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Abstract
The phytoextraction of toxic elements present in industrial wastes by selected tree species seems to offer an interesting alter-
native to hyperaccumulators, which are generally highly effective but small. For this reason, the study aimed to compare the 
potential of 1- and 2-year-old Tilia cordata Miller and Ulmus laevis Pall seedlings growing on a mixture of wastes (flotation 
tailings and sewage sludges) in the environment. One-year-old T. cordata was the only plant unable to grow successfully. A 
general decrease in tree biomass was observed following their growth on the waste mixture. The mean biomass of 2-year-old 
T. cordata and U. laevis seedlings was 59.5 ± 1.6 and 57.0 ± 8.6 g, respectively, whereas that of 1-year-old T. cordata was 
16.0 ± 9.3 g. These values were 46.2, 48.0 and 50.5% lower than those determined for the control trees. Phytoextraction of 
67 elements in particular organs of trees in many cases was significantly diverse. According to the Friedman rank sum test, 
T. cordata (1y) and U. laevis (2y) growing in soil were the only plants that differed as regards their ability to phytoextract 
elements. In the case of trees growing on the waste mixture, the most effective accumulating plants were seedlings of 2-year-
old T. cordata. Significantly lower efficiency was observed for 2-year-old U. laevis, while the lowest efficiency was recorded 
for 1-year-old T. cordata. The obtained results unambiguously pointed to the significant role of a proper selection of tree 
species concerning their age for phytoextraction of elements from polluted substrates.
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Introduction

Heavy metals are one of the most considerable ecological 
problems; they are mainly related to the anthropogenic activ-
ity (Chen et al. 2014; Saba et al. 2015). An increase in the 
concentration of these elements in the environment causes 
changes in natural processes that influence the proper func-
tioning of a variety of ecosystems (Theriault and Nkongogo 
2016). For this reason, it is essential to control the number 
of toxic elements transported directly to the environment. 
The problem of heavy metal discharge becomes particu-
larly acute when it negatively affects humans, causing many 
health risks associated with it (Järup 2003; Pan et al. 2016; 
Xin et al. 2015). In conditions where high amounts of toxic 
elements are stored, there is an ever-present risk, and it is 
important that appropriate methods are adopted to minimise 
the negative influence of these elements. Such protective 
measures include the implementation of biological meth-
ods such as phytoremediation. Being a cost-effective, long-
lasting and aesthetic solution, it offers quite a high efficiency 
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after the fulfilment of some fundamental conditions (Nie 
et al. 2016).

In unfavourable environmental conditions, plant growth is 
usually related to a decrease of biomass crop, ability to adapt 
and survive (Erdemir et al. 2016; Yasar et al. 2010), with a 
simultaneously higher phytoextraction of elements, which 
is related to the higher amount of their bioavailable forms 
(Makgalaka-Matlala et al. 2008). The selection of suitable 
plants, i.e. those that are resistant, effective accumulators 
of toxic elements and characterised by high biomass, is not 
an easy process as there are numerous possible interactions 
with respect to plant–soil (e.g. associations with beneficial 
soil microorganisms, variation in the root architecture) and 
specific habitat requirements (amount of real level of nutri-
tional elements, water needs, etc.).

The diversity in plant survival under conditions of toxic 
element presence is still not well understood, especially in 
the case of common wood tree species, for which the lit-
erature data are limited. Most studies have been carried out 
on short-lived herbaceous species or plants characterised 
by low biomass crop (Chen et al. 2014; Wei et al. 2006). 
Trees are not plants that are highly resistant to high metal 
contamination, but they can survive in such disadvantageous 
environments as toxic mine soil (Marchiol et al. 2004). The 
higher tolerance of trees may be indicative of the evolution 
of constitutive tolerance. Hence, selecting appropriate tree 
species is crucial for achieving successful phytostabilisation 
(van Nevel et al. 2011), or metal phytoextraction (Saba et al. 
2015). Trees are characterised by well-developed root sys-
tems and high transpiration capacity (Pulford and Watson, 
2003; van Nevel et al. 2011); specific traits allow them to 
improve their efficiency in toxic element leaching as regards 
soil acidification and production of dissolved organic matter 
(Mayer 1998; van Nevel et al. 2011). Moreover, their natu-
ral lifespan is much longer than that of herbaceous plants. 
Thus, trees may potentially be more efficient in a long-term 
process of environmental purification.

It is known that Populus and Salix accumulate cadmium 
(Cd) and/or zinc (Zn) in their biomass (root, branches, 
leaves and wood tissues) at higher concentrations than 
other tree species (Goliński et al. 2015; Hassinen et al. 
2009), while birches (Betula spp.) are known as Zn accu-
mulators (Van Nevel et al. 2011). On the other hand, other 
tree species such as Alnus, Fraxinus or Sorbus are charac-
terised by their exclusion of metals and clear limitation of 
their transport to aerial plant parts (Rosselli et al. 2003). 
Mertens et al. (2004) investigated five tree species (Acer 
pseudoplatanus L., Alnus glutinosa L. Gaertn., Fraxinus 
excelsior L., Populus alba L. and Robinia pseudoaca-
cia L.); R. pseudoacacia and P. alba were found to have 
the highest growth rates, F. excelsior, A. pseudoplatanus 
and A. glutinosa had the highest survival rates (90%), 

but showed stunted growth, while poplar characterised 
the highest concentration of Cd (8.0 mg kg−1) and Zn 
(465 mg kg−1) in its leaves. It is worth noting that these 
two metals are generally transported gradually from the 
roots to aerial parts (twigs, leaves) via transpiration flow. 
The efficiency of uptake and/or translocation of these ele-
ments may be dependent on many other elements (Mac-
Farlane et al. 2007; Takenaka et al. 2009) or the general 
influence of environmental factors such as pH, cation 
exchange capacity (CEC), clay component or redox poten-
tial (Magdziak et al. 2015). Trees, like many other plants, 
are able to mobilise different defence mechanisms dur-
ing their exposure to the presence of toxic elements. For 
this reason, the mechanisms of metal accumulation may 
also differ using specific transporters as, e.g. AtIRT1 and 
AtIRT2 in Arabidopsis or ZIP genes involved in Fe and Zn 
transport in Thlaspi caerulescens (Plaza et al. 2007; Vert 
et al. 2002) to uptake and translocate metals. Extraction 
of metal(loid)s by trees can be also related to an increase 
or decrease many other elements that are components of 
transporters, as, for example, described in the studies of 
Budzyńska et al. (2017), where phytoextraction of arsenite 
in Acer, Betula, Quercus and Ulmus was the cause of a 
significant decrease of boron (B) and silicon (Si) content 
in their roots.

However, the literature data suggest that they are likely 
to be most effective on slightly contaminated soils and less 
appropriate for detoxifying soils with high concentrations 
of heavy metals (Brunner et al. 2008; Mertens et al. 2004). 
Literature data also describe exposure to higher metal con-
centrations in (for example, pedunculate oak (Quercus 
robur L.), sessile oak (Q. petraea (Matt.) Liebl.), Scots 
pine (Pinus sylvestris L.), Corsican pine (Pinus nigra ssp. 
Laricio Maire), black locust (Robinia pseudoacacia L.), 
beech (Fagus sylvatica L.) and Aspen (Populus tremula 
L.). However, such studies focus on only two selected met-
als at different doses, in conjunction with toxicity studies, 
and under controlled condition (Theriault and Nkongogo 
2016; Unterbrunner et al. 2007). Data on metal accumula-
tion for native tree or scrub species in extremely polluted 
soils or wastes are negligible (Mleczek et al. 2017, 2018).

