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The  purpose  of  this  study  was to  assess  the  application  of  several  bioindication  methods  for  the  monitor-
ing  of environmental  pollution  from  Pb  and  Cd.  The  study  area  centered  on  the  town  of Olkusz,  Poland,
which  is  one  of  the  oldest  centers  for the  metallurgical  industry  in  Europe.  The  assessment  of  environmen-
tal  pollution  due  to metals  was  performed  using  four  frequently  used  bioindication  methods:  moss-bag
(Sphagnum  fallax),  determination  of  metal  accumulation  in Pleurozium  schreberi,  silver birch  foliage,  and
Scots  pine  needles.  The  region  of  Olkusz,  and  especially  the  area  surrounding  the  mining  and  metallur-
eywords:
iomonitoring
eavy metals
irch
cots pine
oss bags

gical  Bolesław  complex,  was  extremely  contaminated  with  Pb  and Cd.  The  results  of  the  investigations
are  presented  as  contamination  deposition  maps.  Despite  the  application  of various  methods  and  the
resulting  diversity  of  the specific  exposure  periods  for  different  biomonitors,  the  spatial  distribution  of
contamination  shown  on the  maps  was similar,  as  confirmed  by the  statistical  analysis  of the  results.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Metals, such as Pb and Cd, are much more harmful to people
han they are to plants. Pb and Cd belong to the group of elements
ith a high risk of disturbing chemical equilibrium in the biosphere

ecause they are characterized by a high capacity for accumulation
n the environment [1].

The application of bioindication methods provides a significant
nd intense study of pollution, especially pollution that is due to
he trace elements. Generally, biomonitoring can be defined as the
se of plants and animals to gain quantitative and qualitative infor-
ation about certain characteristics of the biosphere [2].
Mosses are among the most frequently used monitors of envi-

onmental pollution. Often, their ability to effectively accumulate
etals is utilized in this context. The very first studies on the

se of mosses to assess metal pollution in air were carried out
n Sweden in the 1960s [3].  In parallel to the biomonitoring stud-
es, several methodological projects were conducted to determine
he influence exerted by numerous factors on the level of metal

ccumulation in mosses [4–10].

Determination of the accumulation of pollutants in the living
rganisms, in spite of its various limitations is still considered

∗ Corresponding author. Tel.: +48 22 7541426; fax: +48 22 7541426.
E-mail addresses: w.dmuchowski@obpan.pl (W.  Dmuchowski),

ariusz gozdowski@sggw.pl (D. Gozdowski).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.062
to be a very good method of evaluating the condition of the
environment. It was found particularly useful when evaluating
the degree of pollution with metals. Simultaneous application of
various biomonitors allows one to minimize the fundamental lim-
itations of the bioindicative methods. Four bioindicative methods
were employed in the research. They encompassed the determi-
nation of the accumulation of metals in the following: exposed
Sphagnum fallax moss (the moss bag method), growing Pleurozium
schreberi moss, Silver Birch leaves, and Scots Pine needles.

The assessment of atmospheric pollution using naturally grow-
ing mosses as biomonitors has been widely implemented as an
effective method of evaluation of air contamination with metals.
However, similar to other bioindication methods, this method has
limitations caused by the difficulties in finding a given biomonitor-
ing species over the entire study area. Such situations are common
in significantly polluted or urbanized areas. In such situations, moss
bag methods have been employed that involve the physical trans-
fer of mosses from their natural areas to a studied location [11].
This method was based on the collection of moss in a relatively
unpolluted area and its placement in nylon hairnets, which were
later exposed to the contaminated study areas. The concentration
of metals in the moss bags was  correlated with atmospheric metal
concentrations [12].
Studies involving the chemical analyses of pine needles for
the biomonitoring of environmental pollution started in the
1970s. These studies confirmed the advantages of pine as an
indicator species, resulting in an elaboration of the monitoring

dx.doi.org/10.1016/j.jhazmat.2011.09.062
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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level of heavy metal accumulation is also impacted by the specific
features of the bioindication method applied, the source of con-
tamination (air, soil) and the properties (morphological structure)
of the biomonitoring plant.

Table 1
Properties of the applied bioindication methods.

Method Period of
exposure

Source of
contamination

Moss-bag method 12 weeks air
Fig. 1. Map  of Poland indicating geographical

ethodology and facilitation of the interpretation of the results
rom later investigations [13–17].  Silver birch has often been used
s an environmental pollution biomonitor [18–24].  The reason
here has not been a wide-scale use of silver birch (and Scots pine)
s a monitor is the lack of fundamental methodological studies.

