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Abstract The history of coal mining in South Poland has
left a legacy of many spoil heaps across the landscape.
These have presented the opportunity to study their
colonisation and spontaneous successional sequences
over a long time period. We use the plant functional
group (PFG) approach to characterize and compare
species diversity on spoil heaps of different ages by uti-
lising the ecological characteristics (PFG categories) of
the species recorded during the course of spontaneous
vegetation development. By changing species frequency
into functional group frequency it was possible to find
the significant differences in the functional composition
of the studied vegetation and to analyze the dataset using
non-parametric statistics. There was a small increase in
the number of species over time, while the frequency of
geophytes, nanophanerophytes and megaphanerophytes
increased significantly. A significant increase was also
recorded for the frequency of competitors, stress-tolera-
tors and stress-tolerant competitors and for native spe-
cies. We found that the significant differences in species
composition measured as PFG diversity occurred be-
tween the youngest and the oldest age classes. The PFG
approach provided valuable insights into the nature of
the species composition of the developing vegetation on
hard-coal mine spoil heaps. We suggest that it could be
usefully applied in restoration practice in the future by
facilitating the natural colonization of native species
adapted to local conditions and thus retaining the local
gene pool in these areas.

Keywords Man-made habitat Æ Dominant species
group Æ Ecological process Æ Spontaneous succession Æ

Life strategies Æ Life-form Æ Plant functional groups

Introduction

The scale of human activities on the earth has resulted in
most ecosystems being disturbed in some way (Ehrlich
1993). One of the main human activities which has di-
rectly altered land cover across Europe is the mining
industry (Bradshaw 1992). The main impact of this
activity is the inevitable creation of post-industrial waste
sites such as spoil heaps associated with hard coal
mining.

These coal mine spoil heaps are places where the
stone material, extracted together with the coal, has been
stored after extraction. These sites are often subject to
extreme abiotic conditions (e.g., lack of water, low
nutrient availability, high temperature, high salinity)
(Bradshaw 1993). The material heaped in spoil does not
contain organic carbon derived from recent plant
material; similarly, the amounts of nitrogen and phos-
phorus are also low. Each of these limits biological
activity (Šnajdr et al. 2013) and thus the biological
development of this environment is very slow (Urbanová
et al. 2011).

However, over time hard coal mine spoil sites, despite
their adverse conditions, are effectively colonized by
plants and animals, which promote the development of
vegetation. There are many studies on spontaneous
succession on post-industrial sites from Central Europe
(Cohn et al. 2001; Prach 2003; Woźniak et al. 2003;
Rostański and Woźniak 2007; Frouz et al. 2008; Rah-
monov 2009; Chmura et al. 2011; Rahmonov et al. 2011;
Kompała-Bąba and Bąba 2013; Chmura et al. 2013), but
still some of the processes occurring in these man-made
environments are poorly understood especially in terms
of their functional diversity (Prach et al. 1997; Cabała
et al. 2004; Latzel et al. 2011; Woźniak et al. 2011) and
the ecosystem services they provide.
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There are many studies showing the intensity and
diversity of species and vegetation patches recorded
during the development of spontaneous processes on
some of these post-industrial sites (Kompała et al. 2004;
Rostański 2005; Woźniak 2006). There is an increasing
understanding that biodiversity is relevant to ecosystem
properties. The relation is manifested in the best way
through plant functional diversity (Dı́az et al. 2007).
This trait-based view of community diversity may be
more meaningful than species richness or the species
composition of the diversity (Cadotte et al. 2011).
However, the precise relationship between species rich-
ness and functional richness is unresolved for most
natural systems (Naeem 2002). Wang and Chen (2013)
underlined that the type of traits which may occur and
how these may vary with plant succession is far from
being fully understood. The spontaneous development
of the vegetation on post-industrial sites represents a
model situation of de novo ecosystem development. On
such sites we can learn about the changes and differences
in functional structure by analyzing vegetation records
obtained from chronosequence studies like those pre-
sented here.

In this study the changes in plant functional group
(PFG) composition of species over time were studied in
order to understand how the spontaneous vegetation
development progresses. By utilising the PFG concept
and converting each species frequency into its compo-
nent functional group types it is possible to analyse the
dataset using non-parametric statistical tests. This
functional approach arises because it has been stated
that different groups of organisms show redundancy,
which means that any loss of taxonomic diversity does
not necessarily have to result in a loss of function of the
whole system (Rosenfeld 2002).

The aim of this study was to convert the recorded
diversity of vegetation species composition of coal mine
spoil heaps into its component PFG types and to test
whether the composition of the PFG types differs be-

tween the studied age classes. We expect that the number
of PFG types will increase with time.

