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Abstract: The aim of the study was to investigate the relationships between the vascular plant species and the associated soil
microbial properties at various stages of vegetation development on unclaimed hard coal mine spoil heaps in Upper Silesia
(south Poland). The spontaneous vegetation, soil chemistry as well as the activity and structure of microbial communities were
recorded on this specific habitat. The colliery heaps were divided into four age classes and the plant species composition and
cover abundance were recorded on established plots (2 m % 2 m). The soil microbial activity under the vegetation patches was
assessed using fluorescein diacetate hydrolytic activity (FDHA) and the soil microbial biomass and community composition
were determined by phospholipid fatty acid (PLFA) biomarkers. Total microbial biomass in soils from the older vegetation plots
was significantly higher than those in soils from the younger plots. In all studied samples, microbial communities consisted
primarily of bacteria with the dominance of Gram negative bacteria over Gram positive and aerobic microorganisms were more
dominant than anaerobic ones. Statistical analysis revealed a correlation between the type of vegetation and microbial com-
munity structure.

Abbreviations: Co-CA — Co-Correspondence Analysis, DCA—Detrended Correspondence Analysis, FDHA— , PCA—Principal

Component Analysis, PLFA—, RDA — Redundancy Analysis

Nomenclature: for vascular plants Mirek et al. (2002).
Introduction

Coal mining activities cause extreme damage to ecosys-
tems due to the production of large amounts of tailings that
are deposited in vast heaps. These post-mining sites are spe-
cific environments usually characterized by an unfavorable
granulometric structure consisting mostly of bedrock stone
and gravel elements and very low amounts of organic mat-
ter, water and nutrients (Mendez and Maier 2008). In addi-
tion, acidic and anaerobic conditions frequently occur, which
results in a presence of specific organisms, such as chemo-
lithotrophic, acidophilic and thermophilic bacteria and plants
(Moynahan et al. 2002, Patel and Behera 2011, Chmura
and Molenda 2012). Nevertheless, enrichment in the exist-
ing microbial community and development of a diverse het-
erotrophic microbial community have been observed mostly
as a result of vegetation development (Mendez et al. 2007,
Helingerova et al. 2010, Patel and Behera 2011).

The soil microbial community is especially important in
disturbed mine tailings systems because it enables the estab-
lishment of biogeochemical cycles, energy and nutrient trans-
fer, as well as the formation of soil structure to facilitate the
development of plant cover (Nannipieri et al. 2003, Mendez

et al. 2007, Sinha et al. 2009). Plant root exudates facilitate
growth and activity of soil microorganisms, that on the other
hand promote plant growth by transforming soil organic mat-
ter, providing pathogen protection and producing growth-
promoting substances (Moynahan et al. 2002, Rahmonov et
al. 2011).

Relations between plants and micro-organisms, have
strong structural and functional linkages in natural (Falinski
2003, Urbanova et al. 2011), semi-natural and in reclaimed
soils (Liu et al. 2008, Zhang et al. 2011). It has been sug-
gested that the feedback between soil microbial communities
and plants determines both the plant vegetation development
in subsequent successional stages as well as the activity and
abundance of soil micro-organisms (Ehrenfeld et al. 2005;
Schaaf et al., 2011). However, there are also many studies
that show analysis based on the functional approach which
present another aspect of diversity (Pokorny et al. 2005,
Dzwonko and Loster 2007, Scherer-Lorenzen 2008, Wozniak
et al. 2011).

It has been suggested that plant species composition has a
strong selective influence on the soil microbial communities
(Grayston et al. 2001). There are studies that show that plant
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species, enhance soil-development processes in waste sites
and experimental conditions (Frouz et al. 2009, Chodak and
Niklinska 2010). It has been found also, that different plant
species produce various kind of organic matter in respect to
the ratio of carbon sources of litter and/or root origin and also
the amount of substances the particular tree species add to the
soil influencing the soil pH, or the content of macro-nutrients
(Rahmomov 2009, Urbanova et al. 2011).

