
Introduction

Heavy metal levels in the biosphere have accelerated
rapidly since the onset of the industrial revolution, which
poses major environmental problems, including the dam-
ages to the earth’s surface and cultivated land pollution [1].

Although the main attention of concern is on risk elements
such as cadmium, zinc, lead, mercury, etc., other elements
such as chromium, nickel, etc. must also be taken into
account.

Anthropogenic inputs of chromium include a range of
industrial activities, alloys, chrome plating, dyes and pig-
ments, textiles, leader tanning, and wood preserving [2].
These anthropogenic activities have led to widespread envi-
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Abstract

Our study investigated the accumulation of chromium, nickel, lead and cadmium by maize (Zea mays
L.), sunflower (Helianthus annuus L.), willow (Salix x smithiana Willd.), and poplar (Populus nigra L. x P.
maximowiczii), and the realtionship between the contaminants in soil and in plants. The experiment was per-

formed in contaminated soil (former waste incineration plant) at the Hradec Králové (Czech Republic) site.

Plant and soil samples were collected from three plots with different risk element contents (higher amounts of

Cd, Cu, Hg, Zn, Cr, Ni, and Pb). The total and available soil metal concentrations in soil were investigated.

Only a low portion of risk elements were available for plants (6% Ni, 14% Cd, 1.3 % Pb, and less than 1% of

Cr). Chromium, nickel, and lead showed a similar trend to element accumulation where the highest amount

was found in plant roots, higher in herbs than in trees (6.83 mg Cr·kg-1, 5.04 mg Ni·kg-1, and 7.76 mg Pb·kg-1).

The highest cadmium concentration was found in leaves of willow (1.87 mg Cd·kg-1) and roots of willow (3.05

mg Cd·kg-1). The correlation between the concentration of risk elements in soil and in plants was the highest

in the case of lead reaching up to R= 0.89. Results also indicated that translocation of Cr, Ni, Cd, and Pb from

roots to aboveground biomass of willow and poplar was low (89-98% of risk elements was retained in roots).

The highest translocation from plant roots to aboveground biomass of maize and sunflower was found in the

case of Cd and Pb (57 and 83% of Cd, 56 and 76% of Pb). The behaviour of these elements concerning soil

and plants differed among fields with unknown history of contamination and type of contaminants.  
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ronmental Cr contamination, causing its increased bioavail-
ability and biomobility. Soil Cr values range from 10 to 50
mg·kg-1 dw [3]. Cr is toxic to higher plants at 100 mg·kg-1

dw of plant content. Uptake and accumulation of Cr by var-
ious crops are well documented. Plant Cr contents vary
between 0.006-18 mg·kg-1 dw [4].

The generally accepted Ni values in plant tissues are
between 0.5-5 mg·kg-1 of dry weight (dw). Soil Ni contents
vary between 5-150 mg·kg-1 dw [5]. Anthropogenic activi-
ties further release Ni into the soil through various sources
such as smelting, burning of fossil fuel, vehicle emissions,
disposal of household debris, municipal and industrial
wastes, metal mining, fertilizer application, and organic
manures [6]. The overal uptake of Ni by plants depends on
the concentration of Ni2+ in soil solution, plant metabolism,
the acidity of soil or solution, the presence of other metals,
and organic matter composition [7]. 

Owing to the rapid expansion of industrialization and
the heavy use of chemical fertilizer, pesticides, and herbi-
cides in agriculture, cadmium pollutants have been consid-
ered one of the most serious environmental problems
worldwide [8]. Cadmium phytoaccumulation is an impor-
tant research topic, as food and particularly vegetables con-
stitute a major source of human exposure to Cd [9] and also
because plants are, through phytoextraction, a potentially
efficient means of remediating soils contaminated with this
trace metal [10]. Availability of Cd to plants is regulated by
pH, soil organic matter, and redox potential [11].

