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Abstract: Plant–microbial relations have not yet been fully disclosed in natural or seminatural ecosys-
tems, nor in novel ecosystems developing spontaneously on post-coal mine heaps. The aim of this
study was to determine which factor, biotic (plant taxonomic diversity vs. plant functional diversity)
or abiotic (physicochemical substrate parameters), affects the biomass of soil microbial communities
the most, as well as soil in situ respiration in novel ecosystems. The study was carried out on
unreclaimed plots selected according to four different combinations of taxonomic and functional
plant diversity. Additionally, plots on a reclaimed heap served as a comparison between the two
management types. The biomass of several soil microbial groups was analysed using phospholipid
fatty acids profiles. We detected that soil microbial biomass was more impacted by abiotic parameters
(explaining 23% of variance) than plant diversity (explaining 12% of variance). Particularly, we
observed that substrate pH was the most important factor shaping microbial community biomass, as
shown in the RDA analysis. The highest microbial biomass was found in plots with low taxonomic
and functional diversity. This finding can be explained by the fact that these plots represented a more
advanced phase of vegetation development in the early stages of plant succession.

Keywords: Calamagrostis epigejos; phospholipid fatty acid (PLFA); plant taxonomical and functional
diversity; post-mining spoil heap; soil respiration

1. Introduction

Interactions between plants and microorganisms constitute an integral element of ev-
ery terrestrial ecosystem. The microbial community in the rhizosphere is the most abundant
and diverse subset of the soil microbiome. Co-evolution of plants and microorganisms has
led to the formation of specific relations that allow both partners to support their growth
and development [1]. Plants affect microbial biomass and diversity by supporting the
soil with carbon fixed through the photosynthetic process. They allocate about 20–30% of
carbon to their underground parts, and a significant fraction (up to 30%) is further delivered
to the rhizosphere as direct root deposition through exudation, sloughed root cap cells,
or via mycorrhiza [2–4]. Root exudation contains easily assimilable compounds, such as
sugars, organic acids, and amino acids, that stimulate microbial growth and decomposition
of soil organic matter which, in turn, increases the pool of nutrients available to plants.
Plant investment in soil carbon allocation is rewarded with an increased amount of easily
accessible elements, particularly nitrogen and phosphorus, and improved tolerance to
abiotic stresses, such as drought, salinity and the presence of toxic compounds [5].
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Plant diversity can increase the metabolic efficiency of microorganisms and reduce
their metabolic quotient (respiration to biomass ratio) by providing diverse resources
through root exudates and litter [6–8]. A global meta-analysis indicated that the microbial
biomass, fungi/bacteria ratio, and microbial respiration increased in soils under plant
mixture compared to monocultures [9]. This pattern was observed in different ecosystem
types, such as forests, grasslands, and arable fields [10]. However, some studies have
shown negative or no response of soil microbial diversity and biomass to increased plant
diversity [11,12].

Taxonomic diversity expressed, among several indices, by the Shannon–Wiener species
diversity index (H′), is the main measure of biodiversity that takes into account the whole
number of species in a given community and permits following their changes over time.
Many past studies examined the effects of plant taxonomic diversity on soil microbial
communities. However, by considering only the taxonomic diversity, it is possible to
overlook species’ functional attributes necessary to understand a variety of ecological
functions of species constituting communities. This also applies to processes responsible
for the dynamics of species occurrence and community assembly, as well as implications
of biodiversity changes to ecosystem functions [13]. Both taxonomic and functional plant
diversity influences biomass and structure of soil microbial communities determining the
functioning of the belowground system [14,15]. Plant species with different functional traits
could produce litter with different mineral and lignin contents. The quantity and quality of
litter result in significant differences in soil pH, soil fertility, diversity and biomass of soil
microbial communities [16].

Not all aspects of the interaction mentioned above are fully investigated in seminat-
ural ecosystems. Much less is known about plant–microorganism relationships in areas
transformed by industrial activity, such as mining, that resulted in the removal of existing
vegetation, soil degradation and aggravated water conditions [17–20]. Such activities lead
to the emergence and subsequent development of novel ecosystems [21,22]. In such environ-
ments, the species composition, significantly different from the surrounding non-industrial
habitats, includes plant and fauna communities and the associated saprophyte organisms
established as a result of natural processes of recruitment and colonisation without human
intervention [18,23–25]. Coal post-mining sites represent an important element of Central
European landscapes, particularly in the Silesian Upland region in southern Poland. As
a side effect of mining activities, huge amounts of excavated material are accumulated
in waste heaps where the mineral substrates in such environments are characterised by
low water-holding capacity, poor nutrient concentrations, or high temperatures. These
unusual chemical and physical properties create a harsh and unfavourable condition for the
colonisation and growth of plants [26–28]. Interestingly, these novel ecosystems provide
an opportunity to study the processes of primary succession on a substrate with very low
initial biological activity and the build-up of relationships between soil microorganisms
and plants [29].

The mechanisms ruling the establishment of novel ecosystems developing on newly
established mineral habitats, particularly the relations between the taxonomic and func-
tional plant diversity and associated microbial communities, are almost unknown and may
differ from trends observed in other ecosystems. Therefore, the aim of this study was to
determine which factor, biotic (plant taxonomic diversity vs. plant functional diversity) or
abiotic (physicochemical substrate parameters), affects the biomass and structure of soil
microbial communities the most, as well as soil in situ respiration on hard coal spoil heaps.

