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Abstract Copper ore mining and processing release hazard-
ous post-flotation wastes that are difficult for remediation. The
studied tailings were extremely rich in Cu (1800 mg kg−1) and
contaminated with Co andMn, and contained very little avail-
able forms of P, Fe, and Zn. The plants growing in tailings
were distinctly enriched in Cu, Cd, Co, Ni, and Pb, and the
concentration of copper achived the critical toxicity level in
shoots of Cerastium arvense and Polygonum aviculare. The
redundancy analysis demonstrated significant relationship be-
tween the concentration of available forms of studied elements
in substrate and the chemical composition of plant shoots.
Results of the principal component analysis enabled to distin-
guish groups of plants which significantly differed in the pat-
tern of element accumulation. The grass species Agrostis
stolonifera andCalamagrostis epigejos growing in the tailings
accumulated significantly lower amounts of Cu, but they also

had the lowest levels of P, Fe, and Zn in comparison to dicot-
yledonous. A. stolonifera occurred to be the most suitable
species for phytostabilization of the tailings with regard to
its low shoot Cu content and more efficient acquisition of
limiting nutrients in relation to C. epigejos. The amendments
improving texture, phosphorus fertilization, and the introduc-
tion of native leguminous species were recommended for ap-
plication in the phytoremediation process of the tailings.
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Introduction

Mining and processing of copper ores extensively alter the
environment, and the main difficulty is a huge amount of
flotation tailings which comprise even 96% of the mass of
run-of-mine ores with worldwide production estimated to be
two billion tons in 2011 (Gordon 2002; Onuaguluchi and Eren
2012). These tailings pose an enormous problem in EU coun-
tries, particularly in Poland where the copper production
accounted over 421,000 t, which was accompanied by tailing
deposition which amounted to 8.5 million tons in 2014
(Brown et al. 2016). The tailings consist mainly of very fine
grinding rocks, and, as a result of the beneficiation process,
they contain high concentrations of copper and other trace
elements (Łuszczkiewicz 2000; BREF 2009; Wang et al.
2014). These kinds of wastes are usually deposited without
any treatment in extensive ponds which pose opened sources
of pollutants for neighboring ecosystems. The migration of
heavy metals leads to the contamination of air, water, soil,
and sediments, which negatively affects all organisms, includ-
ing humans (Baycu et al. 2015; Venkateswarlu et al. 2016).
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Among the technologies that may be employed in remedia-
tion of metal-contaminated lands and especially in the case of
large sites, phytoremediation constitutes the most useful and
cost-effective way that can be applied with minimum environ-
mental impact (Khan et al. 2004). In the phytoextraction tech-
nique, certain plants are used (e.g., hyperaccumulators of trace
elements) that have the extraordinary ability to take up and
accumulate contaminants in their aboveground parts.
BPhytomining,^ however, has certain limitations and induces
ecological risk because of introducing potentially toxic metals
into the food chain or the improper disposal of contaminated
biomass (Mench et al. 2010; Venkateswarlu et al. 2016).
Reduction of metal mobility and bioavailability can be achieved
due to the phytostabilization technique which uses suitable plant
species and associated microbes for revegetation of contaminat-
ed sites. This enables the stabilization of the site area and pollu-
tion control, visual improvement, and removal of threats for
herbivores and human beings (Wong 2003; Sheoran et al. 2010).

Establishing vegetation on abandoned metalliferous wastes
is usually difficult because these artificial habitats create unfa-
vorable conditions for plant growth. They are characterized by
poor physical properties of substrate with unsuitable air-water
conditions, high content of toxic metals, salinity, low fertility,
and microbial activity (Forsberg 2008; Neuschütz 2009;
Sheoran et al. 2010; Rybak et al. 2014). As a result, these
wastelands are often devoid of any vegetation or have only
sparse plant cover and are unable to create sustaining and
healthy ecosystems. Especially, soils with high or contrasting
metal contents impose strong selective pressure on colonizing
plants which can persist in such habitats due to a wide range of
adaptations (Baker 1981; Kinzel and Lechner 1992; Broadley
et al. 2003). The lack of nutrients or their low availability is a
similarly important selective factor, which hardly constrains
vegetation development (Kazakou et al. 2008; Sheoran et al.
2010; Turnau et al. 2010). However, the problem of metal
dispersion and nutrient deficiency can be solved by using clean
topsoil to cover the waste substrate, but usually it must be
transported from distant areas, which is costly, especially in
the case of large wastelands. In this connection, revegetation
of metalliferous wastes should be carried out with attentively
selected plants that must be metal resistant and adapted to
nutrient-deficient soils and can improve soil biological activity,
grow quickly, and form dense canopies and root systems. These
plants should be also adapted to local environmental conditions
and be of native origin (Mench et al. 2010; Sheoran et al. 2010),
so species spontaneously colonizing particular sites should be
primarily considered and implemented for phytoremediation
practices. Our main aims in the present study were (1) to eval-
uate heavy metal and nutrient contents in shoots of plants that
colonize post-flotation copper tailings and juxtapose these data
with chemical composition of the examined species growing on
an unpolluted site, (2) to reveal the interactions between plant
chemical composition and the specific properties of the copper

tailings, and (3) to select plants and formulate general recom-
mendations for the phytoremediation of these wastes. The test-
ed hypothesis was whether the plant species that grow sponta-
neously on the copper tailings may be used as suitable organ-
isms for their phytoremediation.

Materials and methods

Study sites

The studies were carried out in a BWartowice 3^ tailings pond
area (51° 12′ 38.34″ N 15° 40′ 53.58″ E) which is located in
Warta Bolesławiecka district, Lower Silesia province, SW
Poland (Fig. 1). This pond covers about 232 ha and had been
in mining activity for storing tailings from the copper ore
flotation process until 1989. The main materials forming the
tailings are silica (quartz), carbonate minerals (dolomite, cal-
cite), and clay minerals, as well as to a lesser extent shale
copper ores, marl, shale, and anhydrite.

Despite of natural succession lasting over 20 years, the pond’s
surface remains almost bare with very poor vegetation. There are
only infrequent and widely scattered stands, of a surface area of
approx. 2 m2, of stunted specimens of Pinus sylvestris L. and
Populus tremula L. as well as a few herbaceous species with
dominance of Agrostis stolonifera L. Only the places that are
overburden and with a little share of the copper tailings have
greater and more diverse plant cover. A few attempts at the
reclamation of the tailings were made in the past, but they were
costly and ineffective, resulting in very sparse plant cover.

In comparison to the tailings pond, an urban wastelandwith
grassland and ruderal vegetation was chosen as a reference
site which inhabited these plant species that lived in the pond.
It was located in a relatively clean area nearby the Ślęza River
in Wrocław city, SW Poland (Fig. 1).

Sampling and chemical analysis

Because of the extremely poor vegetation that covers the pond,
only five herbaceous plant species could be examined in this
study, such as Agrostis stolonifera L. and Calamagrostis
epigejos (L.) Roth (both from the Poaceae family), Cerastium
arvense L. (Caryophyllaceae), Polygonum aviculare L.
(Polygonaceae), and Tussilago farfara L. (Asteraceae).
Samples of these species and substrates were collected from
the tailings pond and the reference site, and they consisted of
aboveground plant parts and copper tailings or reference soil
taken from the plant rooting zone (10–20 cm depth). In the
tailings pond, each species with substrate was collected random-
ly from three to five sampling sites. There were ten sampling
sites in total with different compositions of collected species. At
the reference site, the samples were taken randomly from four
quadrates of a surface area 25m2with similar plant composition.
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An analysis of granulometric composition of the copper
tailings was carried out with use of the aerometric method.
Organic carbon was determined by a CHNS analyzer from
CE Instruments (Skjemstad and Baldlock 2008) after removal
of carbonates; pH was measured in distilled water in the 1:2
(weight/volume) ratio (Hendershot et al. 2008).