With rapid industrial development around the world, the
inputs of Pb to agricultural soils have been occurring
through the combustion of gasoline containing Pb addi-
tives; the fugitive emissions from nonferrous metal, the
widespread uses of fertilizers, herbicides, and pesticides;
and the additions of sewage sludge to the soil [12]. The
background concentration of Pb in uncontaminated soil
fluctuated within the range of 10-50 mg·kg-1; however, in
soil with low-level contamination, Pb concentration can be
expected to range from 30 to 100 mg·kg-1 [13]. Pb is not an
essential element [14] and is considered relatively unavail-
able for living organisms due to immobilization in the soil
and limited transport from roots to plants [15].

Plant species respond differently to heavy metal pollu-
tion. Although a relationship exists between heavy metal
accumulation and plant tolerance, many plant species grow
on contaminated soils and do not accumulate metals [16].
Gorlach and Gambus found that maize is the most resistant
to increased heavy metals concentration in the soil, fol-
lowed by wheat, barley, sunflower, and hemp [17]. Tree
species have a range of characteristics that make them pos-
sible candidates for application in phytoremediation
approaches. In particular, Salix spp. has been suggested as
they are fast to propagate, achieve high annual biomass pro-
duction, and generally possess a high tolerance against
metal pollution [18, 19]. Besides hyperaccumulators there
are plant species like Salix viminalis (which takes up a large
portion of Cd and Zn), Brassica juncea (Pb), Lolium perene
(Pb), Zea mays (Pb), Helianthus annuus (Pb, Cu), or others,
characterized by high content of heavy metals in biomass
and good remediation capacity [20, 21]. The potential of

willow for phytoremediation has mainly been established
through pot experiments or growth chamber experiments
[22, 18]. Besides that, studies such as that of Nowack et al.
has shown that the determination of metal bioavailability
based on laboratory tests of sampled soils is not representa-
tive for field soils and in situ conditions [23]. 

The most important soil variable affecting the bioavail-
ability of heavy metals (particularly Cd and Pb) is soil pH.
The higher pH reduces the availability of Cd and Pb [24].
Some authors suggest that the available soil metal concen-
tration predicts metal transfer from soil to crops better than
does total metal concentration. Thus soil quality criteria for
trace metals should be based on the bioavailable pool of the
elements to ensure adequate environmental protection [9].
There are still paucity reports on soil-to-plant transfer fac-
tors based on the bioavailable risk elements in the research
articles. 

The aims of this investigation were as follows: 
(1) To assess and compare the heavy metal (Cd, Cr, Ni, and

Pb) accumulation by high biomass production plants –
maize (Zea mays L.), sunflower (Helianthus annuus L.)
and fast-growing trees – willow (Salix x smithiana
Willd.) and poplar (Populus nigra L. x P. maximowiczii)
in soils contaminated with these elements 

(2) To find a realtionship between the contaminants in soil
and in plants at specific locations characterized by
intensive and heterogeneous soil element contents.

Experimental Procedures

Sampling Site

Field experiments were conducted for three consecutive
years in the vegetation periods (May-September) of 2007-
09 at the area of a former waste incineration plant with het-
erogenous soil contamination in a suburb of Hradec
Králové, Czech Republic. History and inorganic and organ-
ic contamination of this area were described by Kacálková
et al. [25] and Kacálková and Tlustoš [26]. Three plots with
different risk element contamination were chosen for
preparation of growing fields (signed – F3, F4, and F5
according to Kacálková et al. [25]). This was compared to
other samples among three fields with evelated risk element
contents having a higher risk elements content. Soil type is
loamy Luvisol. The soil had unknown sources of contami-
nation and high heterogeneity compared with other studies.
The soil from F5 can be described as weakly acidic with a
higher organic carbon content, while sampling fields F4
and F3 have a neutral pH with much lower organic carbon
content. High soil Cox value at sampling field F5, could be
the cause of uncontrolled storage of organic compounds
and materials intended for burning. Neutral soil pH was
found almost at all places with the exception of sampling
field F5 where the experimental field shows acid soil reac-
tion (pH CaCl2 – 6.09).

