
Introduction

Extraction of minerals by means of opencast mining

destroys the land surface. Mining work creates huge open-

casts and a large amount of waste, mainly rock waste, and

leaves a bare surface. The development of vegetation is as

a rule difficult and protracted in these areas, due to the

unfavorable physical and chemical properties of the waste,

as well as the limited pool of appropriate species which

could colonize them [1]. Nevertheless, vegetation colo-

nizes these areas and often forms distinctive and valuable

communities [2]. Natural development of vegetation is

unfortunately a rare phenomenon in post-mining areas in

Poland because the enterprise that caused the degradation

of the land is obliged by law to reclaim it. As a rule, the aim

of reclamation work is to introduce any plant cover that can

protect the waste against surface erosion and can accelerate

the development of soil. The oldest traditional way of

reclaiming areas degraded by human activity is to plant

trees and shrubs. Species adapted to the habitat conditions

of a given area are used only rarely. The planted species are

usually birch, larch and pine, which are relatively resistant

to drought and to nutrient scarcity. This mode of reclama-

tion produces large areas of single species woodlands with

low biological diversity.
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Abstract

In 2004, soil properties and the species composition of vascular plants and lichens were studied at five

sites in a former zinc and lead mining region (Olkusz region, southern Poland). The sampled sites, four

reclaimed by planting trees differed in age (5, 15, 30, 35 years old), and one spontaneously vegetated (100

years old). The sites were similar in soil structure and chemical composition. These were skeletal soils poor in

N and P, and rich in Ca, Mg, Zn, Pb and Cd. The 100-year vegetation which has developed there spontaneously

is represented by grasslands formed mostly by species of open, dry, warm, calcareous and metalliferous habi-

tats, with a numerous group of lichens. On sites with planted trees, the herb layer plants appeared as the result

of spontaneous colonization. In the herb layer of younger sites there were species typical of spontaneously

developed grassland. Older sites harbored fewer grassland species but also included shade-tolerant meadow

species. Expansion of trees caused the disappearance of species characteristic of metalliferous waste habitats.

Though tree planting accelerates the formation of plant cover in post-mining areas, it is not conducive to the

maintenance of the specific composition of local plant species. Spontaneous development of local vegetation

seems an appropriate way to rehabilitate at least part of post-mining areas with regard to the maintenance of

the vegetation typical for the metalliferous soils. Islands of such vegetation increase the biodiversity of degrad-

ed areas.
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In the Wyżyna Śląsko-Krakowska upland of southern

Poland there are rich deposits of zinc and lead ores.

Extraction of these deposits, carried out for at least 800

years, destroyed large expanses of land. Mining waste, rich

in heavy metals, and extensive opencasts now cover hun-

dreds of hectares. These areas were and are still being

afforested by planting of trees and shrubs. After planting,

vegetation develops without human intervention. Forests

and woodlots of different ages and states of health, formed

of one or several species, are characteristic features of the

present landscape of this post-mining area. One can also

find scarce patches of spontaneously developing vegetation

on metalliferous mine waste. Studies of several plant

species (e.g. Biscutella laevigata, Armeria maritima,
Dianthus carthusianorum) originating from these places

have shown that they differ morphologically, anatomically,

physiologically and genetically from plants growing out-

side the metalliferous areas [3]. Apart from these investiga-

tions, no comprehensive studies of the vegetation have been

carried out in this area, which is characteristic of industrial-

ized southern Poland. The aims of the present study on the

mine waste area were: 

1. to determine soil conditions and vegetation composi-

tion, 

2. to find the factor influencing vegetation diversity, 

3. to determine what is the impact of land reclamation

(due to tree planting) on vegetation development, 

4. to specify the natural value of the vegetation. 

Study Area

The study was carried out in an area between Bukowno

(50º15’46” N, 19º26’29” E) and Bolesław (50º17’50’ N,

19º28’50” E), where zinc and lead ores were once mined. It

lies within the Olkusz region, which has the richest Zn-Pb

deposits in southern Poland.

The Zn-Pb ores of the Olkusz region occur in Triassic

sediments, mainly ore-bearing dolomite and, rarely, lime-

stone. They contain more than a dozen minerals. The basic

ones are zinc sulphides (ZnS), lead sulphides (PbS) and

iron sulphides (FeS). They are accompanied by secondary

minerals originating from oxidation and carbonization

processes and minerals containing other elements such as

Cd, Ag and Tl [4]. 