Total contents of 13 elements (Ca, Cd, Co, Cu, Fe, K, Mg,
Mn, Na, Ni, P, Pb, and Zn) in the copper tailings were deter-
mined by ICP-OES after microwave digestion in concentrated
nitric acid with hydrogen peroxide oxidation (1.0 g of sub-
strate treated with 10 mL of concentrated HNO3 and 2 mL
H2O2, Merck Darmstadt). Appropriate Sigma-Aldrich ICP
standards were used for working standards after matching a
matrix.

Available forms of some elements (Ca, Co, Cu, Fe, K, Mg,
Mn, P, and Zn) in air-dried and sieved (Ø 2-mm sieve) samples
of the tailings and the soil were determined after extraction in
0.2 mol L−1 CH3COOH + 0.25 mol L−1 NH4Cl,
0.005 mol L−1 + C8H8O7 (citric acid) and 0.05 mol L−1 HCl

pH = 1.3 by Yanai et al.’s (2000) method. The elements Mg,
Fe, Mn, Zn, Cu, and Co were analyzed by atomic absorption
spectrometry with a Varian SpectrAA 220 FS apparatus using
an air-acetylene oxidizing flame, after optimization at specific
wavelengths. Potassium and calcium were determined by
atomic emission spectrometry with use of the air-acetylene
flame for K detection, and the oxidizing nitrous oxide-
acetylene flame for Ca. The caesium-lanthanum buffer (by
Schinkel, Merck Darmstadt) was added as a releasing agent
for K analysis. Colorimetric determination of phosphorus was
done by (molybdenum blue) Murphy and Riley’s (1962)
method with a Thermo Scientific Evolution 600 UV-Vis spec-
trophotometer at 715-nm wavelength.

Plant samples were dried and ground with a stainless steel
cutter mill equipped with a 2-mm sieve. Next, 2.5 g of air-
dried material was weighted into quartz crucibles and ashed in
an oven, with a program ensuring slow increase of tempera-
ture to 500 °C, maintaining this temperature over 6 h, and then
slowly cooling down. The ashed samples were dissolved in

Fig. 1 Location of the study sites and the view of BWartowice 3^ tailings pond with extremely poor vegetation
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6 mol dm−3 HCl (Sillanpää 1982), evaporated, and then trans-
ferred with 0.2 mol dm−3 HCl into a 50-mL volumetric flask.
Element contents in plants were determined in conditions ad-
equate for each element, as described above.

Data analysis

Significance of differences between study sites in terms of
element contents in substrates as well as plant species was
evaluated with use of Student’s t test after verification of a
normal distribution by Shapiro-Wilk’s W test and data Box-
Cox transformation. The calculations were carried out with
Statistica software version 10 (StatSoft 2011).

To reduce the amount of variables and for data exploration
purposes, principal component analysis (PCA) was performed
to analyze the variance in element contents in plants and re-
dundancy analysis (RDA) was used to relate variation in the
chemical composition of plants to the element contents in
examined substrates. These linear methods of ordination were
chosen after preliminary application of detrended correspon-
dence analysis (DCA) of the plant data, which yielded axes of
short gradients, i.e., below 0.4 SD (Lepš and Šmilauer 2003).
In the PCA, a set of 13 elements and 37 samples of plant
species from the copper tailings and the reference soil was
analyzed. Student’s t test was used to assess the significance
of differences between groups of the plant samples distin-
guished in the PCA ordination. The RDA was based on a
9 × 37 element-by-sample matrix, and the Monte Carlo per-
mutation test (499 permutations under a reduced model) was
performed to evaluate the statistical significance of
constrained axes as well as of each descriptive variable in
the model of regression of forward selection. Computations
and ordination plots in PCA and RDA were made using
CANOCO 4.55 for Windows software (ter Braak and
Šmilauer 2002).

Results

Substrate properties

The granulometric composition of the copper tailings
(Table 1) was characterized by the majority of a fraction with
grains of a diameter lower than 0.05 mm. This fact indicates
the unsuitable air-water conditions with the oxygen deficiency
that occurred in wet seasons, which is particularly unfavorable

for the plant root growth. Additionally, other authors (Spiak
et al. 2012) reported that the tailings had an adverse water
capacity because of too low content of the productive and
easily accessible water (related to the matrix potential from
2.2 to 3.7 pF), which especially occurred in the top layer.
Under such circumstances, the seedling mortality can be very
high, which restricts plant settlement in a colonization process
of the bare pond surface.

The copper tailings had low content of organic carbon
(< 0.3%) which mainly derived from black shale and lignite
that are present in copper ore deposits, and from flotation
agents. Due to the high content of carbonate minerals, they
are characterized by an alkaline reaction with the pHH2O value
which ranged between 8.0 and 8.5. The pH value of the ref-
erence soil was in a range 5.8–6.2.

The total element contents found in the copper tailings are
presented in Table 2. The mean phosphorus and potassium
contents in the tailings were higher than the averages recorded
for relatively poor Polish soils as well as European mean
values, which results from the ore beneficiation in a flotation
process. The total contents of Ca (16.3%) andMg (2.4%)were
very high in comparison to mean soil levels given by Lis et al.
(2012) (0.47 and 0.10%, respectively) and Salminen et al.
(2005) (2.53 and 1.04%, respectively). These occurrences
are due to the fact that the tailings developed as assorted ma-
terial from dolomite rocks. Among microelements, the total
Cu content was extremely high (1800 mg kg−1) which is al-
most 13 times higher than the maximum allowable content of
this element in European agricultural soils, as reported by
Kabata-Pendias and Pendias (2001) (Cu < 140 mg kg−1) fol-
lowing EU legislation (CD 1986). This is despite the fact that
the concentration of Cu decreases from about 2% in the mined
ore to 0.18% in the deposited tailings. The total content of Co
and Mn was very high too (20 and 1900 mg kg−1, respective-
ly), and it exceeded the mean values of these elements for
Polish as well as European soils, according to Lis et al.
(2012) (3 and 267 mg kg−1, respectively) and Salminen et al.
(2005) (10.4 and 627 mg kg−1, respectively). The levels of Co

Table 1 Granulometric composition of the copper mine post-flotation
tailings

Granulometric fraction

Grain size (mm) > 2.0 0.05–2.0 0.002–0.05 < 0.002

Share (%) 0 1–13 63–85 5–35

Table 2 Total element content (mg kg−1) in the copper mine post-flotation tailings

Ca Cd Co Cu Fe K Mg Mn Na Ni P Pb Zn

Mean 163,000 0.4 20.0 1800 18,000 27,000 24,000 1900 800 22.6 800 36.8 65.9

SD 5000 0.1 1.0 90 800 1000 1000 90 30 2.1 50 4.9 8.7
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and Mn were also in accordance with the lower values of the
allowable content of these elements in European agricultural
soils, as given by Kabata-Pendias and Pendias (2001) (20 and
1500 mg kg−1, respectively); thus, the copper tailings can be
considered as Co- and Mn-contaminated. The total Fe and Ni
contents were a few times as high as Polish soil average values
(6700 and 6.0 mg kg−1, respectively) (Lis et al. 2012), but they
were not enriched in relation to European means. The total Pb
level was comparable to the means determined for Polish and
European soils. The obtained values of total Cd and Zn were
lower than the means reported by Lis et al. (2012) (0.8 and
88 mg kg−1, respectively). The total Na content was much
lower compared to the European mean.

The chemical composition of the copper tailings and the
reference soil differed significantly (t test, P < 0.05) in terms
of content of the available forms of all analyzed elements
(Table 3). The tailings were extremely rich in available Cu
which was over 40 times as high as that of the soil. Levels
of available Ca and Mg were very high too, and the calcium
content was above seven times and magnesium content three
times as high as that of the soil. Similarly, the content of
available K, Fe, Co, and Mn was also considerably higher in
the tailings. On the other hand, the copper tailings have several
times lower content of the available P and a lower level of the
available Zn, compared to the reference soil.