Methods

Study site

The study was carried out on coal mine spoil heaps lo-
cated in the Silesian Upland of southern Poland. The
climate of the area is temperate with a mean annual
precipitation of ca. 580 mm and a mean annual tem-
perature of 7.6 �C. Coal mine spoil heaps provide hab-
itats which consist of a pure mineral substrate and can
temporarily be extremely warm (50 �C at about noon in
summer) compared with their surroundings, but with no
differences in precipitation (Woźniak 2010). The vege-
tation samples (Table 1) were taken from 28 coal mine
spoil heaps at 18 different coal mines within the region.
The coal mine spoil heaps are usually built of carbon-
iferous gangue with unfavorable soil texture (mainly clay
stone and siltstone, also sandstone, conglomerate, coal
shale) with small admixtures of coal. The chemical
characteristics of the soil are presented in Table 2. The
characteristics of the soil substrate of the study plots
were determined using standard methods in the Soil
Analysis Laboratory of the Faculty of Biology and
Environmental Protection, University of Silesia: pH, %
of moisture, available P, K and Mg, organic carbon,
content of NH4 and conductivity (data from Woźniak
2010; Woźniak et al. in press).

Such sites are often subject to extreme abiotic con-
ditions, e.g., poor water retention, lack of water, fast
drying of the surface layer, low nutrient availability, low
levels of organic matter, high temperature (reaching
50 �C and endogenous thermal activity), differing
salinity levels—crystallized salt can sometimes be ob-
served (Woźniak 2010).

Table 1 The scheme of permanent plots with the most frequent dominant species groups present in the vegetation established on coal
mine spoil heaps of increasing age

Dominant species present in the permanent plots Heaps of different ages

Class I Class II Class III Class IV

Tussilago farfara ++++
Poa compressa ++++
Chamaenerion palustre ++++
Calamagrostis epigejos ++++
Daucus carota ++++
Melilotus alba ++++
Populus tremula b ++++
Pinus sylvestris b ++++
Betula pendula b ++++
Betula pendula a ++++
Quercus robur a ++++
Pinus sylvestris a ++++

++++ denotes the dominant species was present in plots at all sites in each of the age classes; letter ‘‘a’’ after the species name indicates
the tree form, letter ‘‘b’’ after species name indicates the shrub form, species name without letter indicates the herb layer
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Table 2 Chemical and physical characteristics of soil substratum taken under the most frequent vegetation types present on plots established on hard coal mine heaps of age classes I–
IV

Age
class

Dominant
species

pH Moisture
(%)

Available P
(mg 100 g�1)

Available K
(mg 100 g�1)

Available Mg
(mg 100 g�1)

orgC
(%)

N–NH4

(mg 100 g�1)
Conductivity
(mS)

Class I Tussilago farfara 5.86 ± 0.30 5.40 ± 0.25 3.45 ± 0.83 16.33 ± 4.30 34.00 ± 5.78 24.51 ± 2.1 2.45 ± 0.42 102.5 ± 12.99
Poa compressa 6.27 ± 0.37 6.70 ± 0.14 4.08 ± 0.71 15.70 ± 0.75 32.00 ± 4.51 12.08 ± 3.2 1.86 ± 0.44 166.5 ± 51.62
Chamaenerion
palustre

6.32 ± 0.34 4.11 ± 0.18 3.20 ± 1.13 12.90 ± 4.80 29.50 ± 6.17 18.54 ± 1.2 11.33 ± 7.72 172.5 ± 40.22

Class II Calamagrostis
epigejos

4.59 ± 1.07 5.38 ± 0.64 5.60 ± 1.64 16.05 ± 7.96 18.88 ± 7.35 22.71 ± 2.4 3.46 ± 1.67 242.25 ± 136.11

Daucus carota 6.56 ± 0.33 6.32 ± 0.71 4.73 ± 1.54 18.18 ± 3.97 29.78 ± 3.87 21.85 ± 5.6 3.14 ± 2.37 224.25 ± 210.55
Melilotus alba 5.51 ± 1.51 6.36 ± 0.12 4.03 ± 0.48 15.63 ± 3.69 32.50 ± 8.33 21.63 ± 4.4 1.79 ± 0.23 136.00 ± 48.56

Class III Populus tremula b 4.29 ± 1.04 4.56 ± 0.34 1.95 ± 1.18 9.10 ± 4.45 15.97 ± 10.55 9.09 ± 1.9 13.24 ± 11.47 91.00 ± 22.81
Pinus sylvestris b 5.26 ± 1.48 6.75 ± 0.17 7.08 ± 5.98 10.25 ± 6.36 26.08 ± 13.44 19.11 ± 1.3 4.63 ± 1.54 180.75 ± 62.68
Betula pendula b 4.70 ± 1.50 5.25 ± 0.32 16.33 ± 16.56 14.88 ± 5.17 17.33 ± 9.60 9.11 ± 1.3 3.40 ± 0.27 102.00 ± 30.47

