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Abstract: The amounts of biomass in ecosystems depends on the efficiency of energy gathering
in organic chemical bonds by autotrophs, which are the only organisms that synthesize inorganic
compounds into organic compounds structured into biomass. Plant species composition in the
vegetation patch and the associated microorganism communities are factors that affect the matter and
energy flow in the ecosystem. In human-established or severely transformed novel ecosystems, in
particular in mineral-poor, oligotrophic habitats, the knowledge about the biotic parameters related to
the biomass amount is very limited. The presented studies were performed on post-black coal mining
heaps that provide the mineral material habitat. The following biotic parameters, the vegetation
plant species composition of the distinguished vegetation types, soil organic matter, soil enzymatic
activity, soil fauna presence, and the functional aspect of soil carbon release concerning amount of
biomass are considered. The aim of this research was to analyze the influence of the selected biotic
factors on the biomass amount in the vegetation patches of the studied sites. The results showed that
the effect of the species composition diversity on the biomass amount is complex. The influences of
soil enzyme activity on biomass amount are dependent on the enzyme presence and the vegetation
type. Similarly, the impact of the soil organic matter (SOM) on the biomass amount is significantly
different and dependent on vegetation type. The relationship between the amount of biomass and
respiration showed that the biomass of the dominant plant species is positively correlated with the
biomass amount in the studied vegetation types.

Keywords: biodiversity; soil enzyme activity; soil respiration; novel ecosystems; black coal
mining heaps

1. Introduction

The biomass amounts in ecosystems reflect the efficiency of the energy applica-
tion introduced into those ecosystems. Autotrophic organisms, mostly plants, are the
only elements in the ecosystems that are synthesizing the inorganic compounds into
biomass [1,2]. The process of the matter—biomass building and circulation, along with
energy flow—depends on many factors, including the crucial vegetation species composi-
tion, which determines the ecosystem type, and the related microorganisms’ communities.
Biodiversity has a direct impact on the amount of biomass, and, indirectly, biodiversity
affects all ecosystem processes [1,3]. Higher biodiversity, in general, is predicted to increase
the biomass parameters and the stability of the ecosystem [4—6]. Two of the upper lim-
its of biomass primary production are the biotic and abiotic environmental factors [3,5].
Whether the amount of biomass influences plant species composition and biodiversity, and
the consequent below-ground parameters, or the other way around is a crucial question
in ecology [2,7,8]. Some studies show a unimodal (hump-shaped) relationship between
biomass and plant species biodiversity [7,9]. The plant biomass amount increases when
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diversity increases, but, after a certain point, a biomass decrease is recorded. The decrease
might occur because vegetation communities with high biomass are frequently dominated
by low species numbers (frequently a single species) of highly productive competitive
species [10,11]. The question remains open as to whether the high community biomass
is causing the decrease in biodiversity or the opposite: the decreasing diversity increases
the biomass amount [3]. Some researchers favor the opposing viewpoint, emphasizing
that the community and ecosystem diversity and biomass are dependent on the below-
ground and above-ground conditions, resource supply, and the biotic processes of the
ecosystem functioning [8,12].

Apart from the autotrophic species diversity, the enzyme activity reflects the soil
microorganism activity, which is related to the biochemistry of biomass. The biochemistry
of the biomass depends on the plant species composition of the vegetation, characterized
as the vegetation type [13-15]. The enzyme activity is the catalyst of soil chemical and
biological reactions, which directly represent the biomass biochemical composition result-
ing from the vegetation type plant species composition [16-18]. Vegetation plant species
composition, the above- and below-ground parts, affect the rhizosphere root exudates and
soil-gas exchange. This influences the soil diversity of microbial, fungi, and soil fauna
assemblages and indirectly affects enzyme activity [19-23]. Soil enzyme activity reflects the
decomposition, mineralization, and turnover of biomass, particularly soil organic matter
(SOM) and the regulating factors of the soil carbon and nitrogen cycles [24-26]. Enzyme
activity is used as an indicator to evaluate and assess the fertility status in ecosystems, in-
cluding agriculture systems [27], due to the microbial status and soil physical and chemical
habitat conditions [28,29].

The relation between biomass and soil fauna presence is underlined by some
authors [30,31]. The soil parts of the ecosystems are formed of diverse organisms such as in-
vertebrates, which are accountable for the turnover of dead biomass organic matter [30-32].
The soil animals deliver key ecosystem functions, significantly affecting the decay of organic
matter, and the energy and matter flow, allowing the recycling of nutrients [30,33].

In natural and semi-natural ecosystems, the biomass should scale with respiration,
based on the hypothesis suggested by the metabolic scaling theory [34]. The biomass-
respiration relationship is equivalent within and among different species, irrespective of
habitat and environmental conditions, and, therefore, might influence the normalization
constant but not the exponent [35,36]. The photosynthesized organic carbon is divided
into components that accumulate in the biomass (Pn) and form the part that is used by
plants themselves to allow the plant’s metabolism (R); it is replaced relatively quickly in the
atmosphere [37]. Although many eco-physiological studies were undertaken to understand
the relationship between Pn and R dynamics during plant and vegetation development, a
general understanding is still not agreed upon [38].

The vegetation plant species composition of the spontaneous vegetation is funda-
mental in terrestrial natural and semi-natural ecosystems. Apparently, in the disturbed
(e.g., overgrazed) and human-induced ecosystems [39,40], the biotic factors and biomass
parameters are poorly studied. The studies on the role of biotic habitat conditions—e.g.,
plant species composition, the activity of soil enzymes, soil fauna, and, separately, soil
respiration—have been conducted in a few agricultural areas [41], forest ecosystems, and
some sites transformed by human activity, such as open cast lignite mining and sites with
heavy metals or heaps after brown coal mining [13,42-45]. Fewer studies on single biotic
parameters, such as the activity of soil enzymes, have been carried out on heaps after hard
coal mining [46].

The mineral material habitats of coal mine heaps provide novel unknown habitat
types and examples of newly established poor oligotrophic novel ecosystem habitats that
differ significantly from the ecosystems present in the surrounding landscape [15,47-49].
Previous studies have revealed that the poor, mineral, oligotrophic post-coal mining sites
are colonized by different living organisms in the process of spontaneous succession, pro-
viding novel non-analogous species compositions of flora and fauna [21,30,50,51]. The
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vegetation composed of non-analogous species is assembled in response to the extraordi-
nary habitat conditions defined as novel ecosystem sensu [52]. In the novel ecosystem sites,
the changes in conditions and availability of resources are so fundamental that the given
bio-geo-chemical habitat threshold is crossed. As a result, returning to the initial species
composition is impossible. The habitats with vegetation appearing de novo are examples
of novel ecosystems [52]. The processes and functions of the systems are not known.

The study aimed to determine the relationship between the biomass amount and the
biotic habitat parameters of the spontaneously established novel ecosystems on the coal
mine heaps. Among the biotic habitat parameters, the following will be considered: (i) the
diversity of the plant species composition of the spontaneous vegetation types; (ii) the soil
organic matter (SOM); (iii) the soil enzyme activity; (iv) the selected soil substrate fauna;
and (v) the soil substrate respiration parameters.

We hypothesized that, with regard to the novel ecosystems on post-coal mines heaps,
(1) The vegetation types that develop in habitats of higher SOM will provide more biomass
compared to vegetation types that develop in habitats of lower SOM; (2) The vegetation
types of higher diversity have lower biomass; (3) The vegetation types of higher biomass
(dominant/rest) amounts are characterized by higher soil enzyme activity, higher fauna
presence, and higher CO, release; (4) The vegetation types of the higher biomass amount
will support a higher number of soil substrate fauna; and (5) The vegetation types of higher
biomass amount will respire more intensively.

2. Materials and Methods
2.1. Study Site Description

The research was carried out in the area of the Upland Katowicka, which is part of the
Silesian Upland macro-region (Figure 1). The research covered four post-black coal mining
heaps, i.e.;: “Makoszowy” (Zabrze, Soénica; 50°16'22"' N, 18°44/43'' E); “Kostuchna” in Ka-
towice (50°11'04”” N, 19°00'33’ E); Murcki Boze Dary” in Murcki (50°11’21"" N, 19°02/07""
E); and “Wesota” in Mystowice (50°10'28" N, 19°05'44"" E). The heaps were created in the
years 1900-1906 as a result of intensive coal mining by KWK Sosnica-Makoszowy, KWK
Wesota, KWK Murcki-Staszic, and Murcki Boze Dary [53]. On the studied heaps, mineral
material is stored as a result of the sorting process, during which the coal is divided from
the other accompanying geological minerals’ admixture, which has been also mined. The
heaped mineral material is a specific by-product of the mining exploitation. This material
consists of carboniferous rock, or pit stone, with a very small admixture of carbon [47,54].
The mineral material stored on the heaps is varied in texture and can be divided into two
types: coarse material, 20-200 mm, falls into the lower parts at the bottom of the heap, and
the spaces between the stones are filled with air and fine-grained textured material of up to
20 mm, which predominates in the upper layer of the heap [47,54]. With time, aligned with
the age of the heap, changes in the textural composition of the waste material is observed.
Newly created and unburned heaps represent mostly a stone skeleton, while in older heaps
the number of parts in which the soil formation process has begun increases [47]. In the
stored material, we can distinguish between mudstones and, in smaller quantities, sand-
stones. Limestone is rare. The petrographic composition of the geological layers present in
the heaped material varies depending on the location of the coal mine. The layer formation
is influenced by the geological structure and the geological origin of the rocks that are
accompanying the coal layers [54].
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Figure 1. The novel ecosystems on post-coal mines heaps present environmental islands in the urban
industry landscape in Silesia.

These sites are very specific habitats (Figure 2), after establishing without soil and
vegetation cover, linked to the absence of soil or seed banks and have a very low number of
nutrients in the substratum. In addition, the post-coal mining heap novel ecosystem sites
are characterized by high temperatures, salinity, and significant fluctuations in moisture.
The instability of the coarse grain substrate increases the heap’s susceptibility to water
runoff and/or mass erosion [47,55], and these factors might contribute to the difficulty of
colonization of these areas by plant and animal species.

Figure 2. The habitat conditions of novel ecosystems present on black post-coal mine heaps are
very specific.
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2.2. Vegetation Data Collection

The varied physiognomy of vegetation patches has been identified. Due to the non-
analogous species composition and structure of the varied vegetation patches, it is possible
to cover the whole vegetation diversity by tracking the dominant plant species [47,49,55].
The vegetation samples were recorded in plots established in circles (6 m in diameter) in
order to assess the relationship between the biomass and the biotic parameters, including
vegetation plant species composition and diversity. In all established plots, the vascular
plant species, listed together with all species abundance, were recorded. In this way,
all the identified distinctive vegetation patches, dominated by particular plant species,
that are occurring on the studied heaps were taken for analysis. Collected soil samples
were also used to determine soil organic matter content using the Loss-on-Ignition (LOI)
method. The soil samples for analysis were preprocessed upon arrival at the laboratory,
including the removal of any visible plant residues and stones. Subsequently, the soil
samples were dried at a temperature of 105 °C to eliminate moisture. After drying, the
samples were weighed. From each sample, 20 g of soil was measured, and the samples
were then subjected to combustion in a furnace at a temperature of 550 °C for a specified
duration. After combustion, the samples were weighed again to determine the weight of
the inorganic components. The content of soil organic matter was calculated using the
following formula: Soil Organic Matter (%) = [(Initial weight of the soil sample—Final
weight of the inorganic residue) / Initial weight of the soil sample] x 100. The content of
soil organic matter was expressed as a percentage (%).

2.3. Vegetation Diversity Measurements

To identify the diversity of the vegetation type plant species composition, several
indexes that characterize varied aspects of diversity were calculated for the sampled
vegetation types within the studied post-coal mining heaps. The Shannon-Wiener index
(H"), Simpson’s dominance index, and evenness uniformity were used to evaluate the
species richness and composition of the vegetation. The Shannon-Wiener index was used
to measure the diversity of plant species in the studied patches, taking into account both
the number of species and their evenness. Simpson’s index was used to calculate the
probability that two individuals selected at random from a given area would belong to the
same species. The results of these diversity indexes can provide valuable information on
the state and health of plant communities in the study area.

2.4. Biomass Collection

Biomass collection was carried out on previously designated research plots, on which
a representative square was indicated (containing the best representation of the entire
patch). The sampled subplot of 0.25 m? had a side length of 0.5 m. The above-ground parts
of the plant were collected from a given area with garden shears, precisely determining
the dominant species and overall plant species. Biomass samples were placed in string
bags and appropriately labeled for later identification. After collection, the samples were
immediately weighed using a field scale, indicating the mass of fresh biomass of the
dominant species and other plants. The biomass of each individual from the dominant
plant species in each sample was weighed separately from the biomass of the rest (non-
dominant individuals) of the species. The samples were then transported to the laboratory
for further analysis, where their species and biomass were identified, and the data was
recorded for later use.

2.5. Enzyme Activity Measurement

The measurement of dehydrogenase [EC 1.1] activity involved the utilization of the Schin-
ner method developed in 1996, which relied on the reduction of 2,3,5-triphenyltetrazolium
chloride (TTC) to triphenylformazan (TPF) [56]. Urease [EC 3.5.1.5] activity was assessed
using the Alef and Nannipieri protocol, which involved incubating soil substrate samples
with a urea solution to measure the enzymatic reaction. The acid phosphatase and alkaline
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phosphatase activities were evaluated by quantifying the release of p-nitrophenol (PNP)
resulting from the enzymatic reactions. This was achieved through soil incubation with a
buffered sodium p-nitrophenyl phosphate (115 mM) solution at pH 6.0 for acid phosphatase
and pH 11.0 for alkaline phosphatase, following the protocol described by reference [56].