Element content in plants

A comparison of chemical composition of plant shoots col-
lected from the copper tailings and the reference soil revealed
the occurrence of many considerable differences (Table 4).
The plants from copper tailings, except for T. farfara, had
higher Ca content. The highest mean calcium value was found

in C. arvense (29 g kg−1), and this was about seven times as
high as that from the soil. As opposed to the other species,
T. farfara accumulated calcium at a very high level
(21 g kg−1), which was the same in both study sites. The shoot
Mg content was considerably higher in the plants from
tailings, and P. aviculare, C. arvense, and T. farfara
accumulated magnesium above the requirement for optimal
plant growth, according to Marschner (2012) (1.5–
3.5 g kg−1). Among the species growing in tailings, grasses,
i.e., A. stolonifera and C. epigejos, were characterized by the
lowest Ca and Mg levels. The plants from copper tailings,
relative to those from the soil, accumulated phosphorus at
the same level as in the case of dicotyledonous, or had a
significantly lower P content (t test, P < 0.05) than in both
grass species with the lowest result noted in C. epigejos. The
K accumulation pattern differed widely among the studied
sites and the species. The plants from tailings had much higher
Na content with the highest result (78.7 mg kg−1) found in
P. aviculare which accumulated 17 times as much sodium as
that from the soil.

The shoot Cu content was significantly higher (t test,
P < 0.05) in all plants from tailings compared to those growing
in the reference soil. The highest amounts were found in
C. arvense and P. aviculare (47.0 and 37.8 mg kg−1, respec-
tively). These values were nearly eight and ten times as high as
those of the soil environment, and they were within the range
of critical toxicity Cu level for plants, according to Kabata-
Pendias and Pendias (2001) (20–100 mg kg−1) as well as the
European Union legislation (EU 2008). The experimental crit-
ical toxic values for cultivating plants were estimated to be 8–
40 mg Cu kg−1 (Davis and Beckett 1978; Macnicol and
Beckett 1985), but we cannot state unambiguously if the toxic
effect occurs in the species mentioned above because relevant
data are rather scarce.

All species from tailings accumulated cadmium and cobalt
above normal values for plants (0.2 and 1.0 mg kg−1, respec-
tively) but below the toxic levels, as given by Kabata-Pendias
and Pendias (2001). The highest Cd amounts were found in
shoots of C. epigejos, C. arvense, and P. aviculare (0.8–
0.6 mg kg−1, respectively). The species from tailings were
distinctly enriched in Ni and Pb whose contents approached
the maximum of the normal ranges (5 and 10mg kg−1, respec-
tively; Kabata-Pendias and Pendias 2001). The Mn content
was within the normal values for plants in all studied species.
As opposed to the others, T. farfara did not accumulate higher
amounts of Cd, Ni, Mn, and Pb growing in the tailings
environment.

The shoot Fe content was much lower in all species
growing in tailings compared to those from the soil, and
statistically significant differences (t test, P < 0.05) were
found in most cases. The iron levels for the examined
grasses were below the range of critical deficiency con-
centration (50–150 mg Fe kg−1, according to Marschner

Table 3 Concentration of the available formsa of elements (mg kg−1) in
the copper mine post-flotation tailings and the reference soil

Cu tailings Reference soil

Mean ± SD Median Mean ± SD Median P

Ca 37,605 ± 1608 37,475 5129 ± 1620 4713 < 0.0001

Co 1.6 ± 0.2 2.0 0.8 ± 0.6 1.0 < 0.0002

Cu 745 ± 265 686 16 ± 13 10 < 0.0001

Fe 151 ± 11 155 94 ± 47 72 < 0.003

K 237 ± 55 239 133 ± 80 105 < 0.002

Mg 377 ± 57 355 112 ± 24 108 < 0.0001

Mn 318 ± 13 320 48 ± 8 48 < 0.0001

P 31 ± 11 30 712 ± 362 641 < 0.0001

Zn 2.2 ± 0.9 2.0 17 ± 11 15 < 0.0001

The results are presented as mean with standard deviation (SD) and me-
dian; t test probability level (P) for comparison of means of both sub-
strates, significant differences in bold text
a Determined according to the Yanai et al. 2000
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Table 4 Element content (mg kg−1) in plant shoots from the copper mine post-flotation tailings and the reference soil

Study site Agrostis
stolonifera L.

Calamagrostis
epigejos (L.) Roth

Cerastium
arvense L.

Polygonum
aviculare L.

Tussilago
farfara L.