2. Materials and Methods
2.1. Study Area

The study area is situated in the Katowice Upland—a central part of the Silesian
Upland (southern Poland). This region is under a temperate climate, with an annual
rainfall of 600–800 mm and the highest mean temperature of 14–16 ◦C in July. In the
Silesian Upland, western winds dominate. The number of days with mists ranges from 30
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to 100, and cloud cover is approximately 60–80% (Skurczyńska and Leśniok, 2008). The
fieldwork was conducted and samples collected from the Zabrze Sośnica Makoszowy coal
mine heap (50◦16′22′′ N, 18◦44′43′′ E). The beginnings of the Sośnica Makoszowy heap
deposition date back to the second half of 1906. This still active coal mine heap occupies an
area of approximately 170 hectares and is located at an altitude of over 310 m above sea
level. It is almost 2 km long, 900 m wide, and its height reaches up to 30 m. In addition,
research was carried out on the Kostuchna heap (50◦11′4′′ N, 19◦0′33′′ E), which is subject to
reclamation. The reclamation process includes the reduction of topographic heterogeneity
by remodelling the surface, the addition of 20–30 cm of topsoil, and after that, planting of
soil-stabilising plant species, as well as fertility-enhancing plants such as legumes [30].

2.2. Criteria for Selection and Sampling of Vegetation Plots

Two plant diversity indices were considered as criteria for plot selection: the Shannon–
Wiener species diversity (H′) as a representative of taxonomic diversity, and the functional
dispersion (FDis) as a representative of functional diversity. The Shannon–Wiener diversity
index takes into account both the number of species in a given plot and the number of
individuals of a given species. It is one of ecology’s most popular biodiversity indices [31].
Functional dispersion, calculated on the functional traits, is a measure of a low level of
habitat filtering and a high level of competition [32]. It can handle any number and type
of traits (including more traits than species), is not strongly influenced by outliers, and
can consider species’ relative abundances [33]. For FDis calculation, the functional traits
of the plant species recorded in the study area were extracted from the open access Plant
Traits Databases (TRY) [34]. In total, 35 plant traits, available to all the species commonly
recorded in the study area, were selected (see Table S1), to assess the functional dispersion
of the vegetation plots. Following Kleyer et al.’s [35] suggestion, traits represent three main
aspects of plant behaviour: persistence, regeneration and dispersibility. In our case, the two
formers mainly were included because they play a more crucial role in the colonization
of brownfield sites. In addition, morphological traits (e.g., height), physiological traits
(e.g., the content of N and C elements in plant tissues), regenerative traits and species
habitat preference (Ellenberg indicator values for light, moisture, trophy, salinity) were
taken into account. Furthermore, affinity to a particular sociological group and origin of
species (native vs. alien) was considered.

The plants’ Shannon–Wiener index was calculated using the vegan package, whereas
FDis was computed based on species abundances and plant traits used by means of the
algorithm implemented in the FDis package [33].

In June 2019, a preliminary investigation of the study area was conducted to record
the composition of a high number of vegetation plots. Data from field studies conducted
in 2016 on spontaneous vegetation on the heap were also available [36]. In the structure
of plant communities that developed spontaneously on coal mine spoil heaps, a relatively
wide range of plant species can be found. A list of the most common species was published
by Błońska et al. [37]. For our investigation, we focused on plots where the dominant or co-
dominant species was an expansive native grass, Calamagrostis epigejos, often found in post-
mining sites. Other plant species frequently found in the study plots include: Arrhenatherum
elatius, Centaurea stoebe, Chamaenerion palustre, Festuca arundinacea, F. rubra, Medicago lupulina,
M. sativa, Melilotus alba, Phragmites australis and Tussilago farfara. Individual plots were
composed of 3 to 11 plant species, mostly of native origin. In each plot, between 11 and
28 specimens (an average of 18 specimens) of C. epigejos were recorded.

Based on the H′ index and FDis values, 12 unreclaimed plots were selected among
those recorded in the field investigation. The vegetation plots were chosen to represent
four combinations of taxonomical and functional diversity: 3 plots were characterised
by high taxonomic and functional diversity (HH), 3 plots by high taxonomic and low
functional diversity (HL), 3 plots by low taxonomic and high functional diversity (LH),
and 3 plots by low taxonomic and functional diversity (LL). The H′ index values ranged
from 0.68 to 1.84, while for FDis from 0.18 to 0.35 in the selected plots. According to these
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ranges, we considered the diversity values as follows: for taxonomic diversity, values of
the H′ index higher than 1.5 were considered high, while values below 1.3 were considered
low. For functional diversity, FDis values higher than 0.32 were considered high, while
FDis values lower than 0.30 were considered low (see Table 1). Additionally, 3 plots were
established on the reclaimed heap (R), to serve as a comparison between the two types
of management (unreclaimed and reclaimed). In total, 15 plots with the shape of a circle
(3 m radius), divided into five categories (the four combinations of taxonomic-functional
diversity plus the group of reclaimed plots) were available for sampling. A diagram
summarizing the selection of the 15 test plots is shown in Figure 1. For each combination
of taxonomic and functional diversity, the selected plots differed significantly in H′ and
FDis indices. These differences were tested by Permutational ANOVA and Approximative
(Monte Carlo) Nemenyi–Damico–Wolfe–Dunn test for multiple comparisons.