Trees cannot survive on wastes extremely polluted 
with heavy metals and specific physicochemical traits. 
However, mixing different mining wastes and the use of 
selected plant species and age can be a promising way to 
resolve this problem. For this reason, the main objective of 
this study was to compare the potential ability of one- and 
two-year-old seedlings of two tree species (Tilia cordata 
Miller and Ulmus laevis Pall) growing on a mixture of 
highly polluted mining wastes to uptake and translocate 
selected elements to their roots, stems, and leaves and to 
evaluate their biomass crop.
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Materials and methods

Experimental materials

On April 11, 2016, ten specimens of each 1-year (1y)- and 
2-year (2y)-old Ulmus laevis Pall (White elm) and 1- and 
2-year-old Tilia cordata Miller (Linden) were collected 
from the forest nursery of the Pniewy Forest Division 
(52°29ʹ04ʹN 16°15ʹ28ʹE). The choice of plant species was 

influenced by the results of the authors’ earlier experi-
ments (Mleczek et al. 2016, 2017).

Experiment design

The tested tree seedlings used in the experiment were 
chosen after their preliminary selection for plants with 
similar biomass, height and root system for trees of the 
same age. Ten specimens of each tree species of both ages 
(40 plants in the experiment) were planted in the waste 

Table 1  Concentration of 
elements [mg kg−1 DW] in 
substrates used in experiment

a,b,c Means within rows with different letters differ significantly at p ≤ 0.05 (Tukey’s HSD test)
*Concentration in g kg−1

Element Soil (c) Mining sludge Flotation tailing Waste mixture (wm)

Ag bDL 17.5a ± 1.10 8.52c ± 0.62 13.2b ± 1.52
Al 460c ± 21 0.38d ± 0.04 4733a ± 378 2397b ± 125
As 0.18c ± 0.02 2.26a ± 0.15* 25.0b ± 1.16 1.15a ± 0.07*
B 1.51c ± 0.17 0.33d ± 0.06 49.4a ± 3.94 23.9b ± 1.02
Ba 5.92d ± 0.42 48.8c ± 3.95 196a ± 14 129b ± 15.3
Be bDL 0.08c ± 0.01 0.89a ± 0.05 0.51b ± 0.14
Bi bDL 0.11c ± 0.02 0.90a ± 0.03 0.46b ± 0.11
Ca 3049d ± 286 86151c ± 4688 197693a ± 1818 146163b ± 15279
Cd 0.18d ± 0.04 21.2a ± 0.44 7.86c ± 0.56 14.6b ± 2.03
Ce 1.22d ± 0.05 87.2a ± 0.93 22.1c ± 3.15 52.4b ± 4.87
Co 2.57c ± 0.51 0.62d ± 0.01 39.3a ± 0.99 20.5b ± 1.37
Cr 7.07d ± 1.51 220a ± 4.79 83.4c ± 5.77 157b ± 10.8
Cu 14.2d ± 1.84 4798a ± 14.70 2069c ± 30.7 3466b ± 274
Fe 10762d ± 2034 37133a ± 908 15970c ± 392 26862b ± 4212
Ge bDL 11.2a ± 0.78 0.16c ± 0.03 5.74b ± 1.02
In 0.12d ± 0.03 2.12a ± 0.09 0.30c ± 0.02 1.28b ± 0.20
K 657c ± 5.12 487d ± 42.1 5443a ± 110 3986b ± 254
Li 0.28c ± 0.03 13.2b ± 0.14 21.3a ± 2.41 17.9a ± 2.04
Lu bDL 0.90a ± 0.06 0.30c ± 0.02 0.56b ± 0.11
Mg 1145d ± 74.8 5832c ± 105 27228a ± 107 21036b ± 985
Mn 175d ± 3.53 523c ± 3.30 1166a ± 12.7 882b ± 74
Na 110c ± 24.4 952a ± 124 786b ± 12.9 842ab ± 56
Nd 2.77d ± 0.26 53.6c ± 4.11 112a ± 8.95 86.6b ± 5.98
Ni 8.69d ± 1.34 506a ± 2.09 74.1c ± 3.37 286b ± 46
Pb 36.5d ± 11.2 5742a ± 52 1513c ± 39.1 3452b ± 138
Pr bDL 0.11c ± 0.02 0.68a ± 0.07 0.39b ± 0.05
Pt 0.04d ± 0.01 4.32c ± 1.51 32.3a ± 5.62 18.4b ± 4.12
Sc 5.91ab ± 0.82 3.53c ± 0.41 7.30a ± 1.03 5.32b ± 0.87
Sr 1.32d ± 0.27 77.3c ± 4.1 571a ± 42.8 308b ± 28.6
Ta bDL 1.79c ± 0.21 3.21a ± 0.17 2.45b ± 0.41
Tl bDL 472a ± 16.7 0.83c ± 0.06 241b ± 32
Tm bDL 2.25a ± 0.14 0.75c ± 0.03 1.53b ± 0.25
U bDL 0.06b ± 0.01 0.14a ± 0.02 0.11a ± 0.02
V 26.8c ± 2.51 38.7b ± 4.56 72.1a ± 6.69 47.2b ± 4.49
W 0.13c ± 0.03 1.97b ± 0.24 3.62a ± 0.42 2.63ab ± 0.71
Zn 33.2d ± 4.62 63224a ± 638 28663c ± 1768 43265b ± 2014
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mixture (wm). This mixture was prepared from two min-
ing wastes (Tables 1 and 2) blended in 1:1 (w/w) ratio 
using a POLYMIX PX-SR 90 D stirrer (KINEMATICA 
AG, Littau-Luzern, Switzerland). Individual plants were 
placed in cylindrical pots (18 × 19 cm, diameter × height) 
filled with 5.0 kg of waste mixture. As a control, the same 
tree species, diverse as regards their age, were planted in 
pots tiled with pure soil (c) collected from the Zielonka 
Forestry.

The 2-month experiment was conducted between March 
31 and May 31, 2017, in an environment designed to show 
the response of the tested tree species under the influence 
of natural conditions (insolation, rainfall, wind). According 
to data presented by the Provincial Environmental Protec-
tion Inspectorate in Poznań, the mean concentration of  CO2, 
NO,  NO2,  SO2 and  O3 and during the experiment was as 
follows (µg m−3): 288; 10.1; 23.9; 4.0; and 57. The plants 

were watered with pure water on sunny days, while before 
rainfall the pots were covered with polypropylene lids to 
limit the amount of water and the risk of trees root decay 
and the rinsing of wastes from the pots.

Elemental analysis of the organs of the tree species

In the organs of the studied tree species, 67 elements have 
been analysed. For 27 of them (Au, Co, Cs, Dy, Er, Eu, Ga, 
Gd, Hf, Hg, Ir, La, Pd, Rb, Rh, Ru, Sb, Si, Sm, Sn, Tb, Te, 
Th, Ti, Y, Yb and Zr), the concentration of has been found 
below the limit of detection in all organs of both tree spe-
cies. Additionally, the concentration of selected elements has 
been above the limit of detection in selected tree organs only 
(for Ho, Mo, Os, Re and Se). Finally, 36 detectable elements 
only are presented and described in this paper.