Ca Cu tailings Mean ± SD
Median

6840 ± 1457
7100

7600 ± 2700
6150

29000 ± 2800
28900

19100 ± 1700
19400

21000 ± 1900
20100

Reference soil Mean ± SD
Median

4030 ± 651
4000

4100 ± 960
4500

3800 ± 1200
3888

6500 ± 1300
7100

21500 ± 1900
21600

P < 0.02 > 0.05 < 0.0001 < 0.0001 > 0.05
Cd Cu tailings Mean ± SD

Median
0.36 ± 0.10

0.41
0.80 ± 0.10

0.81
0.72 ± 0.05

0.70
0.61 ± 0.13

0.60
0.28 ± 0.03

0.26
Reference soil Mean ± SD

Median
0.34 ± 0.06

0.32
0.30 ± 0.03

0.30
0.52 ± 0.66

0.24
0.33 ± 0.03

0.33
0.33 ± 0.03

0.34
P > 0.05 < 0.001 > 0.05 < 0.02 > 0.05

Co Cu tailings Mean ± SD
Median

1.50 ± 0.30
1.62

1.19 ± 0.30
1.13

3.90 ± 0.50
3.98

2.70 ± 0.20
2.71

3.10 ± 0.20
3.06

Reference soil Mean ± SD
Median

1.30 ± 0.20
1.40

0.97 ± 0.10
0.97

0.93 ± 0.10
0.92

1.40 ± 0.10
1.41

2.70 ± 0.10
2.67

P > 0.05 > 0.05 < 0.0001 < 0.0001 > 0.05
Cu Cu tailings Mean ± SD

Median
10.40 ± 1.40

10.70
6.00 ± 1.90

6.08
47.00 ± 8.50

43.80
37.80 ± 5.50

39.00
16.70 ± 4.80

11.80
Reference soil Mean ± SD

Median
4.60 ± 1.30

4.80
2.70 ± 0.80

2.86
5.70 ± 1.10

5.83
3.80 ± 0.10

3.78
5.40 ± 1.70

4.60
P < 0.001 < 0.04 < 0.0001 < 0.0001 < 0.02

Fe Cu tailings Mean ± SD
Median

38.30 ± 5.30
40.00

30.67 ± 5.20
31.00

95.10 ± 25.40
82.00

68.10 ± 17.20
69.00

54.40 ± 13.50
47.00

Reference soil Mean ± SD
Median

103.10 ± 27.80
114.00

57.54 ± 8.80
53.30

125.90 ± 54.30
114.00

370.00 ± 94.00
407.00

92.90 ± 17.30
102.00

P < 0.002 < 0.004 > 0.05 < 0.001 < 0.04
K Cu tailings Mean ± SD

Median
16000 ± 1420

15600
12000 ± 1200

12000
36800 ± 9900

33100
18900 ± 2800

18250
39600 ± 2400

38900
Reference soil Mean ± SD

Median
25000 ± 6450

23400
15600 ± 2900

15400
25100 ± 7000

23375
7800 ± 1200

9820
28100 ± 1000

27900
P < 0.02 > 0.05 < 0.02 < 0.001 < 0.002

Mg Cu tailings Mean ± SD
Median

1560 ± 40
1600

1350 ± 170
1400

7300 ± 1400
6800

7800 ± 1500
7550

5000 ± 1700
5300

Reference soil Mean ± SD
Median

1300 ± 30
1300

830 ± 150
800

2400 ± 700
2510

930 ± 60
900

2600 ± 900
2500

P > 0.05 < 0.009 < 0.0001 < 0.001 > 0.05
Mn Cu tailings Mean ± SD

Median
47.40 ± 10.30

52.00
118.60 ± 34.90

136.00
126.60 ± 30.00

129.00
128.80 ± 24.60

117.00
22.20 ± 6.30

21.00
Reference soil Mean ± SD

Median
55.70 ± 4.90

57.00
35.70 ± 13.70

35.00
84.30 ± 55.30

55.00
45.00 ± 11.60

39.00
41.60 ± 3.20

42.00
P > 0.05 < 0.01 > 0.05 < 0.003 > 0.05

Na Cu tailings Mean ± SD
Median

23.40 ± 2.60
22.80

16.20 ± 2.50
15.70

58.90 ± 18.40
55.00

78.70 ± 18.10
82.00

42.90 ± 12.00
39.00

Reference soil Mean ± SD
Median

4.90 ± 1.20
5.30

14.80 ± 1.70
15.40

21.30 ± 9.30
22.00

4.60 ± 0.10
4.65

38.90 ± 6.60
39.00

P < 0.00003 > 0.05 < 0.0001 < 0.01 > 0.05
Ni Cu tailings Mean ± SD

Median
4.97 ± 1.63

4.28
5.40 ± 0.80

5.30
5.05 ± 0.58

4.90
4.96 ± 1.07

4.77
3.02 ± 0.57

3.40
Reference soil Mean ± SD

Median
3.41 ± 0.35

3.30
2.20 ± 0.20

2.20
0.63 ± 0.35

0.60
3.05 ± 0.09

3.09
3.05 ± 0.09

4.10
P > 0.05 < 0.0009 < 0.0000005 < 0.03 > 0.05

P Cu tailings Mean ± SD
Median

1160 ± 30
1100

950 ± 200
850

2200 ± 400
2100

2200 ± 200
2150

1830 ± 150
1800

Reference soil Mean ± SD
Median

3430 ± 110
3300

2500 ± 300
2500

2700 ± 1100
2885

2200 ± 200
2300

1830 ± 290
2000

P < 0.004 < 0.003 > 0.05 > 0.05 > 0.05
Pb Cu tailings Mean ± SD

Median
5.71 ± 1.54

6.40
11.60 ± 1.10

11.40
8.79 ± 2.40

7.72
8.12 ± 1.89

7.60
3.65 ± 0.39

3.50
Reference soil Mean ± SD

Median
4.18 ± 0.62

3.85
3.60 ± 0.30

3.55
3.46 ± 0.22

3.44
5.02 ± 0.08

5.00
6.35 ± 0.43

6.40
P > 0.05 < 0.0001 < 0.001 < 0.04 < 0.002

Zn Cu tailings Mean ± SD
Median

28.80 ± 8.30
28.80

17.10 ± 4.60
15.10

35.80 ± 8.70
37.00

39.40 ± 7.70
36.00

20.50 ± 3.50
20.00

Reference soil Mean ± SD
Median

25.70 ± 11.20
21.70

23.70 ± 9.80
23.10

61.40 ± 11.0
59.00

34.30 ± 2.20
33.00

31.80 ± 4.90
29.00

P > 0.05 > 0.05 > 0.05 > 0.05 < 0.03

The results are presented as values of mean ± standard deviation (SD) and
Median, t test probability level (P) for comparison of means of both study sites, significant differences are italicized
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(2012)), and the lowest result was found in C. epigejos.
The shoot Zn accumulation showed low variability among
study sites and plant species. The lowest Zn level obtain-
ed in C. epigejos (17.1 mg kg−1) was within a range of the
critical deficiency concentration given by Marschner
(2012) (5–20 mg kg−1).

In PCA, the highest eigenvalues were achieved for the first
two principal components (0.603 and 0.133, respectively)
which explained 73.6% in total of the variability in shoot
element contents. The first principal component was strongly
determined by Cu, Mg, Pb, Na, Ca, and Co with the linear
correlation coefficient r ranging from 0.96 (Cu) to 0.85 (Co),
respectively; the influence of Ni was much weaker (r = 0.56).
The second component mainly represented the gradient of Fe,
P, and Zn (r = 0.91 to 0.62, respectively). Values of the vari-
ables which determine the first and second principal compo-
nents are linearly uncorrelated.

The PCA ordination (Fig. 2) indicated a few groups of
plant samples distinguished by the gradient of the first and
second factors. The plant samples from the reference soil,
except for T. farfara, formed one group where the first axis
returned negative scores (the lowest tissue content of Cu, Mg,
Pb, Na, Ca, Co, and Ni) and the second axis returned high
positive or close to zero scores (the highest and near to medi-
um Fe, P, and Zn contents). The plant samples from tailings
were divided into two clearly separated groups of various

species. The first one consisted of C. arvense and
P. aviculare which had the highest positive scores of the first
axis (the highest or high Cu, Mg, Pb, Na, Ca, Co, and Ni
contents) and positive or close to zero scores of the second
axis (high and medium levels of Fe, P, and Zn). The second
one included A. stolonifera and C. epigejos which differed
from the other samples from tailings by the lower scores of
the first axis and had the lowest scores of the second axis.
These two grasses accumulated significantly lower amounts
of most elements considerable in this PCAmodel i.e., Cu,Mg,
Na, Ca, Co, Fe, P, and Zn, in relation to C. arvense and
P. aviculare growing in tailings (t test, P < 0.0001) as well
as T. farfara but in this case without Zn (t test, P < 0.0001 to
< 0.02, respectively). These species also differed significantly
in levels of Fe, P, Cu, Ca, Ni Na, and Zn (t test, P < 0.00001 to
< 0.04, respectively) compared to the group of samples from
the reference soil. The samples of T. farfara, both from the soil
and the copper tailings, were placed in a central part of the
diagram and were not sharply separated from each other or
from the other samples. T. farfara from soil differed signifi-
cantly from the other species growing in the same environ-
ment by higher contents of Ca, Co, Pb, and Mg (t test,
P < 0.0001–0.04), whereas T. farfara from tailings contained
considerably lower amounts of Mn, Zn, Cu, Mg, and Pb than
C. arvense and P. aviculare from the same study site (t test,
P < 0.0001–0.031, respectively).
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Fig. 2 Principal component
analysis (PCA) ordination plot
based on the accumulation of P, K,
Ca, Mg, Na, Cd, Co, Cu, Fe, Mn,
Ni, Pb, and Zn in shoots of plants
from the copper post-flotation tail-
ings and the reference soil, with
groups of species that differ in
the element contents. The variables
with no significant effect (<0.5
correlation coefficient with
axes) are not presented. Agrst—
Agrostis stolonifera, Calep—
Calamagrostis epigejos, Cerar—
Cerastium arvense, Polav—
Polygonum aviculare, Tusfa—
Tussilago farfara; filled circle—
copper tailings, open triangle—
reference soil
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Relation of element content in plants to the concentration
in substrates

Redundancy analysis (RDA) demonstrated a significant rela-
tionship between element contents in plants and concentra-
tions of the available forms of elements in substrates. In the
resulting RDA model, nine tested explanatory variables, i.e.,
the concentration of available P, K, Ca, Mg, Fe, Cu, Co, Mn,
and Zn in substrates, explained 43.5% of the total variability in
the element contents in plant samples. The first canonical axis
accounted for 33.5% of the variation and was highly statisti-
cally significant (Monte Carlo permutation test, P = 0.002),
whereas the second axis was not significant in this model. The
forward stepwise selection of variables revealed that each of
the subset of the explanatory variables, i.e., the concentration
of Mn, Ca, Zn, Mg, Cu, and P, was statistically significant
(Monte Carlo permutation test, P = 0.002) when tested inde-
pendently and explained the variation at the comparable level,
Lambda 1 = 0.31 (Mn) to 0.27 (P). In addition, all these six
descriptors were highly cross-correlated (all correlation coef-
ficients > 0.83), but the values of Mn, Ca, Mg, and Cu were
mutually negatively related to Zn and P. The explanatory ef-
fect of Co concentration in substrates was also significant but
lower than others (Lambda 1 Co = 0.17, P = 0.002). The effect
of K and Fe levels in substrates appeared to be insignificant.