The goal of this work was to evaluate different bioindication
ethods that provide a biologically-based complementary infor-
ation for the mandatory environmental monitoring of metals.
pplication of four bioindication methods allowed for a more
omplete determination of environmental pollution for an area
f extreme historical contamination with metals, originating from
ong-range transport as well as local sources.

. Study area

The study area is a region around the town of Olkusz and is
ne of the oldest European centers for the metallurgic industry.
t is situated between three large industrial regions. On the west
nd east, it borders the Upper Silesian Industrial Region and the
racovian Region, respectively, and from the south, it is under
he influence of emissions from Moravia (Czech Republic), reach-
ng the area through the Moravian Gate Pass (Fig. 1). These three
egions are characterized by high concentrations of plants belong-
ng to industries that are particularly harmful to the environment
power generation, steel, and non-ferrous industrial extraction and
rocessing, power production, mining, chemical and cement pro-
uction). One of the most important industrial plants in the area

s the mining and metallurgical Bolesław complex, located in the
egion of Bukowno near Olkusz. This plant started functioning in
952 [25].

The study area encompassed the waste heap from the refining
rocess of the zinc and lead ores. The dust from this heap (height
f 25–30 m;  area of 1.09 km2) was transported by the wind and
ontributed to the contamination of the surrounding areas. In addi-
ion, dust emissions from the stacks of the Bolesław complex were

ransported over much longer distances. This pattern also applies to
ther industrial plants located outside of the study area, such as the
atowice Steel Works. Another problem comes from the secondary
missions from the contaminated uncovered bedding [26].
es discussed in the article and the study area.

The study area was situated to the west of Olkusz with
its border reaching the suburbs of the town (Fig. 1). The area
was 14 km × 14 km and was  divided into 49 smaller squares of
2 km × 2 km.  The sampling locations were selected to meet two cri-
teria: (1) they had to be at least 300 m from the main roads with
heavy traffic; (2) the appropriate pines, birches and mosses (within
the distance of at most 100 m)  had to be present. Four additional
monitoring sites were selected near Bolesław complex.

3. Materials and methods

The study was conducted using four common methods for the
biomonitoring of environmental pollution due to metals deter-
mined by their accumulation in the following:

- the exposed Sphagnum fallax moss (the “moss bags” method);
- the growing moss Pleurozium schreberi;
- the leaves of silver birch(Betula pendula Roth) and
- the needles of Scots pine (Pinus silvestris L.) trees.

Table 1 summarizes the properties of the applied bioindication
methods and defines what sources of contamination the measure-
ments reflect. The main factor that determines the absolute values
of measurements in relation to the degree of environmental pollu-
tion is the time of exposure, which is expressed through the level
of accumulation of heavy metals in the biomonitors plants. The
Accumulation in the moss
Pleurozium schreberi

2–3 years air

Accumulation in birch foliage 3 months air and soil
Accumulation in pine needles 14 months air and soil
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Table  2
Comparisons of measured and certified concentrations of Pb and Cd (mg/kg) in certified reference material (NIST-USA).

Standard Certified Measured Recovery (%)

Pb Cd Pb Cd Pb Cd

Pine needles 1575 10.8 ± 0.5 <0.5a 10.5 ± 0.3 0.418 ± 0.031 97.2 –
a 0
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Pine  needles 1575a 0.167 ± 0.015 0.232 ± 0.004 

Spinach leaves 1570a 0.20a 2.87 ± 0.07 

Uncertain values.

.1. Sample collection

The materials used for the analyses (moss, needles and leaves)
ere collected in the second half of July in the year 2005. Bags with
eat moss were left for 12 weeks in the same locations. Research
reas were selected in each of the 49 squares.

The moss S. fallax (H. Klinggr.) was used in this study and was
ollected in the Augustów Primeval Forest (Fig. 1), which is con-
idered an area of relatively low air pollution in Poland [14]. The
oss was brought to the laboratory and cleaned by removing grass,

eaves and litter by hand. Then the moss was washed with distilled
ater and dried at 50 ◦C. Samples were prepared for exposure by
eighing about 1 g of air-dried moss and placing it into a plastic
et with a small mesh and then submerging it in the distilled water
o complete saturation. The moss was then formed into sphere-
haped bags of about 4–5 cm in diameter. These moss bags were
hen exposed for 12 weeks in the summer season.

Mosses are among the most commonly used monitors of envi-
onmental pollution due to heavy metals. In this study, the moss
as used. P. schreberi sample collection and preparation was  car-

ied out in accordance with the European Program [27]. Moss was
ollected from the forest openings at a certain distance from the
rees to avoid the filtering influence of the tree canopies, which
ould have a significant impact on the results. From a surface area of
pproximately 200 m2, only gametophytes were collected without
edding, and only their green parts were for monitoring purposes
representing the last two to three years of growth).