Table 1. Taxonomical diversity (H′), functional diversity (FDis) and number of specimens in plots with
different levels of plant taxonomic and functional diversity (mean ± SE). No statistical differences
are marked by the same letter in the same row (p < 0.05).

H′ FDis Number of Specimens

HH 1.76 ± 0.07 a 0.34 ± 0.00 bc 49.67 ± 6.94
HL 1.53 ± 0.03 ab 0.29 ± 0.00 b 40.00 ± 5.29
LH 1.12 ± 0.07 bc 0.33 ± 0.01 ac 33.00 ± 4.58
LL 0.81 ± 0.09 c 0.22 ± 0.03 b 28.67 ± 3.53
R 1.17 ± 0.03 bc 0.46 ± 0.01 ac 12.27 ± 6.62

Abbreviations: plots with HH—high taxonomical and functional diversity; HL—high taxonomic, low functional
diversity; LH—low taxonomical and high functional diversity; LL—low taxonomic and functional diversity;
R—reclaimed plots.

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 20 
 

 
Figure 1. Diagram showing the selection procedure for the 15 studied plots. Abbreviations: HH—
high taxonomical and functional diversity; HL—high taxonomical and low functional diversity; 
LH—low taxonomical and high functional diversity; LL—low taxonomical and functional diversity; 
R—reclaimed plots. 

2.3. Substrate Physicochemical Analyses 
Substrate samples for the physicochemical analyses were air-dried in the laboratory 

to constant weight at room temperature and sieved (through 2 mm or 0.25 mm mesh, 
depending on the analysis). Substrate pH was measured after 24 h of equilibration in a 
1:2.5 substrate/solution ratio (in both water and 1 M KCl) using a glass electrode, and 
electrical conductivity (EC) was measured in 1:5 substrate/water ratio. Soil organic carbon 
content (SOC) was determined by the Turin method modified by Simakov [38] and total 
N (TN) by the Kjeldahl method [39]. Total Kjeldahl nitrogen is the sum of the organic 
bounded nitrogen groups and the ammonium-nitrogen. The content of available forms of 
phosphorus (P2O5) was estimated according to the Polish Norm PN-R-04023:1996 based 
on the Egner–Riehm method. The available Mg (MgO) concentration was measured using 
the Schachtschabel method by extraction in 0.0125 M calcium chloride solution [40]. Ex-
changeable cations (K+, Na+) were extracted with 1 M ammonium acetate at pH 7.0 [41]. 
The concentration of available Mg and exchangeable cations were determined using flame 
absorption spectrometry (Thermo Scientific iCE 3500, Thermo Fisher Scientific, Waltham, 
MA, USA). Substrate moisture was determined in situ using the ML3 ThetaKit soil mois-
ture portable sensor (Delta-T Devices, Cambridge, UK). 

2.4. Substrate Respiration (Rs) Measurements 
The in situ substrate respiration (Rs) measurements were performed on the selected 

vegetation plots using a portable infrared gas analyser (IRGA) connected to a soil respira-
tion chamber (TARGAS-1 and SRC-2; PP Systems, Amesbury, MA, USA). The soil respi-
ration chamber covered a surface area of 78 cm2 and an enclosed volume of 1171 cm3. The 
edge of the soil respiration chamber was inserted into the substrate to a depth of 1–2 cm. 
The detailed measurement procedure is described in Woźniak et al. [42]. 

Figure 1. Diagram showing the selection procedure for the 15 studied plots. Abbreviations:
HH—high taxonomical and functional diversity; HL—high taxonomical and low functional di-
versity; LH—low taxonomical and high functional diversity; LL—low taxonomical and functional
diversity; R—reclaimed plots.



Sustainability 2023, 15, 4880 5 of 18

In July 2019, 3 cores of the substrate (50 cm long × 50 cm wide × 20 cm deep),
representing single samples for each plot, were collected for laboratory analyses. For
each core, 100 g of substrate was stored in plastic bags at −20 ◦C and later used for
phospholipid fatty acids (PLFA) analysis. The remaining amount of substrate was kept for
physicochemical analyses.

2.3. Substrate Physicochemical Analyses

Substrate samples for the physicochemical analyses were air-dried in the laboratory
to constant weight at room temperature and sieved (through 2 mm or 0.25 mm mesh,
depending on the analysis). Substrate pH was measured after 24 h of equilibration in a
1:2.5 substrate/solution ratio (in both water and 1 M KCl) using a glass electrode, and
electrical conductivity (EC) was measured in 1:5 substrate/water ratio. Soil organic carbon
content (SOC) was determined by the Turin method modified by Simakov [38] and total
N (TN) by the Kjeldahl method [39]. Total Kjeldahl nitrogen is the sum of the organic
bounded nitrogen groups and the ammonium-nitrogen. The content of available forms of
phosphorus (P2O5) was estimated according to the Polish Norm PN-R-04023:1996 based
on the Egner–Riehm method. The available Mg (MgO) concentration was measured
using the Schachtschabel method by extraction in 0.0125 M calcium chloride solution [40].
Exchangeable cations (K+, Na+) were extracted with 1 M ammonium acetate at pH 7.0 [41].
The concentration of available Mg and exchangeable cations were determined using flame
absorption spectrometry (Thermo Scientific iCE 3500, Thermo Fisher Scientific, Waltham,
MA, USA). Substrate moisture was determined in situ using the ML3 ThetaKit soil moisture
portable sensor (Delta-T Devices, Cambridge, UK).