Almost all of these studies concern reclaimed sites of
opencast brown coal mines. Data obtained about spontane-
ous, unreclaimed soil formation on post-mining sites are
scarce, particular for the deep mining of hard coal. The origin
of the waste material is important because these post-mining
sites are specific environments and they differ (e.g., in terms
of granulometric structure and pH) depending on the indus-
try (mining resources) they are connected with. Knowledge
of spontaneous soil formation at post-mining sites, and the
potential interplay between microbial function and composi-
tion alongside plant community development remains rudi-
mentary.

Our long term study of spontaneous vegetation develop-
ment on post-industrial sites and particularly on hard coal
mine spoil heaps provided two sets of information. One was
that the changes in the chemical and physical conditions of
the site are not exclusively relevant to an explanation of the
plant succession at hard coal spoil heaps (Rostanski 2005,
Wozniak 2010). The second was that the vegetation composi-
tion develops spontaneously on post-mining sites and differs
from the majority of known described natural and semi-nat-
ural communities.

The aim of the present study was to investigate the re-
lationships between the plant species composition of the
spontaneous vegetation and the associated microbial prop-
erties during the process of vegetation development on un-
reclaimed hard coal mine spoil heaps. We hypothesized that
on post-hard coal mine heaps the microbial soil properties
change along with the development of the spontaneous veg-
ctation development. In detail, we formulated the following
hypotheses

*  The activity of soil microorganisms, determined by meas-
uring fluorescein diacetate hydrolytic activity (FDHA),
changes over time and that this is connected with vegeta-
tion development.

*  Microbial communities expressed as PLFAs, both in
terms of the categorical and quantitative aspects (biodi-
versity indices), are related to species composition and
diversity of vegetation.

» Similar responses to soil parameters can be observed both
in the cases of vegetation and microbial communities.

Materials and methods

Study site

The study was carried out on hard coal mine spoil
heaps (Panewniki (50°12°57”N, 18°53’56”E) Myslowice
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Wesota (50°10°29”N, 19°05°35”E), Staszic (50°13°20°N,
19°03’16”E), Gliwice (50°16°40”N, 18°41°28”E), Brzesz-
cze (49°58°45”N, 19°11°26”E), Silesia (49°56’32”N,
19°01’11”E), Knuréw (50°09°58”N, 19°41°55”E)) located
in the Silesian Upland in southern Poland. This region is also
called Upper Silesia, or Black Silesia, because of its long
industrial tradition especially of coal mining. The climate is
temperate with a mean annual precipitation of ca. 580 mm
and a mean annual temperature of 7.6°C. Coal mine spoil
heaps provide habitats which consist of pure mineral sub-
strate and can temporarily be extremely warm (50°C at about
noon in summer) compared with the surroundings, but with
no differences in precipitation (Wozniak 2010).

Vegetation sampling

The heaps were divided into four age classes (I—up to 10
yrs old, II — 11-30 yrs old, III — 31-60 yrs old, IV — more than
60 yrs old). In each of the four age classes sampling plots (2
m x 2 m) were established (three dominant species in three
replicates). A preliminary study enabled the preparation of a
list of the most frequent dominant species for each age class
of heap (Wozniak 2010). Dominant species in this study were
defined as species whose cover within the patch was higher
than the sum of cover of all other species in the patch. This
list was the basis for choosing the patches for establishing the
tested plots. In this way, we avoided the study of accidentally
dominant species which could happen by using a totally ran-
dom, or systematic, sampling design. In this sampling system
the study focused on the most frequent dominant species in
the vegetation development on each time series of different
heaps. The sampling strategy influences the diversity meas-
ures. By sampling the most frequent vegetation type (domi-
nant species) within each heap age class, it was possible to
study the relationship between plant communities and the as-
sociated microbe communities found in vegetation patches in
the harsh conditions of hard coal spoil heaps. The samples of
the same dominant species were taken from separate heaps of
the same age within similar geographical locations, so as not
to change the abiotic characteristics. The plots were chosen
by randomly stratifying the heaps for the dominant species
on a heap of a particular age. The species composition and
cover abundance were recorded within 36 plots (12 dominant
species with three replicates of each dominant). The sampling
scheme is presented in Table 1, while the species list of plants
recorded on the studied plots, the value of the diversity A in-
dex and statistics presenting the differences between the plots
are included in Appendix 1. Species cover was assessed visu-
ally on a percentage scale with intervals of 10% except below
10%, when cover levels of 1% and 5% were distinguished.