The Scots pine needles and the silver birch leaves were collected
rom eight trees, growing side by side, with a single mixed sample

ade of an equal amount of biomass from each tree.
The needles of Scots pine were collected from the 2nd to 4th

horl from the top by cutting branches from the outer parts of the
anopy according to the methodology presented by Dmuchowski
nd Bytnerowicz [14].

The silver birch leaves were collected from the upper part of
he canopy at a height of about 3 m and on four sides of the tree
ircumference.

Reference samples consisted of Scots pine needles, silver birch
eaves and P. schreberi and S. fallax mosses collected in the Augustów
rimeval Forest, which is considered (in relative terms) the least
olluted area in Poland [14].

.2. Chemical analyses

The materials collected were placed in linen bags and dried at
0 ◦C for 6 days. The dried materials were ground to a powder in

 stainless steel impact mill (Fritsch 14702) and stored in tightly
ealed plastic containers until the time of analysis. Needles and
eaves were washed for one minute in distilled water before being
ried and ground. The powdered samples were dry-mineralized

n a muffle oven (Naberthern L40/11/P320) using the following
ime/temperature procedure: 120 ◦C - 2 h, 200 ◦C - 1 h, 300 ◦C - 1 h,

nd 450◦ - 5 h. The ashes were digested in 30% HCl (Merck suprapur)
nd filtered through a filter paper [28].

The analyses were performed by flame AAS (Perkin Elmer
100A), connected to deuterium background correction, hollow
.18 ± 0.02 0.219 ± 0.010 107.8 94.4
92 ± 0.005 2.73 ± 0.04 96.0 95.1

cathode lamps (HCL) and acetylene burner. Analytical wavelengths
were 228.8 nm for Cd, 217 nm for Pb [29]. Three replicate subsam-
ples of each sample were processed. Three blanks were run with
each batch of samples; thus, each sample was  blank corrected.
The detection limits in a sample were: Pb - 0.03 mg/kg and Cd -
0.01 mg/kg.

Reference samples consisted of Scots pine needles, silver birch
leaves and P. schreberi and S. fallax mosses collected in the Augustów
Primeval Forest, which is considered (in relative terms) the least
polluted area in Poland [14].

To provide quality control (QC), the elemental content in the
plant samples was  determined using certified reference materials
from the NIST- USA (Table 2). The obtained results were in good
agreement with the certified values. The recovery range was  from
90 to 95%.

3.3. Methodology of map generation

The results of this work are presented as maps of heavy metal
pollution deposition. All of the maps were drawn digitally with the
use of the specialized MapInfo software [30]. For spatial interpola-
tion was  used ordinary kriging based on an assumption that there is
a definite correlation between the distance between points and the
degree of their similarity, expressed through the semi-variogram
[31]. Assuming that this statistical image of dependence is a good
representation of the spatial interaction between the measurement
points, it can be used in the forecasting of values at the interpolation
points.

3.4. Statistical analysis

Basic statistical parameters were calculated for all exam-
ined variables. Statistical comparison of medians was performed
using Kruskal–Wallis test (non-parametric one-way analysis of
variance). Relationships between the accumulations of different
metals in each of the biomonitors were evaluated using linear
regression [32]. Because the variables did not follow the nor-
mal  distribution, the log-transformation (log10(X)) was applied.
Regression functions, determination coefficients and observed
levels of significance (where p-value <0.05 indicates a signifi-
cant relationship) were presented. Determination coefficients (R2)
closer to 1 (100%) indicated a stronger relationship between the
metal concentrations in particular pairs of the indicator plants.
These relationships expressed similarities between the patterns
of contamination depicted on the isoquant maps, which were
obtained through the application of different bioindication meth-
ods.

Multivariate evaluation of the similarity in heavy metal accu-
mulations from the examined biomonitors was conducted using
cluster analysis. Cluster analysis was  carried out using the single

linkage (nearest neighbor) algorithm based on squared Euclidean
distances for the mean values of Cd and Pb of standardized log-
tranformed variables [33]. The statistical analyses were performed
using the Statistica 8.0 statistical package.



112 W. Dmuchowski et al. / Journal of Hazardous Materials 197 (2011) 109– 118

on the

4

i
t
t
o
(
t

4

4

w
s
o
o
t
(

l
d
m

Fig. 2. Contamination of the environment with cadmium based 

. Results and discussion

The results of the environmental pollution analysis are depicted
n maps with respective isoquants. These isoquants differentiate
he zones of pollution in proportion to the scale of metal concentra-
ion in particular biomonitors. The maps showing the concentration
f the Cd and Pb are based on results from 53 measurement points
Figs. 2 and 3). Table 3 presents the basic descriptive statistics of
he results.