Zn-Pb ore was extracted in the Olkusz region from the

12th century to the late 1990s. Opencast mining left an area

devoid of vegetation, with deep pits and huge amounts of

different kinds of waste. The largest area is covered by min-

ing rock waste, rock overlaying the deposit, and rock from

the deposit. The waste was usually deposited around open-

casts in heaps of different sizes. In the environs of

Bukowno and Bolesław, mine waste was accumulated dur-

ing several periods. The oldest waste dates back to the 19th

century, and more recent waste to the latter part of the 20th

century. It comes from the exploitation of two large

deposits of Zn-Pb ores, called the Bolesław and Krążek

deposits [4].

Environmental degradation in the Olkusz region is also

related to atmospheric pollution. Up to the end of the 1980s,

the area had the highest atmospheric deposition of sulphur

and dust with heavy metals in Poland. Dust emissions from

ore processing alone were then about 500 t·yr-1, and SO2

over 5,000 t·yr-1. Currently that industry annually emits only

about 1.5 t of dust and about 400 t SO2 (unpublished data of

the Bolesław Mining and Smelting Works).

Degraded post-mining areas should be reclaimed. In the

post-mining area between Bukowno and Bolesław, recla-

mation work started in the 1970s. It was carried out by the

Bolesław Mining and Smelting Works (ZGH “Bolesław”),

which was responsible for degradation of the area.

Reclamation consisted in leveling the ground and planting

trees and shrubs. As a result, these areas are now covered

mostly by woodlands of different ages, with artificially

introduced birch (Betula pendula), larch (Larix decidua),

pine (Pinus sylvestris) and black locust (Robinia pseudoa-
cacia).

Material and Methods

In the Bolesław-Bukowno mining region, five 0.5 ha

study sites were selected. Four sites (R5, R15, R30, R35)

were reclaimed by planting trees and shrubs. Study site R5

was afforested in 1998, R15 at the end of the 1980s, and

R30 and R35 in 1970-78. The exact date of planting was

documented only for R5. Earlier planting work carried out

in community campaigns was not registered. Judging from

the present age of trees and from inquiries at ZGH

“Bolesław” responsible for reclamation work, it is likely

that planting at R15 was done about 15 years before the

study was started, and 30-40 years at R30 and R35. The

fifth study site (NR100) has never been reclaimed; mine

waste accumulated there at the end of the 19th century was

spontaneously colonized by vegetation.

Ten permanent circular plots (each 100 m2 in area) were

established at each of the study sites. At each site they were

selected randomly. Places with untypical surface features

(ditches, paths) were excluded. The study was carried out in

summer 2004. 

Around each plot, 5 samples of the surface soil (to 10

cm depth) were taken with a soil auger (diameter 10 cm).

These samples were bulked into one sample per plot. In

addition, one soil profile was dug at each site, and the depth

of the distinguished horizons and their granulometric com-

position were determined by Prószyński’s method. 

In the mixed samples (n=50) from the upper soil layer,

pH, effective cation exchange capacity (CEC), and concen-

trations of elements (C, N, P, K, S, Ca, Mg, Zn, Pb, Cd)

were measured. Acidity (pH) was determined potentiomet-

rically, C organic content by Turin’s method, S concentra-

tion by the coulometric method with a CS 30 Behr

Analyzer, N by Kjeldahl’s method with a Kjeltec 2003

apparatus, and P colorimetrically by the vanadium-molyb-

denum method [5]. Total concentrations of Ca, Mg, Zn, Pb

and Cd were determined in samples (1 g of soil) mineral-

ized in hot concentrated perchloric acid (10 ml of HClO4).
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The cation exchange capacity (CEC) measurements were

based on ion exchange reactions using barium chloride

(BaCl2). 3 g soil samples were mixed with 30 ml 0.1M

aqueous BaCl2 solutions (pH=7) [5]. The suspensions were

shaken (2 h at slow speed) and filtered. In extracts the CEC

and exchangeable Zn, Cd, Pb were measured. Atomic

absorption spectrometry (AAS; Varian 220 FS) was used to

determine concentrations of the exchangeable cations and

total elements in soil samples. In all soil samples the

amount of exchangeable Pb was below the detection limits

of the method used (<0.5 mg/l). For all chemical analyses

the <2 mm soil fraction was used. 

In each plot (n=50), vascular plants and lichens were

identified. The cover of particular species was determined

according to Braun-Blanquet’s six-grade scale (+ to 5). The

nomenclature for vascular plant species follows Mirek et al.

[6], and for lichens follows Bielczyk [7]. An ecological

indicator value (based on habitat requirements) was

ascribed to each species on the basis of the guidelines given

by Zarzycki et al. [8].

Differences in basic soil characteristics between sites

were checked for significance with the Kruskall-Wallis

non-parametric test and multi-comparison test (LSD).

Principal component analysis (PCA) with varimax rotation

was applied to separate non-correlated factors describing

soil chemistry.

