively low compared to natural ecosystems. The formation of the first links of
succession on a substrate almost completely devoid of life, or on one where it has been
forming for a short time, is one of the most interesting issues of environmental biology. Suc-
cession processes can be observed, among other things, on various types of post-industrial
heaps. Research on succession has been carried out for many years. However, most of the
studies mainly concern plants. Studies on the groupings of soil fauna at different stages of
succession are rare [31].

As indicated by Nielsen et al., 2014, local nematode abundance was related to soil
characteristics, and no relationships were noted between colony richness and environmental
or climatic variables. Family composition was related to the average annual precipitation
and temperature, suggesting that weather conditions (climate) are a good indicator of
local assemblage structure. As a result, climate change could have a significant impact on
nematode assemblages, with potential impacts on ecosystem functioning [110].

Soils or soil substrate in below-ground ecosystems are composed of diverse organ-
isms including invertebrate fauna that are responsible for the global turnover of biomass
dead organic matter [1,111,112]. The soil fauna provide key ecosystem processes signifi-
cantly influencing the decomposition of organic matter and the matter and energy flow,
enabling the recycling of nutrients [40,111,113]. Some groups of soil macrofauna represent
saprophage organisms and contribute to litter decomposition, for example the litter-feeding
nematodes [110,114]. Macro- and mesofauna are mostly saprophagous whereas some meso-
fauna and some larvae are fungal and bacterial feeders [40,113]. The diversity in soil fauna
composition changes the feeding activity and alters the environmental conditions in the
topsoil and thus influences the composition and diversity of soil microorganisms [112,113].

Some of the diversity might be partly related to methodological differences [115]. Soil
temperature and soil moisture are among the most critical factors controlling the CO2
flux [18,103,106]. Soil substrate quantity and quality, and soil texture, have also been shown
to have an effect [116]. There are many studies conducted on how to model the influence
of these factors on soil respiration [18]. The variability of soil CO2 fluxes and some of
the underlying processes are well known, but they still involve uncertainties that need to
be resolved.

4.7. The Environmental Novelty of the Coal Mine Heaps—Why Understanding the Novel
Ecosystems Processes Is Important

Many discussions have focused on the definition of novelty in novel ecosystems. As a
result, some concepts of the description of the novelty are presented [117].

According to some researchers, novel ecosystems represent new ecological entities, and
they should be identified and enhanced according to their own independently developed
biological, ecological, and environmental rules [34]. Following the novel ecosystems
concept and the pathways to the establishment of the best adjusted and adapted organisms,
and their relationships, will bring more benefits to the functioning of the environment
(ecosystem services and human quality of life). The establishment of novel ecosystems can
be considered better than taking the risk of losing time and financial resources to restore,
for example, post-mineral excavation sites to their previous state [117,118].

Understanding of the processes and the functioning and the nature of novel ecosystems
needs further study. Apart from the non-analogous species composition of vascular plants,
biological analyses of the biotic parameters of the mineral substrate, such as the activity
of soil enzymes, the functional diversity of bacteria, and the primary producers have
been performed. The studies of vascular plant species’ functional traits (morphological,
biochemical, or physiological) identified that the adaptations that enable them to colonize
harsh habitats are necessary [86].

Apart from studying the natural processes occurring in the post-coal mine heaps,
there are also studies presenting an alternative approach. There is a study regarding the
strategy for restoring the potential for the use of metal-leaching technologies. There are
studies focused on completely different points of view, underlining that most ore processing
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by-products can be used in production. The results of studies on bringing non-extracted
metals into the solution are presented in some studies [119]. That study does not consider
any biological processes but presents the advantages of leaching in disintegrator mills and
identifies the possibilities of implementing the techniques for resource-saving in order to
obtain economic benefits [119]. In a study by Golik et al., (2023) no environmental aspects
were considered. The biological potential of the oligotrophic habitat of the mineral material
is not mentioned in similar papers. The quantitative strength parameters of the hardening
mixture, as a result of the alternative methods, were presented [119].

On some post-industrial sites, reclamation is performed. It is crucial to understand
the mechanisms influencing the response of vegetation species composition, and soil or
soil substratum, to reclamation procedures [120]. Ren et al., (2023) in their study, used
Medicago sativa L. (alfalfa), as an indicator. In this study a total of 41 soil and 70 vegetation
sampling points were analysed. In the Ren et al. (2023) study the habitat records including
soil environmental factors (soil temperature, ST; soil water content, SWC; soil organic
carbon, SOC; total nitrogen, TN; available phosphorus, AP; available potassium, AK; bulk
density, BD; pH) and the alfalfa growth indicator (above-ground biomass, AGB) were
recorded [120].

5. Conclusions

Novel ecosystems such as those developing on post-black coal mine heaps are fulfilling
all the criteria used as the prerequisite of the novel ecosystem definition. The ecosystems
developing, based on the non-analogous spontaneous vegetation species composition, can
provide significantly different systems for functioning. Some of the relationships between
the biotic parameters and soil respiration intensity are different in comparison to those
occurring in natural and semi-natural vegetation types and their dependent ecosystems.

The diversity of vegetation species composition, measured by the use of varied indexes,
decreased with the mineral soil substrate respiration intensity.

Our results revealed that, in accordance with our expectations, the vegetation types
with a higher amount of plant biomass respire more intensively. The study has shown that
this relationship in post-coal mining novel ecosystems is positively strong and statistically
significant between the vegetation biomass and spoil substrate respiration parameters.
In the vegetation types with a lower amount of plant vegetation biomass present in the
mineral soil substratum respiration is less intense. In the studied vegetation types, the
spontaneous patches of Phragmites australis presented the highest biomass in the dominant
vegetation patches.

The activity of soil enzymes such as dehydrogenase, acid phosphatase, and alkaline
phosphatase does not increase significantly with the amount of CO2 released. Only urease
activity is increased with the mineral soil substrate respiration of coal mine heaps.

Only the number of Enchytraeidae increases with the release of CO2. In the other
soil fauna, the number of nematodes showed an increase with the release of CO2 from the
mineral soil substratum of the coal mine heaps’ novel ecosystems.

The study illuminates the intricate relationships between abiotic conditions and CO2
respiration rates in coal mine heap habitats. The findings underline the necessity of
considering a multitude of environmental factors in predicting CO2 release accurately.

As ecosystems continue to evolve in response to the disturbances caused by anthro-
pogenic activities, the study’s insights are crucial for informed ecological management.
Understanding the complex interplay of factors impacting CO2 respiration can guide
strategies to mitigate carbon emissions and foster sustainable land management practices.
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29. Woźniak, G.; Sierka, E.; Wheeler, A. Urban and Industrial Habitats: How Important They Are for Ecosystem Services. Ecosyst.
Serv. Glob. Ecol. 2018, 19, 75723. [CrossRef]

30. Prach, K.; Walker, L.R. Comparative Plant Succession among Terrestrial Biomes of the World; Cambridge University Press: Cambridge,
UK, 2019; p. 400.

31. Tropek, R.; Kadlec, T.; Hejda, M.; Kocarek, P.; Skuhrovec, J.; Malenovsky, I.; Vodka, S.; Spitzer, L.; Banar, P.; Konvicka, M. Technical
Reclamations Are Wasting the Conservation Potential of Post-Mining Sites. A Case Study of Black Coal Spoil Dumps. Ecol. Eng.
2012, 43, 13–18. [CrossRef]

32. Frouz, J.; Jílková, V. The Effect of Ants on Soil Properties and Processes (Hymenoptera: Formicidae). Myrmecol. News 2008, 11,
191–199.
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