Table 2  Characteristics of 
organic matter, granulation 
and parameters of selected 
substrates originated from 
experimental areas

a,b,c Means within rows with different letters differ significantly at p ≤ 0.05 (Tukey’s HSD test)

Parameter Soil Mining sludge Flotation tailing Waste mixture

pH 7.22c ± 0.04 7.76b ± 0.10 8.19a ± 0.03 7.93b ± 0.05
EC (ds m−1) 0.08d ± 0.01 5.42a ± 0.02 5.16c ± 0.02 5.27b ± 0.04
Cl− 42.3d ± 7.92 5569a ± 51 3627c ± 36.3 4512b ± 74.3
NO3

− bDL 8.1c ± 0.72 13.8a ± 1.01 11.2b ± 1.05
PO4

3− 27.6b ± 16.3 bDL 55.9a ± 6.22 26.8b ± 4.58
SO4

2− 80.3 ± 5.4 bDL bDL bDL
NH4

+ 2.71b ± 1.01 bDL 6.21a ± 0.80 3.05b ± 0.41
Granulation [%]
vcos 1 < d < 2 5 n.o n.o n.o
cos 0.5 < d < 1 30 n.o n.o n.o
ms 0.25 < d < 0.5 26 n.o n.o n.o
fs 0.1 < d < 0.25 13 n.o n.o n.o
vfs 0.05 < d < 0.1 6 3 1 2
Σs 0.05 < d < 2 80 3 1 2
cosi 0.02 < d < 0.05 6 44 39 42
fsi 0.006 < d < 0.02 12 45 51 48
Σsi 0.02 < d < 0.05 18 89 90 90
Σc d < 0.002 3 8 9 8
Organic matter [g kg−1 DW]
SOC 12.1a ± 1.2 47.0d ± 2.20 18.7b ± 0.60 32.85c ± 15.60
Nt 0.50a ± 0.10 1.40c ± 0.20 0.70a ± 0.10 1.03b ± 0.39
SOC/Nt 22.49a ± 3.59 34.30c ± 3.21 26.42ab ± 2.75 30.89bc ± 5.36
CHAs 4.55b ± 0.50 1.1a ± 0.06 1.3a ± 0.10 1.20a ± 0.40
CFAs 4.15ab ± 0.40 5.0b ± 0.60 1.25c ± 0.10 3.13a ± 2.12
CHAs:CFAs 1.10ab ± 0.12 0.24c ± 0.17 1.11b ± 0.22 0.62a ± 0.45
CHumins 3.40a ± 0.70 40.9d ± 2.4 16.15b ± 0.60 28.53c ± 13.67
The contribution of humus fractions in SOC content [%]
CHAs 37.60 2.34 6.95 3.65
CFAs 34.30 10.64 6.68 9.50
CHumins 28.10 87 86.36 86.85
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Sample preparation

Plant materials collected were roots, stems and leaves of 
one- and two-year-old seedlings of T. cordata and two-
year-old seedlings of U. laevis. Due to the low surviv-
ability of seedlings of one-year-old U. laevis, these plants 
were not collected for analysis. The plants have been 
washed with deionised ultrapure water (Milli-Q, Millipore, 
Saint Luis, USA) to clean the samples (remove the remain-
ing waste particles and possible element ions adsorbed 
at root systems). Leaves were also washed to remove 
ions transported from environmental dust. All the plants 
were weighed, divided into particular plant organs and 
weighed again to calculate the biomass of roots, stems and 
leaves. All of the samples have been dried in the electric 
oven (SLW 53 STD, Pol-Eko, Wodzisław Śląski, Poland) 
and then cut in Cutting Mill SM 200 (Retsch GmbH, 
Haan, Germany) to obtain a powder. Three representa-
tive samples of each organ of tree species (3 randomly 
selected from among the 6 cultivated plants) were weighed 
(0.4000 ± 0.0001 g) and transported to 55 mL vials, where 
8 mL of 65%  HNO3 (Sigma-Aldrich, St. Louis, MO, USA) 
was added. Digestion has been performed in the micro-
wave mineralisation system CEM Mars6 (CEM, Matthews, 
NC, USA). After digestion the solutions have been filtered 
using paper filters (Qualitative Filter Papers Whatman, 
Grade 595: 4–7 µm) and diluted with deionised water to a 
final volume of 50 mL. Each of the samples was analysed 
in triplicate.

Analysis of elements using inductively coupled 
plasma spectrometry

The analysis has been performed with the use of the induc-
tively coupled plasma spectrometer with optical emis-
sion detection (Agilent 5110 ICP-OES, Agilent, USA). 
The synchronous vertical dual view (SVDV) has been 
used for simultaneous axial and radial view of plasma. 
In the multielemental determination, the following com-
mon conditions were used: radio frequency (RF) power 
1.2 kW, nebulizer gas flow 0.7 L min−1, auxiliary gas 
flow 1.0 L min−1, plasma gas flow 12.0 L min−1, view-
ing height for radial plasma observation 8 mm, detector 
CCD (charge-coupled device) temperature − 40 °C, signal 
accusation time 5 s for 3 replicates. The detection limits 
have been found at the level of 0.01 mg kg−1 dry weight 
(DW) for all elements determined (using 3-sigma criteria). 
The uncertainty has been estimated for the total analyti-
cal procedure (including sample preparation, k = 2) at the 
level of 20%. The traceability (recovery 80–120%) for cer-
tified reference material analysis (CRM S-1—loess soil; 
CRM NCSDC (73349)—bush branches and leaves; CRM 

2709—soil; CRM 405—estuarine sediments; CRM 667—
estuarine sediments) has been found acceptable for most 
the elements determined.

Substrate analysis

First, the soil samples were sieved through a 2-mm grid. 
A standard soil analysis was carried out to determine the 
granulometric fraction with the laser diffraction method 
using the Laser Particle Sizer ANALYSETTE 22 Fritsch. 
Soil reaction (pH) and electrical conductivity (EC) (in a 
1:2.5 soil–water suspension) were determined with a pH 
meter from Hanna Instruments HI 4221 and an EC meter 
from Hanna Instruments HI 2316, respectively. Soil organic 
carbon (SOC) was determined according to the dichromate 
wet oxidation method, and the total nitrogen concentration 
(Nt) was determined with the Kjeldahl method. Humic sub-
stances (HS)—humic acids (CHAs), fulvic acids (CFAs) and 
humins (CHumins)—in substrate samples were determined 
according to the method described by Kononowa (1968). 
The concentration of selected ions in the substrate samples 
was measured with ion chromatography (DIONEX 5000 +) 
after 0.03 M acetic acid extraction. The concentration of 
elements in the substrate samples was measured using an 
inductively coupled plasma spectrometer with optical emis-
sion detection after  HClO4 digestion.

Statistical analysis

Obtained results were analysed using STATISTICA 12.0 
software (StatSoft, USA). One way analysis of variance 
(ANOVA) followed by the post hoc Tukey’s HSD test was 
applied to show the differences between the concentration 
of 36 elements in roots, stems and leaves of the tested plant 
species. Additionally, the same analysis was used to compare 
the biomass of these plants’ biomass, both their particular 
organs and the whole plant biomass. Moreover, for graphical 
presentation of similarities and differences between specific 
plants, as regards their ability to phytoextract particular ele-
ments separately in their organs or the whole plant bodies, 
a heat map analysis was performed where two-dimensional 
variables (plant and element concentrations) were repre-
sented as blue colours. To show significant differences 
between the tested plants concerning the concentration of all 
36 elements jointly in the whole their biomass, the Friedman 
rank sum test was used with pairwise comparisons using 
the Nemenyi multiple comparison tests (posthoc.friedman.
nemenyi.test) with q approximation for unreplicated blocked 
data. Additionally, to show the potential of the analysed trees 
for the phytoextraction of all 36 elements jointly, the rank 
sum was performed. This analysis was performed using the 
agricolae package (R).
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To estimate the efficiency of element phytoextraction in 
the analysed tree species, bioconcentration factor (BCF) val-
ues were calculated as the ratio of the concentration of these 
elements in the harvested organs (leaves and stems) to their 
concentration in the substrate. Additionally, a translocation 
factor (TF) was calculated to show the ability of plants to 
transport elements from roots to aerial plant parts. TF values 
were calculated as the ratio of element concentration in the 
stem to their concentration in roots (Ali et al. 2013).