Plant species diversity was described by the number of

species and Shannon-Wiener’s index of diversity (calculat-

ed with the PAST program). The variability of the species

number and diversity coefficient between the study sites

was estimated by the t test using the JUICE program. 

Variability of vegetation at the study sites was analyzed

by the Wildi method using the MULVA-5 package [9].

Indirect and direct gradient analyses were used to estimate

the relationship between vegetation composition and the

environmental variable [10]. The community composition

gradient was not long (<2), so the linear ordination method

(redundancy analysis, RDA) was used. Statistical analysis

were performed using the STATISTICA package and

CANOCO 4.5.

Results

Soil Properties

The soils of the investigated sites were shallow, mostly

skeletal soils. In the poorly developed profiles only hori-

zons A and C were distinguishable (Table 1). Depending on

the horizon and site, the share of sand and silt fraction (par-

ticles >0.002 mm) was different, ranged from 35 to 85%

and from 11 to 63%, respectively. The clayey fraction (par-

ticles <0.002 mm) were rather stable and low (2-8%),

except for horizon C of study site R30 (about 24%).

At all sites the upper soil horizons (to 10 cm depth)

were alkaline (pH 7.21-7.80) (Table 2). The average con-

tent of organic carbon ranged from 9.91% (R5) to 15.5%

(R15); for macroelements the concentrations ranged from

0.05% (R5) to 0.46% (R15) for N, from 0.04% (R5) to

0.08% (R15) for P, and from 0.19% (R5) to 0.33% (NR100)

for K. The study sites were characterized by high concen-

trations of other nutrients originating from rock mine waste

(Ca 6.43–13.56%, Mg 3.73-7.85%, Zn 3.46-7.57%) and

nonessential heavy metals (Pb 0.30-0.46%, Cd 0.010-

0.022%) (Table 2). Within all study areas the soils showed

high variability in the concentration of the majority of ele-

ments (Table 2). 

The soil of the youngest reclaimed site (R5) differed

significantly from the soil of older sites in most of its chem-

ical properties (Table 2). It had higher pH, lower cation

exchangeable capacity (CEC) and lower concentrations of

total N, P and exchangeable forms of metals (Zn, Cd) than

the soils of other sites. The organic carbon content of R5 did

not differ much from the other sites, but the C/N ratio (289)

was many times higher than at the other sites (26-87). The

concentration of total potassium for the youngest site (R5)

differed only from the spontaneously vegetated site

(NR100), while its concentrations of total Ca, Mg, Zn, Pb

and Cd differed from two older reclaimed sites (R30, R35).
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Site Layer Depth

Proportion of granulometric

fractions 

1-0.05 0.05-0.002 <0.002

cm %

R5

Ao 2-1 69 26 5

A1 2-5 49 46 5

C 5-25 52 43 5

R15

Ao 0-5 73 24 3

A1 5-9 62 36 2

A1/A2 9-20 60 37 3

A2 20-50 54 41 5

C >50 56 39 5

R30

Ao 0-6 73 23 4

A1 7-40 68 29 3

A2 40-65 85 11 4

C >65 57 19 24

R35

Ao 0-7 61 37 2

A1 7-22 35 63 2

A2 22-50 45 50 5

C >50 50 45 5

NR100

Ao 0-5 65 31 4

A1 5-40 53 42 5

C >40 51 41 8

Table 1. Proportion of granulometric fractions in soil profile

horizons on reclaimed (R5, R15, R30, R35) and spontaneously

vegetated (NR100) mine waste.



Of all the study sites, the soils of R30 and R35 generally

contained the lowest amounts of elements originating from

rock waste minerals. The older reclaimed sites (R15, R30,

R35) and the non-reclaimed site (NR100) did not differ sig-

nificantly in pH, nor in total content of N, P, K and C.

Table 3 shows the results of factor analysis for the chem-

ical properties of the examined soils. Three factors (F1-F3)

explained 76% of the total variability of the chemistry of

soils developed on mine waste. In factor 1 (F1) the most

important were N, P, C, CEC and exchangeable forms of Cd

and Zn. They comprised a positively correlated group. Soil

pH was negatively correlated with this group. This factor

may thus represent soil organic matter. Factor 2 (F2) com-

prised the main elements contained in rock mine waste,

originating mostly from dolomite together with the rem-

nants of Zn-Pb ores (Ca, Mg, Zn, Pb, Cd). Factor 3 (F3) con-

sists only of K, connected with the mineral soil material. 

Vegetation Characteristics

The age and type of site determined the composition of

vegetation layers and the degree of plant colonization. The

youngest reclaimed site (R5) was characterized by herb

layer (C) with average cover of about 50%, and a layer of

planted trees forming layer B with average cover of about

40%. At the 15-year-old site (R15), plantations formed both

the shrub layer (B, about 30% cover) and lower tree layer

(A1, about 40% cover). Its herb layer was abundant (90%

cover). At older study sites (R30, R35) the tree layer was

fully developed (A1, about 50% cover; A2, about 80%

cover). The shrub layer was less abundant (cover to about

20%) and the herb layer abundant (100% and 80% cover).