2.4. Substrate Respiration (Rs) Measurements

The in situ substrate respiration (Rs) measurements were performed on the selected
vegetation plots using a portable infrared gas analyser (IRGA) connected to a soil respiration
chamber (TARGAS-1 and SRC-2; PP Systems, Amesbury, MA, USA). The soil respiration
chamber covered a surface area of 78 cm2 and an enclosed volume of 1171 cm3. The edge
of the soil respiration chamber was inserted into the substrate to a depth of 1–2 cm. The
detailed measurement procedure is described in Woźniak et al. [42].

2.5. Analysis of Microbial Community Structure Using PLFA

The community structure of soil/substrate microorganisms was assessed using a proto-
col for a PLFA analysis described by Pennanen et al. [43] with minor modifications. Briefly,
lipids were extracted from 2 g of a substrate using a one-phase mixture of chloroform,
methanol, and citrate buffer (1:2:0.8, v/v/v). The total lipid extract was fractionated into
neutral lipids, glycolipids and phospholipids using silica solid-phase extraction columns
(Supelco Silica Tube, 3 mL, 500 mg, Sigma-Aldrich, St. Louis, MO, USA) by eluting with
chloroform, acetone and methanol, respectively. The methanol fraction was reduced to
dryness under nitrogen. The eluted phospholipids were derivatised by mild alkaline
methanolysis to generate fatty acid methyl esters (FAMEs). FAMEs were first analysed
by an Agilent 7820A GC (Agilent Technologies, Santa Clara, CA, USA) gas chromatogra-
phy system with an Agilent HP-Ultra 2 capillary column (cross-linked 5% phenyl-methyl
silicone; 25 m, 0.20 mm ID; film thickness 0.33 µm). Hydrogen was used as a carrier
gas. FAMEs were then detected using a flame ionisation detector (FID) and identified
using the MIDI-MIS software (Sherlock TSBA6 library; MIDI Inc., Newark, DE, USA).
Nonadecanoic acid (19:0) was used as the internal standard to calculate the individual fatty
acid concentration. Total biomass (TotPLFA) was calculated as the sum of all extracted
PLFAs [44].

The sum of fatty acids i14:0, i15:0, a15:0, i16:0, 17:0, i17:0, and a17:0 was used to
determine the biomass of Gram-positive bacteria [44–46]. To determine the biomass of
Gram-negative bacteria, 16:1ω7t, cy17:0, and cy19:0 was used [46]. The distribution of
10Me 17:0 and 10Me 18:0 was chosen to calculate the biomass of actinomycetes, and
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18:2ω6,9 was used to assess the biomass of saprophytic fungi [44,45]. The fatty acid 16:1ω5
was chosen as a marker for arbuscular fungi, while 18:1ω9 represented saprophytic and
potentially ectomycorrhizal fungi [46]. Bacterial biomass was calculated based on fatty
acids of bacterial origin. The ratios of the biomass of Gram-positive bacteria to the biomass
of Gram-negative bacteria and the bacterial to fungal fraction were also calculated.

The Shannon–Wiener diversity index (H′), Evenness (E), Simpson dominance index (D)
and Margalef richness index (DS) were employed to assess the soil microbial PLFA diversity.

Shannon-Wiener diversity index, H′ = −∑Pi(lnPi), where Pi = ni/N (1)

Evenness, E = H′/H′max = H′/lnS (2)

Simpson dominance index, D = ∑Pi
2 (3)

Margalef richness index, DS = (S − 1)/lnN (4)

where ni is the nmol g−1 d.w. of a certain PLFA; N is the sum of all PLFAs in a sample,
expressed as nmol g−1 d.w.; H′ is observed diversity; H′max is maximum diversity for a
given number of PLFAs and S is the total number of microbial PLFAs.

2.6. Statistical Analysis

To examine variations among various levels of taxonomical and functional diversity,
substrate data were subjected to principal components analysis (PCA). The PCA showed
which substrate parameters contributed the most to overall variation in substrate data.
Prior to the analysis, the variables were scaled.

The PERMANOVA test was used to check significant differences in the matrix of
substrate variables among five diversity levels by the function vegan::adonis2. For detailed
analysis, non-parametric tests were employed. To find the differences between five diversity
levels, the Kruskal–Wallis test was conducted, and in the case of significant results, the
Conover procedure was performed for multiple comparisons.

The redundancy analysis (RDA) was performed to examine the influence of soil
parameters on the PLFA community. The backward and stepwise model selection was
run using permutation tests (999 iterations). To examine how biotic data explains PLFAs
diversity, nonmetrical multidimensional scaling (NMDS) based on the Euclidean measure
was performed. The distance measure was chosen based on the value of stress. The
lowest value was in the Euclidean distance case, which yielded stress lower than 0.1, which
indicated a good fit. In order to show the impact of studied explanatory variables on the
PLFAs community, passive projection was produced using vector fitting onto ordination.
As explanatory variables, the following parameters were taken into account: the diversity
indices (Simpson dominance index, Simpson diversity index, Shannon–Wiener index, and
Evenness), standardised PLFA in % of participation of particular microbial taxa (Gram-
positive, Gram-negative, actinomycetes, saprotrophic fungi and ectomycorrhizal fungi),
respiration and nutrient stress markers. The significance was tested using 999 permutations
of the Monte Carlo test.