.1. The moss-bag method

.1.1. Cadmium
The average concentration of Cd (similar to the result of Pb)

as higher than the reference level (0.16 mg/kg) in all analyzed
amples. The results ranged from 0.39 to 18.7 mg/kg. The majority
f the measurements, however, did not exceed 2 to 3 mg/kg, and
nly three samples that were extracted near the waste heap and
he Bolesław complex showed distinctly higher Cd concentrations
between 10.5 and 18.7 mg/kg).
The Cd and contamination map  (as well as Pb) shows the highest
evels of pollution near the waste heap and stretching in the eastern
irection due to the prevailing western direction of the winds. In the
osses exposed near Warsaw in 2004, values ranged between 0.32
 accumulated concentration of this element in the biomonitors.

and 0.60 mg/kg, while the highest value observed of 1.18 mg/kg
during the entire study (between the years 1992 and 2004) was
measured in 1992 near the steel mill [34].

4.1.2. Lead
The Pb concentrations in the moss after twelve weeks of expo-

sure in the study area were higher than the reference sample
(2.5 mg/kg) in all samples from all measurement points. These
results varied significantly and ranged between 7.2 and 461 mg/kg.
The measurements exceeded 10 mg/kg over almost the entire study
area (Fig. 3). A high level of contamination was  observed in the area
around the Bolesław complex, while the area with the highest level
of contamination was  located near the processing waste dump of
the foundry. On the western side of the dump, at a distance of about
500 m,  the concentration of Pb was  the highest and amounted to
461 mg/kg.

These results show high Pb contamination in the study area. For
comparison, the results using the same method in Warsaw (Poland)
between 1992 and 2004 ranged from 6.2 to 49.4 mg/kg [33]. This
large variation in the results provides evidence for the existence of a

point source with a relatively limited reach. In this case, this source
could be the processing waste heap from the Bolesław complex.
Despite sprinkling, dust from the waste heap is blown by wind and
contributes to the contamination of the surrounding neighborhood.
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Fig. 3. Contamination of the environment with lead based on

.2. Accumulation of metals in moss Pleurozium schreberi

.2.1. Cadmium
The concentration of Cd in the growing moss P. chreberi ranged

etween 3.27 and 17.7 mg/kg, while the reference value was
.24 mg/kg. The spatial distribution of contamination showed that
he highest level of contamination occurred in the areas of the
olesław complex and the industrial waste dump (Fig. 2).

The average concentration of cadmium in the mosses from
reenland was  about 0.1 mg/kg, while in the northern regions of
orway, Sweden and Finland, it was below 0.2 mg/kg [35]. Berg
nd Steinnes [36] determined a background content of Cd between
.07 mg/kg in northeastern Norway to 0.43 mg/kg in southwest-
rn Norway. In the Czech Republic, according to Sucharová and
uchara [37], cadmium concentrations from 250 measurement
oints ranged between 0.09 and 2.24 mg/kg. Poikolainen et al. [38]
easured between 0.03 and 2.24 mg/kg of cadmium from 1608
easurement points in 1985 in Finland, and in 2000, they mea-

ured between 0.01 and 0.42 mg/kg from 895 measurement points.
inally, Galsomiés et al. [39] measured concentrations between 0.7

nd 1.0 mg/kg in France in 1996.

According to Grodzińska et al. [40], Cd concentrations in Poland
anged between 0.03 and 0.14 mg/kg in the least polluted region
province of Podlasie). In the strongly polluted areas, such as the
cumulated concentration of this element in the biomonitors.

Upper Silesian and Cracovian Industrial Region, the concentration
ranged between 0.60 and 16.8 mg/kg. Therefore, compared with the
literature values and the background reference, the studied area
featured an extremely high Cd contamination in the air.

4.2.2. Lead
Pb concentration in the moss P. schreberi ranged from 48.8 to

1096 mg/kg. The results were highly varied and were much higher
than the reference level of 3.1 mg/kg.

When discussing these results, we  should note that the use of
unleaded fuels for motor vehicles significantly decreased Pb pollu-
tion. Consequently, between 1985 and 1990, the Pb concentration
in the moss decreased by 60% in Denmark, by 40% in Norway, and
by 30% in Sweden and Finland [41]. In Germany, the median Pb con-
centration in the moss decreased by 41% between 1990 and 1995
[42].