At the oldest study site, representing vegetation sponta-

neously developing for over 100 years (NR100), there were

large patches of grassland vegetation (cover to about 100%)

and patches with expanding trees (about 40% cover). 

For all study sites there were 116 vascular plant species,

and 27 lichen species (Tables 5 and 6). Of the vascular

plants, 95 species were herbaceous plants and 21 species

were shrubs and trees. Four tree species were planted (Pinus
sylvestris, Larix decidua, Betula pendula, Robinia pseudoa-
cacia). The remaining woody plants were species that colo-

nized the area spontaneously. Among the herbaceous plants,

8 species were biennials or annuals, and the others perenni-

als. On the basis of the ecological indicator values, most

species occurring in the examined sites were determined to

be light-demanding (80-90% of the species), preferring dry

to fresh soils (about 60% of the species) and moderately

acid to alkaline soil (70-80% of the species) (Table 5).

Table 4 shows the species richness (S) and species

diversity (H’) of the study sites. Only the field layer vege-

tation was used for comparison because at all sites it had

developed spontaneously, unlike the shrub and tree layers,

which were mostly introduced by planting. The fewest vas-

cular plant species were noted at the oldest site (NR100)

and the youngest reclaimed site (R5), and the most vascu-

lar plant species at the 35-year-old site (R35). Species

diversity as expressed by coefficient H’ ranked the sites

from lowest to highest as follows: R30, NR100, R15, R5,

R35. For lichens, spontaneously vegetated site (NR100)

was richest and most diverse in terms of species number,

while reclaimed site R35 was poorest and least diverse.
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Site R5 R15 R30 R35 NR100

Parameter Mean SD CV Mean SD CV Mean SD CV Mean SD CV Mean SD CV

pH 7.8 0.09a 1 7.28 0.12b 2 7.34 0.19b 3 7.21 0.22b 3 7.3 0.26b 4

CEC molc(+)/kg 8.6 1.9a 22 26.6 8.7b 33 27.7 10.8b 39 27.7 8.2b 30 17.4 6.8a 40

C % 9.91 0.23a 2 15.5 2.9c 19 10.84 1.62ab 15 10.81 1.68ab 15 12.11 2.68bc 22

N % 0.05 0.03a 58 0.46 0.17b 37 0.35 0.16b 44 0.43 0.1b 24 0.31 0.13b 43

C/N 289 216a 75 46 20b 44 36 13b 36 26 6b 23 87 49a 56

P % 0.04 0.01a 8 0.08 0.02b 21 0.06 0.01b 10 0.05 0.01b 17 0.05 0.01b 20

K % 0.26 0.09a 34 0.19 0.07a 35 0.22 0.09a 40 0.19 0.04a 22 0.33 0.12b 37

Ca % 13.56 5.57b 41 9.29 1.53b 16 6.7 2.72ab 41 5.78 1.4a 24 6.43 2.15ab 33

Mg % 7.85 1.8a 23 5.26 0.81a 15 3.93 1.27b 32 3.73 1.08b 23 4.25 1.23a 29

Zn % 7.57 3.63a 48 5.47 1.93a 35 4.38 3.13ab 72 3.46 1.72b 50 5.15 1.61a 31

Pb % 0.46 0.15a 33 0.44 0.07a 17 0.43 0.14ab 32 0.3 0.06b 19 0.43 0.17a 41

Cd % 0.022 0.005a 21 0.019 0.003ab 18 0.019 0.008ab 43 0.01 0.003b 28 0.022 0.007a 30

Znex mg/kg 77 21a 26 320 73b 23 295 144b 49 344 96b 28 227 104b 46

Cdex mg/kg 9.3 2.6a 28 22.1 4b 18 28.2 12.2b 43 20.2 3.4b 17 20.5 8.1b 40

Table 2. Chemical properties of soils from reclaimed (R5, R15, R30, R35) and spontaneously vegetated mine waste (NR100).

Significant differences between sites (p<0.05) are indicated by different letters; ex – exchangeable form of element.



About 25% of the vascular plant species formed one

distinct group common to all study sites (Table 5). It was

represented by perennials, usually connected with shallow

soils and dry and warm habitats, mostly grassland. The

most frequent and abundant species were Thymus pule-
gioides, Scabiosa ochroleuca, Pimpinella saxifraga,
Galium album, and also Silene vulgaris, Dianthus carthu-
sianorum, Cardaminopsis arenosa, Festuca ovina and

Biscutella laevigata. They were accompanied by species of

slightly more fertile and wetter habitats, such as Leontodon
hispidus, Ranunculus acris and Agrostis gigantea. Among

trees, seedlings of oak (Quercus robur) and seedlings and

undergrowth of pine (Pinus sylvestris) commonly occurred.