The RDA diagram (Fig. 3) presents the ordination of the
nutrient contents in plants along gradients of the element con-
centrations in substrates. The location and length of vectors in
the ordination space indicate the relations and their strength. It
was noticeable that the high levels of Mn, Ca, Mg, Cu, and Co
that occurred in the copper tailings were mutually significant-
ly correlated with the high amounts of Cu, Ni, Na, Pb, Ca, Mg,
Co, and Mn in plants (the negative part of the first axis). On
the other side, the higher levels of available P and Zn, charac-
teristic of the reference soil, were mutually significantly relat-
ed with the higher Fe and P contents in plants. Additionally,
there was no significant correlation between the content of Fe
and Zn in the studied substrates and plants, and all

associations of Cd and K contents in plants with each other
variable were insignificant.

Discussion

The obtained results revealed that plant species growing in the
tailings and the reference soil varied significantly in shoot
element contents and that plant accumulation patterns
depended on the site conditions as well as systematic position
of the plant, and the latter occurred distinctly in the specific
copper tailings environment. It was also found that the con-
tents of the available Ca, Mg, P, Cu, Co, andMn in the studied
substrates were significantly and positively correlated with the
content of these elements in the plant shoots while correlations
for the available Fe and Zn were insignificant.

Under the same site conditions, the shoot calcium content
differs considerably between plant species and higher phylo-
genetic units (Broadley et al. 2003), and monocotyledons,
including the Poaceae family, have generally lower Ca and
Mg shoot contents than dicotyledons (Thompson et al.
1997). This corresponds to our findings of the significantly
lower levels of these elements in A. stolonifera and
C. epigejos from the tailings environment that is highly
enriched in these elements. The ability to accumulate Ca in
the shoots is also determined by plant physiotype. Among the
oxalate plants, members of the Caryophyllaceae and
Polygonaceae family increase the shoot Ca content propor-
tionally to increasing Ca supply (Kinzel and Lechner 1992).
A similar phenomenon was also observed in C. arvense and
P. aviculare in our study. Furthermore, C. arvense can detox-
ify the Mg surplus in sparingly soluble oxalate salt (Kinzel
and Weber 1982; Popp 1983). It was also demonstrated that
T. farfara, as a calcium accumulator, took up Ca in spite of its
low concentration in nutrient solution and the uptake and
growth of this species were stimulated by higher Ca ion sup-
ply (Kinzel and Lechner 1992). These results can explain the
high Ca accumulation levels found in this species both in the
reference soil and in the copper tailings.

Both P. aviculare and C. arvense growing in the copper
tailings were characterized by the highest shoot Cu content
as well as comparatively high levels of all studied trace ele-
ments, which implies their high metal accumulation capacity.
Similarly, other authors also found high levels of Zn, Cd, Cu,
and Pb in shoots of P. aviculare growing on Zn tailings
(Carrillo-Gonzales and Gonzales-Chavez 2006) and in an ur-
ban environment (Polechońska et al. 2013). Additionally, high
efficiency of the shoot Na accumulation confirms the salt tol-
erance of this species demonstrated in the other study (Arnaud
and Vincent 1988). C. arvense and other members of
Caryophyllaceae are important components of serpentine veg-
etation, and they exhibit adaptation features to colonize these
specific substrata (Kasowska and Koszelnik-Leszek 2014)

Fig. 3 Redundancy analysis (RDA) ordination plot—the effect of Fe,
Ca, Co, Cu, K, Mg, Mn, P, and Zn concentration in the copper tailings
and the reference soil on the content of some elements in plants (accord-
ing to PCA). The less significant variables (< 0.5 correlation coefficient
with axes) are not presented. Black and red vectors indicate the explana-
tory and the response variables, respectively
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together with tolerance mechanisms of high metal levels
(Kazakou et al. 2008). It was found that this species accumu-
lated shoot Ni at relatively moderate levels (Lombini et al.
1998).

The studied grass species from the copper tailings, besides
the lower shoot Ca and Mg levels, accumulated significantly
lower amounts of other elements as Cu, Co, and Na than the
examined species of dicotyledons. Generally, grasses are
regarded as metal excluders, as defined by Baker (1981).
A. stolonifera can evolve tolerant populations that have a
greater capacity to accumulate copper in the roots and restrict
transport of this element to the shoots, probably due to the
existence of an efficient copper-complexing mechanism (Wu
et al. 1975). This species may also evolve magnesium and salt
tolerance, and the last with Na exclusion mechanism from
roots and shoots (Wu 1981). Likewise, Fitzgerald et al.
(2003) obtained lower Cu content in shoots of A. stolonifera
compared to the roots as well as the shoots of dicotyledons.
Similarly, C. epigejos growing on ash deposits accumulated
much less Cu in the shoots than in the roots (Mitrović et al.
2008), and the shoot Cu level was comparable to that obtained
in our study. Lehmann and Rebele (2004) stated that the cop-
per tolerance of the C. epigejos population from a copper
smelter was at a comparable level to that of copper-tolerant
A. stolonifera.

Accumulation of cobalt was below the critical toxicity level
in all studied species despite of its high content in the copper
tailings, which implies reduced bioavailability of this element
in this substrate. The solubility and toxicity of Co to plants
decrease with an increase in the exchangeable Ca content in
the soil solution (Li et al. 2009). This probably occurs in the
tailings, because of their very high total and available Ca con-
tents. The uptake and distribution of Co in plants is species-
dependent, and this element is accumulated mainly in the
roots (Palit et al. 1994; Page and Feller 2005). However, some
studies reported that higher amounts of cobalt were retained in
the root systems of monocotyledons while its transport from
the roots to the shoots in dicotyledons was highly effective
(Bakkaus et al. 2005; Collins et al. 2010).

Low amounts of phosphorus were detected in shoots of the
species from copper tailings despite of its high total content in
this substrate. The low bioavailability of this element can be
attributed to high pH, and the abundance of calcium-
magnesium carbonates occurred in the tailings. The excess
of carbonates intensifies P sorption on their surface, and the
high content of Ca andMg increases phosphorus precipitation
in the soil solution as Ca-Mg phosphates (Lindsay 1979;
Sharpley et al. 1989) which are poorly soluble at high pH
[(Ca3(PO4)2 Ksp = 1.4 × 1029, Mg3(PO4)2 Ksp = 6.3 × 1026]
(Corbridge 2013). It is known that plant species and their
genotypes can develop a wide range of adaptive mechanisms
involved in phosphorus acquisition (Ramaekers et al. 2010).
However, especially at low P availability, enhanced P uptake

could be achieved by releasing protons, carboxylates, and oth-
er exudates into the rhizosphere (Lambers et al. 2015). For
instance, in alkaline and calcareous soils, oxalic acid com-
pared to other organic anions was considered to be the most
effective in mobilizing unavailable phosphorus (Ström et al.
2005; Wang and Chen 2015). It can be suggested that the very
low shoot P content obtained in A. stolonifera and C. epigejos
in the copper tailings is indicative of the little effective P-
mobilizing strategy used by these grasses under calcareous
conditions. Additionally, diminishing in P uptake effective-
ness in the tailings habitat could also be caused by lack of
arbuscular mycorrhiza (AM), because this symbiosis com-
monly occurs in both these species and was found in their
roots in the reference soil (unpublished data). In the copper
tailings, typically mycorrhizal species A. stolonifera,
C. epigejos, and T. farfara realized P uptake only by their root
mechanisms, which resulted in P deficiency in the case of the
grasses.