2.6. Soil Fauna Samples

The plots were delineated on the heaps and under homogeneous 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 [47]. Three
soil samples (approximately 1.5 kg each) were taken at 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 vascular nematode
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. The material was poured into a Petri dish and additionally washed with a
Phalcon of water.

2.7. Respiration Measurement

Soil respiration was measured in each established plot once per year in the pheno-
logical optimum (flowering and the optimum of biomass) in mid-August. The system
consisted of a gas sampling chamber, a temperature and humidity sensor, and a CO,
analyzer. The gas sampling chamber was placed on the soil surface, and CO; efflux from
the soil was measured over a 10 min period. The results were recorded and averaged over
three replicate measurements. The respiration rate was calculated as the amount of CO,
released per unit time and expressed as mg CO,-C. These measurements were important
for determining the relationship between soil moisture and soil respiration, which can
help to better understand the dynamics of soil carbon cycling in different ecosystems. Soil
respiration was measured using a Targaz—1 analyzer automated soil CO; flux system.

2.8. Data Analysis

All statistical analyses were performed using R software (ver. 4.2.2, R Core Team 2022)
language and environment. In order to show diversity of vegetation data, non-metrical
multidimensional scaling (NMDS) (Manhattan distance) was performed. Only vegetation
patches that had at least 5 repetitions (plots) for dominant species were included (the
number of replicates varied between 7 and 61). Of 324 plots, a final 312 plots were subjected
to further analyses. Indicator species analysis (ISA) was conducted using labdsv::indval()
function to indicate species that significantly occur more frequently in a distinguished
dominant vegetation patch.

For each plot species richness (S), Shannon—Wiener index (H), species evenness €,
and Simpson’s dominance index (D) were calculated by means of vegan::diversity() and
abdiv:dominance() functions. PERMANOVA with 999 iterations of permutation test using
vegan::adonis() function was performed to examine significance of differences among
dominants. The passive projection of explanatory variables was performed (vegan::envfit())
to check whether total cover, the biomass of dominant species, the biomass of remaining
species, and biodiversity indexes significantly explained species variation. A Kruskal-Wallis
test, followed by Conover test for multiple comparisons, was used to assess significance of
differences among dominant groups in biodiversity indexes, cover of biomasses, and the
studied biotic data.

The Spearman rank correlation analysis was performed to check mutual relationships
among biomass of dominant and remaining species, SOM, soil enzymes, and SRL and
biotic data, i.e., abundance of nematodes and Enchytraeidae.
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3. Results

Plant species that occur in the recorded vegetation patches with the highest indicator
value and strongest significance are listed in Table 1. The following vegetation type coding
of the distinguished vegetation types is used: CE-1 Calamagrostis epigejos; CR-2 Centaurea
rhenana; CP-3 Chamaenerion palustre; DC-4 Daucus carota; EP-5 Eupatorium cannabinum; F-6
Festuca group; LC-7 Lotus corniculatus; MA-8 Melilotus albus; PA-9 Phragmites australis; PC-10
Poa compressa; SG-11 Solidago gigantea; and TI-12 Tripleurospermum inodorum. TE-13 Tussilago
farfara is used in the performed analysis of the result section.

Table 1. The list of (indicator) plant species with a significantly higher indicator value from the

species composition of the recorded vegetation patches communities.

Species Dominant Cluster Indicator Value Probability
Chamaenerion palustre 2 0.1882 0.008
Echium vulgare 3 0.1974 0.003
Arrhenatherum elatius 5 0.1221 0.04
Trifolium arvense 6 0.2004 0.002
Symphytum officinale 6 0.1263 0.005
Trifolium pratense 7 0.2591 0.001
Taraxacum officinale 7 0.2397 0.001
Erigeron acris 7 0.1095 0.02
Crepis biennis 8 0.1371 0.013
Poa palustris 9 0.3227 0.001
Bidens frondosa 9 0.1333 0.007
Lathyrus sylvestris 9 0.1333 0.011
Phalaris arundinacea 9 0.1125 0.012
Urtica dioica 9 0.1081 0.034
Agrostis gigantea 9 0.1043 0.042
Plantago major 9 0.0988 0.047
Erigeron annuus 10 0.2691 0.001
Achillea millefolium 10 0.2657 0.001
Plantago lanceolata 10 0.1828 0.003
Tanacetum vulgare 11 0.167 0.005
Hypericum perforatum 11 0.1565 0.006
Carex spicata 11 0.1333 0.011
Astragalus glycyphyllos 11 0.1325 0.015
Deschampsia caespitosa 11 0.1151 0.025
Melandrium album 11 0.1 0.044
Tripleurospermum inodorum 12 0.8519 0.001
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Table 1. Cont.

Species Dominant Cluster Indicator Value Probability
Polygonum aviculare 12 0.5694 0.001
Cirsium vulgare 12 0.1842 0.005
Senecio viscosus 12 0.1603 0.011
Capsella bursa pastoris 12 0.1364 0.012
Solanum nigrum 12 0.1364 0.011
Lepidium ruderale 12 0.1297 0.014
Stachys palustris 12 0.1214 0.012
Echinochloa crus galli 12 0.1108 0.027
Conyza canadensis 12 0.1059 0.043
Chenopodium album 12 0.0861 0.044
Tussilago farfara 13 0.8582 0.001

In order to find the relationship between the biomass (dominant species individuals
and the rest of the biomass amounts and vegetation cover in the patch) of the identified
vegetation types and the biotic parameters in the post-coal mine novel ecosystems, the
non-metric dissimilarity analysis NMDS was performed. The non-parametric monotonic
relationship between the dissimilarities in the analyzed matrix, the Euclidean distances
between the plots, and the location of each of the plots in the low-dimensional space
revealed the presence and identification of 13 different vegetation groups. Most of the plots
(vegetation patches) were in well-distinguished clusters. The thirteen separated clusters
presented a high degree of floristic integrity and were characterized by separated vegetation
types (communities), mostly after the species occurring as the dominant plant. In this
way, the following vegetation types groups were distinguished: Calamagrostis epigejos-
dominated (CE Cluster 1), Centaurea rhenana-dominated (CR Cluster 2), Chamaenerion
palustre-dominated (CP Cluster 3), Daucus carota-dominated (DC Claster 4), Eupatorium
cannabinum-dominated (EP Cluster 5), Festuca sp.-dominated (F Cluster 6), Lotus corniculatus-
dominated (LC Claster 7), Melilotus albus-dominated (MA Cluster 8), Phragmites australis-
dominated (PA Cluster 9), Poa compressa-dominated (PC Cluster 10), Solidago gigantea-
dominated (SG Cluster 11), Tripleurospermum inodorum-dominated (TI cluster 12), and
Tussilago farfara-dominated (TF Cluster 13) (Figures 3 and 4 and Table 1). According to
NMDS (Figures 3 and 4), vegetation patches on the studied heaps differed significantly
from each other, which was confirmed by PERMANOVA (pseudo-F = 15.149, R?% =0.3781,
p <0.001) and the goodness of fit of grouping factor (r? = 0.0321 p= 0.006) on to ordination.

The most distant plots are some of those dominated by Solidago gigantea (SG Cluster 11,
(Figure 5)), Calamagrostis epigejos (CE Cluster 1,( Figure 6)), Daucus carota (DC Cluster 4), and
Tripleurospermum inodorum (TI cluster 12). The initial stage vegetation plots dominated by
Centaurea rhenana (CR Cluster 2), Tussilago farfara (TF Cluster 13, (Figure 7)), Chamaenerion
palustre (CP, (Figure 8)), and Poa compressa (PC) are grouped closely in the middle of the
graph (Figures 3 and 4).

The plant community patches representing the distinguished vegetation types are
primarily divided by the second axis. There are some vegetation types that are present
only on the right side of the dissimilarity space. The patches of Tripleurospermum inodorum,
Tussilago farfara, Lotus corniculatus, and most of the Phragmites australis (Figure 9) plant
communities are on the right part of the matrix. On the left side are the Solidago gigantea
and Poa compressa (Figure 10) plant community patches. In the center of the matrix, though
more on the left side, are the Centaurea rhenana, Melilotus albus, and Chamaenerion palustre
patches. Along the vertical axis are the Daucus carota, Calamagrostis epigejos, and Festuca
group patches. The only plant community patches that are limited to the upper part, above
the horizontal axis, are the Eupatorium cannabinum community patches.
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In Table 1, the indicator value and the probability are calculated for plant species
frequency and abundance for the identified vegetation community groups. The names of
the groups are derived from the vegetation types most physiognomically distinctive during
the field study observation.

In Figure 4 (NMDS with passively projected bioindicator values), it is possible to detect
which of the recorded plant species are mostly related to bioindicator values (Figure 4). The
distribution of the plant species illustrates which species are related to the increasing value
of the diversity of indexes of the vegetation type associations.

The first axis is shaped by the diversity gradient from the high H’ value (on the left) to
low H’ (high dominance index D (on the right)). However, the second axis is determined by
the biomass of the dominant plant and the biomass amount of the rest of the accompanying
(non-dominant) plant species present in the analyzed vegetation community patch. The
diversity and biomass factors presented in Figure 4 show a close relationship between the
dominant plant biomass and the overall vegetation cover value in the patch, while the
biomass amount of the rest of the plant species present in the community patch are closely
related to the species richness.
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Figure 3. The biplot of NMDS with passive projection of explanatory variables (all are significant,
p < 0.05) based on species abundances of the recorded vegetation growing on coal mine heaps.
Abbreviation explanation: Shannon-Wiener-H’; Evenness -E; species richness -S; Simson dominance
index -D. The coding of the distinguished vegetation types: CE-1 Calamagrostis epigejos; CR-2 Centaurea
rhenana; CP-3 Chamaenerion palustre; DC-4 Daucus carota; EP-5 Eupatorium cannabinum; F-6 Festuca
group; LC-7 Lotus corniculatus; MA-8 Melilotus albus; PA-9 Phragmites australis; PC-10 Poa compressa;
SG-11 Solidago gigantea; TI-12 Tripleurospermum inodorum; TE-13 Tussilago farfara.
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Figure 4. The biplot of NMDS with passive projection of explanatory variables (all are significant,

p < 0.05) based on species occurrence of the recorded vegetation growing on coal mine heaps. The

first four letters of names denote genus names and next four denote species names. Abbreviation

explanation: Shannon-Wiener-H’; Evenness -E; species richness -S; Simson dominance index -D.

Figure 5. The vegetation patch dominated by Solidago gigantea on coal mine heap.
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Figure 6. The vegetation patch dominated by Calamagrostis epigejos on coal mine heap generally
creates more mono-specific patches.

Figure 7. The vegetation patch dominated by Tussilago farfara on a slope of coal mine heap, with
accompanying Phragmites australis and Scirpus lacustris.

Figure 8. The pioneer vegetation patch dominated by Chamaenerion palustre on coal mine heap, accom-
panied by single individuals of Calamagrostis epigeios and single Pinus sylvestris juvenile individuals.
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Figure 10. The vegetation patch dominated by Poa compressa on coal mine heap.

The cover (percentage cover) of the recorded plant species, the Evenness diversity
indicator, and the dominant plant biomass value are very close together in the dissimilarity
analysis (Figure 4). The other side of the X axis shows the biomass of the rest of the
accompanying plant species, which are not the dominant ones, and the H" and the S
diversity index are present. However, the dominance diversity index seems to be on the
opposite end, as it is on the other right side of the Y axis. The distribution of the plant
species shows that the species like Solidago gigantea, Hypericum perforatum, and Carex spicata
are related to the cover (percentage cover) of the recorded plant species, indicated by
the Evenness diversity indicator. Some other species are related to neither the dominant
biomass nor the rest of the species that are not dominant, as indicated by the H" and S
diversity indexes (Figures 3 and 4).
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The plant species distribution, based on the results obtained from the NMDS with
passive projection of explanatory variables, revealed the impact of the vegetation patch
diversity indexes in which the cover and biomass of dominant plant species are correlated
with the first axis of NMDS. The biomass of the rest of the species is correlated with
species Irichness along the second axis of NMDS (Figures 3 and 4); the comparison of
biodiversity indexes among the distinguished vegetation types was performed. Some
significant differences were recorded when the biodiversity indexes among patches with
dominant vegetation were compared.

The comparison of the value of the diversity H’, E, D, and species richness (S) indexes
calculated for the distinguished plant community vegetation types were performed. In
terms of the species richness, the Eupatorium cannabinum and Festuca G\group and Tussilago
farfara vegetation type are significantly different from Poa compressa and also partially
different from Solidago gigantea and Tripleurospermum inodorum. The value of the H’ di-
versity index of Daucus carota was significantly different from those of the Festuca group,
Phragmites australis, and Tripleurospermum inodorum. The value of the H’ diversity index of
the Tussilago farfara vegetation type was significantly lower. The values of the E diversity
indexes of the Centaurea rhenana and Daucus carota groups were significantly different
from those of Melilotus albus. The values of the E diversity indexes of Tussilago farfara and
the Tripleurospermum inodorum vegetation types were significantly lower. In terms of the
Simson dominance index (D), the Daucus carota vegetation type was significantly lower.
The Calamagrostis epigejos, Centaurea rhenana, Chamaenerion palustre, Eupatorium cannabinum,
Lotus corniculatus, Melilotus albus, and Poa compressa groups were similar in terms of the D
index (Figure 11 and Table 2).
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Figure 11. The comparison of biodiversity indexes among distinguished dominant vegetation patch
groups (significance of differences with the indicators of the post-hoc are in Table 2). Abbreviation
explanation: Shannon-Wiener—H’, Evenness—E; species richness—S, Simson dominance index—D.
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Table 2. The results of the post-hoc test indicate the significance of differences between the extin-
guished groups of studied vegetation types in relation to the diversity indexes. The same letter
indicates the lack of differences. The significance of differences in biodiversity indexes, total cover,
and biomasses among groups (Kruskal-Wallis test and post-hoc Conover test) indicates that the
dominant species that share the same letters do not differ significantly at p < 0.05.