Results and discussion

The significance of characteristics of substrates used 
in the experiment

The characteristics of soil, waste mixture and both wastes 
(mining sludge and flotation tailing) are described in 
Tables 1 and 2.

The soil consists mainly of sand particles (80%), whereas 
particles with diameters in the range of 0.05–0.02 corre-
sponding to the silt fraction are dominant in mining sludge 
and flotation tailings (approx. 90%), with a small admixture 
of other fractions. Due to the predominance of fine parti-
cles in the mining sludge and flotation tailings, the mixture 
of wastes used in the experiment was characterised by the 
predominance of a fine fraction as well. The soil was char-
acterised by neutral pH = 7.22 and low salinity. In contrast, 
the mining sludge and flotation tailings were classified as 
saline, alkaline material. Similar properties were exhibited 
by the waste mixture (Richards 1954).

The SOC content in the soil was 12.1 g kg−1, which was 
significantly lower than the value of this parameter in the 
mining sludge, flotation tailings and waste mixture. Waste 
materials contaminated with heavy metals may contain 
organic pollutants, which largely influence the correct esti-
mation of this parameter (Krumins et al. 2015). Additionally, 
the characterisation of organic matter in the mining sludge, 
flotation tailings and waste mixture revealed lower CHAs 
content and a significantly higher CHumins level than that in 
the soil. The CFAs content was varied and was significantly 
lower in the flotation tailings than in the other materials. 
The concentration of Nt in the soil and flotation tailings was 
comparable, whereas the mining sludge exhibited a signifi-
cantly higher concentration of this element; therefore, the 
mixture of wastes had a significantly higher content of this 
element than that noted in the pure soil. The significantly 
higher amount of SOC than that of Nt in the waste materi-
als and their mixture yielded a significantly higher SOC/Nt 
ratio about the soil.

The concentration of the 36 analysed elements varied in 
the examined substrates. Significantly higher concentrations 
of these elements were generally recorded in the mining 

sludge and flotation tailings than in the soil, with a few 
exceptions. The content of Al, B, Co, K and Sc in the soil 
was significantly higher only in comparison with the mining 
sludge; therefore, mixing of the waste resulted in signifi-
cantly higher concentrations of all the elements in compari-
son with the soil. The concentration of the other elements in 
the soil was consistent with that noted for non-contaminated 
soils (Kabata-Pendias 2001). The mean concentrations of 
elements in the soil and the waste mixture were ranked in 
the following ranges: > 10,000, 10,000–1000, 1000–100, 
100–10, 10–1 and < 1 mg kg−1. In the soil, 10 out of the 36 
elements (Ag, Be, Bi, Ge, Lu, Pr, Ta, Tl, Tm and V) were 
present below the limit of detection, 9 elements exhibited 
concentration values in the range of 10–1 mg kg−1 (Ni, Cr, 
Ba, Sc, Nd, Co, B, Sr, Ce), and 6 elements were present at a 
concentration < 1 mg kg−1, i.e. Li, As, Cd, W, In and Pt. The 
mean concentration of K, Al, Mn and Na in the soil was in 
the range of 1000–100 mg kg−1, and Pb, V and Cu exhibited 
values from the range of 100–10 mg kg−1. Ca and Mg in the 
soil represented the range of 1000–10,000 mg kg−1, and Fe 
was the only element with a concentration > 10,000 mg kg−1. 
The largest number of elements in the waste mixture exhib-
ited mean concentrations in the range of 100–10 mg kg−1 
(Nd, Ce, V, B, Co, Pt, Li, Cd, Ag). Out of the 36 elements 
determined in the waste mixture, three ranges were repre-
sented by 6 elements each: 10,000–1000 mg kg−1 (K, Cu, 
Pb, Al, As, Mn), 1000–100 mg kg−1 (Na, Sr, Ni, Tl, Cr, Ba) 
and 10–1 mg kg−1 (Ge, Sc, W, Ta, Tm, In). Lu, Be, Bi, Pr 
and U were present at a concentration < 1 mg kg−1, while Ca, 
Fe and Mg represented the concentration > 10,000 mg kg−1.

The subject using trees in eco-technologies such as phy-
toremediation has been widely discussed in recent years, 
for example, by Baltrėnaitė et al. (2016), about their valu-
able traits. An example is T. cordata being described as a 
bioindicator (Aničić et al. 2011), which suggests that its 
capacity for efficient phytoextraction is strictly correlated 
with element concentration in soil. Unfortunately, the effi-
ciency of element phytoextraction presented in this paper is 
a view of obtained results only and in other environmental 
conditions they could differ (Kosiba 2008), being related to 
the significant influence of soil physicochemical properties 
(Mleczek et al. 2009; Pinto et al. 2014; Tangahu et al. 2011). 
Physicochemical properties of soil such as particle size dis-
tribution, pH, salinity or organic matter quality can signifi-
cantly modify the uptake of individual elements, thereby 
affecting the effectiveness and efficiency of phytoextraction 
(Kabata-Pendias 2001; Sheoran et al. 2016). The soil used 
in the experiment did not show any contamination with the 
determined elements; nevertheless, its structure, dominated 
by coarse particles, may indicate unfavourable water condi-
tions, as such soils cannot retain water and can, therefore, 
be too dry periodically. Additionally, due to the predomi-
nance of sandy fractions, the soil has a poorly developed 
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sorption complex and does not accumulate not only con-
taminants but also compounds that are important for proper 
plant growth. Such soil is also poor in SOC and Nt because 
humic substances bind with finer particles forming stable 
complexes (Dziamski et al. 2005). The excessive predomi-
nance of carbon over Nt in the soil used in the experiment 
(SOC/Nt > 20:1) can reduce the intensity of mineralisation 
of organic compounds and lead to biological nitrogen sorp-
tion, which results in its lower availability to plants (Freitas 
et al. 2004). In turn, regarding pH and EC, the soil was a 
non-saline neutral material, which is a favourable environ-
ment for the growth of most plants. In contrast to the soil, 
the waste mixture exhibited a fine particle size distribu-
tion, which may have influenced the air–water properties 
of this material, as development of plant roots is difficult 
in such conditions due to the impeded water and oxygen 
accessibility, which may have had a significant impact on the 
biomass of both tree species regardless of their age. Under 
oxygen deficiency, the nutrient and water uptake by plant 
roots is reduced, even when there are substantial amounts of 
these components in the substrate, and the plant may show 
symptoms of nutrient deficiency (Kasowska et al. 2017). 
Increased mobility of Cd, Cu, Cr, and Zn is most frequently 
observed in lower soil oxygenation, whereas the solubility 
and mobility of Cd increase in conditions of increased oxy-
gen availability (Kabata-Pendias 2001). Oxygen deficiency 
may result in secondary immobilisation of As, which may 
explain the absence of significant differences in the con-
centration of this element in both tree species (Krysiak and 
Karczewska 2011). Furthermore, the fine-grained structure 
of the material can influence the amounts of elements avail-
able to plants, thereby determining their uptake and accu-
mulation in plants (Antoniadis et al. 2017; Kabata-Pendias 
2004). An opposite correlation was observed between the 
release of Cd and the content of silt and clay fractions, which 
suggests the strong retention of this element in the finer soil 
fractions (Acosta et al. 2011). The structure of the waste 
mixture can additionally be determined by a high concen-
tration of Na, which has an impact, e.g. an increase in its 
swelling capacity or dispersion reduces its conductance and 
permeability (Telesiński 2012). The proper development 
of the 1-year-old and 2-year-old seedlings may have been 
influenced by the high pH and EC values in addition to the 
high contamination with almost all of the analysed elements. 
Given these parameters, this material was classified as alka-
line and strongly saline; therefore, it created an unfavourable 
environment for the growth of most plants. The high salinity 
and alkaline reaction of the waste mixture were determined 
mainly by the alkaline elements (Na and K) and Cl ions, 
whose level was substantially higher in the waste mixture 
than in the soil. A high concentration of these compounds 
can largely limit the uptake of biogenic nutrients by plants, 
e.g.  K+,  Ca2+ and  NO3