Class IV Betula pendula a 6.14 ± 1.55 4.76 ± 0.26 4.75 ± 2.23 16.30 ± 4.91 22.58 ± 6.13 12.15 ± 0.9 2.48 ± 0.93 78.00 ± 9.82
Quercus robur a 4.95 ± 0.64 4.77 ± 0.71 5.63 ± 2.20 12.25 ± 5.17 14.60 ± 9.12 10.74 ± 1.7 2.44 ± 1.72 67.50 ± 16.88
Pinus sylvestris a 4.52 ± 0.67 5.10 ± 0.67 5.40 ± 0.51 28.98 ± 14.06 20.95 ± 4.73 17.35 ± 3.5 2.16 ± 1.10 67.25 ± 20.10

Values are mean ± standard deviation
Letter ‘‘a’’ after the species name indicates the tree form, letter ‘‘b’’ after species name indicates the shrub form, species name without letter indicates the herb layer
orgC organic carbon
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Vegetation sampling

All of the heaps were divided into four age classes (class
I—up to 10 years old; II 10–30 years old; III—30–60
years old; IV—over 60 years old) based on the recorded
date for the end of deposition of the heaps. This infor-
mation was obtained from the administrative office of
each of the coal mines studied and from published
information (Woźniak 2010). The distribution of the
spoil heaps that were studied are shown in the map in
Fig. 1.

A preliminary study of the spoil heaps enabled the
preparation of a list of the most frequent vegetation
types found within each age class. This list provided the
basis for choosing the patches for establishing the per-
manent plots of 2 · 2 m. These were chosen by the
stratified sampling of the heaps for their vegetation types
on heaps of differing ages. In this way we avoided
studying randomly sampled vegetation patches which
could have happened by using a totally random, or
systematic, sampling design. The samples of the same
vegetation types were taken from separate heaps of the
same age within similar geographical locations, so as not
to change the abiotic characteristics (Fig. 1). Table 1

shows the list of vegetation types (as defined by their
dominant species) within each age class. The species
composition was recorded within 48 plots (of 12 vege-
tation types) in four replicates of each heap age class
over 10 years. The distribution of the spoil heaps in each
age class is shown on the map in Fig. 1.

Analytical methods

Each species recorded was characterised into its different
PFG traits in terms of its life-form, life strategy and its
geographical-historical group (Table 3). The life-form
scheme characterizes plants in terms of their strategy to
survive in unfavorable seasons (Raunkiaer 1934), which
is particularly important in the severe conditions of post-
industrial waste sites. Grime’s life strategy classification
describes the trade-off that organisms face when the
resources they gain from the environment are allocated
between growth, maintenance or regeneration—known
as the universal three-way trade-off (Grime 1977). Plants
utilizing the Competitor strategy facilitate their survival
by using methods that maximize resource acquisition
and resource control in consistently productive niches.

Fig. 1 Location of heaps in the area of the Silesian Upland, South Poland. 1 geographical region, 2 towns and cities, 3 state border, 4
border of Silesian Upland, 5minor geographical borders, 6 rivers and lakes, 7 heaps in age class I; 8 in age class II, 9 in class III, 10 in class
IV
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Those plants using a stress-tolerant strategy maintain
metabolic performance in variable and unproductive
niches. Species with a Ruderal strategy accomplish rapid
completion of their lifecycle and regenerate in niches
where events are frequently lethal to the intermediate
strategies. The use of geographical-historical groups
(Krawiecowa and Rostański 1972) characterizes the
analyzed species in terms of their origin, and thus
determines the native and alien plant species and,
therefore, defines at which developmental stage the
participation of alien species is the highest within the
vegetation.

Thus the recorded species composition was trans-
formed into PFG composition. The list of species re-
corded in each plot was replaced by a list of PFG
categories the species were represented by. The fre-
quency of species representing the same PFG category in
each plot from the same heap age class was summarized.
In this way the proportion of species representing each
of the analyzed PFG categories (ecological features) on
plots from one age class could be analyzed. For all plots
within each age class the following calculations were
performed: number of species (total number of species
recorded on all permanent plots on heaps of a particular
age class during 10 years of observations); sum of spe-
cies presence (sum of the presence of all species recorded
on all permanent plots of heaps of a particular age class

during 10 years of observation). After these calculations
it was possible to obtain PFG category frequency. This
was then analysed separately for each PFG category for
each heap age class.