The second group was formed of species occurring fre-

quently and numerously at older reclaimed sites (R15, R30,

R35) and rarely at the spontaneously vegetated site

(NR100) and the youngest reclaimed one (R5). These

species represented a wide spectrum of habitat require-

ments. Meadow species (Rumex thyrsiflorus, Carex hirta,
Veronica chamaedrys, Trifolium repens) were accompanied

by grassland species (Helianthemum nummularium,
Armeria maritima) and forest species (Pinus sylvestris,
Malaxis monophyllos). The third group, occurring almost

exclusively at the oldest reclaimed sites (R30, R35), con-

sisted mostly of planted trees (Larix decidua, Betula pen-
dula), which were accompanied by grassland and meadow

species typical of alkaline soils (Coronilla varia,
Brachypodium pinnatum, Euphorbia cyparissias) and a

few forest species of slightly acid soils (Pyrola minor,
Orthilia secunda). The fourth group, linking the non-

reclaimed site (NR100) and the youngest reclaimed one

(R5), was distinguished by Gypsophila fastigiata and

Carlina vulgaris, species of poor and shallow, mostly cal-

careous grassland. Also worth mentioning is a group of

species associated mainly with the youngest (R5) and old-

est (R35) reclaimed sites, represented by the orchids

Epipactis atrorubens and E. helleborine, and by Vicia crac-
ca. Site R15 (15-year-old afforested site) was distinguished

by the presence of grassland species (Thesium linophyllon,
Asperula cynanchica, Gentianella germanica), meadow

species (Molinia caerulea, Crepis biennis) and forest

species (Euonymus europaea).

Of the 27 lichen species, 13 occurred on stones and 14

on soil and dead plant remnants (Table 6). Most of them

were common species connected with limestone substrate.

Lichens formed three distinct groups. The first comprised

species occurring at all study sites (Verrucaria muralis,
Cladonia pyxidata, C. pocillum, Vezdaea stipitata). The

second group, linking the youngest reclaimed site (R5) with

the spontaneously vegetated site (NR100), comprised

Bacidia bagliettoana, Bacidina phacodes and Sarcosagium
campestre. The non-reclaimed site (NR100), richest in

species, was distinguished from the others by the presence

of Diploschistes muscorum.

The relation between species composition of vegeta-

tion and habitat conditions was determined using RDA

(Fig. 1). The first two axes of RDA explained 23% of

species variability (16% by axis 1, 7% by axis 2), and 66%

of the variability included in the environmental data set

was responsible for this variability. Axis 1 represented the

main environmental gradient connected with the develop-

ment of soil and vegetation. Moving from the right to the

left side of the diagram, soil pH decreases, soil fertility

increases (rise of N concentration and CEC), and exchange-

able Cd increases. Species typical of alkaline, nutrient-poor

soil (low C, N, P) and dry and warm habitats, such as

Gypsophila fastigiata, Scabiosa ochroleuca, with seedlings

of Tilia cordata and Acer pseudoplatanus and rock lichens

(Verrucaria muralis, Sarcosagium campestre, Bacidia
bagliettoana) are on the right side of the axis. Species

requiring more fertile and wetter soils, less sunny locations,
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Parameter Factor 1 Factor 2 Factor 3

PH -0.83 0.35 0.1

CEC 0.87 -0.25 0.01

C 0.52 0.08 0.13

N 0.9 -0.17 -0.04

P 0.85 0.04 -0.09

K -0.08 -0.04 0.93

Ca -0.22 0.82 -0.41

Mg -0.37 0.74 -0.18

Zn -0.14 0.87 0.06

Pb 0.16 0.79 0.03

Cd -0.15 0.78 0.37

Znex 0.89 -0.14 -0.1

Cdex 0.89 0.03 0.16

Explained

variability
39 27 10

Table 3. Factor loadings of chemical composition of soil on

mine waste. 

Loadings greater than 0.50 or lower than –0.50 are given in

bold; ex – exchangeable form of element. 

Site
Vascular plant Lichens

S H’ S H’

R5 59 a 3.37 c 12 a 1.76 a

R15 70 b 3.31 c 17 ab 2.62 b

R30 69 ab 2.87 a 21 b 2.62 b

R35 86 c 3.65 d 8 a 1.87 a

NR100 59 a 3.08 b 23 b 2.67 b

Table 4. Species richness (S) and Shannon-Wiener diversity

index (H’) of field layer vegetation on reclaimed (R5, R15,

R30, R35) and spontaneously vegetated (NR100) mine wastes. 