− (Nouri et al. 2017). Additionally, 

substrate salinity has a significant effect on the availability 
of water to plants. The potential of water is low in a strongly 
saline environment due to interactions of water with salt 
ions. In such conditions, plants have a limited capability of 
water uptake from the substrate, and osmotic stress results in 
inhibition of their growth (Munns 2002; Nouri et al. 2017). 
Some studies suggest that salinity can increase the mobil-
ity of some elements (Cd, Zn, Pb and Cu), on the one hand 
(Filipović et al. 2018; Manousaki et al. 2008). On the other 
hand, mobility and bioavailability are determined by other 
factors, e.g. complexation with chlorides or competition 
with Mg and/or Ca, and these elements were present at a 
very high level in the waste mixture; hence, the bioavail-
ability of these elements to plants may be lower (Acosta 
et al. 2011). The soil pH determines not only the mobility 
and bioavailability of trace elements but also their uptake 
by plant roots (Kabata-Pendias 2001; Sheoran et al. 2016; 
Suda and Makino 2016). At alkaline reaction, the mobility 
of some elements declines; primarily the capability of Ca 
compounds to sorb these elements (Bolan et al. 2013). For 
instance, at pH > 6.5 Pb is immobilised and is precipitated 
as carbonates and phosphates. Some elements, however, 
mainly those that form anionic forms in the soil solution 
(As, Mo, Se and Cr), can exhibit an increased solubility in 
the alkaline environment as well (Kabata-Pendias 2004). An 
increase in soil alkalinity is accompanied by a decrease in 
cadmium sorption, presumably due to displacement thereof 
from the sorption complex by cations of alkali metals, e.g. 
 Ca2+ or  Mg2+. At a pH value of approx. 8, Mn is mobilised 
mainly as anionic forms, which are available to plants as 
well (Kabata-Pendias 2001). Moreover, at the alkaline reac-
tion, the availability of some plant nutrients, e.g. Mg and P 
as well as Fe and B, may be low, which further affects plant 
fitness and growth (Filipek and Skowrońska 2013). The con-
tent of organic matter in soils combined with other factors 
exerts a significant effect on the content and mobility of trace 
elements. Therefore, its role should also be considered for 
contaminated soils (Krumins et al. 2015). An organic mat-
ter deficit is often observed in highly contaminated soils 
(Antoniadis et al. 2017). Although the SOC content was sig-
nificantly higher in the waste mixture used than in the soil, 
contamination with elements in such materials is often com-
bined with organic contamination which impedes correct 
evaluation of the SOC content; therefore, the SOC content 
in the mining sludge, flotation tailing and waste mixture can 
be significantly overestimated (Krumins et al. 2015).

Characteristics of tree seedling biomass

The mean biomass of the control plants after the experi-
ment was almost same for two-year-old T. cordata and U. 
laevis seedlings (59.5 ± 10.9 and 57.0 ± 12.7 g, respec-
tively) and significantly higher than one-year-old T. cordata 
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(32.2 ± 2.4 g) (Fig. 1). In the case of plants growing on the 
waste mixture, a similar tendency was present, where the 
mean biomass of two-year-old T. cordata and U. laevis seed-
lings was 59.5 ± 1.6, and 57.0 ± 8.6 g, respectively, and the 
lowest mean biomass was recorded in one-year-old T. cor-
data (16.0 ± 9.3 g).

The mean decrease of the biomass of these 2 tree species 
(3 plants: two-year-old T. cordata, two-year-old U. laevis 
and one-year-old T, cordata) about control plants was: 50.5, 
46.2 and 48%, which pointed to the significant influence of 
high element concentration in the waste mixture. Two-year-
old T. cordata and U. laevis were not significantly diverse as 
regards the biomass of particular organs in the whole total 
biomass of these species, both for the control and plants 
growing in the waste mixture.

Element uptake and translocation

Differences in element phytoextraction from contaminated 
substrates by plants (also trees) have previously been pre-
sented, for example, by Favas et al. (2014) and Mertens et al. 
(2007). Comparisons of particular trees have revealed dif-
ferences between species but also genotypes (Pajević et al. 
2016; Šijačić-Nikolić et al. 2012; Venturas et al. 2014). The 
characteristics of the concentration of 36 elements in the 
organs of the tested tree species are presented in Table 3a–c. 
Generally, the concentration of these elements was higher 
in plants growing on waste mixture than in soil, with some 
exceptions. A significantly higher concentration of Ag was 

observed in the roots of two-year-old T. cordata growing 
in soil (1.82 ± 0.06 mg kg−1) than in those growing on 
waste mixture (0.98 ± 0.25 mg kg−1). A significantly higher 
concentration of Ag was also present in all the organs of 
2-year-old T. cordata and U. laevis seedlings growing in 
soil compared to those in the waste mixture. This indicates a 
limitation in the accumulation of this metal from the highly 
polluted substrate. The same tendency was observed for Tm 
phytoextraction in older seedlings of both tree species and 
the leaves of 1-year-old T. cordata.

The concentration of elements was diverse about the kind 
of substrates where the plants were grown. Differences in 
concentration of elements were only observed between the 
particular tree organs of one-year-old T. cordata (Al, Be, 
Fe, Mn), two-year-old T. cordata (Be, In and Mn) and two-
year-old U. laevis (Be, K, Na, Nd, Ni and Pb). For each of 
these three kinds of plants growing on the waste mixture, 
significant differences in element concentrations between 
their particular organs were observed for the following ele-
ments: Al, K, Mn, Na, Pb, Ta and Tl. Moreover, these dif-
ferences were also present for other elements, dependent on 
the growing plant species and their age: B, Ce, Nd, Sc, Sr, 
W and Zn (one-year-old T. cordata), Cu, Li and Mg (two-
year-old T. cordata), and B, Cu, Fe, Li, Mg, Pr, Pt, Si, Sr, U, 
V, W and Zn (two-year-old U. laevis). The clear transport 
of elements from the root system to the leaves, revealed by 
their significantly higher concentration in leaf than in root 
for plants growing in soil, was observed for Mn (one- and 
two-year-old T. cordata) and K (two-year-old U. laevis) only. 