The alkaline soil environment strongly modifies the Fe
uptake (Schenkeveld et al. 2014b), and the increase in pH by
one unit diminishes Fe solubility 1000-fold, which can induce
Fe deficiency aggravated by the presence of free carbonates
(Coulombe et al. 1984; Inskeep and Bloom 1984). As a result,
much lower shoot Fe contents were found in all species grow-
ing in the copper tailings compared to the reference soil, with
the critical deficiency concentration occurring in both grasses.
In neutral and calcareous soils with Fe deficiency, grasses
excrete phytosiderophores (PS) for iron acquisition that in turn
form soluble Fe complexes easily taken up (Römheld and
Marschner 1986; Reichman and Parker 2005). PS can also
mobilize other trace elements, particularly Cu, Zn, Ni, Co,
Cd, and Mn (Romheld 1991; Schenkeveld et al. 2014a, b).
This can increase their bioavailability but also may result in
competition between Fe(III) and other metals for binding to
PS complexes. Especially, the mobilization of Cu can dimin-
ish solubilized Fe(III) content (Reichman and Parker 2005),
which might aggravate the iron deficiency that occurred in
both grass species in tailings conditions. Inputs of PS into
the rhizosphere strongly depend on the Fe status of the plant,
the species, and the genotype (Bashir et al. 2006; Pereira et al.
2014); the diurnal PS release cycle; and other factors
(Reichman and Parker 2005). Thus, the mechanisms involved
in strategy II of Fe uptake and interactions with other elements
could result in the lowest iron content found in shoots of
A. stolonifera and C. epigejos as well as in differences in
levels of accumulation of other metals that were present in
these both grass species in tailings conditions.

Reaction of the soil solution also affects manganese avail-
ability but to a lesser extent than in the case of iron. According
to Sanders (1983), decreasing the acidity from pH 5.2 to 7.3
reduces Mn solubility over 200-fold. Then also the high con-
tent of both total and available Ca and Mg forms acts antag-
onistically to Mn uptake (Maas et al. 1969) and the adsorption
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of Mn on carbonate surfaces diminishes the amount of soluble
manganese (McBride 1979). However, besides decreased
manganese bioavailability, the Mn content in the plants from
copper tailings was higher in the same species compared to the
reference soil, but this differentiation of Mn levels was with-
out significant relation to the groups distinguished by PCA,
and high Mn levels were found in C. arvense, P. aviculare,
and C. epigejos. According to Lambers et al. (2015), plants
that release carboxylates in their phosphorus-acquisition strat-
egy tend to have high leaf manganese concentrations because
of possibility of Mnmobilization even under its low availabil-
ity. This association between considerable leaf Mn levels and
carboxylate release in P-impoverished habitats was suggested
for plants without arbuscular mycorrhiza even at lack of a
significant correlation between shootMn and P concentrations
(Oliveira et al. 2015). Similarly, the absence of this correlation
could also be observed in RDA in our study. In this connec-
tion, the high shoot Mn level found together with the lowest P
value in C. epigejos from the copper tailings implies that this
species has particular difficulties in P uptake in the tailings
environment.

The copper tailings had low zinc content. Additionally,
the uptake of this nutrient is also limited at high pH and
carbonate content and clay minerals can strongly absorb
this element (Alloway 2009; Lambers et al. 2008). The
lowest zinc level found in C. epigejos from tailings was
comparable to the result obtained on alkaline ash deposits
(Mitrović et al. 2008). It was also noted that this species
growing on Zn-Pb wastes had the lowest shoot Zn content
compared to other species (Wójcik et al. 2014). Exudation
of phytosiderophores in grasses or carboxylates can mo-
bilize Zn in alkaline conditions (Lambers et al. 2015).
However, Marschner (2012) also lists other solutes excret-
ed by dicotyledonous at Zn deficiency. In our study, the
shoot P, Fe, and Zn contents were significantly correlated
with a single principal component which distinguished
A. stolonifera and C. epigejos growing in tailings from
other plants by the lowest content of these elements.
This implies a similar mode of acquisition mechanisms
of these nutrients in these species which proved very little
effective in the copper tailings conditions.

The investigation contributes towards a better under-
standing of the mechanisms used by plants to respond to
specific properties of tailings from the copper mining in-
dustry in an effort to develop an efficient strategy for their
remediation. The most suitable plant species for this pro-
cess proved to be A. stolonifera due to its demonstrated
low shoot heavy metal content, which is important in the
context of entering these elements into the food chain. In
contrast to C. epigejos, creeping bent grass also acquired
limiting nutrients P, Fe, and Zn more efficiently, which can
result in a competitive advantage of this species in a plant
community on the tailings. Considering also our earlier

results (Spiak et al. 2012), in the phytostabilization process
we propose to apply any kind of amendment (e.g., sand) to
improve the tailings structure and the air-water relations at
least in the surface layer, and to sow legumes from
Trifolium and Medicago genera using seeds inoculated
with Rhizobium bacteria. As hosts for rhizobia and
arbuscular mycorrhizal fungi, these plants can fix nitrogen
and uptake phosphorus more effectively, which enhances
both their growth and that of neighboring plants. It seems
that legumes could effectively colonize the tailings because
high Ca and Co contents enhance their nodule formation
(Smit et al. 1989; Arrigioni et al. 2013; Kliewer and Evans
1963). Before establishing AM, phosphorus fertilization
should be used to stimulate plant growth and symbiotic
associations. Following the vegetation development, pro-
cesses of acidification usually intensify. This can trigger
releasing higher amounts of copper and other potentially
toxic metals into the tailings environment. Thus, monitor-
ing of the site properties, the plant responses, and the pres-
ence and activity of microorganisms will be required for
the evaluation of effectiveness of the remediation.

Conclusions

The tailings from the copper mining industry had a lot of
unfavorable features for vegetation development, especially
the adverse air-water conditions, the low availability of nutri-
ents such as P, Fe, and Zn, and a very high content of Cu, Co,
and Mn. The chemical composition of plants colonizing the
tailings reflected the concentration of the available forms of
Ca, Mg, P, Cu, Co, and Mn, but the species differed distinctly
in their response to the tailings properties. Polygonum
aviculare and Cerastium arvense had high shoot accumula-
tion capacity of all studied elements with the highest Cu con-
tents lying within the range of critical toxicity for plants,
whereas the grass species had lower levels of majority of
elements, especially Cu, P, Fe, and Zn. Agrostis stolonifera
proved to be the most suitable species for phytostabilization of
the tailings with regard to its low shoot heavy metal content
and, as opposed to Calamagrostis epigejos, more efficient
acquisition of the limiting nutrients. The remediation process
of the tailings, in view of potentially high costs, should at least
involve the application of amendments improving their tex-
ture, phosphorus fertilization, and the introduction of native
leguminous species.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Environ Sci Pollut Res (2018) 25:824–835 833



References

Alloway BJ (2009) Soil factors associated with zinc deficiency in crops
and humans. Environ Geochem Health 31:537–548

Arnaud M, Vincent G (1988) Influence of high salt levels on the
germination and growth of five potentially utilizable plants for
median turfing in Northern climates. J Environ Hortic 6(4):
118–121

Arrigioni G, Tolin S, Moscatiello R, Masi A, Navazio L, Squartini A
(2013) Calcium-dependent regulation of genes for plant nodulation
in Rhizobium leguminosarum detected by iTRAQ quantitative pro-
teomic analysis. J Proteome Res 12:5323–5330

Baker AJM (1981) Accumulators and excluders strategies in response of
plants to heavy metals. J Plant Nutr 3:643–654

Bakkaus E, Gouget B, Gallien J-P, Khodja H, Carrot F, Morel JL, Collins
R (2005) Concentration and distribution of cobalt in higher plants:
the use of micro-PIXE spectroscopy. Nuc Inst Methods Phys Res B
231:350–356

Bashir K, Inoue H, Nagasaka S, Takahashi M, Nakanishi H, Mori S,
Nishizawa NK (2006) Cloning and characterization of
deoxymugineic acid synthase genes from graminaceous plants. J
Biol Chem 281:32395–32402