Species CE CR cP DC EP F LC MA PA PC SG TI TF
S bed cde bed abc e e abcd abc de a ab ab e
H bc bc ab a cd d bed bed d ab ab d e
E bc a abc a ab abc cd d bed cd ab e e
D def efg efg g cdef cd cdef cde bc efg fg b a

Explanations of abbreviations: CE—Calamagrostis epigejos; CR—Centaurea rhenana; CP—Chamaenerion
palustre; DC—Daucus carota; EP—Eupatorium cannabinum; F—Festuca group; LC—Lotus corniculatus; MA—
Melilotus albus; PA—Phragmites australis; PC—Poa compressa; SG—Solidago gigantea; TI—Tripleurospermum
inodorum; TF—Tussilago farfara.

The comparison of the value of vegetation cover, the biomasses of the dominant plant
species, and the biomasses of the non-dominant accompanying plant species among the
distinguished vegetation types of patches was performed. Some significant differences
were recorded. The Lotus corniculatus, Phragmites australis, and Solidago gigantea vegetation
types were significantly different (higher diversity) compared to patches of the Tussilago
farfara vegetation type (Figure 12 and Table 3).
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Figure 12. The comparison of the vegetation cover, biomasses of the dominant plant species, and
the biomasses of the rest of the species in vegetation patches not being the dominant among the
distinguished vegetation patch groups (significance of differences in Table 3).
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Table 3. The results of the post-hoc tests indicate the significant differences between the analyzed
groups of studied vegetation patches and the listed biotic parameters. The same letter is indicating the
lack of differences. The significance of differences in biodiversity indexes, total cover, and biomasses
among groups (Kruskal-Wallis test and post-hoc Conover test) show that the dominant species that
share the same letters do not differ significantly at p < 0.05.

Species CE CP DC EP F LC MA PA PC SG TI TF
Cover cd de bed bc a ab a ab a de e
Biomass Dom e de ef bed ab f a cde b de f
Biomass Rest abc bc e de bed a abc ab ab bc e

Explanation of abbreviations: CE—Calamagrostis epigejos; CR—Centaurea rhenana; CP—Chamaenerion palustre;
DC—Daucus carota; EP—Eupatorium cannabinum; F—Festuca group; LC—Lotus corniculatus; MA—Melilotus
albus; PA—Phragmites australis; PC—Poa compressa; SG—Solidago gigantea; TI—Tripleurospermum inodorum;
TF—Tussilago farfara.

The vegetation types of higher diversity have been identified. The Daucus carota,
Poa compressa, and Tripleurospermum inodorum vegetation types presented the highest
diversity in terms of species richness and the Shannon-Weiner diversity index. Different
diversity measures revealed varied values in particular diversity indexes. Species richness
does not consider the abundance (Cover) or population size of each species within the
community. The Shannon’s index, on the other hand, considers both species richness and
species abundance. It takes into account not only the number of different species present in
a given area but also the relative abundance of each species. The abundance of species can
be measured using various methods, allowing for a more comprehensive understanding of
the ecosystem [57,58].

The Evenness index (E) is influenced by the overall number of species present within
a specific community [59]. When the values of this index are elevated for a cluster of
patches, it indicates that those patches harbor species with a more balanced distribution
of abundance, such as coverage or biomass. Analysis of the value of the Shannon-Wiener
(H’) diversity index was undertaken. The highest H" value of this indicator was found in
patches dominated by Daucus carota, Poa compressa, and Solidago gigantea. However,
the highest average value of this indicator was recorded in patches dominated by Solidago
gigantea. The analysis of the value of the uniformity index E in the examined patches
showed differences. The highest average values of this indicator were found in patches
dominated by Daucus carota. On the other hand, the lowest average value of the uniformity
index E was found in patches dominated by Tussilago farfara. The purpose of this index is
to depict the proportion between the real diversity and the maximum potential diversity.

The analysis of the value of the dominance index (D) of the examined patches showed
differences. The highest average values of this indicator were found in the areas dominated
by Tussligao farfara. On the other hand, the lowest values of this indicator were found in
patches dominated by Daucus carota individuals.

Calculating the dominance index provides additional insight into the diversity of the
examined patches. The index represents the likelihood that an individual chosen at random
will belong to any of the numerous species present in the community. The values of the
index increase when the community is characterized by a greater dominance of one or a
few species.

In terms of the dominant plant species biomass amount recorded in identified vegeta-
tion types, the CP Chamaenerion palustre-dominated plant communities were significantly
lower compared to the PA Phragmites australis, SG Solidago gigantea, TF Tussilago farfar,a
and MA Melilotus albus vegetation types (Figure 12 and Table 3).

While the amount of biomass of the remaining species was not dominant, the ac-
companying plant species among the distinguished vegetation patches were significantly
different. (Figure 4 and Table 1). The more detailed analysis performed for each of the
distinguished vegetation type groups separately revealed that Eupatorium cannabinum,
Melilotus albus, and Tussilago farfara were significantly different (Figure 12 and Table 4).
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Table 4. The significance of differences in soil organic matter SOM, soil enzyme activity (Dehydro-
genase DH, Urease UR, Acid Phosphatese AP, Basic phosphatase BP, soil fauna (Enchytridae—EN,
Nematodes—N), and the respiration CO, (SRL) among distinguished vegetation types (Kruskal-
Wallis test and post-hoc Conover test, the vegetation types that share the same letters do not differ
significantly at p < 0.05).

Vegetation Type SRL SOM DH UR AP BP EN N
Calamagrostis epigejos cd ef cd bc d de ab bed
Centaurea rhenana ab ab g a e h e cde
Chamaenerion palustre d bed ef bc abc cde de abc
secondary Daucus carota e e cd d f fg bc e
Eupatorium cannabinum bc fgh cdef bc bed gh a cde
Festuca sp d gh def bc e ef ab ab
Lotus corniculatus de h bc cd de def cde de
Melilotus albus cd a cdef a abced ab cde e
Phragmites australis a cde a bc abed abc e bc
Poa compressa cd ef cde bc ab bed abc bc
Solidago gigantea c fg def b a a bed cde
Tripleurospermum inodorum  de de f c cd bed cde ab
Tussilago farfara cd bc b bc f fg bc a

The similarities between the analyzed vegetation patch groups revealed in Table 2
partially explain the patch distribution reflected in Figure 3.

Each of the biotic parameters presented in Figure 13 provides a different picture of the
relationship between species. The highest value of CO, was recorded in Phragmites australis
and Centaurea rhenana. The lowest values of CO, release were revealed in Daucus carota.
The higher values of CO, release were revealed in Tussilago farfara and Solidago gigantea. The
difference between the Phragmites australis group and Daucus carota group was significant.
The values revealed for Melilotus alba were outstanding in terms of urease activity, basic
phosphatase activity, and soil organic matter.

The analysis of soil organic matter (SOM) content revealed the highest levels in vege-
tation types dominated by Daucus carota, Lotus corniculatus, and Melilotus albus. Conversely,
the lowest SOM content was observed in the Calamagrostis epigejos and Poa compressa vegeta-
tion types. Importantly, the differences in SOM content among these vegetation types were
found to be statistically significant. However, no significant difference in SOM content was
observed between Calamagrostis epigejos and Poa compressa vegetation types. Regarding acid
phosphatase activity (AP), the highest levels were recorded in the Solidago gigantea vege-
tation type, while the lowest AP activity was observed in the Daucus carota and Tussilago
farfara vegetation types. These differences in AP activity were found to be statistically
significant. Basic phosphatase activity (BP) was found to be highest in the Solidago gigantea
vegetation type and lowest in the Centaurea rhenana vegetation type. Statistical analysis
confirmed the significant differences in BP activity between these two vegetation types.
Dehydrogenase activity (DH) was notably higher in Lotus corniculatus, while the Phragmites
australis vegetation type exhibited the lowest DH activity. Statistically significant differ-
ences in DH activity were observed between Phragmites australis and Centaurea rhenana,
as well as the Tripleurospermum inodorum vegetation type. Urease activity (UR) was sig-
nificantly higher in Melilotus albus, compared to the Daucus carota vegetation type, which
displayed the lowest UR activity. Additionally, the Melilotus albus and Centaurea rhenana
vegetation types exhibited significant differences in UR activity when compared to the
Daucus carota vegetation type. Specific root length (SRL) was found to be significantly
different in the Phragmites australis vegetation type when compared to the Chamaenerion
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palustre, Festuca, and Daucus carota vegetation types. The Daucus carota, Melilotus albus,
and Tussilago farfara vegetation types displayed significant differences in nematode (N)
populations compared to other vegetation types. Nevertheless, the biomass of the dominant
plant species compared to the rest of the species that were not the dominant in the patches
of the particular vegetation types was revealing, with outstanding values for Melilotus albus
and Lotus corniculatus vegetation types. The highest fauna (Nematode and Enchytraeidae)
presence was found in Euaptarium cannabinum, Festuca sp. Group, and Calamagrostis epigejos,
and also in the Poa compressa and Melilotus albus vegetation types. In turn, the highest
nematode presence was observed in Tripleurospermum inodorum, Melilotus alba, and Lotus
corniculatus, as well as in Phragmites australis.
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Figure 13. The comparison of soil organic matter SOM, soil fauna, soil enzyme activity, and the
respiration of CO, among dominant vegetation patches (the significant differences are indicated in
Table 4).

The correlation matrix revealed the positive relationship between the biomass of
dominant species and some soil enzyme activity, e.g., acidic phosphatase and basic phos-
phatase. Figure 14 shows that the strongest linear relationship exists between BiomDom
and BiomRem (0.45). A weak positive relationship is presented for soil respiration. There is
a negative correlation between SOM and the biomass of dominant species (—0.32).
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Figure 14. The Spearman correlation matrix of the biomass of dominant and remaining species and
biotic data including SOM, soil enzymes, SRL Nematodes and Enchytraeidae.

In the distinguished vegetation types, the highest SOM amount was recorded in the
Melilotus albus vegetation type, while the highest biomass amount was recorded in the
Phragmites australis and Solidago gigantea vegetation types.

The highest fauna (Enchytridae) presence was found in Eupatorium cannabinum,
Festuca sp. group, and Calamagrostis epigejos, and also in the Poa compressa and Melilotus albus
vegetation types. In turn, the highest presence of nematodes was observed in Tripleurosper-
mum inodorum, Melilotus alba, and Lotus corniculatus, as well as in the Phragmites australis
vegetation type.

4. Discussion

In the presented study, we analyzed some biotic habitat parameters concerning the
relationship of vegetation types to the amount of biomass. Among the biotic site charac-
teristics, the following parameters were considered: species composition diversity of the
studied vegetation types, the amount of SOM, the enzyme activity, and the soil respiration
quantity record for the studied vegetation types. The plant species composition of the
vegetation patch mosaic reflects the nutrient composition, as mainly the organic carbon
distribution and the biotic status of the habitat profoundly influences the composition of
plant communities. In turn, the biochemical status of the system and the stability and
health of below- and above-ground ecosystem functions depend on species composition of
the vegetation mosaic [60]. This creates a feedback system of mutual dependence.

4.1. Plant Species Composition Diversity and the Amount of Biomass

In our study, we revealed that there are significant differences between the distin-
guished vegetation type clusters in terms of vegetation diversity and abundance measure-
ment. For the abundance measurement and the vegetation percentage cover of each of the
vegetation patches, both the percentage cover of dominant plant species and the percentage
cover of the non-dominant plant species, i.e., the accompanying species, were measured.
The amount of biomass was divided into the dominant plant species biomass amount and
the accompanying species biomass amount.

Many studies conducted in natural and semi-natural ecosystems have revealed the
positive relationship between biodiversity measured by different indexes and the biomass
amount. Regardless of the convincing interpretation of the unimodal (hump-shaped) rela-
tionship between biomass amount, the vegetation type, and the vegetation plant species
composition biodiversity (alfa and beta diversity), according to some study results, the
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relationship between plant biomass measurements and diversity does not always fol-
low the hump-shaped model [61,62]. More recent studies have presented primary au-
totroph biomass as the dependent rather than the independent variable [3,63], usually
by demonstrating that the biomass amount (measured by vegetation percentage cover or
vegetation biomass weight) generally increases with plant diversity in newly established
experimental communities [62,64].

The majority of studies conducted in this field are by experimental research, i.e., not
conducted in the field, and, as a result of artificially simplified setup factors, the main
explanations for the positive relationship between biodiversity and biomass amount are
obtained [65]. One of the possible reasons for the observed phenomenon is the so-called
sampling or selection effect. According to this concept, the more diverse the community,
and consequently the ecosystem, is, the more likely it is to include highly productive
species [65,66]. A different approach is presented in the complementarity effects under-
standing. The space and time factors cause differences in species resource acquisition,
thereby allowing for more efficient resource use and resulting in the increased biomass
amount when the vegetation communities in an ecosystem are more diverse [3]. The
facilitative effects concept assumes that some co-occurring plant species are able to posi-
tively influence the establishment of biomass by supporting the establishment and survival
of other species [67-69]. Some research has been conducted to compare the presented
explanations [3,65-68,70,71], comparing sampling effects with complementarity effects,
and found that the sampling effects are more important in explaining the relationship
between biodiversity and biomass production than complementarity effects [70]. The sam-
pling effects do not completely explain how the biodiversity affects the biomass amount.
The sampling effects occur far less generally than previously suspected [72,73]. The most
reliable explanation is the merging of sampling, complementarity, and facilitative effects,
which are mutually non-exclusive, and the net effect of biodiversity on biomass amount
can be understood as the sum of these three effects.