Fig. 1  Characteristics of bio-
mass [g] of tested tree organs 
after experiment
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Table 3  The content of elements [mg kg−1 DW] in T. cordata and U. laevis leaves, stem and root, growing at soil (c) and wastes mixture (wm)

A

Plant Organ Sub-
strate

Ag Al As B Ba Be Bi Ca Cd Ce Cr Cu

T. cordata (1y} Leaves c 1.66abcdef 27d 5b 17c 4e 0.22def 3.16abcd 3414cde 0.83b < 0.01c 4c 6d

wm 1.42bcdef 34d 22ab 70c 89abc 0.15defg 5.08a 9254a 6.16b 0.14b 71a 21cd

Stem c 1.73abcd 60d 3b 6c 5e 0.19defg 2.92abcd 2475e 0.69b < 0.01c 5c 8d

wm 1.07def 67d 73ab 54abc 109a 0.14efg 4.84ab 7945ab 29.24ab 0.20b 51ab 36bcd

Root c 1.82ab 269b 3b 14c 12de 0.33bc 1.63cd 3739cde 1.38b < 0.01c 6c 10cd

wm 0.98ef 461a 127a 97abc 93ab 0.20defg 4.62ab 5824abcde 77.83a 0.83a 54ab 93bc

T. cordata (2y) Leaves c 1.78abc 37d 5b 18c 4e 0.23cde 2.66abcd 3665cde 0.89b < 0.01c 4c 6d

wm 1.14cdef 42d 54ab 180ab 74abcd 0.14efg 3.49abcd 7316abc 15.11b 0.32ab 58ab 44bcd

Stem c 2.08ab 27d 3b 7c 5e 0.22def 3.33abcd 3001de 0.72b <0.01c 6c 9d

wm 0.90f 69d 66ab 47bc 45abcde 0.12fg 4.63ab 4934bcde 20.33b 0.20b 38b 25cd

Root c 2.08ab 55d 3b 15c 13de 0.37ab 2.08bcd 3866bcde 1.48b <0.01c 7c 11cd

wm 0.85f 641a 79ab 66abc 30bcde 0.13fg 4.84ab 4108bcde 33.43ab 0.21b 37b 115ab

U. laevis (2y) Leaves c 2.24a 61d 8b 21c 48abcde 0.24cd 3.52abcd 4085bcde 3.60b <0.01c 8c 11cd

wm 0.97f 69d 41ab 182a 58abcde 0.13fg 4.43abc 6892abcd 14.48b 0.30ab 50ab 18cd

Stem c 1.96ab 13d 7b 5c 25cde 0.22def 2.59abcd 4193bcde 3.93b <0.01c 7c 16cd

wm 0.88f 56d 35b 37c 33bcde 0.10g 4.49ab 4973bcde 12.04b 0.02b 37b 15cd

Root c 1.87ab 44d 33b 18c 31bcde 0.45a 1.47d 5109abcde 3.09b <0.01c 6c 13cd

wm 0.91f 145c 73ab 64abc 46abcde 0.12fg 5.38a 4872bcde 44.61ab 0.21b 41b 191a

B

Plant Organ Substrate Fe Ge In K Li Lu Mg Mn Na Nd Ni Pb

T. cordata 
(1y}

Leaves c 212e < 0.01b 0.81abcd 3480f < 0.01f < 0.01e 1919bcd 523cd 270ef < 0.01e 0.46cd 2.1c

wm 412bcde 2.24a 0.94ab 24810a 2.44bc 0.20a 2925abc 2083a 144f 0.13bc 5.17bcd 3.3c

Stem c 189e <0.01b 0.66bcdefg 1640f <0.01f <0.01e 762d 163fgh 272ef <0.01e 0.29d 1.9c

wm 359cde 2.12a 0.79abcd 4520ef 1.09cd 0.17ab 1962bcd 479cde 1191abc 0.36abc 5.07bcd 9.6b

Root c 879bcd <0.01b 0.40defg 2886f <0.01f <0.01e 1428cd 205efgh 353cdef <0.01e 2.10bcd 3.7c

wm 990bc 2.34a 0.97ab 7229de 1.14cd 0.19ab 2123bcd 326cdefg 1230ab 0.80a 5.60b 20.4a

T. cordata 
(2y)

Leaves c 228e <0.01b 0.86abc 3735f <0.01f <0.01e 2257bcd 561c 288ef <0.01e 0.49cd 2.3c

wm 390cde 2.08a 0.76abcde 18144b 2.88b 0.06de 3139ab 1268b 287ef 0.27abc 5.72b 9.7b

Stem c 203e <0.01b 0.34fg 1946f <0.01f <0.01e 945d 198fgh 318def <0.01e 0.44cd 2.2c

wm 255de 2.80a 0.96ab 2212f 0.91cd 0.11bcd 1397d 276defgh 807abcdef 0.31abc 5.29bc 17.9a

Root c 365cde <0.01b 0.50cdefg 3277f <0.01f <0.01e 1685bcd 55gh 396cdef <0.01e 2.81bcd 3.9c

wm 1051b 2.33a 0.11a 4564ef 0.79d 0.13abcd 1443cd 390cdef 1233ab 0.27abc 3.58bcd 30.0a

U. laevis 
(2y)

Leaves c 288de <0.01b 0.31g 8208d 0.11e <0.01e 1245d 21h 102g <0.01e 4.36cd 2.5c

wm 980bc 3.09a 0.36efg 11537c 6.14a 0.12bcd 4142a 560c 1075abcde 0.66ab 5.14bcd 2.7c

Stem c 218e <0.01b 0.27g 1952f 0.07e <0.01e 1989bcd 10h 59h 0.02d 1.46bcd 3.2c

wm 244de 2.69a 0.64bcdefg 1629f 0.51d 0.08cde 935d 141fgh 778bcdef 0.39abc 2.58bcd 12.4b

Root c 417bcde <0.01b 0.31g 3394f 0.25e <0.01e 1185d 21h 1168abcd 0.39abc 5.65b 16.6a

wm 1905a 2.15a 0.73abcdef 3258f 0.62d 0.15abc 2911abc 329cdefg 1647a 0.72a 13.64a 22.8a
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In the case of seedlings planted on the waste mixture, the 
effective transport to leaves for K, Mn and Ta (one-year-old 
T. cordata), K, Li, Mg and Mn (two-year-old T. cordata) and 
also K, Li, Pr and U (two-year-old U. laevis) was observed. 
Limited element phytoextraction, mainly to the root system, 
was determined for Fe (one-year-old T. cordata) and Na, Nd, 
Ni and Pb (two-year-old U. laevis) for plants growing in soil. 
In the case of plants growing in waste mixture, phytoextrac-
tion was mainly to roots for: Al, Ce, Pb, Tl, W and Zn (one-
year-old T. cordata), Al, Fe and Tl (two-year-old T. cordata) 
and also Al, Fe, Ni, Pb, Pt, Si, Tl, V and W (two-year-old 
U. laevis). For a graphical presentation of the similarities/
differences in particular element phytoextraction in each of 
the three analysed tree organs, a heat map analysis was per-
formed. The relationships obtained for element concentra-
tion calculated with and without an allowance of the biomass 
of particular organs are presented in Fig. 2a, b, respectively.

T. cordata and U. laevis analysed in this paper have been 
compared with other plants (Šomšák et al. 2000), but there 
are no data in the literature about a comparison of either of 
these tree species being of the same and different age, grow-
ing on such specific waste mixture. Efficient uptake of As, 
B, Ba, Ca, Cd, Cr, In, K, Mg, Na, Pt and Zn confirmed by 
BCF values > 1 was determined for all tree species growing 
in soil (Table 4).

Additionally, two-year-old T. cordata and U. laves were 
able to effectively accumulate Cu, one- and two-year-old 
T. cordata Mn, while two-year-old U. laves Sr. In the case 

of plants growing on the waste mixture, BCF > 1 for B, Bi, 
Cd, K, Na, Pr, Ta, U and W was determined for all tree spe-
cies, while for one- and two-year-old T. cordata In and Mn, 
one-year-old T. cordata - Ba and two-year-old U. laves Ge. 
Translocation factor (TF) values higher than 1 were deter-
mined for all elements except Al, As, Ba, Fe, Ge, Li, Na 
and Nd for all three studied plants (one- and two-year old) 
growing in soil. In the case of all tree seedlings planted on 
the waste mixture, TF > 1 for Ag, B, Ba, Be, Bi, Ca, Cr, Ge, 
In, K, Li, Lu, Mg, Mn, Pr, Sr, Ta, Tm and U was indicated.