Sampling and analyses of rhizosphere soil

The rhizosphere soil samples were taken by shaking the
soil from between the roots of individuals of dominant spe-
cies. Composite soil samples consisting of 5 rhizosphere soil
samples (in volume - core diameter 5 cm, depth 15 cm) were
collected from the roots of dominant individual species grow-
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Table 1. The scheme of plots with the most frequent dominant species groups on the three sites investigated of hard coal mine spoil
heaps of increasing age. Explanations: =sample taken from under the dominant species on one studied site; a — tree layer, b — shrub layer.

Dominant species present in the . Heaps of different ages

permanent plot Abbreviation Class age | Class age 11 Class age III Class age IV
Sites Sites Sites Sites

I, IL, I L IL 1T I 1L, IIT I, IL, III

Tussilago farfara Tusfar LU

Poa compressa Poacom LRI

Chamaenerion palustris Chapal LR

Calamagrostis epigejos Calepi LI

Daucus carota Daucar L]

Melilotus alba Melalb LR

Populus tremula shrub Poptre b LR

Pinus sylvestris shrub Pinsyl b .

Betula pendula shrub Betpen b LR

Betula pendula tree Betpen a LILI

Quercus robur tree Querob a CRCRE]

Pinus sylvestris tree Pinsyl a e

ing in the corners and in the middle of each of the 36 plots.
Herbaceous plants were pulled out from the soil and the roots
were shaken until the most of the adhering soil was removed.
The remaining soil particles were removed by mechanical
brushing and were considered as the rhizosphere. In the case
of trees, their subsurface roots were excavated and fine roots
with a tightly bound soil layer were carefully collected from
five random points of their root system. To minimize varia-
tion between the rhizosphere soil samples all samples were
collected on the same day. The soil samples from each plot
were combined and sieved to the 2 mm fraction prior to sub-
sampling for microbiological and soil chemical analyses. The
soil subsample for chemical analysis was air-dried at 30°C.
Soil moisture contents were determined by gravimetric dif-
ference between 10 g wet and dry weights (105°C for 24
h) of soil samples. Soil pH was measured in distilled water
(Dobrzanski et al. 1987). Available potassium was analysed
following Dobrzanski et al. (1987). Available magnesium
was analysed using the Schatschabel method (Dobrzanski
et al. 1987). Total phosphorus and total carbon were meas-
ured using the calorimetric and the Tiurin method, respec-
tively. Organic carbon content analysis was carried out using
the standard loss on ignition (LOI) method. The ammonium
nitrogen N-NH, and nitrate nitrogen content were measured
separately following the methods in Fotyma et al. (1998). Soil
conductivity measurements (C25) were also performed to as-
sess the possible ionic content in the soil.

Microbial analyses

Fluorescein diacetate hydrolysis (FDHA) analysis. The mea-
surement of total microbial activity using fluorescein diace-
tate hydrolytic activity (FDHA) was assessed using the meth-
od described by Adam and Duncan (2001). A unit of enzyme
activity was defined as the pg of substrate hydrolyzed at 30°C