Significant differences (p<0.05) of indexes between sites are

indicated by different letters.



and tolerating soils with high content of heavy metals are

on the left site of the axis. They were represented by

Ranunculus acris, Veronica chamaedrys, Galium album
and Pimpinella saxifraga. The second axis was negatively

correlated with potassium, an element not connected with

organic matter but with the mineral fraction of the soil.

Concentrated in the lower part of the axis are numerous

lichens of open dry grasslands, occurring on soil, dead vas-

cular plant remnants and moss turfs (Cladonia sp.,

Diploschistes muscorum) as well as on exposed stones

(Mycobilimbia tetramera, Verrucaria aethiobola). In addi-

tion to lichens there were Leontodon hispidus subsp.

hastilis, Gentianella germanica, Rhinanthus minor and

Erysimum odoratum. On the other side of the axis are

Epipactis helleborine, Vicia cracca and Leontodon hispidus
subsp. hispidus. High concentrations of P, C and heavy met-

als (Zn, Cd) favored luxuriant growth of Dianthus carthu-
sianorum, Carex caryophyllea and Festuca ovina. They are

concentrated in the lower left part of the diagram.

Brachypodium pinnatum, Cerastium arvense, Carex hirta
and Malaxis monophyllos (upper left of diagram) occurred

on more fertile and more acid soil in less sunny places.

Grassland and meadow species (Carlina vulgaris, Daucus
carota, Euphrasia stricta) occurred on shallow soil in loca-

tions that are open but slightly more favorable for the devel-

opment of plants (lower right of diagram).

Discussion

Soils of Zn-Pb Mine Waste

The soils of the whole study area had similar structure

and chemistry, associated with the properties of substrate

that originated from mine waste (Zn-Pb ores). The waste

has been weathering slowly; this accounts for the skeletal

character of the originated soils, which are rich in Ca, Mg

and heavy metals (Zn, Pb, Cd). The concentrations of these

metals are many times higher than in natural soils of Poland

[11], and comparable to the concentrations found in metallif-

erous soils in other Zn-Pb post-mining areas of Europe [12]. 

Soils originated on limestone substrate, such as those in

the study area, are characterized by high pH (>7). At such

high pH, most heavy metals occur in insoluble forms

unavailable to plants [13]. The concentrations of total forms

of metals in post-mining soils are so high that the amounts

potentially available to plants are also very high. It should

be added that as a rule the pH of the rhizosphere is lower

than outside it; this means that the solubility/availability of

metals in the rhizosphere of plants can be considerably

higher. Studies by Szarek-Łukaszewska and Niklińska [14]

at two post-mining sites (R30, NR100) showed that the

concentrations of metals in plants growing on these soils

were much higher than in plants from non-mining areas.
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Fig. 1. Redundance analysis (RDA) ordination diagram (first two axes) for vegetation (field layer) and main soil characteristics (pH,

CEC, C, N, P, K, Znex, Cdex) on reclaimed (R5, R15, R30, R35) and spontaneously vegetated (NR100) mine waste. For species abbre-

viations see Tables 5 and 6.
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The basic nutrients for plants are nitrogen, phosphorus

and potassium. The source of nitrogen for plants is derived

almost exclusively from organic matter. Developing soils

have little organic matter [15], so the nitrogen supply

depends on atmospheric deposition and the presence of

nitrogen-fixing microorganisms. In the study area, the

youngest study site (R5) is an example of initial soil con-

taining very little nitrogen. In the course of the develop-

ment of an ecosystem the nitrogen cycle closes and the

amount of nitrogen should increase in the soil. In the study

area, however, the concentration of total nitrogen was still

low in forest soils (R30, R35). Similar low values were

reported by Alvarez et al. [16] and Shu et al. [17] from

metalliferous soils of post-mining areas, and by Niklińska

et al. [18] from soils of natural and artificial forests sur-

rounding the study area. Most total nitrogen is not directly

available to plants. The available nitrogen originates from

processes of decomposition of organic matter and mineral-

ization. The soil C/N ratio may be an index of the quality

of these processes. For proper mineralization the C/N ratio

should be about 20 [19]. In young soils this ratio is much

higher, which means that all the nitrogen has been used by

microorganisms [19]. In the region studied this seems to be

the situation at the youngest study site (R5). After several

decades, the natural development of soils in the degraded

post-mining area may bring the C/N ratio to levels similar

to those in soils of undisturbed sites [19]. In the investigat-

ed region the C/N ratio was low in the soils of the oldest

forest site (R35), similar to values recorded from soils of

forests bordering the post-mining area [18]. The high C/N

ratio in the soil of the grassland (NR100) is worth noting;

it may testify to a low rate of decomposition and mineral-

ization of organic matter and to a deficiency of nitrogen for

plants.