It is worth underlining that both BCF and TF values 
higher than 1 for B, Bi, K, Pr, Ta and U were determined 
for one- and two-year-old seedlings of trees growing in soil 
and waste mixture. This shows the potential of the studied 
seedlings for the phytoextraction of these elements, regard-
less of the chemical characteristics of the substrate and plant 
age or species.

Besides the mixture of waste properties mentioned 
above, the nature of particular elements influences the 
absorption of elements by both tree species. For example, 
Ag, Li and B are easily translocated from roots to above-
ground parts of plants, whereas Cd, Co, Cu, Cr and Pb accu-
mulate in roots and are poorly transported to aboveground 
parts (Kabata-Pendias 2001). Modulation of tree responses 
may be associated with the presence of high concentra-
tions of numerous elements, e.g. Fe. Venturas et al. (2014) 
characterised the phytoextraction of selected elements in 
U. laevis about the increased concentration of Fe in the 

a,b,c Means within rows with different letters differ significantly at p ≤ 0.05 (Tukey’s HSD test)

Table 3  (continued)

C

Plant Organ Substrate Pr Pt Sc Sr Ta Tl Tm U W V Zn

T. cordata (1y} Leaves c 0.87b 0.34d < 0.01c < 0.01e < 0.01d 2.4c 0.79ab < 0.01d < 0.01d 2.09b 26d

wm 3.28a 0.72bcd 0.03b 21.42b 4.22a 2.2c 0.18def 2.31ab 5.04bcd 0.19b 1045bcd

Stem c 0.76b 0.32d < 0.01c < 0.01e < 0.01d 1.5c 0.54bcdef < 0.01d < 0.01d 1.88b 38d

wm 2.14ab 0.59bcd 0.02b 34.07a 1.22c 28.5c 0.23 cdef 2.18ab 6.41bcd 0.21b 2376bcd

Root c 1.24b 0.77bcd < 0.01c < 0.01e < 0.01d 3.0c 0.64abcde < 0.01d < 0.01d 3.63b 59d

wm 1.88ab 1.18ab 0.09a 35.92a 1.25c 174.7ab 0.27cdef 2.10ab 14.97a 0.81b 6537a

T. cordata (2y) Leaves c 0.94b 0.37d < 0.01c < 0.01e < 0.01d 2.6c 0.85ab < 0.01d < 0.01d 2.25b 28d

wm 1.46b 0.76bcd 0.03b 20.65b 3.02ab 6.2c 0.26cdef 1.07bc 4.96bcd 0.18b 1714bcd

Stem c 0.82b 0.32d < 0.01c < 0.01e < 0.01d 1.9c 0.70abc < 0.01d < 0.01d 2.21b 44d

wm 1.30b 0.61bcd 0.02b 21.05b 1.22c 29.9c 0.15f 1.48abc 4.65bcd 0.13b 1652bcd

Root c 0.73b 0.64bcd < 0.01c < 0.01e < 0.01d 3.5c 0.82ab < 0.01d < 0.01d 4.37b 69d

wm 1.46b 0.96bcd 0.02b 21.54b 1.38bc 218.6a 0.18def 0.82bc 8.88abc 0.23b 3408abc

U. laevis (2y) Leaves c 1.53b 0.43cd < 0.01c 3.43d < 0.01d 2.4c 1.03a < 0.01d < 0.01d 2.94b 63d

wm 3.43a 1.06bc 0.05ab 18.98bc 1.51bc 3.7c 0.16ef 2.85a 2.65 cd 0.17b 670bcd

Stem c 1.20b 0.36d < 0.01c 7.40d < 0.01d 4.5c 0.76ab < 0.01d < 0.01d 2.97b 73d

wm 0.95b 0.56bcd 0.01b 15.64c 1.43bc 21.1c 0.22cdef 1.10bc 3.18 cd 0.08b 971bcd

Root c 1.09b 0.68bcd < 0.01c 3.71d < 0.01d 4.8c 0.65abcd < 0.01d < 0.01d 20.86a 50d

wm 1.46b 1.79a 0.03b 23.10b 1.12c 133.5b 0.16f 1.26bc 10.46ab 0.24b 3575ab
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hydroponic solution. They noted a general increase in B, 
Ca, Cu, Mg, Mn and Zn concentration in leaf and stem 
with the decrease in Fe concentration, whereas in our stud-
ies these relations were not ascertained. This suggests a 
strong and mutual influence of many other elements in the 
waste mixture as well as the significant role of a higher 
amount of elements in the waste mixture than in control 
soil (Makgalaka-Matlala et al. 2008). The relations between 
elements can also modify element translocation from roots 
to leaves, which confirms the results of Oroian et al. (2012), 
where the highest concentration of Zn and a low concentra-
tion of Cd and Pb were present in the leaves of T. cordata, 
whereas in our studies the same results were not observed 

for Zn in leaves. It is worth emphasising that elements pre-
sent in organs are not transported from substrates only but 
also from the air, which for Tilia spp. confirms the results 
described by Serbula et al. (2013).

Content of elements in whole tree seedling biomass

Analysis of element contents in the whole biomass of tested 
plants (Table 5) has generally shown differences and rela-
tionships presented previously. A higher content of Ag, Be, 
Bi, In, Tm and V was observed in plants growing in the 
waste mixture than observed in control plants. The opposite 
situation was found for As, B, Cd, Ce, Cr, Ge, Li, Lu, Mn, 

Fig. 2  Correlation between tested tree organs with regard to the concentration of particular elements (heat map) and presentation of a hierarchi-
cal tree plot for all studied plants



3590 International Journal of Environmental Science and Technology (2019) 16:3579–3594

1 3

Na, Nd, Sr, Ta, Tl, U, W and Zn. For the remaining ele-
ments, their phytoextraction was diverse which was probably 
related to their similar accumulation from soil and waste 
mixture or differences in their translocation at the vertical 
section of particular plants. The graphical presentation of 
these relationships was also characterised by the heat map 
(Fig. 3).

According to the Friedman rank sum test with pairwise 
comparisons using Nemenyi multiple comparison tests, 
significant differences between particular trees growing 
on soil and waste mixture were determined. In the case of 
trees growing on the soil, there was a significant difference 
(Friedman Chi-squared = 45.825, df = 2, p value = 1.12e−10) 
between T. cordata (1y) and U. laevis (2y) only, as regards 
their ability to phytoextract elements. The obtained results 
have shown that the most effective accumulators of these 

elements were seedlings of two-year-old U. laevis. For 
trees growing on the waste mixture, significant differences 
were observed between all pairs of trees (Friedman Chi-
squared = 27.838, df = 2, p value = 9.016e−07). According to 
the rank sum, the ability to phytoextract 36 elements jointly 
was as follows: two-year-old T. cordata > two-year-old U. 
laevis > one-year-old T. cordata.