The Pb concentration in P. schreberi from relatively unpolluted
areas in 1975 was  about 33 mg/kg in the Białowieża National Park
(Poland) [43]. In 1998, the Pb concentration in northeastern Poland
(province of Podlasie) ranged from 5.6 to 105 mg/kg (average:

18 mg/kg) [40]. In 1985, contamination in the northern areas of
Norway, Sweden and Finland was  below 10 mg/kg [35]. In the Czech
Republic, the minimum concentration decreased from 4.1 mg/kg in
1995 to 1.8 mg/kg in 2000 [37].
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Table  3
Basic parameters of variability of heavy metal concentrations in the biomonitors
around Olkusz (mg/kg).

Pb Cd

Moss bags
Median 17.3a* 1.33a

Mean 42.7 2.49
Range 7.2–461 0.39–18.7
Lower quartile 11.9 0.76
Upper quartile 26.1 2.20
Control 2.5 0.16

Moss - Pleurozium schreberi
Median 158b 6.71c

Mean 278 7.73
Range 48.8–1096 3.27–17.7
Lower quartile 107 4.39
Upper quartile 289 9.65
Control 3.1 0.24

Needles - Scots pine
Median 13.0a 1.22a

Mean 36.8 1.53
Range 4.0–255 0.28–5.78
Lower quartile 9.5 0.74
Upper quartile 19.3 2.09
Control 1.3 0.12

Leaves - silver birch
Median 15.0a 3.58b

Mean 40.5 3.87
Range 3.8–229 0.75–8.61
Lower quartile 9.9 1.83
Upper quartile 19.3 5.09
Control 1.7 0.19
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4.4.2. Lead
Different letters indicate significant differences between medians based on
ruskal–Wallis test.

The concentrations of Pb in the moss were much higher in
he areas featuring significant air pollution with this metal. In the
jców National Park in 1975, Pb content in the moss was, on aver-
ge, 140 mg/kg, while it was  270 mg/kg in 1980. In 1998, Pb content
n the moss in the Upper Silesian–Cracovian Industrial Region
anged between 8.8 and 499 mg/kg, [40]. In other European coun-
ries in 1995 to 1996, the maximum Pb concentrations in Germany,
inland and Lithuania were 78 mg/kg, 19.2 mg/kg, and 33 mg/kg
41], respectively, and it was 48 mg/kg in the Czech Republic in
000 [37].

By comparing the results with the reference values and with
hose obtained from the literature, we can see that Pb pollu-
ion in the study area was high. The area with the highest Pb
ontent was near the Bolesław complex. High Pb levels were
bserved over the entire study area, with a minimum value of
9 mg/kg.

.3. Accumulation of metals in Scots pine needles

.3.1. Cadmium
The Cd concentrations measured in the Scots pine needles col-

ected near Olkusz ranged from 0.28 to 5.78 mg/kg, while the
ackground reference value was 0.12 mg/kg.

Molski and Dmuchowski [44] measured a maximum concen-
ration of 0.17 mg/kg in the needles from the northern edge of
inland. Dmuchowski and Bytnerowicz [14] obtained an average
f 1.53 mg/kg of Cd (with maximum reaching 4.70 mg/kg) in the
entral part of the Upper Silesian Industrial Region.

The region of Olkusz, when considering the measurements pre-
ented here, can be considered significantly contaminated with Cd,
specially in the area around the Bolesław complex. The distri-

ution of isoquants on the map  distinctly indicates the foundry
s the source of emissions. Nearly 20% of the study area had Cd
oncentrations in the needles higher than 2 mg/kg.
ous Materials 197 (2011) 109– 118

4.3.2. Lead
The concentrations of Pb in the Scots pine needles collected

within the study area ranged between 4.0 and 255 mg/kg. This
range of measurements was  significant, and even the lowest of
the values was  much higher than the reference value of 1.3 mg/kg
measured in the Augustów Primeval Forest. The area located in
the southwestern part of the study area featured much lower Pb
contamination, with concentrations in the needles not exceeding
10 mg/kg.

Comparing the results of these investigations of Pb pollution in
different years should help us understand the temporal dynamics
of this element. In the last twenty years, the use of unleaded fuels
for vehicles and the resulting emissions and deposition of Pb in the
environment significantly decreased [34,45].

The maximum Pb concentrations measured in the Scots pine
needles in the 1990s were much lower; for instance, the maxi-
mum  concentration was  1.3 mg/kg in the needles collected in the
Białowieża Primeval Forest [14]. In the needles of Scots pines grow-
ing on the Kola Peninsula in the neighborhood of copper and nickel
foundries, the Pb concentrations were on average 5.8 mg/kg [20].