Potassium almost does not occur in organic forms in the

soil; its concentrations are higher in the mineral than in the

organic horizon. From the latter it is easily leached [15].

The uptake of potassium by plants may be limited in con-

ditions of high amounts of Ca and Mg in soil solution [15].

In the soils of the investigated area the concentrations of

these two elements are high, suggesting the possibility of

potassium deficiency in the plants.

Plant-available phosphorus originates from minerals

and organic matter [15]. The solubility of phosphorus com-

pounds is low in alkaline soils containing high amounts of

Ca and Mg, so these soils are characterized by a deficiency

of plant-available phosphorus. Such soils may be colonized

by plants capable of increasing the solubility of phosphorus

compounds; these are calcicolous species [20] and species

living in symbiosis with mycorrhizing fungi [21]. In the

studied post-mining area, most plant species are mycor-

rhizing species [22].

As mentioned above, organic matter is the main source

of nitrogen and phosphorus. These elements are often defi-

cient in metalliferous soils such as those studied here. In

addition to other factors (e.g. high pH and high Ca concen-

tration in the case of P deficiency), a deficiency of macroele-

ments may be caused by high concentrations of heavy met-

als, which slow the rate of organic matter decomposition.
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Then the undecomposed organic matter accumulates,

excluding part of the nutrients from the biogeochemical

cycle [27]. It is the reduced activity of microorganisms (an

effect of heavy metals) which is responsible for retardation

of organic matter decomposition [27].

Vegetation of Zn-Pb Mine Waste

Areas created by opencast mining are bare and deprived

of any biological life. Their revegetation is necessary for

many reasons. Vegetation protects the ground surface

against wind erosion and diminishes the threat of water ero-

sion. There are also other obvious environmental benefits

(providing habitat for animal species, carbon capture, etc.).

It plays an important role in restoring or adding landscape

values. It is not easy to quickly revegetate an area with

unfavorable soil structure and soil chemistry, and particu-

larly difficult to recultivate waste produced from extraction

of metal ores. The time needed for dense woodland to

develop spontaneously on degraded sites differs depending

on soil conditions. In Central Europe it is ca. 20 years. On

dry and toxic soils it may take much longer [28]. Tree plant-

ing offers quick revegetation of vast degraded areas [29]. In

the investigated post-mining area, where, as shown in the

present paper, habitat conditions were extremely difficult

for the development of vegetation, 30 years ago several

species were planted once and left without further human

intervention. Currently these sites represent open wood-

lands with developed undergrowth and herb layer (R30,

R35). This mode of reclamation is desirable if our principal

aim is only to green an area, but if the area destroyed by

mining activity is relatively small and there is local vegeta-

tion in its vicinity, artificial planting is unnecessary. Plant

cover will develop through spontaneous colonization by

local plants [2, 28, 30]. 

Colonization of mining areas by plants, and the rate of

vegetation development, depend on which communities

exist on the margin of degraded areas; they are the main

source of diaspores. For the investigated younger post-min-

ing sites, potential sources of diaspores could be the oldest

(100-year-old) grassland, with species adapted to the spe-

cific conditions of mine waste, as well as small patches of

grassland vegetation that have survived amidst the sites

destroyed by mining activity. At the moment of its estab-

lishment, the youngest (5-year-old) site was surrounded by

vegetation that had been developing for a long time (e.g.

grasslands, older woodland). Species from neighboring

grasslands appeared among the thinly planted trees of R5.

These were vascular plants and lichens, as well as self-sow-

ing birch, reported by Prach and Pysek [28] to be the most

frequent tree in the first stages of colonization of areas

degraded by human activity. It seems that after 5 years of

development, vegetation cover of the mine waste might be

dense enough to prevent erosion.

The supply of forest species diaspores is small in the

investigated area because the forests, destroyed by many

years of mining activity, are a considerable distance away.

In the oldest woodlands are a few forest plants producing

small seeds that are easily transported by wind, such as

Pyrola minor, Orthilia secunda and orchids (Epipactis hele-
borine, E. atrorubens). Heavy vehicular traffic and move-

ment of people, connected with continuing technical work,

may have played an important role in the dispersion of

seeds in the investigated area. 