Comparison of our results with other data described in 
numerous papers is difficult because there are few data on 
the concentration of many of the elements in the studied 
tree species; it is limited to some elements only (Cekstere 
and Osvalde 2013) or for other varieties than studied in our 
paper (Bergqvist and Greger 2012). The studied tree species 
could be promising as regards their structural components, 
easy adaptation and biomass. In the case of the latter, nei-
ther species are characterised with the same fast growth as 

Table 4  Bioconcentration and translocation factor values

Plant Substrate Index Ag Al As B Ba Be Bi Ca Cd Ce Cr Cu Fe Ge In K Li Lu

T. cordata (1y) c BCF – 0.19 42.0 14.8 1.5 – – 1.9 8.4 0.02 1.24 0.94 0.04 – 12.2 7.8 0.07 –
TF 1.9 0.3 2.3 1.6 0.7 1.2 3.7 1.6 1.1 2.0 1.5 1.3 0.5 2.0 3.7 1.8 2.0 2,0

wm BCF 0.19 0.04 0.00 5.2 1.5 0.56 22 0.1 2.4 0.01 0.78 0.02 0.03 0.76 1.4 7.4 0.20 0,67
TF 2.5 0.2 0.8 1.3 2.1 1.4 2.1 3.0 0.5 0.4 2.3 0.6 0.8 1.9 1.8 4.1 3.1 2,0

T. cordata (2y) c BCF – 0.14 43.0 16.6 1.6 – – 2.2 9.0 0.02 1.42 1.04 0.04 – 10.0 8.6 0.07 –
TF 1.9 1.2 2.4 1.7 0.8 1.3 2.9 1.7 1.1 2.0 1.5 1.4 1.2 2.0 2.4 1.7 2.0 2,0

wm BCF 0.15 0.05 0.01 9.5 0.9 0.51 18 0.1 2.4 0.01 0.61 0.02 0.02 0.85 1.3 5.1 0.21 0,31
TF 2.4 0.2 1.5 3.4 4.0 2.1 1.7 3.0 1.1 2.4 2.6 0.6 0.6 2.1 1.6 4.5 4.8 1,3

U. laevis (2y) c BCF – 0.18 81.6 17.3 12.3 – – 6.0 41.9 0.02 2.02 1.95 0.05 – 4.8 15.5 0.64 –
TF 2.2 1.9 0.4 1.4 2.4 1.0 4.1 3.6 2.4 2.0 2.4 2.1 1.2 2.0 1.9 3.0 0.7 2,0

wm BCF 0.14 0.05 0.00 9.2 0.7 0.45 19 0.1 1.8 0.01 0.55 0.01 0.05 1.01 0.8 3.3 0.37 0,35
TF 2.0 0.8 1.0 3.4 2.0 1.9 1.7 2.4 0.6 1.5 2.1 0.2 0.6 2.7 1.4 4.0 10.8 1,3

Plant Substrate Index Mg Mn Na Nd Ni Pb Pr Pt Sc Sr Ta Tl Tm U V W Zn

T. cordata (1y) c BCF 2.3 3.9 4.9 0.01 0.09 0.11 – 16.6 0.00 0.02 – – – – 0.15 0.2 1.93
TF 1.9 3.3 1.5 2.0 0.4 1.1 1.3 0.9 2.0 2.0 2.0 1.3 2.1 2.0 1.1 2.0 1.1

wm BCF 0.2 2.9 1.6 0.01 0.04 0.00 13.9 0.1 0.01 0.18 2.22 0.13 0.27 40.86 0.01 4.4 0.08
TF 2.3 7.9 1.1 0.6 1.8 0.6 2.9 1.1 0.7 1.5 4.4 0.2 1.5 2.1 0.5 0.8 0.5

T. cordata (2y) c BCF 2.8 4.3 5.5 0.01 0.09 0.12 – 17.2 0.00 0.02 – – – – 0.17 0.2 2.17
TF 1.9 13.8 1.5 2.0 0.3 1.1 2.4 1.1 2.0 2.0 2.0 1.3 1.9 2.0 1.0 2.0 1.0

wm BCF 0.2 1.8 1.3 0.01 0.04 0.01 7.06 0.1 0.01 0.14 1.73 0.15 0.27 23.19 0.01 3.7 0.08
TF 3.1 4.0 0.9 1.8 3.1 2.2 1.9 1.4 2.1 1.9 3.1 0.2 2.3 3.1 1.3 1.1 1.0

U. laevis (2y) c BCF 2.8 0.2 1.5 0.01 0.67 0.54 – 19.7 0.00 8.20 – – – – 0.22 0.2 4.10
TF 1.1 1.4 0.1 0.1 1.0 1.2 2.5 1.2 2.0 2.9 2.0 1.5 2.8 2.0 0.3 2.0 2.7

wm BCF 0.2 0.8 2.2 0.01 0.03 0.00 11.24 0.1 0.01 0.11 1.20 0.10 0.25 32.63 0.01 2.2 0.04
TF 4.3 2.1 1.1 1.5 0.6 0.3 3.0 0.9 1.9 1.5 2.6 0.2 2.4 4.3 1.1 0.6 0.5
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selected tree or bush species (Krzyżaniak et al. 2015), but 
higher biomass than known hyperaccumulators allows them 
to collect quite a great amount of accumulated elements 
(Keller and Hammer, 2005). In our previous study (Mleczek 
et al. 2016), we have compared both these tree species (two-
year-old seedlings), growing on extremely polluted sludge, 
where U. laevis was characterised by significantly higher 
phytoextraction of As in its stems than the same organ of 
T. cordata. In the present paper, the concentration of As in 
both tree species was not significantly different. The fact that 
the plants were collected from the same place, but the waste 
mixture was different suggests that the above signalised the 
significant role of substrate and its chemical composition 
on plant response. The same relationships were observed 
for Cd, Cu and Pb.

The waste mixture used in the experiment was watered 
and not dried to increase its dusting, although transport of 
elements directly to tree leaves was possible, especially in 
the case of T. cordata, similarly to the results obtained by 
Soudek et al. (2012). Of course, our leaves were washed, but 
what may have occurred before the end of the experiment 
and how many elements had been transported to leaves? This 
could explain why the two-year-old T. cordata was more 
effective in phytoextraction of all elements jointly than 
two-year-old U. laevis (Alagić et al. 2013). It also suggests 
the need for subsequent studies to compare plants of differ-
ent ages concerning their ability to phytoextract elements 
in leaves, which would explain the real significance of this 
organ regarding its phytoextraction efficiency between one- 
and two-year-old seedlings of T. cordata (Kosiba 2008).

Conclusion

Phytoremediation is a viable biological method for the reme-
diation of areas polluted with especially toxic elements. The 
waste mixture used in the experiment was characterised by a 
high concentration of selected elements, which undoubtedly 
influenced plant response (biomass crop) but particularly 
element phytoextraction. The selection of tree species and 
studies related to this is difficult as the vegetation of these 
plants occurs only once a year. Moreover, due to their slow 
growth, it is necessary to conduct studies over many years to 
answer some fundamental questions. We have shown the initial 
response of T. cordata and U. laevis seedlings as representa-
tives of two valuable tree species able to adapt to extremely 
unfavourable conditions. The obtained results unambiguously 
indicated that 1-year-old seedlings of U. laevis have only lim-
ited practical use in phytoremediation, whereas 2-year-old 
trees are diverse as regards their ability to phytoextract ele-
ments. These observations suggest that subsequent studies 
should aim to verify older specimens of these tree species 
regarding phytoextraction of elements. Concerning practical Ta
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aspects (plant size), three-year-old seedlings are likely to be 
most suitable for practical application in effective phytoextrac-
tion of inorganic pollutants from post-mining areas.

From a practical point of view, the worse results of one-
year-old in comparison with two-year-old Tilia cordata indi-
cate that a greater opportunity exists to use this species for 
afforestation on flotation tailings and sewage sludge if it is 
introduced by man, than the possibility of natural regeneration 
of trees on such deposits, because by artificial afforestation 
we can introduce two-year-old plants, but in natural regenera-
tion the tree must pass through the more vulnerable phase of 
one-year-old seedlings. This could explain the lack of natural 
regeneration of these types of sediments.
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