The few studies conducted in the field, which were focused on the relationship between
vegetation diversity and above-ground biomass, include the comparison of the tree species
composition in three different forest types was undertaken [74]. It has been hypothesized
that the tree species diversity in different habitats in the variety of studied wetlands, in
terms of soil and environment factors, will cause differences in the biomass amount [74].
In this study, estimates of above-ground biomass was used as an essential prerequisite for
studies on carbon stocks, e.g., the effects of forest vegetation type and deforestation on
carbon sequestration and the carbon balance [74-76].

In this study, the recorded vegetation types were analyzed in terms of the vegetation
patches and plant species composition similarity in relation to the vegetation cover and
biomass of both the dominant plant species and the accompanying plant species. The
dissimilarity analysis of all the vegetation types recorded during the field studies was
performed. The spontaneous vegetation developing on the black mineral post-coal mine
heaps were determined based on the distinctive physiognomy of the dominant plant
species. The dissimilarity tests distinguished 13 vegetation types, merging some of the
field-determined vegetation types based on the abundance measurements.

The research conducted over hundreds of post-coal mine heaps has revealed that the
herbaceous spontaneous vegetation types can be characterized by the abundant occurrence
of one dominant species, often accompanied by single individuals of numerous other
species [15,21,47-49,51,77]. The mineral post-black coal mining sites provide a stony gravel
soil substrate for the colonizing organisms [30,48,49]. The vegetation species composi-
tion dynamics, including transformation and development on mineral resource excava-
tion sites, influences the soil biomass biochemistry, SOM, nutrient cycling, soil nitrogen
loss, and enzyme activities [78-86] and the resistance of the habitat and soil substrate to
environmental stresses [84].
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4.2. The Relationship between the Amount of Biomass and the Soil Organic Matter (SOM) in the
Studied Vegetation Types of Novel Ecosystems on Post-Black Coal Mine Heaps

Most of the studies conducted on the relationship between soil organic matter and the
biomass amount consider arable land and the impact of the supply of fertilizers, including
fertilizer supply in different forms. In this respect, our study presents a significantly
different approach. Soil organic matter (SOM) has a fundamental role in maintaining soil
productivity. This soil parameter is also crucial in the protection of the soil environment.
Two main SOM fractions can be distinguished, one fraction being inert and the other
being decomposable. It has been reported that the ranges for the optimal participation of
the decomposable organic carbon (OC) is between 0.2 and 0.6% [87]. When considering
the current state of knowledge consistently, it can be concluded that the use of mineral
fertilizer has a positive effect on the environment and supports the cultivated crops’ biomass.
However, too high humus participation in soil can lead to environmental pollution.

The approach to quantify SOM by assessing the field and model experiments, and
the soil processes simulation, resulted in the theoretical range of values provided in other
studies [88]. However, there is still divergence between the field study and theoretical
modeling results. The evaluation of field experimental data does not provide an explanation
of the relationship between the soil organic carbon content and the biomass amount.
Nevertheless, the results allow us to derive useful conclusions for potential sustainable
soil management [87].

The study conducted on the arable land revealed a linear regression relationship
between the clay particle content and the Corg content in the soil of study sites in the plots
of European long-term field experiments [87]. The Cqyg in agricultural soil on the long-term
field experiment sites has been considered as inert organic carbon Cog. For comparison,
the COrg present in the black earth is 1.5 to 1.6%. In the differently structured light sandy
soils, in which only 3% is clay particle content, the Corg 0ccurrence in comparable habitat
conditions is about 0.3%. The whole organic carbon presence in the fertilized plots varies
between 0.7 and 0.8% C in the studied soils, which could be considered as the optimum
concentration. The black earth with a Corg content of 1.5% is optimal, whereas sandy-
textured soil with 0.8% Corg can be considered as very well supplied. The presented study
revealed that the assessment of the organic carbon (OC) content in soil is not enough for
the optimal organic matter content in relation to the biomass amount. The local habitat
conditions, particularly in relation to the soil texture, is necessary. The decomposable part
of the carbon content in soil increases with the clay particle content. The humification in
soils with high clay content is thus generally twice as high as in sandy-textured soils [87].

As a result of the European long-term field experimental study, it has been calculated
that the difference between the soil parameter, which is the whole soil organic carbon
presence in the plots supplied, and the close-to-optimum mineral and organic fertilization
is on average 0.33% Corg (ranging from 0.14 to 0.66%) [87,89]. The results of the cited
experiments, and the experience gathered during the last decades, show that 2.0 to 2.1%
Corg in the soil, 0.5% of which is mineralizable, can be considered as the optimum [87,89].
The exceeded nutrient input (during fertilization) results in increased C content in the soil,
leading to harmful N-losses and an unfavorable change of the C-balances [87,89], and also
to increasing organic C participation, hygroscopicity, water holding capacity, and porosity.

Discussion about the relationship between SOM and the biomass amount requires
information about inert (hardly involved in mineralization processes) and decomposable
SOM. The inert SOM is strongly correlated with the clay content in soil and in the agri-
cultural conditions and is, to a large extent, stable. The decomposable SOM depends on
the changeable local conditions [87]. Changes in the Cyrg content in soil occurs almost
exclusively in its decomposable part. The hot water-extractable carbon has proved to be an
appropriate criterion for the characterization of the decomposable carbon.

In arable land, the tendency of SOM changes depends on its initial level. The SOM
contributes to the biomass amount of up to 10% on sandy soils, and on loamy soils up to
5% [87]. As the C and N ratio is changing, along with the content of SOM in the habitat, nev-
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ertheless, the ranges for the optimal quantities of C and N in soil are reported to be narrow.
In the conditions of mean annual temperature between 6 °C and 10 °C and mean annual
precipitation of 450 to 800 mm, the optimal content of mineralizable carbon is between 0.2
and 0.6% and that of nitrogen is between 0.02 and 0.06% [87]. The increased humus content
in agricultural soil contributes to environmental pollution, especially by influencing the C
and N balance in the atmosphere, as well as by groundwater pollution. The “humus balance
method” provides the opportunity to control the SOM content in arable soils, to identify
the threshold values for optimal Cyg content, and to avoid environmental pollution [87].

4.3. Soil Enzyme Activities and the Amount of Biomass

The enzyme activity is related to different soil properties, such as soil organic matter
SOM [90]. Soil enzyme activity affects the energy supply for microbial growth and enzyme
activity. Some studies reported a positive relationship between enzyme activities and
SOC and TN in human-disrupted brown coal heap areas [13,42,91,92]. In these studies, it
was reported that during spontaneous succession on heaps, established after brown coal
extraction, the presence of SOC and TN in the topsoil layer significantly influenced soil
enzyme activities. The authors, Zang et al. (2013) [83], found that the direction of vegetation
restoration (vegetation diversity) influenced the variety of carbon sources, which in turn
influenced the functional diversity and metabolic activity of the microbial assembly in
mineral habitats such as sandy-textured soils.

In our research, we did not find significant correlations between SOC n the sub-
strate and dehydrogenase activity or between SOC and the activity of acid or alkaline
phosphatases. In our studies, we obtained negative correlations between urease activ-
ity and SOC. These results correspond with those obtained by Rodriguez-Loinaz and
Santrtickova [93,94]. Tt has been stated, for both vegetated and non-vegetated plots, that
it is possible that most of the carbon contained in the mineral material habitats is related
to organic matter of recent or geogenic origin [95,96]. The geogenic coal present as an
admixture in the coal mine heaps material is not available to microorganisms; therefore,
despite the high content of organic carbon (10-18%), the substrate in the studied post-coal
mine heap plots had few available carbon sources for microorganisms [55,97]. The limited
quantity of available carbon (not geogenic in origin) for microorganisms in the total pool of
SOC may have contributed to the lack of correlation between SOC and the activity of the
studied soil substrate enzymes, i.e., those mainly derived from soil microorganisms. The
results of some research have shown that soil pH influences enzyme activity and has an
impact on the soil microbial community structure [93,98].

4.4. Soil Fauna Diversity and the Amount of Biomass in the Studied Vegetation Patches

In the natural and semi-natural ecosystems, the relationship between soil fauna and
biomass decomposition may differ significantly between developed and undeveloped soils.
In undeveloped soils, the soil substratum, as described in the presented paper, has not been
previously influenced by soil fauna [99]. The complexity of these processes leads to the
conclusion that there is no simple answer to the research problem, i.e., “Does the soil fauna
support or decrease the rate of biomass litter and SOM decomposition?” [30].

In encouraging circumstances, soil fauna can digest the entire annual litter in some
ecosystems. The soil fauna influence the soil organic matter (SOM) dynamics at many
spatio-temporal scales by modifying the soil environment and assimilating the litter. The
digestion of litter-feeding fauna modifies the litter, causing pH and redox changes, fragmen-
tation, removal of easily decomposed polysaccharides, increases the proportion of lignin,
consumption of associated microorganisms, and a decrease in soluble polyphenols and
carbon-nitrogen (C:N) ratios. The soil fauna activity while passing through earthworms’
guts covers the biomass, litter, and SOM with clay, reducing the diffusion of nutrients and
oxygen, reducing microbial access to the litter, and changing the conditions for microbial
activity. Soil fauna also affect the distribution of biomass and organic matter throughout
the soil profile. The distribution of fauna determines whether biomass or litter decomposes
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on the soil surface or deeper in profile, as POM bound to soil particles. The changes
in distribution, in turn, influence the composition of the microbial community and the
decomposition process. Soil fauna affect the amount of biomass and, subsequently, the soil
organic matter entering the range of the SOM pools, thereby determining the litter quality
and the degree of soil C saturation and, consequently, the soil profile. The plant species’
community composition reflects the soil habitat conditions, and, in turn, the root exudate
influences the soil microbial activity and the biomass, litter, and SOM decomposition pro-
cesses. The soil fauna can affect the biomass, litter SOM as potential soil C storage, and
decomposition, either positively or negatively. Soil fauna impact seems to be highest in
transformed ecosystems or ecosystems under transition, e.g., ecosystems reestablishing
after disturbances in the processes of primary or secondary succession.

The process of litter decomposition and the subsequent stabilization of soil organic
matter (SOM) can be influenced by the specific identities of the soil organisms involved
in decomposition [100-103]. While soil microorganisms are primarily responsible for
decomposing organic matter [33,104], numerous studies have acknowledged the significant
impact of soil fauna on decomposition rates, often through their effects on microbial
activity [33,104-110]. The influence of soil fauna on litter decomposition is multifaceted
and involves various interactions occurring at different spatial and temporal scales. Soil
fauna encompass organisms of different sizes and feeding modes. Their consumption
of litter, nutrient assimilation, and production of feces occurs over hours to days and
spans millimeters to centimeters in spatial scale. Concurrently, soil fauna impact the
microflora present in the uneaten portions of litter, creating a dynamic interplay between
fauna activities and microbial processes. The activities of microorganisms within faunal
excrement (feces) can vary significantly depending on the age of the excrement [110,111].

Beyond their influence on microbial activity, soil fauna can also affect decomposition
by facilitating the movement of organic matter within the soil profile through biotur-
bation, leaching, and other mechanisms [112]. Additionally, soil fauna can create long-
lasting structures that accumulate within the soil profile, ultimately influencing soil pro-
file development [33]. Notably, the invasion of North American forests by earthworms
serves as a prime example of how these changes in soil properties can alter plant com-
munities and the overall functioning of ecosystems [113]. Consequently, such alterations
in plant communities and ecosystem functioning can subsequently impact the rate of
decomposition [33,113]. In our study, neither Nematode nor Enchytraeidae influenced the
amount of biomass in the studied vegetation types. The analysis of the separated dominant
biomass and non-dominant biomass did not reveal any relation with the studied soil fauna
(Nematode and Enchytraeidae).

In summary, the identities of soil organisms involved in decomposition play a crucial
role in the processes of litter decomposition and SOM stabilization. While soil microorgan-
isms are the primary drivers of decomposition, soil fauna significantly influence decompo-
sition rates through their interactions with microbial activity. The complex effects of soil
fauna encompass various spatio-temporal scales and involve interactions with microflora,
the creation of fecal microenvironments, the movement of organic matter, and the develop-
ment of soil profiles. Understanding the role of soil fauna in decomposition processes is
vital for comprehending the intricate dynamics of carbon cycling in ecosystems and the
broader functioning of soil ecosystems.

4.5. The Amount of Biomass and Soil Respiration

It has become increasingly clear that soil and vegetation processes are strictly linked.
About 50% of bulk soil respiration is related to the transfer of recent, current, and fresh
assimilation into the soil [114,115]. The assimilates present support the microbial decompo-
sition of biomass and the subsequent SOM. Soil scientists are trying to solve the dilemma
that a varied supply of low-molecular-weight compounds can mask the decomposition
of more recalcitrant compounds, which are most important in long-term processes. In
addition to the mentioned dilemma, the temperature sensitivity of the biomass and the
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subsequent SOM decomposition is highly variable. The biomass decomposition sensitivity
to temperature is related to many factors, such as the vegetation type, the litter quality, the
history of soil cultivation, and other site-specific factors, e.g., soil developmental stage [116].
The soil developmental stage may be crucial in our study.