Soil subsamples were taken from 0-20 cm depth within
the circle of 3 m diameter. Samples were homogenized,
dried at laboratory temperature (22ºC) and passed through
a 2 mm sieve. Plant residues were removed before sieving. 
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Each plot was planted out and sown with these experi-
mental plants: willows – W (Salix x smithiana Willd.),
poplars – P (Populus nigra L. x P. maximowiczii), maize –
M (Zea mays L.) and sunflower – S (Helianthus annuus L.).
Plants were treated ordinarily (watering, weeding) and fer-
tilized by the addition of 30 g·m-2 NH4NO3 for three vege-
tation periods. Then in autumn before senescence, these
plants were harvested, aboveground biomass of fast grow-
ing trees and whole biomass of maize at first and second
years, whole biomass of all plants at third year. Fresh plant
biomass was weighed, separated to leaves and twigs (trees)
and roots, leaves, stalks and seeds (maize and sunflower),
and after drying at 60ºC dry mass was measured.

Soil and Plant Analysis

All chemical analyses were provided in analytical labo-
ratories of the Department of Agroenvironmental
Chemistry and Plant Nutrition at Czech University of Life
Sciences Prague in order to determine the total contents of
risk elements. Total element concentrations in soil were
determined in digests obtained by two-step decomposition
as follows: 0.5 g of sample was decomposed by dry ashing
in a mixture of oxidizing gases (O2+O3+NOx) in an Apion
Dry Mode Mineralizer (Tessek, CZ) at 400ºC for 10 h; the
ash was then decomposed in a mixture of HNO3 + HF,
evaporated to dryness at 160ºC, and dissolved in diluted
aqua regia [27]. 

For the determination of mobile portions of elements in
soils, extraction with a 0.11 mol·l-1 solution of CH3COOH at
a ratio of 1:20 (w/v) for 16 hours was applied [28]. Each
extraction was provided in three replicates. For the cen-
trifuging the extracts, a Hettich Universal 30 RF (Germany)
device was used. The reaction mixture was centrifuged at
3,000 rpm for 10 minutes at the end of each extraction pro-
cedure, and the supernatants were kept at 6ºC prior to mea-
surement. Element concentrations in the digests and extracts
were determined by ICP-OES (Varian, VistaPro, Australia). 

Plant samples were decomposed using the dry ashing
procedure as follows: An aliquot (~1 g) of the dried and
powdered aboveground biomass or roots were weighed to
1 mg into a borosilicate glass test-tube and decomposed in
a mixture of oxidizing gases (O2+O3+NOx) at 400ºC for 10
hours in Dry Mode Mineralizer Apion (Tessek, Czech
Republic). The ash was dissolved in 20 ml of 1.5% HNO3

(electronic grade purity, Analytika Ltd., CzechRepublic)
and kept in glass tubes until analysis [29]. Aliquots of the
certified reference material RM NCS DC 73350 poplar
leaves (purchased from Analytika, CZ) were mineralized
under the same conditions for quality assurance of the total
element contents in experimental plants. 

The total contents of Cd, Cr, Ni, and Pb in soil and plant
digests were determined by optical emission spectroscopy
with inductively coupled plasma (ICP-OES) with axial
plasma configuration, Varian, VistaPro, equipped with
autosampler SPS-5 (Australia). Measurement conditions
were for all lines: power 1.2 kW, plasma flow 15.0 l·min-1,
auxillary flow 0.75 l·min-1, and nebulizer flow 0.9 l·min-1.

Hg content was determined by atomic absorption spec-
trometry using a single-purpose AMA-254 analyzer (Altec,
Czech Republic). Exchangeable values of pH were mea-
sured in a 1:20 (w/v) 0.01 mol·l-1 CaCl2 soluble extract at
20±1ºC, and active pH values in water extract (ratio 1:3,
v/w) at 20±1ºC. The used pH meter was WTW pH 340 i set.

Statistical Analysis

Statistical analyses were performed using the software
Statistica 10 (analysis of variance – ANOVA, followed by
the Tukey HSD test – α = 0.05 for multiple comparisons)
and Microsoft Office Excel 2007 (standard deviation).