Dmuchowski and Bytnerowicz [14] measured a maximum value
of 10.2 mg/kg of lead in the central part of the Upper Silesian
Industrial Region (Poland). In northeastern Turkey in 2000, in the
urbanized areas of Erzurum, the maximum Pb concentration in
the Scots pine needles was 40 mg/kg, and it was 19 mg/kg in the
suburban areas [15].

When comparing these results with those from the literature,
we can state that a significant part of the study area is strongly
contaminated with Pb. This area is primarily near the waste dump,
foundry and some other nearby areas where the inhabitants have
been relocated due to the high level of Pb contamination. In the lat-
ter area, the Pb concentrations in the needles exceeded 100 mg/kg.

4.4. Accumulation of metals in the silver birch leaves

4.4.1. Cadmium
The concentration of Cd in the silver birch leaves ranged

between 0.75 and 8.61 mg/kg. In all of the analyzed samples, the
Cd concentrations were much higher than in the reference samples,
which had a concentration of 0.19 mg/kg.

According to Steinnes et al. [20], the concentration of Cd in the
leaves of mountain birch (Betula pubescens tortuosa Ledep.) on the
Kola Peninsula was on average 0.21 mg/kg. The relatively small
number of polluted leaves from Lapland, central Finland, and south-
ern England contained 0.27 mg/kg, between 0.74 and 2.3 mg/kg and
0.96 mg/kg, respectively. In Hancock County (Maine, USA), the aver-
age concentration of Cd was  1.14 mg/kg [46], and in Holy Cross
Mountains (Poland), the average concentration was 0.5 mg/kg [47].
In the Rudavy Mountains (Czech Republic) in the industrial region
of Bohemia, the average concentration of Cd in the leaves of sil-
ver birch was 0.3 mg/kg [18]. Piczak et al. [48] measured from 1.10
to 3.84 mg/kg in the agglomeration of Wrocław (Poland) and from
1.21 to 3.12 mg/kg in Wałbrzych.

From the above comparison of the respective measurements, it
can be concluded that the environmental pollution with Cd near
Olkusz was  very high and encompassed a large share of the study
area. In 63% of the study area, the Cd concentration in the leaves was
higher than 2.5 mg/kg, and it was  in excess of 5 mg/kg in 14% of the
area. The highest contamination was  observed near the Bolesław
complex.
The concentration of Pb in the silver birch leaves was  between
3.8 and 229 mg/kg, compared to 1.7 mg/kg in the reference sample.
Thus, the variation in the study results was relatively high.
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Fig. 4. Relationships between the concentrations of cadmium (mg/kg) in

In the contaminated area near the copper and nickel foundry
n the Kola Peninsula, the average Pb concentration in the birch
eaves was 1.17 mg/kg, while in the less contaminated areas, this
oncentration did not exceed 0.22 mg/kg [20,49].  In the urban
nvironment, the silver birch leaves contained the following: in
rocław (Poland), between 1.5 and 10 mg/kg; and in Wałbrzych,

etween 1.1 and 3.2 mg/kg [48]. Migeon et al. [50] found that
ear the biggest Zn and Pb production plant in Europe (northern
rance), the maximum Pb concentration in the leaves was less than
0 mg/kg. According to Hrdlička et al. [51], a normal Pb concentra-
ion in birch leaves ranges between 2 and 10 mg/kg; however, near
lkusz, the Pb concentrations averaged 19.9 mg/kg, and they were
bout 30 mg/kg in the area around Bolesław complex.

These results indicate extremely high lead contamination, espe-
ially near the foundry and waste dump in the Bolesław complex.
n more than 25% of the study area, the Pb concentration in the
irch leaves was higher than 20 mg/kg, and it exceeded 100 mg/kg

n more than 6% of the area.

.5. Comparison of the four bioindication methods for assessing
he degree of environmental pollution

Table 3 provides the levels of metal accumulation. The compari-
on accounts for the average values of all of the measurements, the
edians, the minimum and the maximum values, and the reference
aterial values. In the polluted area near Olkusz, the accumulation

f metals was  the highest for almost all of the measured metals and
ll of the examined biomonitors.

The metals contained in the birch leaves and in the pine needles

riginated from the contamination of the air and the soil. The levels
f metal accumulation differed because of differences in the expo-
ure duration, the surface area/biomass ratio and the pubescence
f birch leaves, which allows for more effective adsorption and
ular biomonitors (linear regressions function for log-transformed data).

absorption of metals. Birch leaves accumulated somewhat more
metals than the pine needles; significant difference was only for
accumulation of Cd (Table 3). This is reflected in the results for ref-
erence trees and to the minimum, maximum, median and mean
values for the trees from the polluted area.