Baycu GD, Tolunay D, Ozden H, Csatari I, Karadag S, Agba T, Rognes
SE et al (2015) An abandoned copper mining site in cyprus and
assessment of metal concentrations in plants and soil. Int J
Phytoremediation 17(7):622–631

BREF (2009) Reference document on best available techniques for man-
agement of tailings and waste-rock in mining activities. European
Commision. http://eippcb.jrc.ec.europa.eu/reference/BREF/mmr_
adopted_0109.pdf

Broadley MR, Bowen HC, Cotterill HL, Hammond JP, Meacham MC,
Mead A, White PJ (2003) Variation in the shoot calcium content of
angiosperms. J Exp Bot 54:1431–1446

Brown TJ, Hobbs SF, Idoine NE, Mills AJ, Wrighton CE, Raycraft ER
(2016) European mineral statistics 2010–14, a product of the world
mineral statistics database. Keyworth, Nottingham British
Geological Survey

Carrillo-Gonzales R, Gonzales-Chavez M (2006) Metal accumulation in
wild plants surrounding mining wastes. Environ Pollut 144:84–92

CD (1986) Council Directive 86/278/EEC of 12 June 1986 on the pro-
tection of the environment, and in particular of the soil, when sew-
age sludge is used in agriculture. http://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=celex:31986L0278

Collins RN, Bakkaus E, Carrière HK, Proux O, Morel JL, Gouget B
(2010) Uptake, localization, and speciation of cobalt in Triticum
aestivum L. (wheat) and Lycopersicon esculentum M. (tomato).
Environ Sci Technol 44:2904–2910

Cobridge DEC (2013) Phosphorus chemistry, biochemistry and technol-
ogy. CRC Press Taylor &Francis Group

Coulombe BA, Chaney RL, Wiebold WJ (1984) Bicarbonate directly
induces Fe chlorosis in susceptible soybean cultivars. Soil Sci Soc
Am J 48:1297–1301

Davis RD, Beckett PHT (1978) Upper critical levels of toxic elements in
plants. 2 Critical levels of copper in young barley, wheat, rape,
lettuce and ryegrass, and of nickel and zinc in young barley and
ryegrass. New Phytol 80(1):23–32

EU (2008) European Union Risk Assessment Report. Voluntary risk as-
sessment of copper, copper II sulphate pentahydrate, copper(I)oxide,
copper(II)oxide, dicopper chloride trihydroxide. European Copper
Institute. http://echa.europa.eu/chem_data/transit_measures/vrar_
en.asp

Fitzgerald E, Caffrey J, Nesaratnam S, McLoughlin P (2003) Copper and
lead concentrations in salt marsh plants on the Suir Estuary, Ireland.
Environ Pollut 123:67–74

Forsberg LS (2008) Reclamation of copper mine tailings using sewage
sludger mine tailings. Dissertation, Swedish University of
Agricultural Sciences

Gordon RB (2002) Production residues in copper technological cycles.
Resour Conserv Recycl 36(2):87–106

Hendershot W, Lalande H, Duquette M (2008) Ion exchange and ex-
changeable cations. In: Carter MR, Gregorich EG (eds) Soil sam-
pling and methods of analysis, 2nd edn. CRC Press, Boca Raton, pp
173–178

Inskeep WP, Bloom PR (1984) A comparative study of soil solution
chemistry associated with chlorotic and non-chlorotic soybeans in
western Minnesota. J Plant Nutr 7:513–531

Kabata-Pendias A, Pendias H (2001) Trace elements in soils and plants,
3rd edn. CRC Press, Boca Raton

Kasowska D, Koszelnik-Leszek A (2014) Ecological features of sponta-
neous vascular flora of serpentine post-mining sites in Lower
Silesia. Arch Environ Prot 40(2):33–52

Kazakou E, Dimitrakopoulos P, Baker A, Reeves R, Troumbis A (2008)
Hypotheses, mechanisms and trade-offs of tolerance and adaptation
to serpentine soils: from species to ecosystem level. Biol Rev 83:
495–508

Khan FI, Husain T, Hejazi R (2004) An overview and analysis of site
remediation technologies. J Environ Manag 71:95–122

Kinzel H, Lechner I (1992) The specific mineral metabolism of selected
plant species and its ecological implications. Bot Acta 105:355–361

Kinzel H, Weber M (1982) Serpentine-Pflanzen. In: Kinzel H (ed)
Pflanzenökologie und Mineralstoffwechsel. Verlag Eugen Ulmer,
Stuttgart

Kliewer M, Evans HJ (1963) Identification of cobamide coenzyme in
nodules of symbionts and isolation of the B12 coenzyme from
Rhizobium meliloti. Plant Physiol 38:55–59

Lambers H, Chapin FS, Pons TL (2008) Plant physiological ecology.
Springer, New York

Lambers H, Hayes P, Laliberte E, Oliveira RS, Turner B (2015) Leaf
manganese accumulation and phosphorus-acquisition efficiency.
Trends Plant Sci 20(2):83–90

Lehmann C, Rebele F (2004) Evaluation of heavy metal tolerance in
Calamagrostis epigejos and Elymus repens revealed copper toler-
ance in a copper smelter population of C. epigejos. Environ Exp
Bot 51:199–213

Lepš J, Šmilauer P (2003) Multivariate analysis of ecological data using
Canoco. Cambridge University Press, Cambridge

Li H-F, Gray C,Mico C, Zhao F-J, McGrath SP (2009) Phytotoxicity and
bioavailability of cobalt to plants in a range of soils. Chemosphere
75:979–986

Lindsay WL (1979) Chemical equilibria in soils. John Wiley & Sons,
New York

Lis J, Pasieczna A, Mojski JE, Przeniosło S, Sylwestrzak H, Strzelecki R,
Wołkowicz S (2012) Geochemical atlas of Poland. Polish
Geological Institute, Warsaw

Lombini A, Dinelli E, Ferrari C, Simoni A (1998) Plant-soil relationships
in the serpentine screes of Mt. Prinzera (Northern Apennines, Italy).
J Geochem Explor 64:19–33

Łuszczkiewicz A (2000) Koncepcje wykorzystania odpadów
flotacyjnych z przeróbki rud miedzi w regionie Legnicko-
Głogowskim (A concept of managment of flotation tailings of
Polish copper industry). IM 1:25–35 (Engl summ)

Maas EV, Moore DP, Mason BJ (1969) Influence of calcium and magne-
sium on manganese absorption. Plant Physiol 44:796–800

Macnicol RD, Beckett PHT (1985) Critical tissue concentrations of po-
tentially toxic elements. Plant Soil 85(1):107–129

Marschner P (2012) Mineral nutrition of higher plants, 3rd edn. Elsevier,
San Diego

McBrideMB (1979) Chemisorption and precipitation ofMn2+ at CaCO3
surfaces. Soil Sci Soc Am J 43:693–698

834 Environ Sci Pollut Res (2018) 25:824–835

http://eippcb.jrc.ec.europa.eu/reference/BREF/mmr_adopted_0109.pdf
http://eippcb.jrc.ec.europa.eu/reference/BREF/mmr_adopted_0109.pdf
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:31986L0278
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:31986L0278
http://echa.europa.eu/chem_data/transit_measures/vrar_en.asp
http://echa.europa.eu/chem_data/transit_measures/vrar_en.asp


Mench M, Lepp N, Bert V, Schwitzguébel J-P, Gawronski SW, Schröder
P, Vangronsveld J (2010) Successes and limitations of
phytotechnologies at field scale: outcomes, assessment and outlook
from COSTAction 859. J Soils Sediments 10:1039–1070

MitrovićM, Pavlovića P, LakušićD, Djurdjević L, StevanovićB, Kostića
O, Gajića G (2008) The potential of Festuca rubra and
Calamagrostis epigejos for the revegetation of fly ash deposits. Sci
Total Environ 407:338–347