Regression Analysis

Regression analysis (r value and regression equation)
was perfomed using Microsoft Office Excel 2010.
Correlation coefficients (r values) were evaluated according
to Snedecor and Cochran (1967). Correlation coefficients at
the 95% levels of significance for 9 degrees of freedom
have to be larger than 0.602. 

Results and Discussion

Soil Contamination

Total and available average contents of chosen risk ele-
ments in soils are given in Table 1. Regulation No. 13/1994
Collection of Laws of Ministry of the Environment pro-
vides maximum admissible risk element contents in soil as
follows: 1 mg·kg-1 Cd, 200 mg·kg-1 Cr, 80 mg·kg-1 Ni, and
140 mg·kg-1 Pb. The cadmium content in the three soil sam-
ples exceeded the maximum soil content. Chromium did
not exceed the admissible content. Nickel was in a higher
concentration than the limit at one sampling point and so
lead was at two sampling points. The highest concentration
of the chosen risk elements was in the area of sampling
point F5. 

The total metal concentration was high, but only a limit-
ed portion of them was available for plants (6% Ni, 14% Cd,
1.3% Pb, and less than 1% of Cr). These results can be
explained with the consideration of the chemical properties
of the soils [25], especially heterogeneous soil contamina-
tion. Total soil heavy metal concentration is commonly used
to indicate the degree of contamination, although extractable
concentration provides a more suitable chemical evaluation
of the amount of metals available for plant uptake [30]. The
solubility of metals in the soil is predominantly controlled
by the pH, the amount of metal, the cation exchange capac-
ity, the organic carbon content, and the oxidation state of the
mineral components [31]. The concentration of bioavailable
soil Cd (in contrast to total Cd) is the key factor for uptake
and in certain concentration intervals it may be proportional
to accumulated Cd [32]. From our results, in the case of cad-
mium and lead, we found that increasing pH caused increas-
ing available Cd and Pb content in soil (plot F5 with pH =
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6.1 and plot F4 and F3 with pH = 7.4). This is in agreement
with Shuman [33], who described that increasing pH
reduced availability of the metals.

Contents of Chromium, Nickel, Cadmium, 
and Lead in Plants

All the plant species tested in the experiment were
grown on contaminated soil on three sampling points with

different risk element concentrations in soil (F3, F4, and F5),
showing no visible symptoms of toxicity. Tables 2-5 show
risk element concentrations in particular parts of cultivated
plants. Chromium, nickel, and lead showed the identical ten-
dency, respectively, the highest amount was found in plant
roots, higher in herbs than in trees (6.83 mg Cr·kg-1, 5.04 mg
Ni·kg-1, and 7.76 mg Pb·kg-1). These results corresponded to
those of Angelova et al. [34]. They also found the highest
amount of Pb, Zn, Cd, Cu in roots of flax, hemp, and cot-
ton compared to aboveground part of plants. Higher ability
to accumulate these elements showed sunflower compared
to maize and grains of sunflower and maize contained sim-
ilar concentrations like stalks. Cadmium accumulation in
herbs was similar like Cr, Ni, and Pb. However the highest
Cd content in trees was found in leaves (often significantly
higher than in roots).

A significantly higher amount of chromium (Table 2)
was found in sunflower roots (7.02 mg Cr·kg-1). Lower Cr
amounts in sunflower (Helianthus annuus L.) roots (3.21
mg·kg-1) were found by Mani et al. in sewage-irrigated allu-
vial soils [35]. Our results are in agreement with Mohanty
and Patra [36]. They used para grass (Brachiaria mutica) in
situ experiment and Cr bioaccumulation in roots, which
was nearly 1,000 times higher than in shoots. Leaves accu-
mulated chromium in higher concentrations than stalks
(from 0.17 to 1.23 mg Cr·kg-1), significantly higher in the
case of sunflowers. However, Sawidis et al. [37] found
higher Cr accumulation in the bark of Platanus orientalis L.
and Pinus nigra L. compared to the leaves. Higher concen-
trations of chromium in grains of maize and sunflower than
in stalks was found (up to 2.32 mg Cr·kg-1). The usual range
for plants is 0.1-0.5 mg Cr·kg-1 [6]. The Cr concentration
values in plants from our experiment were often higher than
normal range. Chromium concentration decreases in order:
roots > leaves > stalks > grains in case of maize,  roots >
leaves > grains > stalks in case of sunflower, and roots >
leaves > stalks in case of trees. 