by 1 g of dried soil. The enzymatic activity was determined in
triplicate for each soil sample and the mean was taken.
Phospholipid fatty acid (PLFA) analysis. The composition of
the soil microbial community was assessed using the phos-
pholipid fatty acid method as described by Pennanen et al.
(1996), with minor modifications. Briefly, the lipids after
extraction with a Bligh-and-Dyer (chloroform, methanol,
citrate buffer 1:2:0.8 v/v/v/), were fractionated into neutral,
glycolipids and phospholipids on silicic acid columns and
subjected to mild alkaline methanolysis. Phospholipid methyl
esters were analyzed by gas-liquid chromatography (Hewlett-
Packard 6890). Peak areas were estimated by adding methyl
nonadecanoate fatty acid (19:0) as an internal standard. Total
biomass was determined as the sum of all extracted PLFAs.
Fatty acid nomenclature used was that described by Zelles
(1999). The following PLFA biomarkers were assigned to
major microbial groups: 115:0, al5:0, 116:0, 117:0, al7:0 for
Gram-positive bacteria, 16:1w7, 18:1w7, cy17:0, cy19:0 for
Gram-negative bacteria, 18:2w6,9 for fungi and 10Mel7:0,
10Mel18:0 for actinomycetes (Frostegard et al. 1993, 1996,
Ehlers et al. 2010, Bird et al. 2011). Additionally, 15:0 and
17:0 fatty acid along with the above mentioned bacterial
biomarkers were used for the calculation of total bacterial
PLFA biomass. In addition, relative abundances of PLFAs
were used to calculate the ratio of Gram-positive (GP) bac-
teria to Gram-negative (GN) bacteria, bacteria to fungi and
total monosaturated fatty acids (MUFA) to total cyclopropyl
fatty acids (CyFA) reflecting the distribution of aerobic and
anaerobic micro-organism in the communities.

Statistical analyses

PLFA profiles were subjected to Principal Component
Analysis (PCA). The structural diversity of the microbial
community and the diversity of the plant vegetation were esti-
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mated using H’ (Shannon-Wiener diversity index), S (species
richness) and Pielou’s evenness index. The Pearson product-
moment correlation test was used to assess the relationship
between the biodiversity indices of the microbial community
and the vegetation data using Holm’s correction for multiple
tests. Univariate ANOVA, followed by Tukey test as post-
hoc, was used to examine any significant differences among
groups of plots associated with particular dominant plant spe-
cies.

In total 36 vegetation samples and their associated soil pa-
rameters were subjected to ordination analyses. Redundancy
Analysis (RDA) was used to analyse the relationships be-
tween microbial community and soil properties. Canonical
Correspondence Analysis (CCA) was used to analyse the
relationship between plant species abundances and soil vari-
ables. The criterion of choice of different ordination methods
in both communities was based on the difference in gradient
length of the first axis. Prior to these analyses indirect ordina-
tion, Detrended Correspondence Analysis (DCA), was car-
ried out to examine changes in the microbial community and
plant data separately with increasing age of the heaps. For a
short gradient <2 SD RDA was adopted, otherwise CCA was
employed (CANOCO Software). In order to assess the rela-
tionship between the species composition of the vegetation
and PLFA of the microbial community Co-Correspondence
Analysis (Co-CA, Ter Braak and Schaffers 2004) was per-
formed. The predictive Co-CA model with the SIMPLS algo-
rithm and 999 permutations were used to calculate significant
p-values for each ordination axis and were applied using the
“cocorresp” package (Simpson 2009) of the R statistical soft-
ware (wWww.r-project.org). To investigate the relationships be-
tween vegetation and microbial community structure, DCA
scores of the first two axes from separate analyses were sub-
jected to the Pearson correlation test.

Results

Vegetation description

The study was focused on the samples obtained from
the most frequent vegetation type in each spoil heap age
class. Herbs and grasses (Tussilago farfara, Poa compressa,
Chamaenerion palustre) are the most frequent species on
the youngest heaps. On the older heaps (age class II) the
most frequent vegetation type consisted mainly of herbs and
grasses (Daucus carota, Melilotus alba, and Calamagrostis
epigejos). The most frequent vegetation on heaps aged up to
60 years was young trees in the shrub layer: Betula pendula,
Populus tremula and Pinus sylvestris. The oldest heaps, those
over 60 years old, were most frequently covered by patches
dominated by tree stands of Betula pendula, Quercus robur
and Pinus sylvestris. The number of the accompanying spe-
cies in the vegetation on the youngest heaps varied from four,
in patches dominated by Tussilago farfara, to 10 in the patch-
es dominated by Poa compressa. In the vegetation patches
studied belonging to the second age class the number of the
accompanying species varied from 9, in patches dominated
by Daucus carota, up to 14 in patches dominated by Melilotus
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alba. The most frequent vegetation on heaps aged up to 60
years varied in species number from 9, in patches dominated
by shrub Populus tremula, up to 15 in Pinus sylvestris shrub.
While in vegetation studied on the oldest heaps the number of
accompanying species varied from 12 in patches dominated
by Betula pendula tree to 15 in patches dominated by Pinus
sylvestris tree. The diversity indices A and S were generally
found to increase significantly with time (Appendix 1).