A Venn diagram was produced to show variance partitioning in explaining PLFAs
diversity by the substrate parameters and vegetation data, including species composition
expressed by site scores along the first two axes of PCA and taxonomic diversity (Shannon–
Wiener index) and functional diversity (functional dispersion).

For a detailed analysis of differences in biotic data among diversity levels, the Kruskal–
Wallis test was followed by the Conover test for pairwise comparisons. In the case of biotic
data, nanomoles per gram of dry soil were compared.

3. Results
3.1. Substrate Physicochemical Parameters

All the measured parameters except for EC were significantly different between the
five plot categories (Table 2). The HH plots were characterised by significantly higher
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substrate reaction (pH in H2O and KCl) and SOM content compared to other plot types.
Moreover, the concentration of exchangeable cations of Na+ and K+, as well as available
phosphorus (P2O5), were highest in HH and R plots. In contrast, in terms of total nitrogen
and SOM content, R plots had the lowest values. The PCA explained 51% of substrate
properties variation in the studied plots. According to the PCA, pH in H2O and in KCl, as
well as SOM and total nitrogen, accounted for most of the soil variation, whereas electrolytic
conductivity and exchangeable cations of K+ accounted for the lowest fraction of variation
(Figure 2). The categories of plots representing different combinations of taxonomic and
functional diversity differed significantly from plots belonging to the R site in overall soil
data (r2 = 0.5047, pseudo-F = 10.19, p < 0.001). The HH, HL, LH and LL overlapped in PCA
ordination, which indicated their similarity (Figure 2).

Table 2. Substrate parameters of plots with different levels of plant taxonomic and functional diversity
(mean ± SE) (Kruskal–Wallis test followed by post-hoc Conover test). No statistical differences are
marked by the same letter in the same row (p < 0.05).

HH HL LH LL R

pH H2O 7.51 ± 0.17 a 6.86 ± 0.19 b 6.38 ± 0.57 b 5.06 ± 0.37 c 6.31 ± 0.12 bc
pH KCl 7.20 ± 0.18 a 6.41 ± 0.19 b 5.77 ± 0.56 b 4.49 ± 0.44 c 5.41 ± 0.12 c

EC (mS cm−1) 0.62 ± 0.19 a 0.70 ± 0.27 a 0.32 ± 0.07 a 0.33 ± 0.08 a 0.21 ± 0.02 a
NT (%) 0.33 ± 0.06 b 0.47 ± 0.03 a 0.37 ± 0.02 b 0.39 ± 0.01 b 0.21 ± 0.01 c

SOM (%) 16.31 ± 3.18 b 23.59 ± 0.92 a 20.07 ± 1.14 ab 19.46 ± 0.91 ab 8.32 ± 0.82 c
Mg ava. (mg kg−1) 223.33 ± 29.10 d 337.5 ± 9.02 b 370.42 ± 18.25 a 300.39 ± 19.96 c 367.83 ± 3.14 a
P ava. (mg kg−1) 31.03 ± 8.64 a 2.97 ± 069 c 5.57 ± 0.62 b 4.51 ± 1.89 bc 24.33 ± 2.76 a
Na+ (mg kg−1) 127.69 ± 6.94 bc 132.36 ± 7.95 bc 143.69 ± 7.22 b 119.56 ± 3.65 c 232.18 ± 20.71 a
K+(mg kg−1) 158.31 ± 15.17 bc 160.31 ± 5.38 bc 182.8 ± 15.19 b 144.13 ± 10.16 c 227.24 ± 3.55 a
Moisture (%) 12.49 ± 1.08 a 6.56 ± 0.80 b 8.03 ± 1.01 b 8.72 ± 1.24 b 7.99 ± 0.49 b

Abbreviations: plots with HH—high taxonomical and functional diversity; HL—high taxonomic, low functional
diversity; LH—low taxonomical and high functional diversity; LL—low taxonomic and functional diversity;
R—reclaimed plots.
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3.2. PLFA Biomass

The highest values for total PLFA biomass, reaching >160 nmol PLFA g−1 d.w., were
observed for samples obtained from reclaimed (R) plots (Figure 3). Among the other plots,
the highest total PLFA biomass was characterised by the LL and LH plots. Relatively
lower values of Gram-negative bacteria biomass were obtained in HH and HL plots. A
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similar trend was observed for Gram-positive bacterial biomass, which was generally
higher. Gram-positive to Gram-negative bacterial ratio was higher than 1 in all the studied
plots (Table 3). The lowest ECM biomass values were found in the HH and HL plots. On
the other hand, the AMF biomass was significantly higher in the R site, without significant
differences among HH, HL, LH and LL categories. The lowest saprophytic fungi biomass
was recorded for HL plots, while the lowest actinomycete biomass was measured in the HH
plots. Considering the bacteria-to-fungi ratio, we did not find any significant differences
between the plot types. Moreover, there were no significant differences in diversity indices,
with the exception of the Margalef index, which was lower in R plots. Reclaimed plots were
also characterised by higher indices of nutrient stress markers (Table 2).
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Table 3. Distribution of phospholipid fatty acid (PLFA) ratios and diversity indices (mean ± SE)
(Kruskal–Wallis test followed by post-hoc Conover test). No statistical differences are marked by the
same letter on the same row (p < 0.05).