Nickel was translocated to stems and, especially, to
leaves and grains (Table 3). A significantly higher amount
of nickel was found in sunflower roots (5.04 mg Ni·kg-1).
However, willow leaves demonstrated the ability to accu-
mulate this element in higher concentrations than in other
tested plants – up to 3.88 mg Ni·kg-1 in leaves. Fargašová
and Beinrohr [38] also found higher nickel accumulation in
the shoots than in the roots of Salix alba. Leaves of
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Table 1. Total and available (0.11 mol·L-1 acetic acid extractable) metal concentration in soil (mg·kg-1).

Plot No. Cr Ni Cd Pb

Total

F3 40±4.3 31±3.3 2.0±0.5 44±3.2

F4 39±1.7 23±2.1 1.6±0.02 193±7.4

F5 141±5.2 122±8.4 6.8±0.6 167±9.3

Available

F3 <0.005 1.88±0.3 0.28±0.01 0.55±0.01

F4 <0.005 1.55±0.1 0.23±0.1 0.44±0.001

F5 <0.005 8.06±1.0 0.08±0.01 0.01±0.001

Table 2. Chromium concentration in plants (mg·kg-1). The val-
ues marked by the same letter did not significantly differ at α =
0.05 within individual columns, where small letters indicate the
differences among the individual fields and capital letters indi-
cate the differences in element contents within one plant.

Maize

Roots Stalks Leaves Grain

F3 4.08±3.68bA 0.89±0.2aA 1.16±0.45aA 1.04±0.93aA

F4 3.43±1.78bA 0.75±0.31aA 2.12±0.69bA 0.5±0.25aA

F5 3.12±1.26bA 0.61±0.35aA 1.08±0.73aA 0.57±0.42aA

Sunflower

Roots Stalks Leaves Grain

F3 2.99±0.45cA 0.23±0.07aA 1.23±0.66bA 2.32±0.49cB

F4 7.02±3.98dB 0.25±0.16aA 1.14±0.84bA 1.93±0.3cB

F5 6.83±2.93dB 0.71±0.53aA 0.52±0.18aA 0.57±0.12aA

Willow

Roots Stalks Leaves

F3 0.42±0.07bA 0.51±0.45aA 0.39±0.08aA

F4 0.89±0.47aA 0.45±0.42aA 0.46±0.37aA

F5 2.89±1.04bA 0.34±0.18aA 0.17±0.08aA

Poplar

Roots Stalks Leaves

F3 0.6±0.02aA 0.15 ±0.05aA 0.2±0.17aA

F4 1.06±0.12bA 0.16±0.05aA 0.67±0.73aA

F5 0.74±0.17aA 0.31±0.26aA 0.78±0.09aA



Fraxinus excelsior accumulate higher Ni concentration –
27.04 mg·kg-1 [39]. Grains of sunflower accumulated 2.32
mg Ni·kg-1. The accepted Ni values in plant tissues are in
the range of 0.5-5 mg·kg-1 dw [6]. Our results corresponded
with this study. The order of the plant parts according to
diminishing Ni concentrations is: roots > leaves > grains >
stalks in herbs and roots > leaves > stalks in trees.

Cadmium was found in higher concentrations in trees
than in herbs (Table 4). Translocation from plant roots to
leaves was higher in the case of trees. Cadmium transport to
aboveground parts of Populus deltoides x Populus nigra
also was declared by Fuzhong et al. [40]. Significantly high-
er concentration was in willow roots – 3.05 mg Cd·kg-1 but
only at one sampling site. Concentrations of this element
were higher in leaves of willow and poplar than in roots at
the next two areas. A significantly higher concentration in
willow leaves was 1.97 mg Cd·kg-1. The amount of uptaked
cadmium in plant parts decreases in the order: roots >
leaves ~ stalks > grains in herbs, roots > leaves > stalks in
willow and leaves > stalks > roots in poplar.