Soil characteristics

The physical and chemical characteristics showed that
there was little variation in pH, potassium availability and
phosphorus availability apart from in the plot of Betula pen-
dula shrub (data not shown). The organic carbon content was
the lowest in plots of Populus tremula shrub and Betula pen-
dula shrub, while the N-NH, content was the highest in plots
where Populus tremula shrub and Chamaenerion palustre
were the dominants. The biggest variation was in the conduc-
tivity results (C25 - ionic content). A larger number of ions
were present in the soil samples collected from the intermedi-
ate age heaps - in plots dominated by Calamagrostis epigejos
and Daucus carota and the lowest ionic content was found in
plots of the oldest heaps dominated by Pinus sylvestris tree,
Quercus robur tree.

Microbial activity and community composition

Results of microbial activity measured as FDHA showed
differences between the plots tested (data not shown). In
plots of heaps of age classes I and II, the FDHA was very
low compared with results for the plots from age classes
IIT and IV, with the exception of samples from pine (Pinus
sylvestris shrub - Ps b) and aspen (Populus tremula shrub -
Pt b). Between plots from age classes I and II, the highest
FDH activity was observed under Poa compressa. Similar
to the measurements of enzyme activity, the results of PLFA
biomass showed significant differences within samples. The
highest biomass of the microbes was recorded under trees,
except pine (shrub and tree). Values for the bacteria to fungi
ratio differed statistically between samples. The highest value
was recorded for samples taken under Poa compressa (age
class I), while the lowest value was for samples from trees
growing on heaps of age class III. PCA and ANOVA analy-
ses revealed a correlation of 18:2w6,9 fungal biomarker with
dominants of this age class (data not shown). In general, the
proportion of Gram-negative bacteria in microbial communi-
ties was high in all age classes. Significant changes in values
of GP:GN ratio were observed between some successional
stages. However, these results were more complex and de-
pended on plant species, rather than age classes of coal mine
heaps (data not shown).

Relationship between microbial community, the vegetation
and soil data

There was a significant correlation between DCA scores
for plots with floristic composition and scores of PLFA
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Table 2. Pearson’s correlations between biodiversity indices of microbial community (PLFA) and vegetation. Adjusted p-values after
Holm’s correction are *: p<0.05; **: p<0.01; ns: non-significant. Abbreviations: H’— Shannon-Wiener index, S — species richness, E

— evenness

H’ PLFA S PLFA E PLFA
H’ vegetation 0.58%%* 0.52% ns
S vegetation ns ns ns
E vegetation ns ns ns

Table 3. Summary of DCA and Co-CA ordinations of the microbial and plant communities

. . Axis 1 Axis 2
Type of analysis Statistics
PLFA Vegetation PLFA Vegetation
Eigenvalues 0.052 0.882 0.034 0.667
DCA Lengths of gradient 0.0886 5.423 0.714 4.12
Cumulative % variance 26.2 10.6 433 18.7
. . 0.64 0.09
DCA axis correlation
<0.0001 ns
Co-CA 0.01 0.01

Table 4. The P and F values of the Monte Carlo Permutation test for environmental factors (soil data) and explained variation (%) of

vegetation (CCA) and PLFA (RDA)