Murphy J, Riley JP (1962) A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta 27:
31–36

Neuschütz C (2009) Phytostabilization of mine tailings covered with fly
ash and sewage sludge. Dissertation, Stockholm University

Oliveira RS, Galvão HC, de CamposMCR, Eller CB, Pearse SJ, Lambers
H (2015) Mineral nutrition of campos rupestres plant species on
contrasting nutrient-impoverished soil types. New Phytol 205(3):
1183–1194

Onuaguluchi O, Eren Ö (2012) Recycling of copper tailings as an additive
in cement mortars. Constr Build Mater 37:723–727

Page V, Feller U (2005) Selective transport of zinc, manganese, nickel,
cobalt and cadmium in the root system and transfer to the leaves in
young wheat plants. Ann Bot 96:425–434

Palit S, Sharma A, Talukder G (1994) Effects of cobalt on plants. Bot Rev
60:149–181

Pereira MP, Santos C, Gomes A, Vasconcelos MW (2014) Cultivar var-
iability of iron uptake mechanisms in rice (Oryza sativa L.) Plant
Physiol Biochem 85:21–30

PolechońskaM, Zawadzki K, Samecka-CymermanA, KolonK, Klink A,
Krawczyk J, Kempers AJ (2013) Evaluation of the bioindicator
suitability of Polygonum aviculare in urban areas. Ecol Indic 24:
552–556

PoppM (1983) Genotypic differences in the mineral metabolism of plants
adapted to extreme habitats. In: Saric M, Loughman B (eds) Genetic
aspects of plant nutrition. Springer, Netherlands, pp 189–201

Ramaekers L, Remans R, Rao IM, Blair MW, Vanderleyden J (2010)
Strategies for improving phosphorus acquisition efficiency of crop
plants. Field Crops Res 117(2–3):169–176

Reichman SM, Parker DR (2005) Metal complexation by
phytosiderophores in the rhizosphere. In: Huang PM, Gobran GR
(eds) Biogeochemistry of trace elements in the rhizosphere. Elsevier,
pp 129–155

Romheld V (1991) The role of phytosiderophores in acquisition of iron
and other micronutrients in graminaceous species: an ecological
approach. Plant Soil 130:127–134

Römheld V, Marschner H (1986) Evidence for a specific uptake system for
iron phytosiderophores in roots of grasses. Plant Physiol 80:175–180

Rybak J, Kołwzan B, Grabas K, Pasternak G, Krawczyńska M (2014)
Bilogical characteristics of BWartowice^ post-flotation tailings pond
(Lower Silesia, Poland). Arch. Environ Prot 40(1):51–66

Salminen R, Batista MJ, BidovecM, Demetriades A, De Vivo B, De VW
e a (2005) Geochemical atlas of Europe, part. Geological Survey of
Finland, Espoo, p 1

Sanders JR (1983) The effect of pH on the total and free ionic concentra-
tions of manganese, zinc and cobalt in soil solution. J Soil Sci 34:
315–323

Schenkeveld WDC, Oburger E, Gruber B, Schindlegger Y, Hann S,
Puschenreiter M, Kraemer SM (2014a) Metal mobilization from
soils by phytosiderophores—experiment and equilibrium model-
ling. Plant Soil 383:59–71

Schenkeveld WDC, Schindlegger Y, Oburger E, Puschenreiter M, Hann S,
Kraemer SM (2014b) Geochemical processes constraining iron uptake
in strategy II Fe acquisition. Environ Sci Technol 48:12662–12670

Sharpley AN, Singh U, Uehara G, Kimble J (1989) Modeling soil and
plant phosphorus dynamics in calcareous and highly weathered
soils. Soil Sci Soc Am J 53:153–158

Sheoran V, Sheoran AS, Poonia P (2010) Soil reclamatrion of abandoned
mine land by revegetation: a review. Int J Soil Sedim Water 3(2):13

Sillanpää M (1982) Micronutrients and the nutrients status of soils: a
global study. Soils Bulletin 48. FAO, Rome

Skjemstad JO, Baldlock JA (2008) Total and organic carbon. In: Carter
M, Gregorich E (eds) Soil sampling and methods of analysis, 2nd
edn. CRC Press, Boca Raton, pp 225–237

Smit G, Kijne JW, Lugtenberg BJ (1989) Roles of flagella, lipopolysac-
charide and a Ca2+-dependent cell surface protein in attachment of
Rhizobium leguminosarum biovar viciae to pea root hair tips. J
Bacteriol 171:569–572

Spiak Z, Gediga K, Kaszubkiewicz J, Grabas K, Kołwzan B, Mizera W
et al (2012) Ocena mozliwosci wykorzystania odpadów do
rewitalizacji zdegradowanych terenów poprzemysłowych (evalua-
tion of the possibilities of using waste to the revitalization of degrad-
ed post-industrial lands). Wyd. Uniw. Przyrod. we Wrocławiu,
Wrocław (in Polish)

StatSoft Inc (2011) STATISTICA (data analysis software systems), ver-
sion 10. www.statsoft.com

Ström L, Owenb AG, Godboldb DL, Jonesb DL (2005) Organic acid
behaviour in a calcareous soil implications for rhizosphere nutrient
cycling. Soil Biol Biochem 37:2046–2054

Ter Braak CJF, Šmilauer P (2002) CANOCO Reference Manual and
CanoDraw for Windows User’s Guide: Software for Canonical
Community Ordination (version 4.5). Microcomputer Power, Ithaca

Thompson K, Parkinson J, Band S, Spencer R (1997) A comparative
study of leaf nutrient concentrations in a regional herbaceous flora.
New Phytol 136:679–689

Turnau K, Ostachowicz B, Wojtczak G, Anielska T, Sobczyk Ł (2010)
Metal uptake by xerothermic plants introduced into Zn-Pb industrial
wastes. Plant Soil 337:299–311

Venkateswarlu K, Nirola R, Kuppusamy S, Thavamani P, Naidu R,
Megharaj M (2016) Abandoned metalliferous mines: ecological im-
pacts and potential approaches for reclamation. Rev Environ Sci
Biotechnol. https://doi.org/10.1007/s11157-016-9398-6

Wang Y, Chen X (2015) Kinetics of inorganic and organic phosphorus
release influenced by low molecular weight organic acids in calcar-
eous, neutral and acidic soils. J Plant Nutr Soil Sci 178(4):555–566

Wang C, Harbottle D, Liu Q, Xu Z (2014) Current state of fine mineral
tailings treatment: a critical review on theory and practice. Miner
Eng 58:113–131

Wójcik M, Sugier P, Siebielec G (2014) Metal accumulation strategies in
plants spontaneously inhabiting Zn-Pb waste deposits. Sci Total
Environ 487:313–322

Wong MH (2003) Ecological restoration of mine degraded soils, with
emphasis on metal contaminated soils. Chemosphere 50:775–780

Wu L (1981) The potential of evolution of salinity tolerance in Agrostis
stolonifera L. and Agrostis tenuis SIBTH. New Phytol 89:471–486

Wu L, Thurman D, Bradshaw A (1975) The uptake of copper and its
effect upon respiratory processes of roots of copper-tolerant and
non-tolerant clones of Agrostis stolonifera. New Phytol 75:225–229

Yanai M, Uwasawa M, Shimizu Y (2000) Development of a new
multinutrient extraction method for macro and micro-nutrients in
arable land soil. Soil Sci Plant Nutr 46:299–313

Environ Sci Pollut Res (2018) 25:824–835 835

http://www.statsoft.com
https://doi.org/10.1007/s11157-016-9398-6

	Heavy metal and nutrient uptake in plants colonizing post-flotation copper tailings
	Abstract
	Introduction
	Materials and methods
	Study sites
	Sampling and chemical analysis
	Data analysis

	Results
	Substrate properties
	Element content in plants
	Relation of element content in plants to the concentration in substrates

	Discussion
	Conclusions
	References