Significantly higher amounts of lead were found in sun-
flower roots (9.76 mg Pb·kg-1) and maize roots (8.45 mg
Pb·kg-1) (Table 5). Maize leaves contained up to 4.40 mg

Pb·kg-1. Markert [41] suggested that uptake of Pb is proba-
bly passive and translocation from roots to other parts of the
plant is low, but aerial deposition and foliar uptake may
contribute significantly to leaf concentration. Common
concentrations of Pb in plants are lower, than 10 mg·kg-1

[42]. Allen [43] considered 3 mg·kg-1 of Pb as a common
natural level for plants. Lead levels in above-ground plant
parts from our experiment did not exceed these values. The
concentration of Pb in plant parts decreases in the order:
roots > leaves > stalks > grains in herbs and roots > leaves
> stalks in trees.

The Effect of Soil Element Content on Element
Accumulation in Plants

In our experiment the relationship between total and
available concentration of risk elements in soil and risk ele-
ment concentrations in plants is observed (Table 6).
Whatmuff [44], Sun et al. [45], Han et al. [46], and
McBride [24] found that increasing concentrations of heavy
metals in soil increased plant uptake. Regression analysis
showed that the closest relationship (R value from 0.14 to
0.89) was found in the case of lead. R value, evaluated
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Table 3. Nickel concentrations in plants (mg·kg-1). The values
marked by the same letter did not significantly differ at α = 0.05
within individual columns where the small letters indicate the
differences among the individual fields and capital letters indi-
cate the differences in element contents within one plant.

Maize

Roots Stalks Leaves Grain

F3 3.91±2.7bA 0.85±0.28aA 1.2±0.39aA 0.94±0.63aA

F4 4.09±2.15cA 0.73±0.2aA 1.13±0.23aA 1.06±0.14aA

F5 2.77±0.76bA 0.79±0.13aA 0.92±0.4aA 1.12±0.48aA

Sunflower

Roots Stalks Leaves Grain

F3 3.04±0.86bA 1.32±0.5aA 1.2±0.18aA 1.92±0.06aA

F4 4.04±1.53bA 0.91±0.52aB 1.34±0.56aA 1.54±0.08aA

F5 5.04±0.93bA 1.36±0.2aC 3.35±1.33bB 1.89±0.27aB

Willow

Roots Stalks Leaves

F3 3.06±0.21bB 0.81±0.59aA 1.93±1.44bA

F4 2.36±0.91bA 0.94±0.2aA 2.59±0.91bA

F5 3.1 ±0.52bA 1.41±0.78aA 3.88±0.57bB

Poplar

Roots Stalks Leaves

F3 0.83±0.09aA 0.59±0.52aA 0.6±0.43aA

F4 1.78±0.12bB 0.51±0.14aA 1.26±0.48aA

F5 0.98±0.22aA 0.58±0.29aA 1.1±0.43aA

Table 4. Cadmium concentrations in plants (mg·kg-1). The val-
ues marked by the same letter did not significantly differ at α =
0.05 within individual columns where the small letters indicate
the differences among the individual fields and capital letters
indicate the differences in element contents within one plant.