The metals found in the moss originated from air pollution. The
period of exposure for P. schreberi growing in the field was about
three years longer than the exposure of S. fallax used in the moss-
bag transplant method. This methodological difference resulted in
the higher accumulation of metals in the growing P. schreberi than
in the moss-bag-exposed S. fallax as well in comparison with other
two biomonitors (Scots pine and silver birch) for both metals. The
differences observed were particularly pronounced for the accu-
mulation of Pb.

The periods of exposure for S. fallax in the moss-bag trans-
plant method and of the birch foliage were similar (roughly three
months). The birch foliage accumulated more Cd and the differ-
ence was significant (Table 3) but the difference for Pb was  not
significant.

Despite the application of various bioindication methods with
different monitoring plants, the spatial distributions of heavy metal
contamination in the presented maps were similar. While the abso-
lute levels of contamination differed, the overall patterns were
similar. The Bolesław complex, which processed ores of these met-
als, and the waste dump from the foundry were identified as the
largest sources of contamination in the study area.

The statistical analysis determined the relationships between
the concentrations of a given metal in the particular monitoring
plants. The linear regression method based on log-transformed

data was  applied, and the coefficients of determination were used
as measures of the relationships [32]. The results of the regres-
sion analyses are presented in Fig. 4 for Cd and Fig. 5 for Pb. The
contamination of the environment with Pb was very high and
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bor) algorithm [33]. The squared Euclidean distances for the mean
values of Cd and Pb of the standardized log-transformed variables
were calculated, and the results of this analysis are presented in the
form of dendrogram (Fig. 6).
Fig. 5. Relationships between the concentrations of lead (mg/kg) in pa

aried significantly near Olkusz. The deposition maps represent the
ontamination results from the four bioindication methods. The
elationship, expressed through the regression function parame-
ers, was positive and significant (p < 0.05) for all pairs of the applied
ioindication methods. The value of the determination coefficient
as higher than 0.6 (60%) in all cases for Pb, which implied sim-

larity in the patterns of pollution deposition. For the examined
iomonitors, the relationships between the contamination levels
f Cd were significant but weaker (R2 between 0.14 and 0.48) than
hose for Pb. The contamination of the environment with Cd was
ignificant and varied, much like the Pd contamination. The pat-
erns of deposition associated with particular metals were similar
nd strongly interrelated, as confirmed by the statistical analy-
is of the results. The strongest relationship for Pb was  observed
etween the results with the moss-bag method and the chemical
nalysis of the Scots pine needles (R2 = 0.85). Very strong relation-
hips were observed between silver birch and Scots pine as well
s between Scots pine and P. schreberi (R2 for both pairs was  equal
o 0.75). Regression equations for these relationships can be useful
or conversion of the Pb content from one biomonitor to the other.

eaker correlations were observed for the Cd content in the exam-
ned biomonitors. The weakest association was observed between
he measurements of Cd concentrations in the growing moss P.
chreberi and in the foliage of the silver birch (R2 = 0.14), while
he strongest was observed between silver birch and Scots pine
R2 = 0.48). Because of these weaker correlations the conversion of
d content from one biomonitor to other is less accurate.

In other studies most of the authors compare metal con-

entration between various mosses, however, those studies lack
omparisons between mosses and foliage of trees [36,38]. Knowl-
dge about relationships between metal content in mosses and tree
oliage could be important for other biomonitoring studies.
ar biomonitors (linear regression functions for log-transformed data).

Patterns of accumulation for both metals (Pb and Cd) for the
same biomonitors were very similar, because all correlations were
positive and significant (results not presented in the manuscript).

To assess the multivariate relationships between the accumu-
lation of heavy metals by four different plant indicators, a cluster
analysis was performed using the single linkage (nearest neigh-
Fig. 6. Dendrogram obtained from cluster analysis, illustrating the similarities
between the biomonitors in terms of the accumulation of heavy metals (Cd and
Pb  together).
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Based on the dendrogram, we can assess which of the biomon-
tors display a similarity in terms of the accumulation of the
xamined heavy metals and which ones are characterized by a
ifferent level of accumulation under various contamination con-
itions. The accumulation of metals was most similar between the
. fallax in the moss bags method and the Scots pine needles. Pat-
ern of accumulation observed for P. schreberi was much different
han for the remaining biomonitors.