The physical and chemical properties of the waste and

the soil developing on it undoubtedly determine the species

composition of plants spontaneously colonizing the area. It

should be emphasized that the substrate of the investigated

sites varies greatly in its surface features, pH, and content

of nutrients and toxic compounds. Plants there encounter a

variety of microhabitats, from dry and strongly alkaline to

wetter and weakly acid, with higher or lower concentrations

of metals. As a result, the studied post-mining sites differed

floristically. In the patches of strongly alkaline soil there

were calcicolous species (Potentilla arenaria, Galium
album, Ranunculus bulbosus); places with lower pH were

overgrown by species of neutral meadows (Pimpinella sax-
ifraga, Rhinanthus minor), and acid soils favored the occur-

rence of Campanula rotundifolia. Shallow soil resembling

scree was the habitat for rock lichens and plant species hav-

ing shallow root systems (Gentianella germanica,
Cardaminopsis arenosa) or roots deeply penetrating the

skeletal substrate (Silene vulgaris, Biscutella laevigata). In

addition to species with specific requirements, the post-

mining area harbored many species with a wide amplitude

of habitat requirements (Plantago lanceolata, Festuca
ovina). Other authors have noted similar species diversity

in areas degraded by opencast mining [12, 31]. 

Among the vascular plants and lichens occurring in

areas affected by Zn-Pb mining, one may distinguish a

group of species specific to such regions: metallophytes

[12, 23, 32-34]. The classic places of their occurrence in

Europe are in Belgium, France and Germany. Those

species are absent from the investigated area, but many

common species (e.g. Silene vulgaris, Armeria maritima,
Dianthus carthusianorum) or rare ones (e.g. Biscutella lae-
vigata) show features that differentiate them from individ-

uals growing in non-metalliferous soils [35-39]. They have

been labeled metal-resistant ecotypes. These species also

have ecotypes in other metalliferous areas of Europe [12,

33]. Of the lichens occurring in the investigated area,

Diploschistes muscorum has also been found in other met-

alliferous areas and determined to be a hyperaccumulator

of zinc [32].

Many authors have noted that trees can remain healthy

and productive even under exposure to extremely high con-

centrations of metals in the soil, though their growth rate is

lower than in uncontaminated soils [40, 41]. These

researchers suggest that such tolerance may be facultative:

the roots may avoid the metal-polluted places or may immo-

bilize the metals. Developing trees may significantly affect

habitat conditions. Their dense canopy reduces the amount

of light reaching the ground surface and increases its mois-

ture, which in turn enables the growth of shade-tolerant

species [42]. In the investigated region, sites reclaimed by

tree planting formed either open woodland (R5, R15) or

denser mixed forests (R30, R35), depending on their age.
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At the younger replanted sites, vegetation of a composition

similar to grassland persisted in gaps between trees. At

older sites, shaded to a different degree, there occurred

more species typical of moderately dry to moderately

humid habitats, moderately rich in nutrients. With time, as

shrubs and trees develop and as shading increases in the

reclaimed sites, species diversity may decline as habitat

conditions become more uniform. The number of pho-

tophilous species (lichen, plants) has already decreased on

a 35-year-old afforested site (R35). 

In metalliferous areas, the number of species com-

prising grassland ranges from the under twenty to sever-

al dozen [12, 23]. Generally, grasslands developing on

Zn-rich substrates are richer in species, and poorer on

substrates with high concentrations of Pb. In terms of the

number of species, the grasslands of the study area are

similar to European zinc grasslands. The grasslands of

post-mining areas often are temporarily stable communi-

ties, because heavy metals considerably retard succession

[12, 23], but the grasslands are slowly overgrown by

shrubs and trees. To maintain grasslands on the land-

scape, special measures are required to prevent the devel-

opment of spontaneously germinating tree and shrub

species. The natural grasslands of metalliferous areas

(specific communities with valuable species) are often

under protection, but the form of protection needs to be

active, consisting of the removal of invading shrubs and

trees. Until the 1980s the 100-year-old site (NR100) in

the study area was grassland with single trees, mainly

pine [24, 25]. Until the mid-20th century, goats were spo-

radically grazed in the area. After cessation of grazing,

the development of trees was retarded by atmospheric

pollution (SO2, metallic dusts) emitted from smelting

plants adjacent to the mine. When these emissions rapid-

ly declined in the 1990s, pine trees began to multiply in

the 100-year-old grassland. Currently, the pine popula-

tion is expanding and its seedlings are numerous. At the

beginning of the 21st century, atmospheric deposition of

nitrogen increased in the investigated area, as in other

parts of the country [26]; this will undoubtedly lead to

eutrophication of habitats and consequent changes in the

vegetation.

In summery, tree planting accelerates the development

of plant cover on post-mining metalliferous areas but does

not allow for maintenance of local vegetation. Permitting

spontaneous development of local vegetation seems an

appropriate way to rehabilitate at least part of the area. It

allows islands of vegetation to persist, where species and

populations typical of specific metalliferous habitats con-

centrate, increasing the biodiversity of post-industrial

areas. 
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