Maize

Roots Stalks Leaves Grain

F3 0.73±0.2aA 0.4±0.5aA 0.12±0.1aA 0.09±0.1aA

F4 0.65±0.3aA 0.18±0.1aA 0.19±0.1aA 0.16±0.3aA

F5 0.62±0.4aA 0.27±0.1aA 0.18±0.1aA 0.12±0.1aA

Sunflower

Roots Stalks Leaves Grain

F3 0.55±0.3aA 0.56±0.3aA 0.66±0.3aA 0.59±0.2aA

F4 1.09±0.1aA 0.39±0.1aA 0.49±0.1aA 0.31±0.1aA

F5 0.59±0.1aA 0.44±0.1aA 0.74±0.3aA 0.51±0.2aA

Willow

Roots Stalks Leaves

F3 3.05±0.3bB 1.29±0.3aA 1.87±0.7bA

F4 0.72±0.3aA 1.16±0.3aA 1.97±0.4bA

F5 1.36±0.1aA 1.35±0.3aA 1.38±0.4aA

Poplar

Roots Stalks Leaves

F3 0.69±0.1aA 0.94±0.3aA 0.99±0.5aA

F4 0.77±0.1aA 0.57±0.2aA 1.03±0.2aA

F5 0.66±0.1aA 0.94±0.3aA 1.18±0.2aA



according to Snedecor and Cochran [47], were significant
in sunflower seeds and willow roots for total risk element
contents in soil, leaves and seeds of sunflower, and twigs of
willow and poplar for available risk element contents in
soil. No significant correlation was found for other risk ele-
ments, except one r value for nickel and two values for
chromium. The reason could be great heterogeneity of soil
risk element contamination. Our results are partly in accord
with Orroño et al. [48] in terms of pot experiment with

Pelargonium hortorum in a soil spiked with Cd, Cr, Cu, Pb,
Ni, and Zn found out that soil-extractable Cr, Ni, and Pb
were related to their concentration in plants, but there was
no correlation between soil and plants for Cd, Cu, and Zn.
Lead concentrations in plants were positively correlated
with increasing total lead content in soil. However, the
same concentration responded negatively to available con-
tent in soil. Available cadmium and total chromium were
negatively correlated with increasing soil concentration.

For example, Vandecasteele et al. [49] reported that wil-
low (Salix fragilis and Salix viminalis) foliar Cd concentra-
tions were strongly correlated with soil Cd concentrations.
In our experiment we found negative correlation in willow
leaves for total Cd content in soil and positive correlation
for available Cd content in soil with R=0.6 (the highest
value for available Cd).

The unique element correlation to plants or between
plants was not demonstrated. The reason may be different
types of contamination and unknown sources of contami-
nation.

Risk Element Removal by Plants

Relative removal of cadmium, lead, chromium, and
nickel within three years at plot F5 (with highest amount of
these risk elements) are displayed in Figs. 1 and 2. Metal
removal is influenced by two factors – the content of the
element in particular aboveground plant parts is the first
one and the yield of aboveground dry biomass is the sec-
ond. Biomass of investigated plants increased in the order:
maize < sunflower < willow < poplar. Also, the elements
removal followed the mentioned order, biomass plays more
a important role in the risk element removal than element
concentration. 

The highest cadmium removal was found by roots of
fast growing trees (from 49% to 89%). The reason for the
highest risk element removal by roots of willow and poplar
could be the higher yield of root biomass. Tree twigs
removed higher parts of cadmium than leaves. Also, maize
removed the highest amount of cadmium by roots (43%),
and minimal was found by seeds (7%). However, a differ-
ent situation was in the case of sunflower. Cadmium
removal by seeds was 40% and by roots and leaves was
only 17% and 12%. Cadmium concentrations in sunflower
seeds correlated positively with seed weight.
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Table 5. Lead concentrations in plants (mg·kg-1). The values
marked by the same letter did not significantly differ at α = 0.05
within individual columns where the small letters indicate the
differences among the individual fields, and capital letters indi-
cate the differences in element contents within one plant.