The European moss survey conducted in 15 states indicated that
n the growing mosses during the years 1990–2005 there was  a
ecrease in the average contents of Pb by 72% and Cd by 52% [52].
owever the studies by Dmuchowski and Bytnerowicz [14] of pine
eedles in the region of Olkusz in 1995, and by Grodzińska et al. [39]
f the growing moss P. schreberi in the year 1998, demonstrated
hat the contents of these metals were at the same levels as quoted
n this publication. This confirms the continuing high regional and
ocal emission and the historical contamination of the environment
n the region of research.

. Conclusions

The period of exposure is the primary factor that determines the
xpression of the absolute level of environmental pollution through
he concentration of accumulated Pb and Zn in the biomonitors. The
evel of accumulation also results from the specific features of the
ioindication method applied, followed by the source of contami-
ation (air, soil) and the morphological and anatomical properties
f the indicator species. The accumulation of metals was  highest
n the moss P. schreberi and confirmed by the statistical indices
median, minimum and maximum values).

The region of Olkusz and the area around the mining and
etallurgical Bolesław complex should be considered extremely

ontaminated with lead and cadmium. The results of the investiga-
ions were presented as contamination deposition maps. Despite
he application of various methods and the resulting diversity of
he specific exposure periods for different biomonitors, the spa-
ial distribution of contamination was similar, as confirmed by the
tatistical analysis.

The assessment of air pollution based on the metal accumula-
ion in moss S. fallax using the moss-bag method provided a spatial
istribution of contamination similar to that of other methods
hat were characterized by longer exposure periods. By employ-
ng transplantation, this particular method allowed for adequate
overage of the investigated areas and was free from the difficulties
ssociated with finding the same native indicator plant species over
he entire study area. The results presented in the paper (e.g. regres-
ion equations) make possible the comparison of various research
ata of contamination as evaluated by one or more of the bioindi-
ation methods.

It was especially so for Pb where correlations between all the
ethods were very strong, but it was true to a lesser degree for Cd
here correlations were much weaker.
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27] K. Grodzińska, G. Szarek-Łukaszewska, B. Godzik, Survey of heavy metal depo-
sition in Poland using mosses as indicators, Sci. Total Environ. 229 (1999)
41–51.

28] S.E. Allen, H.M. Grishaw, J.A. Parkinson, C. Quarmby, Chemical Analysis of Eco-
logical Materials, Blackwell, Osney Mead, Oxford, 1974.

29] D. Roberts, ATI Unicam, Atomic Absorption Spectrometry–Methods Manual,
Issue 2, Unicam LTD, 1991.

30] L. Daniel, P. Loree, A. Whitener (Eds.), Inside Mapinfo Professional, World Press,
Albany, 2002.

31] R. Haining, Spatial Data Analysis. Theory and Practice, Cambridge University
Press, 2003.

32] R.R. Sokal, F.J. Rohlf, Biometry: The Principles and Practice of Statistics
in  Biological Research, 3rd ed., W.H. Freeman and Company, New York,
1995.

33] B.S. Everitt, S. Landau, M.  Leese, Cluster Analysis, Edward Arnold, London, 2001.
34] W.  Dmuchowski, A. Bytnerowicz, Long-term record of deposition of airborne

heavy metals to lichens and trees in Warsaw, Poland: 1992–2004, Environ.
Pollut. 157 (2009) 3413–3421.

35] Å. Rühling, L. Rasmussen, K. Pilegaard, A. Mäkinen, E. Steinnes, Survey of atmo-
spheric heavy metal deposition in the Nordic countries in 1985 - monitored by
moss analyses, NORD 21 (1987).

36] T. Berg, E. Steinnes, Use of mosses (Hylocomium splendens and Pleurozium

schreberi)  as biomonitors of heavy metal deposition: from relative to absolute
deposition values, Environ. Pollut. 98 (1997) 61–71.

37] J. Sucharová, I. Suchara, Current multi-element distribution in forest epigeic
moss in the Czech Republic - a survey of the Czech national biomonitoring
program 2000, Chemosphere 57 (2004) 1389–1398.



1 azard

[

[

[

[

[

[

[

[

[

[

[

[

[

[

18 W. Dmuchowski et al. / Journal of H

38] J. Poikolainen, E. Kubin, J. Piispanen, J. Karhu, Atmospheric heavy metal depo-
sition in Finland during 1985–2000 using mosses as bioindicators, Sci. Total
Environ. 318 (2004) 171–185.

39] L. Galsomiès, S. Ayrault, F. Carrot, C. Deschamps, M.A. Letrouit-Galinou, Inter-
species calibration in mosses at regional scale-heavy metal and trace elements
results from Ile-de France, Atmos. Environ. 37 (2003) 241–251.
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