HH HL LH LL R

G+/G− 1.22 ± 0.18 a 1.42 ± 0.20 a 1.30 ± 0.21 a 1.57 ± 0.27 a 1.13 ± 0.03 a
B/F 1.56 ± 0.08 a 2.01 ± 0.25 a 1.84 ± 0.13 a 1.96 ± 0.19 a 1.74 ± 0.05 a

Simpson dominance index (D) 0.11 ± 0.00 a 0.11 ± 0.01 a 0.11 ± 0.01 a 0.10 ± 0.00 a 0.10 ± 0.00 a
Shannon-Wiener diversity

index (H′) 2.38 ± 0.03 a 2.42 ± 0.04 a 2.42 ± 0.03 a 2.45 ± 0.02 a 2.45 ± 0.01 a

Evenness (E) 0.77 ± 0.02 a 0.80 ± 0.02 a 0.76 ± 0.02 a 0.81 ± 0.02 a 0.77 ± 0.01 a
Margalef richness index (DS) 5.01 ± 0.70 a 5.27 ± 0.75 a 4.66 ± 0.30 a 5.62 ± 0.86 a 3.23 ± 0.03 b

i15:0 + i17:0/a15:0 + a17:0 0.62 ± 0.06 c 0.68 ± 0.09 c 0.88 ± 0.04 b 0.75 ± 0.06 bc 1.29 ± 0.03 a
iso/anteiso 1.49 ± 0.05 c 1.56 ± 0.10 c 1.80 ± 0.05 b 1.78 ± 0.10 b 2.03 ± 0.03 a

Abbreviations: plots with HH—high taxonomical and functional diversity: HL—high taxonomic, low functional
diversity; LH—low taxonomical and high functional diversity; LL—low taxonomic and functional diversity;
R—reclaimed plots, G+/G−—biomass ratio of Gram-positive to Gram-negative bacteria; B/F—bacteria to fungi
biomass ratio.

3.3. Soil Respiration

Soil respiration (Rs) differed significantly between investigated plot categories (Figure 4).
The HH plots were characterised by a significantly higher value of average Rs compared to
the other plots, while the lowest average Rs were found in LL plots.
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3.4. Relationships between Substrate Physicochemical Parameters, Plant Diversity and PLFA Profiles

Redundancy (RDA) analysis was conducted to identify relationships between physic-
ochemical factors, plant diversity and PFLA profiles (Figure 5). According to RDA, only
four soil parameters explained PLFAs variation significantly. These were pH in KCl, EC,
available Mg and SOM content. The pH and EC ordinate plots correlated along the first
RDA axis, whereas available Mg and SOM were correlated with the second RDA axis.
Reclaimed plots were associated with higher available Mg, exchangeable Na+ and avail-
able phosphorus (P2O5). The pH explained the greatest PLFAs variation across plant
diversity levels.
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The NMDS ordination clearly separated the plot microbial communities under reclama-
tion management from those unreclaimed. On the other hand, we did not find differences
between the unreclaimed plot categories. The eleven biotic variables (biomass of inves-
tigated groups of microorganisms, diversity indices, stress markers and soil respiration)
significantly explained the PLFA patterns (Figure 6). The highest respiration values and
nutrient stress markers were associated with R plots.
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According to the Venn diagram (Figure 7) showing the variance partition explaining
microbial biomass, substrate parameters accounted for 23% (adjusted r2 = 0.52), vegetation
diversity for 12% (adjusted r2 = 0.8), and interactions between the two for 16% (adjusted
r2 = 0.50) of microbial biomass.
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4. Discussion

Ecosystem functioning (e.g., carbon cycle, nutrient cycle), as well as the ecosystem
services delivered, depend on the overall diversity of living organisms [13,47,48]. Until
now, most research on the interaction between plant communities and belowground mi-
croorganisms was conducted in natural and seminatural habitats and took into account
mainly taxonomical diversity [49,50]. Although every plant species contributes to ecosys-
tem processes, the magnitude of individual species’ contribution can vary considerably,
depending on the baggage of functional traits carried. Moreover, different species found
in a plant community might possess a common set of functional traits that enable them
to utilise accessible resources in a similar way despite representing different taxonomical
units [51]. The current geological epoch—the Anthropocene—inspired us to study the
relationships between plant communities of different taxonomical and functional diversity
and microorganism communities in novel ecosystems developing on de novo established
post-mineral excavation habitats.