Biomass and sub-consequent SOM encounter chemical processes at different levels
of structure and composition. These chemical processes result in a dynamic series of pro-
gressively more recalcitrant SOM and turnover times. The time can range from days to
millennia. Only about 5-15% of total soil respiration (Rs) is related to decomposing the
more recalcitrant old carbon fraction with slow turnover rates (i.e., decades to centuries).
Most soil carbon belongs to the recalcitrant SOM fraction. However, the fate of old carbon
reservoirs cannot be predicted based on biomass biochemistry and quality and soil res-
piration measurements alone [117]. The short-term warming experiments are not precise
enough to predict the long-term effects of warming on soil respiration in the old, recalcitrant
carbon stocks. Many carbon balance models assume a fixed temperature sensitivity for
respiration (e.g., setting Q1012), including shifts in soil water status or substrate supply
that may change the temperature-soil respiration relationship or dependence [118].

4.6. Specific Habitat Conditions of Mine Heaps (The Low Albedo of Mineral Deposits)

Albedo alludes to the reflectivity of a surface, particularly the division of sun-oriented
vitality (daylight) that is reflected into space. In the case of mineral stores in a mine
load, low albedo implies that these surfaces assimilate more sun-powered vitality and are
less reflective.

Temperature Increment: Low albedo surfaces, which retain more daylight, tend to
warm up more rapidly. In a mine load, this may result in raised temperatures on and
around the mineral stores. Raised temperatures can influence biomass deterioration.

Microbial Action: Higher temperatures can increase microbial movement. Organisms
play a significant part in breaking down natural matter within the deterioration process.
In this manner, raised temperatures seem to possibly speed up biomass deterioration by
providing a more favorable environment for microorganisms.

Chemical Responses: Raised temperatures can also speed up chemical responses
involved in biomass deterioration. These responses can be incorporated in the breakdown
of complex natural particles into easier degradable ones. Expanded temperatures seem to
encourage these responses, possibly driving quicker deterioration.

Dampness Levels: Low albedo surfaces may also influence dampness levels. If the sur-
face warms up quickly due to low albedo, dissipation of dampness from the encompassing
environment can result. Lower dampness levels can impact biomass deterioration.

Dampness Accessibility: Biomass deterioration regularly requires a certain level of
dampness. Deficient dampness can decrease decay rates as many decomposers, such as
fungi and microbes, require water to operate viably. Low albedo surfaces that contribute to
dampness deficits may possibly destroy decay processes in parched or semi-arid situations.

Plant Development: The conditions on a mine pile, including albedo, can impact plant
growth. Low albedo surfaces may be debilitating to plant development due to higher
temperatures and decreased dampness. Plants contribute to biomass through their natural
matter, which can, in turn, influence decay rates.

Plant Inputs: More plant biomass implies a more noteworthy supply of organic
fabric for deterioration. As low albedo conditions may restrain plant development, there
may be less natural fabric accessible for decomposition, potentially reducing
decomposition processes.

Long-Term Impacts: It is critical to consider the long-term impacts. Over time, the
particular environmental conditions, including low albedo, can lead to changes in soil
properties, microbial communities, and the composition of the biomass itself. These
changes can have complex and possibly cascading impacts on decay forms. In outline, the
low albedo of mineral stores in a mine load can have a few potential impacts on biomass
decay. These impacts incorporate raised temperatures, changes in dampness levels, and
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changes in plant development designs, all of which can impact the rate and proficiency
of deterioration processes in these novel environments. However, the real affect would
depend on different components and the particular characteristics of the mine pile and the
encompassing environment.

4.7. The Understanding of the Biomass Relationships to the Biotic Conditions of Novel Ecosystems
on Coal Mine Heaps

The extraordinary poor, mineral, oligotrophic habitat conditions of novel ecosystems
on coal mine heaps cannot be returned to the historic state, i.e., the previous pre-mining
state [52]. The relationships between plant species assemblages and the soil, or abiotic
soil substrate (mineral stone and gravel sites), condition can change during succession
development, particularly the spontaneous succession development taking place on a very
special type of post-mineral excavation site. In the early stages of succession, soil (or soil
substrate) organisms may depend on a specific combination of plant species biochemical
characteristics [20,119]. Post-mineral excavation sites allow the study of the relationships
between the dominant plant species (vegetation type), vegetation cover, biomass, soil
enzyme activity, soil fauna, and soil respiration parameters.

Apart from the complexity of primary producer plant combinations, the microbial
assemblages, the specific abiotic conditions, and the limited understanding of these rela-
tionships in natural and semi-natural ecosystems, the human industrial activity brings a
completely new set of challenges [120]. The mineral resource extraction results in signifi-
cant transformation of the landscape [121]. The deposition of mineral material from deep
black coal mining, as well as the open cast mining of different ores, changes the landscape,
including the removal of the existing vegetation and the modification the soil hydrological
conditions and the soil structure and composition [20,39,51]. Specific physical and chemical
parameters of the mineral material substrates create harsh abiotic conditions such as the
specific texture, poor nutrient concentrations, low water-holding capacity, extreme pH,
and high temperatures [49,122]. The spontaneous non-analogous vascular plant species
composition, mosses and lichens, has been studied in the novel ecosystems on coal mine
heaps [50]. The recorded biotic diversity has identified the existence of a wide variety of
habitat conditions of coal mine heaps regarding moisture, granulometry, and salinity, in
addition to slope inclination, height, and aspect differences. Moreover, the habitat diversity
within one coal mine heap is frequently much higher than that between two or more heaps.
The great mosaic of microhabitats (e.g., moisture, granulometry, salinity) is reflected by the
diverse vegetation patchiness. The wide microhabitat variety is crucial in the single coal
mine heap scale [123,124]. The available studies on non-analogous species composition
developed on coal mine heaps have revealed that the novel ecosystems are significantly
different from the surrounding non-industrial areas. The differences include flora, fauna,
bryophytes, lichens, and associated saprophytic organisms, such as bacteria, fungi, mites
(Mesostigmata group), saprophytic protists, etc. These have become established as a result
of the natural processes of colonization and recruitment in the novel habitats. The non-
analogous species composition of the novel ecosystems presents a self-sustaining system
that develops without human intervention [52]. It also creates unusual opportunities to
study the processes of primary succession in specific combinations of habitat conditions,
with special attention to substrates with low initial biological activity [50,124-128].

5. Conclusions

The ecosystems development, based on the spontaneous vegetation of the non-
analogous species composition, might be significantly different in terms of ecosystem
functioning. The relationships between the biomass amount and biotic parameters are
distinctive from those recorded from the natural and semi-natural vegetation types and the
subordinate environments.

Opposite to our hypothesis, the diversity indexes of vegetation species composition
measured by means of different indexes does not present a common trend in terms of the
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relationship between the biomass amount and the examined vegetation diversity indicators.
The biomass of the dominant species is related to the Evenness (E) diversity indicator, while
the biomass of the non-dominant plant species is related to the species richness and H’
Shannon-Weiner diversity indexes.

Contrary to our expectations, the biomass of the dominant species in the novel ecosys-
tems on post-coal mining sites is negatively and statistically significantly related to the soil
organic matter (SOM) in the heap soil substrate, while the biomass of the non-dominant
species has no impact on the biomass amount in the studied vegetation types.

Opposite to our expectations, the activity of soil enzymes such as dehydrogenase, acid
phosphatase, and alkaline phosphatase does not increase significantly with the amount of
biomass. None of the enzyme activity is related to the biomass of the studied vegetation
types developing spontaneously on the post-coal mine heaps and mineral soil substrate.

Unlike our expectations, the number of Nematodes and Enchytraeidae is not related
either to the amount of biomass of the dominant species and the biomass of the non-
dominant species or to the overall biomass amount of the studied vegetation types that
developed on the mineral soil substratum of the novel ecosystems on the coal mine heaps.

Our results revealed that, along with our expectations, the vegetation types with
higher plant biomass amounts had a positive relationship with the soil substrate respira-
tion parameters in the post-coal mining novel ecosystems. Further study related to the
total organic carbon (TOC) should consider the carbon (C) stored in soil organic matter
(SOM). Organic carbon (OC) enters the soil through the decomposition of plant and animal
residues, root exudates, living and dead microorganisms, and soil biota. SOM is the organic
fraction of soil exclusive of non-decomposed plant and animal residues. Nevertheless,
most analytical methods do not distinguish between decomposed and non-decomposed
residues. SOM is a heterogeneous, dynamic substance that varies in particle size, C content,
decomposition rate, and turnover time.

Soil organic carbon (SOC) is the main source of energy for soil microorganisms. The
ease and speed with which SOC becomes available is related to the SOM fraction in which
it resides. The future study of the SOM present on hard coal mining heaps has to be focused
on the participation of C in TOC and SOC organic matter forms.

Author Contributions: Conceptualization, K.R.; Validation, G.W.; Formal analysis, D.P. and G.W.;
Investigation, K.R.; Resources, D.C.; Writing—original draft, K.R.; Project administration, K.R. All
authors have read and agreed to the published version of the manuscript.

Funding: TANGO1/268600/NCBR/2015 (INFOREVITA—System wspomagania rewitalizacji
zwalowisk odpadéw pogoérniczych przy uzyciu narz edzi geoinformatycznych/Geoinformatics
tools a supporting system of coal mine spoil heaps reclamation); National Science Centre Poland,
Grant Number: OPUS 2019/35/B/ST10/04141 (Linking soil substrate biogeochemical properties and
spontaneous succession on post-mining areas: novel ecosystems in a human-transformed landscape).

Data Availability Statement: Data are contained within the article.

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

1.  Cardinale, B.J.; Wright, ].P.; Cadotte, M.W.; Carroll, I.T.; Hector, A.; Srivastava, D.S.; Loreau, M.; Weis, J.J. Impacts of Plant
Diversity on Biomass Production Increase through Time Because of Species Complementarity. Proc. Natl. Acad. Sci. USA 2007,
104, 18123-18128. [CrossRef] [PubMed]

2. Adler, P.B.; Seabloom, E.W.; Borer, E.T.; Hillebrand, H.; Hautier, Y.; Hector, A.; Stanley Harpole, W.; O'Halloran, L.R.; Grace, ].B.;
Michael Anderson, T.; et al. Productivity Is a Poor Predictor of Plant Species Richness. Science 2011, 333, 1750-1753. [CrossRef]

[PubMed]

3. Naeem, S.; Hadkansson, K.; Lawton, ].H.; Crawley, M.].; Thompson, L.J.; Hakansson, K. Biodiversity and Plant Productivity in a
Model Assemblage of Plant Species. Oikos 1996, 76, 259. [CrossRef]
4. Tilman, D. The Ecological Consequences of Changes in Biodiversity: A Search for General Principles. Ecology 1999, 80, 1455.

[CrossRef]


https://doi.org/10.1073/pnas.0709069104
https://www.ncbi.nlm.nih.gov/pubmed/17991772
https://doi.org/10.1126/science.1204498
https://www.ncbi.nlm.nih.gov/pubmed/21940895
https://doi.org/10.2307/3546198
https://doi.org/10.2307/176540

Energies 2023, 16, 7513 26 of 30

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Loreau, M.; Naeem, S.; Inchausti, P.; Bengtsson, J.; Grime, J.P.; Hector, A.; Hooper, D.U.; Huston, M.A.; Raffaelli, D.; Schmid, B.;
et al. Biodiversity and Ecosystem Functioning: Current Knowledge and Future Challenges. Science 2001, 294, 804-808. [CrossRef]
[PubMed]

Morin, X.; Fahse, L.; Jactel, H.; Scherer-Lorenzen, M.; Garcia-Valdés, R.; Bugmann, H. Long-Term Response of Forest Productivity
to Climate Change Is Mostly Driven by Change in Tree Species Composition. Sci. Rep. 2018, 8, 5627. [CrossRef] [PubMed]
Fraser, L.H.; Pither, J.; Jentsch, A.; Sternberg, M.; Zobel, M.; Askarizadeh, D.; Bartha, S.; Beierkuhnlein, C.; Bennett, J.A ; Bittel, A ;
et al. Plant Ecology. Worldwide Evidence of a Unimodal Relationship between Productivity and Plant Species Richness. Science
2015, 349, 302-305. [CrossRef] [PubMed]

Gross, K.; Cardinale, B.J. Does Species Richness Drive Community Production or Vice Versa? Reconciling Historical and
Contemporary Paradigms in Competitive Communities. Am. Nat. 2007, 170, 207-220. [CrossRef] [PubMed]

Wheeler, B.D.; Giller, K.E. Species Richness of Herbaceous Fen Vegetation in Broadland, Norfolk in Relation to the Quantity of
Above-Ground Plant Material. J. Ecol. 1982, 70, 179. [CrossRef]

Kelemen, A.; Torok, P.; Valko, O.; Miglécz, T.; Tothmérész, B. Mechanisms Shaping Plant Biomass and Species Richness: Plant
Strategies and Litter Effect in Alkali and Loess Grasslands. J. Veg. Sci. 2013, 24, 1195-1203. [CrossRef]

Mittelbach, G.G; Steiner, C.F,; Scheiner, S.M.; Gross, K.L.; Reynolds, H.L.; Waide, R.B.; Willig, M.R.; Dodson, S.I.; Gough, L. What
Is the Observed Relationship between Species Richness and Productivity? Ecology 2001, 82, 2381-2396. [CrossRef]

Cardinale, B.J.; Bennett, D.M.; Nelson, C.E.; Gross, K. Does Productivity Drive Diversity or Vice Versa? A Test of the Multivariate
Productivity-Diversity Hypothesis in Streams. Ecology 2009, 90, 1227-1241. [CrossRef] [PubMed]

Li, E; Liu, M,; Li, Z; Jiang, C.; Han, F; Che, Y. Changes in Soil Microbial Biomass and Functional Diversity with a Nitrogen
Gradient in Soil Columns. Appl. Soil Ecol. 2013, 64, 1-6. [CrossRef]

Bowles, T.M.; Acosta-Martinez, V.; Calderon, F; Jackson, L.E. Soil Enzyme Activities, Microbial Communities, and Carbon and
Nitrogen Availability in Organic Agroecosystems across an Intensively-Managed Agricultural Landscape. Soil Biol. Biochem. 2014,
68, 252-262. [CrossRef]