Maize

Roots Stalks Leaves Grain

F3 3.75±1.34cA 0.57±0.14aA 1.2±0.3aA 0.16±0.02aA

F4 8.45±5.9dB 0.61±0.25aA 1.51±0.61bA 0.39±0.16aA

F5 4.12±4.2cA 3.4±4.04cB 4.4±3.44cB 1.07±0.83aA

Sunflower

Roots Stalks Leaves Grain

F3 1.22±0.3bA 1.1±0.58bA 1.2±0.32bA 0.66±0.09aA

F4 2.33±2.05bA 1.45±0.76bB 1.27±0.37bA 1±0.14bA

F5 9.76±11.5dD 3.8±0.62cA 3.4±0.7cB 0.3±0.06aC

Willow

Roots Stalks Leaves

F3 0.83±0.09aA 0.82±0.47aA 1.01±0.45aA

F4 3.37±1.95cB 0.78±0.5aA 1.95±0.88bA

F5 2.96±0.63bA 2.05±0.93bA 1.95±0.92bA

Poplar

Roots Stalks Leaves

F3 1.39±0.28aA 0.52±0.15aA 0.51±0.28aA

F4 1.64±0.45bB 0.57±0.28aA 1.24±0.32aA

F5 1.33±0.22aB 1.01±0.88aA 1.62±0.86bA

0

20

40

60

80

100

120

M S W P

%

seeds
leaves
staks/twigs
roots

7.2 28.5 136 393

0

20

40

60

80

100

120

M S W P

%

seeds
leaves
stalks/twigs
roots

88 176 286 629

Fig. 1. Percentage removal of risk elements by herbs (with total removal in µg/plant).
(M – maize, S – sunflower, W – willow, P – poplar)

cadmium                                                                                lead



Higher root removal than aboveground biomass of trees
and sunflower was recorded for Pb (92% – willow, 62% –
poplar, 44% – sunflower). In our experiment, root and stalk
Pb concentrations in sunflower were not correlated posi-
tively with the root and stalk weights. It is reported that the
process of Pb taken up from soils by roots is strongly gov-
erned by plant factors, and different plant species own dif-
ferent properties in Pb uptake and distribution. Some are
root-accumulator, storing Pb in the roots, transporting little
to aboveground parts, and others are shoot-accumulators,
storing greatly more Pb in the shoots [50]. 

Chromium and nickel were accumulated mainly  in
roots of all tested plants (98.7% Cr and 92% Ni by wil-
low, 70% Cr and 66% Ni by poplar, 50% Cr and 43% Ni
by maize, 65% Cr and 47% Ni by sunflower). Also,
Shams et al. [51] reported that Zea mays is not an effec-
tive plant for Cr phytoextraction from soil. Higher
amounts of Cr and Ni were removed by maize leaves
compared to stalks and seeds (27% Cr and 23% Ni), and
by sunflower stalks compared to leaves and seeds (17%
Cr and 31% Ni). 
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Fig. 2. Percentage removal of risk elements by trees (with total removal in µg/plant).
(M – maize, S – sunflower, W – willow, P – poplar)

Roots Stalks/twigs Leaves Seeds

Total Available Total Available Total Available Total Available

Cd

M 0.02 0.03 0.01 0.05 0.11 0.21 0.27 0.26

S 0.42 0.46 0.01 0.09 0.38 0.43 0.17 0.28

W 0.01 0.19 0.13 0.18 0.23 0.60 * *

P 0.33 0.39 0.30 0.39 0.01 0.05 * *

Ni

M 0.33 0.32 0.01 0.01 0.31 0.31 0.12 0.12

S 0.44 0.45 0.27 0.27 0.72 0.72 0.35 0.34

W 0.11 0.12 0.47 0.47 0.50 0.51 * *

P 0.40 0.38 0.04 0.04 0.12 0.13 * *

Pb

M 0.25 0.52 0.18 0.48 0.25 0.58 0.35 0.62

S 0.20 0.49 0.35 0.87 0.37 0.89 0.14 0.72

W 0.68 0.37 0.24 0.66 0.49 0.33 * *

P 0.18 0.19 0,16 0.37 0.30 0.67 * *

Cr

M 0.10 * 0.31 * 0.33 * 0.14 *

S 0.20 * 0.64 * 0.35 * 0.89 *

W 0.83 * 0.12 * 0.48 * * *

P 0.20 * 0.42 * 0.22 * * *

Table 6. Results of regression analysis (R value) of total and available soil and plant element concentrations.

*not analyzed
(M – maize, S – sunflower, W – willow, P – poplar)

chromium                                                                                               nickel
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