4.1. Explanatory Ability of Functional Traits

The selection of functional traits to explain and assess species diversity has been a
matter of discussion for a long time [52–55]. One approach adopted in several studies
assumes the use of numerical analyses for the detection of all traits that are important for
the function of interest [56]. An alternative approach suggests the setup of a database with
the traits dedicated to the specific research hypothesis formulated to solve the scientific
problem [34,53,57–59]. The latest approach was also applied in our studies, considering
only those traits available for all the plant species recorded. To assess functional diversity,
we included traits from the TRY database [35] related to persistence, regeneration, and
dispersal taken. These play a crucial role in the colonization of brownfield sites, adaptation
to different forms of stress that species suffer in hostile habitats (e.g., life strategies, life
span, EIVs, species nutrient requirements, plant nitrogen fixation capacity), as well as
regeneration after disturbances and occupation of new open sites (niches) (e.g., plant
vegetative regeneration capacity, clonal growth organs, storage organs). Results of previous
studies conducted on coal mine spoil heaps revealed that the significance of different plant
traits varies along the phases of vegetation development, and is associated with ecosystem
functions such as productivity, photosynthesis and resource acquisition or conservation [60].
In our studies, FDis was higher in plots that represent earlier stages of succession on post-
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coal mine heaps (namely HH and LH plots) when all the species able to pass through the
dispersal barrier can start to occupy open niches. The high FDis values may reflect the
divergence of species that start to assemble. Later, the plant’s functional diversity declines
as filters, other than dispersal barrier, start to play an important role, e.g., environmental
filters, such as salinity, drought, soil texture; or biotic filters, such as strong competition by
perennial forbs and expansive grasses that started to play the role of dominant species in
plots). A decline in FDis during later stages of succession may reflect the convergence of
plant community traits on resources used and competition strategies [61].

The quality of results obtained using analysis of traits can be influenced by the limited
group of plants studied, e.g., only herbaceous or only woody plants, excluding mosses
and lichens, as well as the accessibility of plant traits in databases [62]. In our studies, we
took into account both the number of species as well as the number of individuals of a
given species. We also took into account the completeness of traits accessible to all species
occurring in plots.

4.2. Soil Microorganisms and Physicochemical Substrate Parameters

Microorganism communities strongly depend on both biotic and abiotic soil factors.
Among the latter, soil pH is recognized as the major factor influencing the activity and
diversity of soil microorganisms [63,64]. Our results confirmed the pH of the substrate as
the most important factor shaping the microbial communities, explaining most of the PLFAs’
variation among the different plot types in the RDA analysis. Similar results were obtained
by Urbanová et al. [29] when analysing the development of the bacterial community during
spontaneous succession on post-brown coal mining heaps. Soil pH tends to decrease in the
presence of plant vegetation (e.g., vegetation dominated by legumes or trees such as Pinus
sylvestris or Betula pendula) due to the production of organic acids as a consequence of litter
transformation, as well as the release of root exudates [65,66].

Soil pH regulates phosphorus availability and concentrations of anions that compete
with P ions [67]. In our study, the biggest pool of available P was observed in the HH plot,
characterised by the highest substrate pH. Furthermore, the results of the RDA analysis
showed that the amount of available P was positively correlated with the amount of 16:1ω5
fatty acid, which is a marker of AMF. However, the decline in AMF biomass under no P
limitation has been reported across independent field experiments [68] as a consequence
of reduced amounts of carbohydrates allocated from plants to AMF [69]. On the other
hand, other publications reported that additional P input increased the relative AMF
biomass [70,71]. The effects of P on AMF biomass may depend on the P availability in
soils of different ecosystems. In our study, the available P content was relatively low;
thus, microorganisms were limited in terms of P content. Therefore, a slight increase in
P availability in coal mines stimulates AMF proliferation [72], which is indicated by the
positive correlation between AMF biomass and available P content [73] (Figure 4).

In our study, SOC was correlated with the second RDA axis. However, it should be
noted that most of the carbon present in the spoil material was related to coal particles of
geogenic origin that are not available to microorganisms [74,75]. Therefore, despite the
high organic carbon content (8–24%), the substrate in the investigated plots might have
low amounts of available carbon sources for microorganisms, contributing to the lack of
correlation between SOC and the soil microorganism biomass.

4.3. Interactions between Plant Taxonomic and Functional Diversity and Soil Microorganisms

For a long time, plant species diversity was assessed based on taxonomic features.
Taxonomic diversity alone, omitting the functional traits, could fail to explain plant contri-
bution to the functioning of the belowground system because several significant effects of
plants on abiotic and biotic substrate parameters might be overlooked.

In our previous studies on enzyme activity of the substrate under grasses (Calamagrostis
epigejos, Poa compressa) and herbs (Daucus carota, Tussilago farfara), we detected that the
soil physicochemical parameters had a greater impact on the biochemical activity in the
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substrate than biomass and plant species diversity on hard coal heaps [74]. Similarly,
Borymski et al. [76], studying the structure of microbial communities in the rhizosphere of
plants grown on heavy metal contaminated soils, did not observe the effect of plants on
PLFAs profiles. They suggested that the impact of environmental factors, such as pH and
water content, masked the positive effects of plant exudates on microbial communities. In
contrast, a dominant effect of Silene vulgaris on the structure of soil microbial community in
heavy metal contaminated sites was detected by Pacwa-Płociniczak et al. [77]. Kozdrój and
Van Elsas [78] found that artificial root exudates reduced the bacterial community diversity
towards domination of r-strategists in soil exposed to Pb, Zn and Cd. However, in those
studies, only single individuals of selected plant species were investigated. Neither the
taxonomic nor the functional diversity of the vegetation communities were considered.