Kompata-Baba, A ; Sierka, E.; Dyderski, M.K,; Bierza, W.; Magurno, F.; Besenyei, L.; Bloriska, A.; RyS, K.; Jagodziniski, A.M.;
Wozniak, G. Do the Dominant Plant Species Impact the Substrate and Vegetation Composition of Post-Coal Mining Spoil Heaps?
Ecol. Eng. 2020, 143, 105685. [CrossRef]

Wu, J.; Wang, H.; Li, G.; Ma, W.; Wu, ].; Gong, Y.; Xu, G. Vegetation Degradation Impacts Soil Nutrients and Enzyme Activities in
Wet Meadow on the Qinghai-Tibet Plateau. Sci. Rep. 2020, 10, 21271. [CrossRef] [PubMed]

Caldwell, B.A. Enzyme Activities as a Component of Soil Biodiversity: A Review. Pedobiologia 2005, 49, 637-644. [CrossRef]
Wang, B.; Xue, S.; Liu, G.; Bin; Zhang, G.H.; Li, G.; Ren, Z.P. Changes in Soil Nutrient and Enzyme Activities under Different
Vegetations in the Loess Plateau Area, Northwest China. Catena 2012, 92, 186-195. [CrossRef]

Singh, D.K.; Kumar, S. Nitrate Reductase, Arginine Deaminase, Urease and Dehydrogenase Activities in Natural Soil (Ridges
with Forest) and in Cotton Soil after Acetamiprid Treatments. Chemosphere 2008, 71, 412—418. [CrossRef]

Frouz, J.; Prach, K,; PiZl, V,; Hanél, L.; Stary, J.; Tajovsky, K.; Materna, J.; Balik, V.; Kalcik, J.; Rehounkovd, K. Interactions
between Soil Development, Vegetation and Soil Fauna during Spontaneous Succession in Post Mining Sites. Eur. J. Soil Biol. 2008,
44, 109-121. [CrossRef]

Wozniak, G.; Markowicz, A.; Borymski, S.; Piotrowska-Seget, Z.; Chmura, D.; Besenyei, L. The Relationship between Successional
Vascular Plant Assemblages and Associated Microbial Communities on Coal Mine Spoil Heaps. Community Ecol. 2015, 16, 23-32.
[CrossRef]

Kompata-Baba, A.; Bierza, W.; Sierka, E.; Btoniska, A.; Besenyei, L.; Wozniak, G. The Role of Plants and Soil Properties in the
Enzyme Activities of Substrates on Hard Coal Mine Spoil Heaps. Sci. Rep. 2021, 11, 5155. [CrossRef] [PubMed]

Bierza, W.; Czarnecka, J.; Bloniska, A.; Kompata-Baba, A.; Hutniczak, A.; Jendrzejek, B.; Bakr, J.; Jagodziniski, A.M.; Prostanski,
D.; Wozniak, G. Plant Diversity and Species Composition in Relation to Soil Enzymatic Activity in the Novel Ecosystems of
Urban-Industrial Landscapes. Sustainability 2023, 15, 7284. [CrossRef]

Blagodatskaya, E.; Blagodatsky, S.; Khomyakov, N.; Myachina, O.; Kuzyakov, Y. Temperature Sensitivity and Enzymatic
Mechanisms of Soil Organic Matter Decomposition along an Altitudinal Gradient on Mount Kilimanjaro. Sci. Rep. 2016, 6, 22240.
[CrossRef] [PubMed]

Yao, Y.; Shao, M.; Fu, X.; Wang, X.; Wei, X. Effects of Shrubs on Soil Nutrients and Enzymatic Activities over a 0-100 Cm Soil
Profile in the Desert-Loess Transition Zone. Catena 2018, 174, 362-370. [CrossRef]

Bartkowiak, A.; Lemanowicz, J. Effect of Forest Fire on Changes in the Content of Total and Available Forms of Selected Heavy
Metals and Catalase Activity in Soil. Soil Sci. Annu. 2017, 68, 140-148. [CrossRef]

Chen, S.-K.; Edwards, C.A.; Subler, S. The Influence of Two Agricultural Biostimulants on Nitrogen Transformations, Microbial
Activity, and Plant Growth in Soil Microcosms. Soil Biol. Biochem. 2003, 35, 9-19. [CrossRef]

Baum, C.; Leinweber, P,; Schlichting, A. Effects of Chemical Conditions in Re-Wetted Peats on Temporal Variation in Microbial
Biomass and Acid Phosphatase Activity within the Growing Season. Appl. Soil Ecol. 2003, 22, 167-174. [CrossRef]

Stursova, M.; Baldrian, P. Effects of Soil Properties and Management on the Activity of Soil Organic Matter Transforming Enzymes
and the Quantification of Soil-Bound and Free Activity. Plant Soil 2011, 338, 99-110. [CrossRef]

Frouz, J.; Frouz, J. Effects of Change in Soil Substrate Quality, and Microbial Community Composition on the Plant Community
during Primary Succession. In Proceedings of the 20th EGU General Assembly, Vienna, Austria, 4-13 April 2018; p. 5336.


https://doi.org/10.1126/science.1064088
https://www.ncbi.nlm.nih.gov/pubmed/11679658
https://doi.org/10.1038/s41598-018-23763-y
https://www.ncbi.nlm.nih.gov/pubmed/29618754
https://doi.org/10.1126/science.aab3916
https://www.ncbi.nlm.nih.gov/pubmed/26185249
https://doi.org/10.1086/518950
https://www.ncbi.nlm.nih.gov/pubmed/17874372
https://doi.org/10.2307/2259872
https://doi.org/10.1111/jvs.12027
https://doi.org/10.1890/0012-9658(2001)082[2381:WITORB]2.0.CO;2
https://doi.org/10.1890/08-1038.1
https://www.ncbi.nlm.nih.gov/pubmed/19537544
https://doi.org/10.1016/j.apsoil.2012.10.006
https://doi.org/10.1016/j.soilbio.2013.10.004
https://doi.org/10.1016/j.ecoleng.2019.105685
https://doi.org/10.1038/s41598-020-78182-9
https://www.ncbi.nlm.nih.gov/pubmed/33277536
https://doi.org/10.1016/j.pedobi.2005.06.003
https://doi.org/10.1016/j.catena.2011.12.004
https://doi.org/10.1016/j.chemosphere.2007.11.005
https://doi.org/10.1016/j.ejsobi.2007.09.002
https://doi.org/10.1556/168.2015.16.1.3
https://doi.org/10.1038/s41598-021-84673-0
https://www.ncbi.nlm.nih.gov/pubmed/33664356
https://doi.org/10.3390/su15097284
https://doi.org/10.1038/srep22240
https://www.ncbi.nlm.nih.gov/pubmed/26924084
https://doi.org/10.1016/j.catena.2018.11.031
https://doi.org/10.1515/ssa-2017-0017
https://doi.org/10.1016/S0038-0717(02)00209-2
https://doi.org/10.1016/S0929-1393(02)00129-4
https://doi.org/10.1007/s11104-010-0296-3

Energies 2023, 16, 7513 27 of 30

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hicks, L.C.; Rahman, M.M.; Carnol, M.; Verheyen, K.; Rousk, J. The Legacy of Mixed Planting and Precipitation Reduction
Treatments on Soil Microbial Activity, Biomass and Community Composition in a Young Tree Plantation. Soil Biol. Biochem. 2018,
124,227-235. [CrossRef]

Bardgett, R.D.; van der Putten, W.H. Belowground Biodiversity and Ecosystem Functioning. Nature 2014, 515, 505-511. [CrossRef]
[PubMed]

Lavelle, P; Bignell, D.; Lepage, M.; Wolters, V.; Roger, P.; Ineson, P.; Heal, O.W.; Dhillion, S. Soil Function in a Changing World:
The Role of Invertebrate Ecosystem Engineers. Eur. J. Soil Biol. 1997, 33, 159-193.

West, G.B.; Brown, ].H.; Enquist, B.J. The Fourth Dimension of Life: Fractal Geometry and Allometric Scaling of Organisms.
Science 1999, 284, 1677-1679. [CrossRef] [PubMed]

Reich, P.B.; Tjoelker, M.G.; Machado, ]J.L.; Oleksyn, J. Universal Scaling of Respiratory Metabolism, Size and Nitrogen in Plants.
Nature 2006, 439, 457-461. [CrossRef] [PubMed]

Reich, P.B.; Tjoelker, M.G.; Pregitzer, K.S.; Wright, 1.].; Oleksyn, J.; Machado, J.L. Scaling of Respiration to Nitrogen in Leaves,
Stems and Roots of Higher Land Plants. Ecol. Lett. 2008, 11, 793-801. [CrossRef] [PubMed]

Friedlingstein, P.; Meinshausen, M.; Arora, V.K.; Jones, C.D.; Anav, A.; Liddicoat, S.K.; Knutti, R. Uncertainties in CMIP5 Climate
Projections Due to Carbon Cycle Feedbacks. J. Clim. 2014, 27, 511-526. [CrossRef]

Collalti, A.; Tjoelker, M.G.; Hoch, G.; Mikeld, A.; Guidolotti, G.; Heskel, M.; Petit, G.; Ryan, M.G.; Battipaglia, G.; Matteucci, G.;
et al. Plant Respiration: Controlled by Photosynthesis or Biomass? Glob. Change Biol. 2020, 26, 1739-1753. [CrossRef]
Kompala-Baba, A.; Baba, W.; Kompata-Baba, A. The Spontaneous Succession in a Sand-Pit-the Role of Life History Traits and
Species Habitat Preferences. Pol. J. Ecol. 2013, 61, 13-22.

Rahmonov, O.; Pukowiec-Kurda, K.; Banaszek, J.; Brom, K. Floristic Diversity in Selected City Parks in Southern Poland. Environ.
Prot. Nat. Resour. 2020, 30, 8-17. [CrossRef]

Aon, M.A.; Colaneri, A.C., II. Temporal and Spatial Evolution of Enzymatic Activities and Physico-Chemical Properties in an
Agricultural Soil. Appl. Soil Ecol. 2001, 18, 255-270. [CrossRef]

Baldrian, P; Trogl, J.; Frouz, J.; énajdr, J.; Valaskova, V.; Merhautova, V.; Cajthaml, T.; Herinkova, J. Enzyme Activities and
Microbial Biomass in Topsoil Layer during Spontaneous Succession in Spoil Heaps after Brown Coal Mining. Soil Biol. Biochem.
2008, 40, 2107-2115. [CrossRef]

Yang, Z.X.; Liu, 5.Q.; Zheng, D.W.; Feng, S.D. Effects of Cadium, Zinc and Lead on Soil Enzyme Activities. . Environ. Sci. 2006,
18, 1135-1141. [CrossRef] [PubMed]

Btoniska, E.; Januszek, K. Usability of Enzyme Activity in Estimation of Forest Soil Quality. Folia For. Pol. 2013, 55, 18-26.
[CrossRef]

Hedénec, P.; Vinduskova, O.; Kukla, J.; gnajdr, J.; Baldrian, P; Frouz, J. Enzyme Activity of Topsoil Layer on Reclaimed and
Unreclaimed Post-Mining Sites. Biol. Commun. 2017, 62, 19-25. [CrossRef]

Li, J.; Zhou, X;; Yan, J.; Li, H.; He, J. Effects of Regenerating Vegetation on Soil Enzyme Activity and Microbial Structure in
Reclaimed Soils on a Surface Coal Mine Site. Appl. Soil Ecol. 2015, 87, 56—62. [CrossRef]

Wozniak, G. Zréznnicowanie Roslinnosci Na Zwatach Pogorniczych Gornego Slaska = Diversity of Vegetation on Coal-Mine Heaps of the
Upper Silesia (Poland); Instytut Botaniki: Krakéw, Poland, 2010.

Wozniak, G.; Chmura, D.; Bloriska, A.; Tokarska-Guzik, B.; Sierka, E. Applicability of Functional Groups Concept in Analysis of
Spatiotemporal Vegetation Changes on Manmade Habitats. Pol. J. Environ. Stud. 2011, 20, 623-631.

Bloriska, A.; Kompata-Baba, A ; Sierka, E.; Bierza, W.; Magurno, E,; Besenyei, L.; Ry$, K.; Wozniak, G. Diversity of Vegetation
Dominated by Selected Grass Species on Coal-Mine Spoil Heaps in Terms of Reclamation of Post-Industrial Areas. J. Ecol. Eng.
2019, 20, 209-217. [CrossRef]

Keith, S.A.; Newton, A.C.; Herbert, R.J.H.; Morecroft, M.D.; Bealey, C.E. Non-Analogous Community Formation in Response to
Climate Change. J. Nat. Conserv. 2009, 17, 228-235. [CrossRef]

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]

Hobbs, R.].; Arico, S.; Aronson, J.; Baron, ].S.; Bridgewater, P.; Cramer, V.A.; Epstein, PR.; Ewel, ].].; Klink, C.A; Lugo, A.E.; et al.
Novel Ecosystems: Theoretical and Management Aspects of the New Ecological World Order. Glob. Ecol. Biogeogr. 2006, 15, 1-7.
[CrossRef]

Petka-Gosciniak, J.J. Plany Zagospodarowania Zwatowisk Odpadéw Poweglowych KWK. Acta Geogr. Silesiana 2015, 18, 59-67.
Galos, K.; Szlugaj, ]. Management of Hard Coal Mining and Processing Wastes in Poland. Miner. Resour. Manag. 2014, 30, 51-64.
[CrossRef]

Markowicz, A.; Wozniak, G.; Borymski, S.; Piotrowska-Seget, Z.; Chmura, D. Links in the Functional Diversity between Soil
Microorganisms and Plant Communities during Natural Succession in Coal Mine Spoil Heaps. Ecol. Res. 2015, 30, 1005-1014.
[CrossRef]

Schinner, F.; Ohlinger, R.; Kandeler, E.; Margesin, R. Methods in Soil Biology; Springer: Berlin/Heidelberg, Germany, 1996.
Burmeier, H. Methods in Applied Soil Microbiology and Biochemistry: Bioremediation of Soil; Academic Press: Cambridge, MA, USA,
1995; ISBN 9780125138406.