To test if there were any differences in the participa-
tion of species represented by the studied PFG catego-
ries the non-parametric Kruskal–Wallis H tests (Zar
1999) was applied to compare the PFG composition of
vegetation patches of four heap age classes from the
point of view of all of the PFG categories (ecological
features separately). Where the test results were signifi-
cant a multiple comparison of mean ranks for all groups
(post hoc test, see Siegel and Castellan 1988) was used to
discover which pairs of age classes differed from each
other. All statistical analyses were conducted using
STATISTICA version 10.0 (StatSoft. Inc. 2011), at the
0.05 significance level.

Results

A total of 98 vascular plant species were recorded
throughout this study in the vegetation patches of coal
mine spoil heaps. The number of species and species
frequency was found to increase with time (Table 4).

Most of the PFGs were present in the analyzed veg-
etation patches (Table 5). There are some exceptions,

Table 4 Number of different species and their recorded sum of frequency in vegetation patches on heaps of different age classes

Heaps of different ages

I II III IV

Number of species 42 44 47 47
Sum of frequencies 385 729 1016 1602

The values in this table were obtained: number of species—as a number of all species recorded on all permanent plots of particular heaps
age class during 10 years of observation; Sum of species frequency—as the sum of frequencies of all species recorded on all permanent
plots of particular heaps age class during 10 years of observation

Table 3 List of ecological
features used for characterising
the co-occurring species
composition

Source of the species ecological characteristics Full name

Raunkiaer’s life-forms (Raunkiaer 1934; Zarzycki et al. 2002) Therophyte
Geophyte
Hemicryptophyte
Chamaephyte
Nanophanerophyte
Megaphanerophyte

Grime’s life strategies (Grime 1977; Frank and
Klotz 1990; Klotz et al. 2002)

Competitor
Stress-tolerator
Ruderal
Competitive-ruderal
Stress-tolerant ruderal
C–S–R strategist
Stress-tolerant competitor

Geographical-historical groups (Krawiecowa and
Rostański 1972; Mirek et al. 2002)

Apophytea

Archaeophyteb

Neophytec

aNative species which established on man-made habitats
bNon-native species which established in the country before XVth century
cNon-native species which established in the country after XVth century
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chamaephyte representatives occur only in classes I and
IV and nanophanerophytes were recorded exclusively in
plots on heaps of age classes III and IV. Among the life
strategies the stress tolerant species are present only on
the oldest heaps. The early introduced species (archeo-
phytes) were not recorded on the oldest heaps. Thero-
phytes occurred most frequently in vegetation patches
on heaps of age class III, while geophytes were most
frequent on heaps of age class IV. The frequency of
hemicryptophytes generally increases with the age of the
heaps, however, the hemicryptophytes were the most
frequent on heaps of age class III. Megaphanerophytes
were most frequent on the oldest heaps as would be
expected.

Among the different life strategies the competitors,
stress-tolerators and stress-tolerant competitors were
most frequent on the oldest heaps. On the youngest
heaps species with the ruderal strategy were the most
frequent, while on age class II the competitive-ruderals
and C–S–R strategists were the most frequent.

The native species were present at the highest fre-
quency on the oldest heaps, while the early introduced
species were most frequent on the youngest heaps. The
neophytes were not frequent but the highest numbers of
them were recorded in vegetation patches of age class II.

A comparison of the participation of plant species
from different PFG categories in the vegetation patches
of the different age classes showed statistically significant
differences for all the variables with the exception of
neophytes (Table 5).

The post hoc analyses (Table 6) indicated that the
biggest disparity in frequency of the ecological features
analyzed was between age classes I and IV. These
analyses showed a disparity between all of the life-forms
analyzed, the highest similarities were among age classes
I and II and II and III. The species representative of the
geophyte and hemicryptophyte life-forms were respon-

sible for the majority of the differences. The species
which represent therophytes differed only between age
classes I and IV.

The participation of species represented by the dif-
ferent life strategies in the composition of the studied
vegetation also revealed differences. The Kruskal–Wallis
tests (Table 5) indicated that the participation of species
representing each of the categories among the life-
strategy PFGs differ significantly in the four age classes
of vegetation patches analysed. The post hoc test (Ta-
ble 6) showed that all the analysed variables differenti-
ated the pairs of classes I and II, I and III, I and IV and
II and IV. All age classes differed in terms of the par-
ticipation of species which are competitors and ruderals.

The participation of species representing the geo-
graphical-historical groups in the vegetation patches
recorded on the studied heaps revealed that only the
participation of apophytes (native species which estab-
lished on man-made habitats) and archaeophytes (non-
native species which established in the country before
the XVth century) differed. No significant differences
were found for the participation of neophytes (non-na-
tive species which established in the country after the
XVth century, see Table 5). The multiple comparisons
test (Table 6) indicated that the differences in frequency
of native species are different in all of the age classes and
there were significant differences in the participation of
archaeophytes between classes I and II and between
classes I and IV.