Variable PLFA Vegetation
P F % P F %
Organic carbon 0.001 17.84 60.8 0.001 2.47 42.7
FDHA 0.001 4.27 143 0.001 2.02 33.1
N-NH4 0.039 2.10 7.1 0.044 1.44 24.5
Mg ns 1.54 - ns 1.19 -
P ns 1.42 - ns 1.02 -
C25 ns 1.31 - ns 0.87 -
pH ns 1.06 - ns 1.16 -
K ns 1.00 - ns 1.22 -
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Figure 1. Ordination diagrams of CCA for vegetation (A) and RDA of microbial communities (B) for age classes I-IV.
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but only in the case of the first axis (p < 0.0001) (Table 3).
Moreover, there were also significant positive correlations
between the Shannon-Wiener diversity index, as well as be-
tween H’ of the plant and microbial communities (Table 2).
The Co-Correspondence analysis was used to describe the
direct relationship between the composition of plant cover
and the soil microbial community. When all the plant spe-
cies were used as predictors using Co-CA analysis a Monte
Carlo permutation test showed that the first two axes were
significant (Table 3 last line). In both ordination analyses i.e.,
CCA and RDA, only organic carbon, FDHA and N-NH, ion
concentration were significant explanatory variables, how-
ever, they differ in the percentage of explained variation in
the community data (Table 4). In the CCA analysis of the veg-
etation data the first axis differentiates between plots of age
classes I - II and those of III - IV. However, organic carbon
and FDHA were correlated with the first axis of CCA and
nitrate ammonium was correlated with the second axis (Fig.
1A). The plots of age class I were most associated with an
increasing value of nitrate ammonium and the plots of age
class II with organic carbon. In turn, results of FDHA showed
that microbial activity in the plots of age classes III and IV
are similar (Fig. 1A).

The RDA analysis of the PLFA composition revealed that
organic carbon content and total microbial activity (FDHA)
were discriminated along the first axis. The nitrate ammo-
nium content was correlated with the second axis (Fig. 1B).

The first axis influences the differentiation of plots from
age classes I and 111 along environmental variables. However,
only organic carbon and FDHA significantly explained the
variation in PLFA (Table 4). The plots of age classes I and 11
were more associated with organic carbon content, whereas
plots of age classes Il and IV were more associated with total
microbial activity (Fig. 1 and Table 4).

Discussion

Physico-chemical parameters of heap soil

Many studies (Chodak et al. 2009, Chodak and Niklinska
2010, Mitchell et al. 2010) have shown that soil type, which
embodies soil parent material, geology and chemistry, are key
to explaining changes in vegetation development. However,
on spontaneously developing sites, such as hard coal mine
spoil heaps, weak correlations between abiotic soil charac-
teristics and vegetation development have been observed
(Wozniak 2010). The excavated material, which is deposited
in heaps, can be assumed to be the pedogenic substrate, and
its granulometric structure is an important feature.

In our study, stones and gravel were present even on the
oldest heaps covered with woodland vegetation, it means that
soil development was found to take much longer than veg-
etation development. The habitat was very poor and provide
harsh conditions for plants and soil microorganisms. Due to
the extreme variation in the soil within individual heaps, the
chemical and physical properties do not give realistic infor-
mation of the soil characteristics. This fact is reflected by the
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high values of the standard deviations of these parameters
(data not shown). It is considered that the most important
source of organic matter comes from leaf litter. Therefore
the amount of organic matter increases over time with veg-
etation development (Zhang et al. 2011). In our study we
found a very large amount (24.51%) of organic C in the soil
of the youngest heaps. This carbon also contains geogenic
carbon, which originates from lignite particles from the ter-
tiary strata. It should be underlined that geogenic carbon is
not available for micro-organisms, thus, although there was
a high total organic carbon content, the tested soils are poor
and provide harsh conditions for micro-organisms and plant
growth. A high contribution of coal material, which can reach
the value of 30% of the total mass of material deposited, can
be present in colliery coal mine spoil heaps has already been
reported (Chakravorty and Kolada 1988). The presence of
geogenic carbon in these kinds of heaps was also evidenced
by Skarzynska (1997).

Vegetation

Many field studies have revealed that apart from the theo-
retical constraints, living organisms colonise most of a col-
liery waste site abundantly and with high diversity (Rostanski
and Wozniak 2007, Tropek et al. 2008, Chmura et al. 2011). It
is also possible to identify the most frequent plant communi-
ties which cover the largest area on spoil heaps of particular
age (Wozniak 2010). On heaps the vegetation can be char-
acterized as a mosaic of patches dominated by single spe-
cies. (Cohn et al. 2001, Wozniak and Cohn 2007, Rahmonov
2009).