Whittaker, R.H.; Robert, H. Communities and Ecosystems; Macmillan: London, UK, 1970.


https://doi.org/10.1016/j.soilbio.2018.05.027
https://doi.org/10.1038/nature13855
https://www.ncbi.nlm.nih.gov/pubmed/25428498
https://doi.org/10.1126/science.284.5420.1677
https://www.ncbi.nlm.nih.gov/pubmed/10356399
https://doi.org/10.1038/nature04282
https://www.ncbi.nlm.nih.gov/pubmed/16437113
https://doi.org/10.1111/j.1461-0248.2008.01185.x
https://www.ncbi.nlm.nih.gov/pubmed/18445031
https://doi.org/10.1175/JCLI-D-12-00579.1
https://doi.org/10.1111/gcb.14857
https://doi.org/10.2478/oszn-2019-0020
https://doi.org/10.1016/S0929-1393(01)00161-5
https://doi.org/10.1016/j.soilbio.2008.02.019
https://doi.org/10.1016/S1001-0742(06)60051-X
https://www.ncbi.nlm.nih.gov/pubmed/17294954
https://doi.org/10.2478/ffp-2013-0003
https://doi.org/10.21638/11701/spbu03.2017.103
https://doi.org/10.1016/j.apsoil.2014.11.010
https://doi.org/10.12911/22998993/93870
https://doi.org/10.1016/j.jnc.2009.04.003
https://doi.org/10.1016/j.ecoleng.2011.10.010
https://doi.org/10.1111/j.1466-822X.2006.00212.x
https://doi.org/10.2478/gospo-2014-0039
https://doi.org/10.1007/s11284-015-1301-3

Energies 2023, 16, 7513 28 of 30

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Symonides, E. Floristic Richness, Diversity, Dominance and Species Evenness in Old-Field Succession Ecosystems. Ekol. Pol. 1985,
33, 61-79.

Tilman, D. On the Meaning of Competition and the Mechanisms of Competitive Superiority. Funct. Ecol. 1987, 1, 304-315.
[CrossRef]

Grace, ].B.; Anderson, T.M.; Seabloom, E.W.; Borer, E.T.; Adler, P.B.; Harpole, W.S.; Hautier, Y.; Hillebrand, H.; Lind, E.M.; Pirtel,
M.; et al. Integrative modelling reveals mechanisms linking productivity and plant species richness. Nature 2016, 529, 390-393.
[CrossRef] [PubMed]

Spehn, E.M.; Hector, A ; Joshi, J.; Scherer-Lorenzen, M.; Schmid, B.; Bazeley-White, E.; Beierkuhnlein, C.; Caldeira, M.C.; Diemer,
M.; Dimitrakopoulos, P.G; et al. Ecosystem Effects of Biodiversity Manipulations in European Grasslands. Ecol. Monogr. 2005,
75,37-63. [CrossRef]

Tilman, D.; Wedin, D.; Knops, J. Productivity and Sustainability Influenced by Biodiversity in Grassland Ecosystems. Nature 1996,
379, 718-720. [CrossRef]

Van Ruijven, ].; Berendse, F. Diversity-Productivity Relationships: Initial Effects, Long-Term Patterns, and Underlying Mecha-
nisms. Proc. Natl. Acad. Sci. USA 2005, 102, 695-700. [CrossRef]

Sonkoly, J.; Kelemen, A.; Valko, O.; Dedk, B.; Kiss, R.; Téth, K.; Miglécz, T.; Téthmérész, B.; Torok, P. Both Mass Ratio Effects and
Community Diversity Drive Biomass Production in a Grassland Experiment. Sci. Rep. 2019, 9, 1848. [CrossRef]

Hector, A. The Effect of Diversity on Productivity: Detecting the Role of Species Complementarity. Otkos 1998, 82, 597. [CrossRef]
Kelemen, A.; Lazzaro, L.; Besny®i, V.; Albert, A.J.; Konetna, M.; Dobay, G.; Memelink, I.; Adamec, V.; Gotzenberger, L.; de
Bello, F; et al. Net Outcome of Competition and Facilitation in a Wet Meadow Changes with Plant’s Life Stage and Community
Productivity. Preslia 2015, 87, 347-361.

Kelemen, A.; Torok, P; Valko, O.; Dedk, B.; Toth, K.; Tothmérész, B. Both Facilitation and Limiting Similarity Shape the Species
Coexistence in Dry Alkali Grasslands. Ecol. Complex. 2015, 21, 34-38. [CrossRef]

Loreau, M. Separating Sampling and Other Effects in Biodiversity Experiments. Oikos 1998, 82, 600. [CrossRef]

Leps, J.; de Bello, E; Lavorel, S.; Berman, S. Quantifying and Interpreting Functional Diversity of Natural Communities: Practical
Considerations Matter. Preslia 2006, 78, 481-501.

Roscher, C.; Temperton, V.M.; Scherer-Lorenzen, M.; Schmitz, M.; Schumacher, J.; Schmid, B.; Buchmann, N.; Weisser, WW.;
Schulze, E.D. Overyielding in Experimental Grassland Communities—Irrespective of Species Pool or Spatial Scale. Ecol. Lett.
2005, 8, 419-429. [CrossRef]

Hector, A.; Schmid, B.; Beierkuhnlein, C.; Caldeira, M.C.; Diemer, M.; Dimitrakopoulos, P.G.; Finn, ].A.; Freitas, H.; Giller, P.S.;
Good, J.; et al. Plant Diversity and Productivity Experiments in European Grasslands. Science 1999, 286, 1123-1127. [CrossRef]
[PubMed]

Tilman, D.; Reich, P.B.; Knops, J.; Wedin, D.; Mielke, T.; Lehman, C. Diversity and Productivity in a Long-Term Grassland
Experiment. Science 2001, 294, 843-845. [CrossRef]

Pesiu, E.; Lee, G.E.; Salam, M.R,; Salim, ].M.; Lau, K.H.; Yong, ]. W.H.; Abdullah, M.T. Species Composition, Diversity, and Biomass
Estimation in Coastal and Marine Protected Areas of Terengganu, Peninsular Malaysia. Agronomy 2022, 12, 2380. [CrossRef]
Heng, R.K,; Tsai, L.M. An Estimate of Forest Biomass in Ayer Hitam Forest Reserve. Pertanika J. Trop. Agric. Sci. 1999, 22, 117-123.
Hikmat, A. Biomass Estimation, Carbon Storage and Energy Content of Three Virgin Jungle Reserves in Peninsular Malaysia.
Media Konserv. 2005, 10, 231430. [CrossRef]

Kowarik, I. Novel Urban Ecosystems, Biodiversity, and Conservation. Environ. Pollut. 2011, 159, 1974-1983. [CrossRef] [PubMed]
Milewska-Hendel, A.; Chmura, D.; Wyrwal, K.; Kurczyniska, E.U.; Kompata-Baba, A.; Jagodziriski, A.M.; WoZniak, G. Cell Wall
Epitopes in Grasses of Different Novel Ecosystem Habitats on Post-Industrial Sites. Land Degrad. Dev. 2021, 32, 1680-1694.
[CrossRef]

German, D.P,; Marcelo, K.R.B.; Stone, M.M.; Allison Allison, S.D. The Michaelis-Menten Kinetics of Soil Extracellular Enzymes in
Response to Temperature: A Cross-Latitudinal Study. Glob. Chang. Biol. 2012, 18, 1468-1479. [CrossRef]

Liljedahl, A.K,; Boike, J.; Daanen, R.P; Fedorov, A.N.; Frost, G.V.; Grosse, G.; Hinzman, L.D.; lijma, Y.; Jorgenson, ].C.; Matveyeva,
N.; et al. Pan-Arctic Ice-Wedge Degradation in Warming Permafrost and Its Influence on Tundra Hydrology. Nat. Geosci. 2016,
9, 312-318. [CrossRef]

Hao, L.; Pan, C.; Fang, D.; Zhang, X.; Zhou, D,; Liu, P;; Liu, Y,; Sun, G. Quantifying the Effects of Overgrazing on Mountainous
Watershed Vegetation Dynamics under a Changing Climate. Sci. Total Environ. 2018, 639, 1408-1420. [CrossRef] [PubMed]
Wen, L.; Dong, S.; Li, Y.; Wang, X.; Li, X,; Shi, J.; Dong, Q. The Impact of Land Degradation on the C Pools in Alpine Grasslands of
the Qinghai-Tibet Plateau. Plant Soil 2013, 368, 329-340. [CrossRef]

Zhang, W.Y,; Yao, D.X,; Zhang, Z.G.; Yang, Q.; Zhao, K.; An, S.K. Characteristics of Soil Enzymes and the Dominant Species of
Repair Trees in the Reclamation of Coal Mine Area. J. Coal Sci. Eng. 2013, 19, 256-261. [CrossRef]

Zhang, W.; Xue, X; Peng, F; You, Q.; Hao, A. Meta-Analysis of the Effects of Grassland Degradation on Plant and Soil Properties
in the Alpine Meadows of the Qinghai-Tibetan Plateau. Glob. Ecol. Conserv. 2019, 20. [CrossRef]

Che, R.; Wang, E; Wang, W.; Zhang, ].; Zhao, X.; Rui, Y.; Xu, Z.; Wang, Y.; Hao, Y.; Cui, X. Increase in Ammonia-Oxidizing Microbe
Abundance during Degradation of Alpine Meadows May Lead to Greater Soil Nitrogen Loss. Biogeochemistry 2017, 136, 341-352.
[CrossRef]


https://doi.org/10.2307/2389785
https://doi.org/10.1038/nature16524
https://www.ncbi.nlm.nih.gov/pubmed/26760203
https://doi.org/10.1890/03-4101
https://doi.org/10.1038/379718a0
https://doi.org/10.1073/pnas.0407524102
https://doi.org/10.1038/s41598-018-37190-6
https://doi.org/10.2307/3546380
https://doi.org/10.1016/j.ecocom.2014.11.004
https://doi.org/10.2307/3546381
https://doi.org/10.1111/j.1461-0248.2005.00736.x
https://doi.org/10.1126/science.286.5442.1123
https://www.ncbi.nlm.nih.gov/pubmed/10550043
https://doi.org/10.1126/science.1060391
https://doi.org/10.3390/agronomy12102380
https://doi.org/10.29244/medkon.10.2.%2525p
https://doi.org/10.1016/j.envpol.2011.02.022
https://www.ncbi.nlm.nih.gov/pubmed/21435761
https://doi.org/10.1002/ldr.3786
https://doi.org/10.1111/j.1365-2486.2011.02615.x
https://doi.org/10.1038/ngeo2674
https://doi.org/10.1016/j.scitotenv.2018.05.224
https://www.ncbi.nlm.nih.gov/pubmed/29929304
https://doi.org/10.1007/s11104-012-1500-4
https://doi.org/10.1007/s12404-013-0223-3
https://doi.org/10.1016/j.gecco.2019.e00774
https://doi.org/10.1007/s10533-017-0399-5

Energies 2023, 16, 7513 29 of 30

86.

87.

88.
89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Tietjen, B.; Schlaepfer, D.R.; Bradford, J.B.; Lauenroth, W.K.; Hall, S.A.; Duniway, M.C.; Hochstrasser, T.; Jia, G.; Munson, S.M.;
Pyke, D.A,; et al. Climate Change-Induced Vegetation Shifts Lead to More Ecological Droughts despite Projected Rainfall
Increases in Many Global Temperate Drylands. Glob. Chang. Biol. 2017, 23, 2743-2754. [CrossRef] [PubMed]

Korschens, M. Importance of Soil Organic Matter (SOM) for Biomass Production and Environment (a Review). Arch. Agron. Soil
Sci. 2002, 21, 89-94. [CrossRef]

Franko, U. Modellierung Des Umsatzes Der Organischen Bodensubstanz. Arch. Agron. Soil Sci. 1997, 41, 527-547. [CrossRef]
Korschens, M. Abhéngigkeit Der Organischen Bodensubstanz (OBS) von Standort Und Bewirtschaftung Sowie Ihr Einfluss Auf
Ertrag Und Bodeneigenschaften. Arch. Agron. Soil. Sci. 1997, 41, 435-463. [CrossRef]

Woliniska, A.; Stepniewska, Z. Dehydrogenase Activity in the Soil Environment. Dehydrogenases 2012, 10, 183-210. [CrossRef]
Chodak, M.; Nikliriska, M. Effect of Texture and Tree Species on Microbial Properties of Mine Soils. Appl. Soil Ecol. 2010,
46, 268-275. [CrossRef]

Ciarkowska, K.; Solek-Podwika, K.; Wieczorek, J. Enzyme Activity as an Indicator of Soil-Rehabilitation Processes at a Zinc and
Lead Ore Mining and Processing Area. J. Environ. Manag. 2014, 132, 250-256. [CrossRef]

Loinaz, G.R.; Onaindia, M.; Amezaga, I.; Mijangos, I.; Garbisu, C. Relationship between Vegetation Diversity and Soil Functional
Diversity in Native Mixed-Oak Forests. Soil. Biol. Biochem. 2008, 40, 49-60. [CrossRef]