Discussion

Diversity changes in time

In our long-term study we observed a slight increase in
species number between all of the four heap age classes.

Table 5 Comparison of
frequency of the analysed
functional groups in vegetation
patches on heaps of different
age classes

I II III IV H

Life-forms
Therophyte 61 21 182 5 38.31*
Geophyte 86 161 11 291 182.96*
Hemicryptophyte 169 504 517 492 141.36*
Chamaephyte 42 0 0 7 344.38*
Nanophanerophyte 0 0 17 93 189.86*
Megaphanerophyte 27 43 289 714 385.06*
Life strategies
Competitor 97 263 612 1094 344.67*
Stress-tolerator 0 0 0 150 372.73*
Ruderal 22 1 0 0 51.39*
Competitive-ruderal 71 193 86 0 187.67*
Stress tolerant ruderal 40 3 16 75 122.67*
C–S–R strategist 138 261 229 163 61.80*
Stress-tolerant competitor 17 8 73 120 202.63*
Geographical-historical groups
Apophyte 344 706 984 1586 303.75*
Archaeophyte 31 5 19 0 44.62*
Neophyte 10 18 13 16 2.09

Notation: H—the Kruskal–Wallis test of the comparison of plant functional groups
* The results statistically significant
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In a theoretical consideration of the changes in species
richness that proceed over time Horn (1974) concluded
that the richest species assemblages should be those ob-
served in the intermediate age stages of succession. Spe-
cies may still be present from the earlier stages and those
species from the later stage can also start to appear. In
our study the vegetation patches recorded on spoil heaps
of age classes II and III represented the intermediate
stages of vegetation development but the highest species
richness was recorded in the last stage—on heaps of age
class IV. In this study the use of sum of species presence
better reflects the rate of development of the vegetation.
The sum species presence was the highest in vegetation
patches of the oldest heaps. The increase in frequency
was almost 100 % from class I to II and the lowest in-
crease was recorded from class II to III.

There are different opinions as to how diversity
changes with time and these are not consistent. Some
studies have demonstrated that the diversity of pio-
neering communities decreases with time (Margalef
1968), while other studies indicated that the species
richness increases during the development of the vege-
tation (Auclair and Goff 1971; Pineda et al. 1981).

Dı́az and Cabido (2001) claim that diversity should
not be viewed only as species diversity but the compo-
sition of genotypes, species, functional groups and that
the surrounding landscape is equally or even more
important (Chapin et al. 2000; Smith and Knapp 2003)
when considering the functional features of the vegeta-
tion. Though considerable research has gone into teasing
out the linkages between biodiversity, functioning and
ecosystem services (Naeem and Wright 2003), the meta–
analysis performed by Balvanera et al. (2006) revealed
that there are no simple generalizations among species
traits, biodiversity and ecosystem properties. Prach
(2003) explained how species diversity change and con-

sidered the underlying importance of the length of time
it takes for the change of dominant species to take place
and that the number of species was positively correlated
with pH and mean annual temperatures and negatively
with annual precipitation and altitude in the first
10 years of succession.

Cadotte et al. (2011) suggested that it would be useful
to evaluate the validity of species richness as a proxy for
functional diversity. Nevertheless, the precise relation-
ship between species richness and functional richness
remains unresolved for most natural systems (Naeem
2002). By analyzing how the number of PFG categories
changed over time it has been shown that the results are
variable between the studied PFGs. The number of life-
form categories were the highest in the oldest heap class
and lowest in the second age class. For the life strategy
categories the results were different with the highest
number being recorded in age classes I and II and the
lowest in age classes III and IV. The categories of geo-
graphical historical groups were the lowest in vegetation
patches recorded on the oldest heaps.

Diversity measured by number of species, categories
of PFG or other ways of measurements always leads us
to miss a very important point—the presence of both
rare and endangered species. There are many records
showing that particular seral stages often provide refu-
gia for wildlife and the resultant vegetation usually
exhibits a higher diversity and natural value than that on
technically restored sites (Woźniak and Kompała 2001;
Hodačová and Prach 2003; Prach 2003).