On natural and semi-natural sites vegetation development
in time is often characterised by increasing values of diversity
indices (Denslow 1980, and literature cited therein). Similarly
in our study, the vegetation of the plots analysed had increas-
ing Shannon-Wiener diversity indices values with increasing
age of the heaps (Appendix 1). However, apart from the in-
creasing diversity a tendency of increasing abundance of one
species in patches was easy to record. Patches of vegetation
dominated by the same species could occur in varied abiotic
habitat conditions (Cohn et al. 2001). In natural soil microbial
communities, composition of the vegetation and soil texture
are related (Muller and Hoper 2004).

Microbial and vegetation community relationships

One of the most important soil parameters is microbial ac-
tivity, since microbial communities are responsible for many
ecological processes such as decomposition and nutrient cy-
cling and pedogenesis (van der Heijden et al. 2008). The last
function is essential for vegetation development, such as hard
coal mine spoil heaps, where bare stones and gravel are pre-
dominant on the surface. The results of FDHA observed in
soils from plots of age classes I and II suggested that the spoil
material of hard coal mine heaps showed very low biological
activity (in heaps below 30 years of age). These results are in
agreement with the data obtained by Frouz et al. (2001) and
Frouz and Novakova (2005) who studied microbial activity
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on reclaimed heaps after brown coal mining. Interestingly,
the highest FDHA was obtained for vegetation patches domi-
nated by deciduous species (Betula shrub, Quercus tree) and a
pioneer grass (Poa compressa) which is confusing. An expla-
nation may be provided by field observations. Poa compressa
dominated vegetation patches occur exclusively on small site
areas of very fine material mostly from dried puddles (per-
sonal observation). There is no agreement about the influence
of trees on the soil parameters. Priha and Smolander (1997)
reported no difference in organic carbon, total nitrogen and
pH in mineral soils under 23-24 year old birch and pine forest
stands in Finland. Chodak and Niklinska (2010) presume that
a longer time is needed for trees to cause significant changes
in soil biotic and abiotic properties.

The relationship between rhizosphere micro-organisms
and plants is caused by the selection of bacterial taxa by
plants (Huguet and Rudgers 2010) and these interactions
are the most important for soil ecological studies (Garcia-
Palacios et al. 2011). Plant composition influences below
ground environmental conditions by driving changes in soil
pH, moisture, litter quality and rhizodeposition (Bezemer et
al. 2006). However, changes in bacterial communities are
also associated with soil properties (Williams et al. 2013).

In our study microbial communities in all soil samples
were dominated by bacteria, with a dominance of Gram-
negative bacteria over Gram-positive (data not shown). The
dominance of Gram-negative bacteria in hard coal mine
wastes was also reported by Kozdroéj (2000). This is consist-
ent with the suggestion that Gram-negative bacteria are more
frequent under plants, preferably growing on plant labile C
(Treonis et al. 2004, Koranda et al. 2011), and are also more
tolerant of disturbance. Our results indicated that aerobic
bacteria were dominant over anaerobic bacteria. However, in
soil under Quercus robur dominated tree stands the relative
abundance of aerobic bacteria was very low. The contribution
of fungi varied significantly, which may indicate the presence
of mycorrhizal fungi on some plants. Our studies showed that
PLFA biomass increased along with the age of the studied
heaps. The differences in PLFA biomass, as well as in FDHA,
may also be due to changes in litter inputs since some au-
thors suggest that there is a strong interaction between the
composition of the litter and the active fraction of the micro-
organisms, which in turn affects the rate of decomposition
(Elgersma and Ehrenfeld 2011). Trees, in comparison with
herbaceous plants, have higher root length/mass and produce
more litter, which is the reason for differences in FDHA and
PLFA biomass between plants. The lower FDHA under pine,
compared with other trees, may be due to the different quality
of litter produced by these trees. The litter of Pinus sylvestris
contains more recalcitrant waxes and lignins, and less tan-
nins, and other easily degradable compounds, which may be
used as a carbon source by micro-organisms when compared
with of Betula species (Kiikkila et al. 2006, Adamczyk et al.
2008, Chodak and Niklinska 2010).