Santrtitkova, H.; Vrba, J.; Picek, T; Kopacek, J. Soil Biochemical Activity and Phosphorus Transformations and Losses from
Acidified Forest Soils. Soil Biol. Biochem. 2004, 36, 1569-1576. [CrossRef]

Abakumov, E.; Frouz, J]. Humus Accumulation and Humification during Soil Development in Post-Mining Soil. In Soil Biota and
Ecosystem Development in Post Mining Sites; CRC Press: Boca Raton, FL, USA, 2013; pp. 19-37. [CrossRef]

Stefanowicz, A.M.; Kapusta, P; Bloniska, A.; Kompata-Baba, A.; Wozniak, G. Effects of Calamagrostis Epigejos, Chamaenerion
Palustre and Tussilago Farfara on Nutrient Availability and Microbial Activity in the Surface Layer of Spoil Heaps after Hard Coal
Mining. Ecol. Eng. 2015, 83, 328-337. [CrossRef]

Hooper, D.U.; Chapin, ES.; Ewel, ].].; Hector, A.; Inchausti, P; Lavorel, S.; Lawton, ].H.; Lodge, D.M.; Loreau, M.; Naeem, S.; et al.
Effects of biodiversity on ecosystem functioning: A consensus of current knowledge. Ecol. Monogr. 2005, 75, 3-35. [CrossRef]
Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. Pyrosequencing-Based Assessment of Soil PH as a Predictor of Soil Bacterial
Community Structure at the Continental Scale. Appl. Environ. Microbiol. 2009, 75, 5111-5120. [CrossRef] [PubMed]

Frouz, J.; Roubi¢kova, A.; Hedénec, P.; Tajovsky, K. Do Soil Fauna Really Hasten Litter Decomposition? A Meta-Analysis of
Enclosure Studies. Eur. J. Soil Biol. 2015, 68, 18-24. [CrossRef]

Schmidt, M.W.IL; Torn, M.S.; Abiven, S.; Dittmar, T.; Guggenberger, G.; Janssens, I.A.; Kleber, M.; Kégel-Knabner, I.; Lehmann,
J.; Manning, D.A.C; et al. Persistence of Soil Organic Matter as an Ecosystem Property. Nature 2011, 478, 49-56. [CrossRef]
[PubMed]

Garcia-Palacios, P.; Maestre, E.T.; Kattge, J.; Wall, D.H. Climate and Litter Quality Differently Modulate the Effects of Soil Fauna
on Litter Decomposition across Biomes. Ecol. Lett. 2013, 16, 1045-1053. [CrossRef] [PubMed]

Wardle, D.A.; Bardgett, R.D.; Klironomos, J.N.; Setédld, H.; Van Der Putten, W.H.; Wall, D.H. Ecological Linkages Between
Aboveground and Belowground Biota. Science 2004, 304, 1629-1633. [CrossRef] [PubMed]

Dominati, E.; Patterson, M.; Mackay, A. A Framework for Classifying and Quantifying the Natural Capital and Ecosystem
Services of Soils. Ecol. Econ. 2010, 69, 1858-1868. [CrossRef]

Hittenschwiler, S.; Gasser, P. Soil Animals Alter Plant Litter Diversity Effects on Decomposition. Proc. Natl. Acad. Sci. USA 2005,
102, 1519-1524. [CrossRef]

Meier, C.L.; Bowman, W.D. Links between Plant Litter Chemistry, Species Diversity, and below-Ground Ecosystem Function.
Proc. Natl. Acad. Sci. USA 2008, 105, 19780-19785. [CrossRef]

McCay, T.S.; Cardelus, C.L.; Neatrour, M.A. Rate of Litter Decay and Litter Macroinvertebrates in Limed and Unlimed Forests of
the Adirondack Mountains, USA. For. Ecol. Manag. 2013, 304, 254-260. [CrossRef]

Liitzow, M.V,; Kégel-Knabner, I.; Ekschmitt, K.; Matzner, E.; Guggenberger, G.; Marschner, B.; Flessa, H. Stabilization of Organic
Matter in Temperate Soils: Mechanisms and Their Relevance under Different Soil Conditions—A Review. Eur. J. Soil Sci. 2006,
57,426-445. [CrossRef]

Anderson, ].M.; Ineson, P. Interactions between Microorganisms and Soil Invertebrates in Nutrient Flux Pathways of Forest Ecosystems.
Symposium Series-British Mycological Society; Cambridge University Press: Cambridge, UK, 1984.

Aubert, M.; Margerie, P; Trap, J.; Bureau, F. Aboveground-Belowground Relationships in Temperate Forests: Plant Litter
Composes and Microbiota Orchestrates. For. Ecol. Manag. 2010, 259, 563-572. [CrossRef]

Frouz, J.; Simek, M. Short Term and Long Term Effects of Bibionid (Diptera: Bibionidae) Larvae Feeding on Microbial Respiration
and Alder Litter Decomposition. Eur. J. Soil Biol. 2009, 45, 192-197. [CrossRef]

Lavelle, P.; Martin, A. Small-scale and large-scale effects of endogeic earthworms on soil organic matter dynamics in soils of the
humid tropics. Soil Biol. Biochem. 1992, 24, 1491-1498. [CrossRef]

Kaneda, S.; Frouz, ].; Baldrian, P; Cajthaml, T.; Kristafek, V. Does the Addition of Leaf Litter Affect Soil Respiration in the Same
Way as Addition of Macrofauna Excrements (of Bibio Marci Diptera Larvae) Produced from the Same Litter? Appl. Soil Ecol. 2013,
72,7-13. [CrossRef]

Bohlen, PJ.; Scheu, S.; Hale, C.M.; McLean, M.A ; Migge, S.; Groffman, PM.; Parkinson, D. Non-Native Invasive Earthworms as
Agents of Change in Northern Temperate Forests. Front. Ecol. Environ. 2004, 2, 427. [CrossRef]


https://doi.org/10.1111/gcb.13598
https://www.ncbi.nlm.nih.gov/pubmed/27976449
https://doi.org/10.1080/03650340214162
https://doi.org/10.1080/03650349709366019
https://doi.org/10.1080/03650349709366015
https://doi.org/10.5772/48294
https://doi.org/10.1016/j.apsoil.2010.08.002
https://doi.org/10.1016/j.jenvman.2013.10.022
https://doi.org/10.1016/j.soilbio.2007.04.015
https://doi.org/10.1016/j.soilbio.2004.07.015
https://doi.org/10.1201/B15502-3
https://doi.org/10.1016/j.ecoleng.2015.06.034
https://doi.org/10.1890/04-0922
https://doi.org/10.1128/AEM.00335-09
https://www.ncbi.nlm.nih.gov/pubmed/19502440
https://doi.org/10.1016/j.ejsobi.2015.03.002
https://doi.org/10.1038/nature10386
https://www.ncbi.nlm.nih.gov/pubmed/21979045
https://doi.org/10.1111/ele.12137
https://www.ncbi.nlm.nih.gov/pubmed/23763716
https://doi.org/10.1126/science.1094875
https://www.ncbi.nlm.nih.gov/pubmed/15192218
https://doi.org/10.1016/j.ecolecon.2010.05.002
https://doi.org/10.1073/pnas.0404977102
https://doi.org/10.1073/pnas.0805600105
https://doi.org/10.1016/j.foreco.2013.05.010
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1016/j.foreco.2009.11.014
https://doi.org/10.1016/j.ejsobi.2008.09.012
https://doi.org/10.1016/0038-0717(92)90138-N
https://doi.org/10.1016/j.apsoil.2013.05.011
https://doi.org/10.1890/1540-9295(2004)002[0427:NIEAAO]2.0.CO;2

Energies 2023, 16, 7513 30 of 30

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Hartley, I.P.; Armstrong, A.F; Murthy, R.; Barron-Gafford, G.; Ineson, P.; Atkin, O.K. The Dependence of Respiration on
Photosynthetic Substrate Supply and Temperature: Integrating Leaf, Soil and Ecosystem Measurements. Glob. Change Biol. 2006,
12,1954-1968. [CrossRef]

Hogberg, P; Read, D.J. Towards a More Plant Physiological Perspective on Soil Ecology. Trends Ecol. Evol. 2006, 21, 548-554.
[CrossRef]

Neff, J.C.; Hooper, D.U. Vegetation and Climate Controls on Potential CO,, DOC and DON Production in Northern Latitude
Soils. Glob. Change Biol. 2002, 8, 872-884. [CrossRef]

Subke, J.A.; Bahn, M. On the “temperature Sensitivity” of Soil Respiration: Can We Use the Immeasurable to Predict the
Unknown? Soil Biol. Biochem. 2010, 42, 1653—-1656. [CrossRef]

Reichstein, M.; Kétterer, T.; Andrén, O.; Ciais, P.; Schulze, E.-D.; Cramer, W.; Papale, D.; Valentini, R. Temperature Sensitivity of
Decomposition in Relation to Soil Organic Matter Pools: Critique and Outlook. Biogeosciences 2005, 2, 317-321. [CrossRef]
Frouz, J.; Novakovd, A. Development of Soil Microbial Properties in Topsoil Layer during Spontaneous Succession in Heaps after
Brown Coal Mining in Relation to Humus Microstructure Development. Geoderma 2005, 129, 54—64. [CrossRef]

Katucka, I.L.; Jagodziniski, A.M. Successional Traits of Ectomycorrhizal Fungi in Forest Reclamation after Surface Mining and
Agricultural Disturbances: A Review. Dendrobiology 2016, 76, 91-104. [CrossRef]

Hobbs, R.].; Higgs, E.S.; Hall, C.M. (Eds.) Novel Ecosystems: Intervening in the New Ecological World Order; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2013; pp. 1-368. [CrossRef]

Novak, J.; Prach, K. Vegetation Succession in Basalt Quarries: Pattern on a Landscape Scale. Appl. Veg. Sci. 2003, 6, 111-116.
[CrossRef]

Wozniak, G.; Jagodzinski, A.M. Post-Mineral Excavation Sites as Novel Ecosystems and Examples of Socio-Environmental
Resilience. In Green Scenarios: Mining Industry Responses to Environmental Challenges of the Anthropocene Epoch; CRC Press: Boca
Raton, FL, USA, 2022; pp. 57-68. [CrossRef]

Wozniak, G.; Chmura, D.; Matkowski, E.; Zieleznik-Rusinowska, P,; Sitko, K.; Ziemer, B.; Bloriska, A. Is the Age of Novel
Ecosystem the Factor Driving Arbuscular Mycorrhizal Colonization in Poa Compressa and Calamagrostis Epigejos? Plants 2021,
10, 949. [CrossRef] [PubMed]

Chmura, D.; Jagodziniski, A.M.; Hutniczak, A.; Dyczko, A.; Wozniak, G. Novel Ecosystems in the Urban-Industrial Landscape-
Interesting Aspects of Environmental Knowledge Requiring Broadening: A Review. Sustainability 2022, 14, 10829. [CrossRef]
Btoniska, A.; Chmura, D.; Hutniczak, A.; Wilczek, Z.; Jarosz, J.; Besenyei, L.; WozZniak, G. The Plant Species Composition of an
Abandoned Meadow as an Element of an Ecosystem Mosaic within an Urban-Industrial Landscape. Sustainability 2022, 14, 11851.
[CrossRef]

Morse, N.B.; Pellissier, P.A.; Cianciola, E.N.; Brereton, R.L.; Sullivan, M.M.; Shonka, N.K.; Wheeler, T.B.; McDowell, W.H. Novel
Ecosystems in the Anthropocene: A Revision of the Novel Ecosystem Concept for Pragmatic Applications. Ecol. Soc. 2014, 19, 12.
[CrossRef]

Wozniak, G.; Malicka, M.; Kasztowski, J.; Radosz, L.; Czarnecka, J.; Vangronsveld, J.; Prostaniski, D. How Important Are the
Relations between Vegetation Diversity and Bacterial Functional Diversity for the Functioning of Novel Ecosystems? Sustainability
2023, 15, 678. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1365-2486.2006.01214.x
https://doi.org/10.1016/j.tree.2006.06.004
https://doi.org/10.1046/j.1365-2486.2002.00517.x
https://doi.org/10.1016/j.soilbio.2010.05.026
https://doi.org/10.5194/bg-2-317-2005
https://doi.org/10.1016/j.geoderma.2004.12.033
https://doi.org/10.12657/denbio.076.009
https://doi.org/10.1002/9781118354186
https://doi.org/10.1111/j.1654-109X.2003.tb00570.x
https://doi.org/10.1201/9781003271604-6
https://doi.org/10.3390/plants10050949
https://www.ncbi.nlm.nih.gov/pubmed/34068665
https://doi.org/10.3390/su141710829
https://doi.org/10.3390/su141911851
https://doi.org/10.5751/ES-06192-190212
https://doi.org/10.3390/su15010678

	Introduction 
	Materials and Methods 
	Study Site Description 
	Vegetation Data Collection 
	Vegetation Diversity Measurements 
	Biomass Collection 
	Enzyme Activity Measurement 
	Soil Fauna Samples 
	Respiration Measurement 
	Data Analysis 

	Results 
	Discussion 
	Plant Species Composition Diversity and the Amount of Biomass 
	The Relationship between the Amount of Biomass and the Soil Organic Matter (SOM) in the Studied Vegetation Types of Novel Ecosystems on Post-Black Coal Mine Heaps 
	Soil Enzyme Activities and the Amount of Biomass 
	Soil Fauna Diversity and the Amount of Biomass in the Studied Vegetation Patches 
	The Amount of Biomass and Soil Respiration 
	Specific Habitat Conditions of Mine Heaps (The Low Albedo of Mineral Deposits) 
	The Understanding of the Biomass Relationships to the Biotic Conditions of Novel Ecosystems on Coal Mine Heaps 

	Conclusions 
	References