Life-form participation

The analysis of the different life-form categories sug-
gested that the number of species with different life-

Table 6 Multiple comparisons after Kruskal–Wallis test of functional groups recorded in vegetation patches on heaps of different age
classes

I vs II I vs III I vs IV II vs III II vs IV III vs IV

Life-forms
Therophyte 0.10 0.13 0.00* 1.00 0.48 0.38
Geophyte 0.00* 0.00* 0.00* 0.10 0.00* 0.00*
Hemicryptophyte 0.00* 0.00* 0.00* 0.02* 1.00 0.00*
Chamaephyte 0.00* 0.00* 0.00* 0.06 0.00* 0.00*
Nanophanerophyte 1.00 0.38 0.00* 0.38 0.00* 0.00*
Megaphanerophyte 1.00 0.00* 0.00* 0.00* 0.00* 0.00*
Life strategies
Competitor 0.00* 0.00* 0.00* 0.00* 0.00* 0.00*
Stress-tolerator 1.00 1.00 0.00* 1.00 0.00* 0.00*
Ruderal 0.03* 0.02* 0.02* 0.00* 0.00* 0.00*
Competitive-ruderal 0.00* 0.12 0.00* 0.00* 0.00* 0.00*
Stress-tolerator ruderal 0.00* 0.06 0.00* 0.98 0.00* 0.00*
C–S–R strategist 0.00* 0.00* 0.00* 1.00 0.00* 0.11
Stress-tolerant competitor 1.00 0.00* 0.00* 0.00* 0.00* 0.00*
Geographical-historical groups
Apophyte 0.00* 0.00* 0.00* 0.00* 0.00* 0.00*
Archaeophyte 0.04* 1.00 0.01* 0.72 1.00 0.21
Neophyte 1.00 1.00 1.00 1.00 1.00 1.00

Within a functional group, a significant difference between a pair of age-classes is indicated by * (p value smallest from 0.05)
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forms increases during the process of succession on coal
mine spoil heaps. In the first age class the most frequent
life-forms were hemicryptophtes. The second most fre-
quent life-forms were the geophytes and the next
therophytes. The noticeable presence of therophytes in
the initial stages of the development of vegetation was
predicted but our study did not confirm this prediction.
All the species recorded in vegetation patches on heaps
of age class I were representative of four life-forms. No
nanophanerophytes were present on the youngest heaps.
The relatively high frequency of megaphanerophytes in
vegetation of all age classes of heaps indicates that on
this habitat tree seedling establishment take place very
early in development. However trees are most abundant
in age classes III and IV. Martinez-Ruiz and Marrs
(2007) described the development of vegetation on the
waste products of uranium ore mining and they found
that when the substrate is poor there are a lot of species
for which their participation does not change signifi-
cantly over time. In particular the participation of short-
lived species (mainly therophytes) does not change.
Other results were obtained by Prach (1997) who studied
the changes in species traits during primary and sec-
ondary succession and found that phanerophytes sig-
nificantly increased and therophytes decreased during
the first 10 years of succession. In our study hemicryp-
tophytes remain the most frequent on heaps of the sec-
ond and third age classes. Only in the oldest age class are
megaphanerophytes the most often recorded life-form.
Nanophanerophytes occurred in vegetation patches on
heaps of the third age class and increased in frequency
on the oldest heaps. Geophytes and hemicryptophytes
did not exhibit any significant trend in the study con-
ducted by Prach (1997). An increase in phanerophytes
and a decrease in therophytes during early successional
development have been reported (Glenn-Lewin et al.
1992), but our results do not confirm these findings.

Assuming that the productivity of vegetation on spoil
heaps increases with time, we can agree with Down
(1973), that at the more productive sites the species
which represent therophytes declined over time. On the
oldest heaps all of the analysed life-forms were recorded
and most of them were present at high frequency. Cody
and Diamond (1975) believed that species that occur
later (perennials, shrubs and trees) in the development of
the vegetation are plants which can reduce the sustain-
able level of resources, mainly sources of available
nitrogen and carbon, below the threshold of survival for
pioneer species (mostly therophytes). The frequency of
all the life-form categories differed significantly between
the vegetation patches on heaps of all age classes.

Life strategy participation

The species growing in the vegetation patches on heaps
of age classes I and II are representative of different life
strategies to those growing on heaps of age classes III
and IV. The participation of competitors increased with