In our study, Tussilago farfara was an important pioneer
plant species. It was one of three species which was most fre-
quently recorded as a dominant on the youngest unreclaimed
coal mine heaps. Elhottova et al. (2009) used this species in

their experimental ecosystem, for colonizing the mine spoil
and characterizing the rhizosphere effect on the spoil micro-
bial community. They found a significantly higher activity of
microbial communities, higher growth of culturable micro-
organisms and greater metabolic potential, enriched by the
spoil under the root influence of T. farfara. This plant and its
rhizosphere microflora could significantly improve the spon-
taneous vegetation development on post-mining colliery sites
(Elhottova et al. 2009). The ordination analyses reveal (Fig.
1A and B, Table 4) that organic carbon was the major factor
influencing the variability of microbial communities, which
may be explained by the rhizosphere effect.

Interactions between soil microbes and surface vegeta-
tion have become an important issue for ecological study (De
Deyn et al. 2011). Correlation between the vegetation diver-
sity and the changes in functional diversity of soil microbial
communities during the restoration process of the degraded
grassland were studied by Garcia-Palacios et al. (2011).

Our results show a relation between species diversity of
vegetation (H’) and microbial diversity in terms both of the
value of the Shannon-Wiener index as well as PLFAs rich-
ness which was revealed by co-correspondence analysis. This
effect may result from the fact that increased PLFA diver-
sity may cause the increase of vegetation diversity, or higher
microbial diversity may result from the vegetation develop-
ment. It is also possible that plant and microbial both com-
munities respond similarly to the same abiotic factors. The
positive feedback in ecological systems seems to be a general
rule as they were already well recognized between flowering
plants and various functional groups of insects: herbivores,
parasites and predators, pollinators, flower visitors (Hatfield
and LeBuhn 2007, Chmura et al. 2013).

Van der Heijden et al. (1998) found a positive relationship
between fungal species richness and plant species diversity.
So, it can be expected that diversity of fungal PLFAs will
correspond to plant species richness. It has already been dem-
onstrated that abundance of PLFAs is related to plant species
richness and vegetation composition (De Deyn et al. 2011).
Results of our study confirmed that environmental factors in-
fluence on vegetation and microbial communities and there
is a feedback between plant productivity and changes in soil
parameters due to leaf litter, decomposition of plant biomass
and interaction with soil biota. The most important soil pa-
rameter turned out to be organic carbon which explained the
highest variation in percentages of both vegetation (42%) and
PLFAs (60%) (Table 4). The high percentage of vegetation
variation explained by FDHA may be caused by the fact that
hydrolytic enzymes are important for providing available
forms of nutrients. The higher impact of N-NH4 for plants
resulted from the fact that this form of nitrogen is crucial for
plant growth.

The differences in microbial composition and activity
are closely related to root exudates and plant debris, which
differ from one plant species to another (Warembourg et al.
2003, Garcia et al. 2005). In coal mine heaps soil, the type of
vegetation is of high importance for the microbial properties
and vice versa. Mitchell et al. (2007), studying the correlation
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between vegetation composition and soil microbial commu-
nity on moorland, stated that plant species composition may
be a useful tool for predicting microbial community structure
to the same extent as chemical analysis. Our results support
this theory and indicate that it is also true along successional
gradients on man-made habitats. In addition, the activity and
structure of microbial populations strongly influence plant
development.

Conclusion

The analyses used in our study revealed a strong correla-
tion between vegetation and microbial community structure
on hard coal spoil heaps. Our results supported the hypothesis
that (1) the activity of soil micro-organisms, determined by
measuring fluorescein diacetate hydrolytic activity (FDHA),
depends on the stage of vegetation development, (2) PLFA
profiles correspond to species composition and diversity of
vegetation and (3) similar responses to soil parameters can
be observed both in the case of vegetation and in microbial
communities.
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Appendix 1

List of plants, the site parameters recorded on the plots, the
value of the diversity index H’ and species richness S. The file
may be downloaded from www.akademiai.com.