The higher biomass of most microbial groups in our plots with low taxonomic and
functional diversity (namely LL plots) may be surprising since previous studies suggest
that high plant biodiversity should increase soil microbial communities’ biomass and
diversity [7,9,79–81]. However, the hypothesis that links plant and microbial diversity can
be challenged in an ecosystem undergoing the early stages of vegetation succession. In
our study, plots HH and HL represent an earlier stage of vegetation development than
plots LH and LL. Moreover, this was confirmed by the changes in substrate pH. As already
mentioned, substrate pH tends to decrease over time. Those findings are in agreement with
previous studies, which have shown that the plant diversity of communities formed in
earlier stages of succession may be higher than the diversity of climax communities [82].
Prach [83], in long-term studies conducted on coal mine heaps, found that most plant
species were recorded only in the first few years of succession. These early communities
found in the first 12 years were characterized by low abundance of individuals per species
and very high diversity. Furthermore, Prach [84] pointed out that the highest diversity of
ruderal or weedy species was recorded at the beginning of succession in abandoned urban
sites before some species became dominant, competitively excluding the other species.
Horn and MacArthur [85], as well as Horn [86], stated that there are no technical limits
to the number of species that co-occur in a mosaic environment in the early stages of
succession; the increase in plant species diversity depends on whether species can occupy
new open sites. High migration to open sites means that over time fewer empty patches
will be available for colonisation by newly arriving species, thus limiting the possibility of
further increases in diversity. Later, plant diversity declines under strong competition from
robust forbs and grasses.

Therefore, once established that plots characterised by low taxonomic diversity (LL
and LH) represent a late stage of succession compared to the HH and HL plots, we suggest
that the prolonged exposure over time of soil microbial communities to plant root exudates
and litter in LL and LH plots had a stimulating effect on the development of biomass and
activity of soil microbial communities. Moreover, as stated by Kompała-Bąba et al. [74],
C. epigejos (the dominant species in the LL and LH plots), because of its extensive root
system, has a greater influence on the microbial activity of the substrate than other plants
on spoil heaps.

The reclaimed plots (R) were characterised by the highest microbial biomass, which
is associated with the reclamation treatments carried out in the form of soil overburden
and soil-stabilising plants, including legumes. Similar results for reclaimed heaps were
obtained in studies of heaps after lignite mining [87–89].

In our study, we found no significant changes in soil microbial diversity between
plots with different taxonomic and plant functional diversity. However, Woźniak et al. [60]
showed that differences in microbial diversity were detected in a broader chronosequence,
covering vegetation development stages from initial succession to the forest stage. The
lack of significant differences in microbial diversity between the different types of plots
may also be due to the limited pool of microorganisms that are able to colonise the poor
substrate at the initial stages of succession. Furthermore, PLFA analysis has a relatively low
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resolution, and in-depth molecular studies could reveal existing differences in microbial
biodiversity [90].

The PLFA ratio of (i15:0 + i17:0)/(a15:0 + a17:0) and iso/anteiso have been used as
indicators of physiological stress on bacteria [91]. Reclaimed plots had the highest stress
rates, which is associated with competition between microorganisms for organic substrates
and nutrients, as reclaimed plots had the highest soil microbial biomass and the lowest N
content. Muhammad et al. [92] also indicated that higher N content reduces stress in soil
microbial communities in soil treated with biochar. The high levels of stress markers in the
reclaimed plots may also be related to a lack of adaptation of the soil microorganisms that
arrived with the soil overburden to the harsh environment of the spoil heap.

4.4. Soil Respiration

Soil respiration (Rs) is considered a good estimator of overall biological activity and
a descriptor of soil quality [93,94]. Plants play an important role in regulating Rs as they
are the main channels through which carbon enters the soil [48,95]. Vegetation, due to the
chemical composition of belowground roots, root exudates, and above-ground biomass
and litter, determines the abundance and activity of soil microbes, as well as soil respiration.
However, in this study, the low rate of respiration in LL plots may be related to the low
pH of the substrate, in agreement with the results of Sitaula et al. [96], which found that
soils with a pH of 3.0 produced up to 12 times less CO2 than soils with a pH of 4.0. It also
confirms the high rate of respiration in the HH plots, where the substrate pH was above 7.

5. Conclusions

The analysis of the newly established relationships between plant species composi-
tion and microbial communities is essential for understanding the functioning of novel
ecosystems. Our studies revealed that the plant taxonomic and functional diversity poses
challenges in the identification of the dynamic patterns of relationships between above-
ground and belowground biota and their relative impacts on ecosystem processes taking
place on coal mine heaps.

Opposite to our expectations, soil microbial biomass was more impacted by abiotic
parameters (e.g., pH, EC, available Mg, SOM content) (explaining 23% of variance), than
plant diversity (explaining 12% of variance). We detected the higher biomass of most
microbial groups in plots with low taxonomic and functional diversity. This phenomenon
can be explained by the fact that these plots represent a more advanced phase of vegetational
development in the early stages of plant succession.

In light of our findings and the insufficient information regarding, e.g., the diversity of
microorganisms, as well as the quantity and quality of root exudates, the relation between
functional and taxonomic plant diversity and soil microbial communities of developing
novel ecosystems needs further studying.

Leaving heaps after hard coal mining to spontaneous succession enables colonizing
by species with functional traits that enable them to effectively utilise scarce nutrients and
create self-sustained ecosystems. The knowledge gained can assist in planning/supporting
the remediation of brownfields based on sets of native species that can help accelerate the
ecological processes occurring in these wastelands.
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75. Stefanowicz, A.M.; Kapusta, P.; Błońska, A.; Kompała-Bąba, A.; Woźniak, 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]
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