time and on the oldest heaps competitors were recorded
almost 10 times more often than on the youngest heaps.
The concept of Grime’s (2002) C–S–R strategy assumes
that competitiveness (participation of species with a
competitive strategy) increases with decreasing fre-
quency of disturbance (as is the case in the course of
succession). Those species with a ruderal strategy were
the most frequent on heaps of age class I. It is not sur-
prising that the participation of species which represent
the ruderal strategy in the vegetation patches is the
highest on the youngest spoil heaps. Our results show
that the CSR strategists were most frequently recorded
in vegetation patches on the youngest heaps and not the
ruderals which could be expected in the early succession.
A reduction in importance of species features associated
with colonization ability (ruderal strategy) was demon-
strated in studies on vegetation development on nutri-
ent-poor habitats (Thompson et al. 2001). Huhta and
Rautio (1998), similar to the study of Moog et al. (2005),
explained the scarce occurrence of species with a ruderal
strategy as being due to the lack of gaps in the cover
crop. In our study there were plenty of gaps observed on
the coal mine spoil heaps of age classes I, II and even III.
Nevertheless, the habitat conditions were very unfa-
vourable in terms of nutrients and also other resources
such as water (Woźniak 2010). The gaps, in the case of
post-industrial sites, should be considered, not only as
an unoccupied space, but, as spaces with conditions
appropriate for plants to persist and which could be
colonised. In our study the participation of stress-tol-
erant species was different in the vegetation patches
growing on spoil heaps representative of each of the four
age classes. In Moog et al.’s study (2005) diversity was
measured by the number of patches dominated by spe-
cies with a particular life strategy. Such measurements as
used in their study have revealed that diversity decreased
with time, and this was also true in our study. However
Prach (1997) found that participation of C-strategists
significantly increased during the first 10 years of suc-
cession, while R-strategists decreased. The same results
were obtained by Grime (1979). One explanation for the
differences in results was proposed by Prach (2003) who
said that in other geographical regions, and under spe-
cific environmental situations, spontaneous succession
can undergo different trajectories. The stress-tolerant
species did not exhibit any significant trend in the study
conducted by Prach (1997). In our study the species
which are stress-tolerators were most frequent on the
oldest heaps and do not appear in any of the earlier
stages, which indicated a strong statistically significant
trend. Prach and Hobbs (2008) expected that low-pro-
ductivity sites, such as those of post-mining areas, can be
colonized by low-competitive, stress-tolerant species,
which retreat from the surrounding eutrophicated
landscape but these expectations are not confirmed by
our results. In vegetation patches on the youngest heaps
the second most common group of species were com-
petitors, while stress-tolerant species occurred in vege-
tation patches on the oldest heaps. But Prach and Hobbs
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(2008) were right to expect that post-mining areas will
consist of a refuge for rare and endangered species
(Woźniak and Kompała 2001).

Native species participation

The participation of native species was found to be
important in the vegetation patches on all the heaps of
all age classes. The lack of importance of the partici-
pation of alien plants during the successional processes
on man-made habitats might be surprising. Initially, it
was thought that areas that are heavily modified will be
very intensively colonised by alien species (Bradshaw
2002). However, preliminary field studies on post-
industrial sites have shown that alien species are not
present on industrialised areas (especially post-coal
mining areas) any more frequently, or abundantly, than
in any other kind of habitat (Woźniak 2001, 2003).
According to Rostański (2006) a large portion of post-
industrial sites remain, for many years after their
abandonment, without human impact, and undergo
spontaneous succession of the native flora. It has been
stated (Hodačová and Prach 2003, Prach 2003) that
many post-industrial sites even act as a refuge for wild,
rare and endangered native plant and animal species.
The functional importance of such post-industrial hab-
itats in the landscape of industrialized regions is of much
interest and of great value to the biodiversity of urban
and industrialised areas (Box 1999). This trend was also
previously suggested by Pickett et al. (2009) and Vito-
usek (1986). In this respect the lack of significance of the
participation of alien species in our study is not sur-
prising and is consistent with these previous results.

Changes over time of PFG categories

The results of our study show that the sequence of
replacement during succession on hard coal heaps is as
follows: the most commonly occurring species are rep-
resented by hemicryptophytes and geophytes in vegeta-
tion patches of the first and second age classes and are
replaced by megaphanerophyte species in the oldest
class. In the case of life strategies the species which are
representatives of the CSR strategy and competitors are
the most frequent in vegetation patches on heaps of all
age classes. Further studies of this kind are required in
order to add to this body of knowledge. The observed
pattern of diversity does not conform with some previ-
ous findings and expectations, as indicated earlier in this
discussion. It is evident that a scientific basis is necessary
for any successful restoration (Palmer et al. 1997). It
should also be considered that the specific environmen-
tal conditions on different types of post-industrial sites
will require separate study as the spontaneous succession
can take place in different ways on different substrates.
Our results show that the participation of the species
represented by the analyzed categories of PFGs differ

significantly between vegetation patches recorded on
heaps of different ages. Only the neophytes did not differ
in their degree of participation in the different age
classes.

Theory predicts that greater differences in the use of
resources lead to increases in ecosystem function. Dı́az
and Cabido (2001) suggested that one of the best
explanation for the effects of functional diversity on
ecosystem function was that a higher diversity of func-
tional traits increases resource-use efficiency in hetero-
geneous environments. This is related to the idea that
certain species contribute disproportionately to ecosys-
tem function and that those species possess particular
functional traits that allow them to capture a greater
proportion of the total available resources than other
species. In our study we analyzed PFGs which do not
relate to resource use efficiency, moreover, as Cadotte
et al. (2011) underlined in practice, direct tests of the
mechanistic relationship between functional diversity
and ecosystem function are more difficult to perform. In
our study it is difficult to explain how the PFGs affect
the functioning of the studied vegetation. In order to
explain this other features (i.e., seed mass, vegetative
height, specific leaf area or density diameter) should be
analyzed. However, it has been underlined that if func-
tional diversity lacks variation (i.e., high redundancy),
then ecosystem functional relationships of the plants
should be negligible, but if there is variation in plant
functional diversity, it could still explain variation in
function even if an assessment of richness does not.

Application of the findings to restoration ecology
practice

The aim of restoration ecologists is to increase the nat-
ural value of a disturbed site and establish self-sustaining
vegetation cover on sites that have been degraded by
anthropogenic activities (Bradshaw and Chadwick 1980)
and to improve ecosystem functioning and services, such
as productivity or protection, against erosion (Hobbs
and Norton 1996). More recently, practitioners have
attempted to create functional replicas of target com-
munities on areas damaged by industry. In our opinion
in some cases of post-industrial sites such examples of
target communities might be those which are developing
during the course of spontaneous succession, because
their establishment and management are relatively
costless and provide the opportunity for colonisation by
species adapted to the local conditions.

The functional comparison of spontaneous vegeta-
tion developed on coal mine heaps, which can be char-
acterized as a successful reclamation, presented here
provides an additional aspect to restoration and recla-
mation ecology. A change from a species focus to a PFG
approach as has already been presented by Latzel et al.
(2011) might improve the effects of the restoration, or
reclamation, activities; additionally, reclamation prac-
tice is often species focused and these are not always
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successful (Tropek et al. 2012). The presented approach
is only a partial contribution to the complex spatio-
temporal problem. The comprehensive answers to the
above questions on vegetation development are also
important from a practical reclamation point of view
(Prach and Pyšek 2001; Prach et al. 2001). If the eco-
logical rules are taken into account this should result in
lowered costs for the reclamation and a reduction in
management requirements in terms of extra seeding,
planting, fencing and mowing.

Despite the generally increasing use of spontaneous
succession in various restoration programs (Parker 1997;
Prach 2003), the considerable potential that successional
theory and the conclusions drawn from particular case
studies can bring to restoration ecology is still only
minimally exploited. As presented in this study the PFG
composition of the spontaneous vegetation on hard coal
heaps changes with time but the changes in some of the
aspects are in contrast to some of the previous results
and predictions concerning spontaneous succession.

Conclusions

1. On these man-made habitats we noted a small in-
crease in species number and a significant increase in
the sum of frequencies of all species with time.

2. The obtained results do not confirm the hypothesis of
an increase in diversity measured in terms of the
diversity of PFG categories.

3. The analyzed categories of PFGs differ significantly
between vegetation patches recorded on heaps of
sequential age.

4. It is important to allow natural succession to proceed
in such places since this allows the colonization of the
local species diversity which is particularly appro-
priate to the ecological conditions present in the
locality.

5. Spontaneous succession can be a useful, low-cost,
restoration tool in many situations.

Acknowledgments This study was supported by grants from the
National Science Centre [Grant Number N305 046 336] in
2009–2011.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the ori-
ginal author(s) and the source are credited.

References

Auclair AN, Goff FG (1971) Diversity relations in the upland
forests of the western Great Lakes area. Am Nat 105:499–528

Balvanera P, Pfisterer AB, Buchmann N, He J-S, Nakashizuka T,
Raffaelli D, Schmid B (2006) Quantifying the evidence for
biodiversity effects on ecosystem functioning and services. Ecol
Lett 9:1146–1156

Box J (1999) Nature conservation and post-industrial landscapes.
Ind Archeol Rev 21:137–146

Bradshaw AD (1992) The biology of land restoration. In: Jain SK,
Botsford LW (eds) Applied population biology. Kluwer Aca-
demic publishers, Dordrecht, The Netherlands

Bradshaw AD (1993) Restoration ecology as a science. Restor Ecol
1:71–73

Bradshaw AD (2002) Handbook of ecological restoration. Princi-
ples of restoration. In: Perrow MR, Davey AJ (eds) Cambridge
University Press

Bradshaw AD, Chadwick MJ (1980) The restoration of land: the
ecology and reclamation of derelict and degraded land. Uni-
versity of California Press, Los Angeles

Cabała J, Teper E, Teper L, Małkowski E, Rostański A (2004)
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Rostański A (2006) Spontaneous plant cover on colliery spoil heaps
in Upper Silesia (Southern Poland). University of Silesia, Ka-
towice
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Woźniak G (2010) Diversity of vegetation on coal-mine heaps of
the Upper Silesia (Poland). Szafer Institute of Botany, Polish
Academy of Sciences, Kraków
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