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Abstract: The current study explores for the first time the contrasts and similarities between the 
elemental (Na, Mg, Fe, Ni, Cu, Zn, and Pb) composition of pines that grow in a polluted industri-
alized area, located close to a steelworks, and that of pines growing in a comparative site, far from 
industry. Radial trace element profiles were determined by LA-ICPMS. The results are compared 
with the rainfall load at the monitoring station in Katowice, the nearest one to sampling sites, over 
the years 1999–2012, received from the Chief Inspectorate of Environmental Protection (GIO). The 
results show that in annual tree rings, there is no direct linear correlation between rainfall load and 
concentration of the studied elements in wood of the annual rings. The element concentrations in 
trees may reflect the sum of different factors that impact the ecosystem, including pollution from 
large sources and local point sources, immission, load of the rainfall level, and also specific 
plant physiology processes.  
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1. Introduction 
The rapid and significant development of industry and urban agglomerations in the 

last century caused significant changes in the natural environment and a modified bio-
geochemical cycle of trace elements in the biosphere. Trees have been used as bioindi-
cators, as their physiological processes and growth are affected by environmental factors 
[1–10]. Over the years, dendrochronological monitoring has been successfully used to 
monitor the development of different types of industrial production. It has been found, 
inter alia, that the reduction in tree-ring width (TRW) is affected by the chemical compo-
sition of pollution [1,10,11]. The width reduction depends on trees’ sensitivity to envi-
ronmental changes but also on local factors, such as, for example, weather conditions or 
air pollution. One of the most important species of coniferous trees that grows in Europe, 
used as a sensitive bioindicator of environmental changes, is the Scots pine (Pinus syl-
vestris L). Combining different research methods allows obtaining more complete in-
formation about the relationship between the environment and this tree, used in bio-
monitoring of the environment on a local, regional, and global scale. Dendrochronolog-
ical studies are supplemented by analyses of stable isotopes, radiocarbon, or elemental 
composition in leaves and trees’ wood performed using spectrometric methods. Since the 
beginning of the twentieth century, there has been much discussion about how external 
environmental factors affect the physiological processes that control tree growth. 

Based on the elemental and isotopic composition of plant tissue, it is possible to an-
alyze the cumulative impact of different types of environmental pressures, including air 
contaminants emitted from different sources, as well as soil and water contamination, 
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e.g., [4–8,11–15]. Most heavy metals are emitted from various industrial activities (e.g., 
refining of metals, waste burning, burning of coal and wood, burning of coal and oil, 
mining, metal manufacturing, metal smelting, waste banning, and cement production), 
private households, households, and motor vehicles. Pollution of air, rain, and soil may 
cause leaf damage that may be reflected in tree rings. 

Trees absorb CO2 molecules from the atmosphere, and during photosynthesis, 
plants convert CO2 and H2O to cellulose, which is the basic structural component of the 
cell walls of plants. During photosynthesis, trees absorb not only CO2 and H2O but also 
other elements. Some of these elements are important for plants, but some of them can be 
toxic. In pine, photosynthesis and transport of saccharides from the foliage to the trunks 
and roots is very important in tree ring formation and occurs throughout the year. Car-
bohydrates are synthesized in the autumn and stored in the trunk in the winter, and they 
are used to start the radial growth of the trunk in the spring. Spare materials are used to 
produce the first cell layers of early wood. Later cell layers of the early wood are formed 
from photosynthetic products freshly transported from needles. In early spring, part of 
the assimilated carbon is stored in the needles, and part of this is transported to other 
parts of the tree or to the roots. Saccharide transport stops when new needles start to 
grow and begins again when their formation is finished (mid-July). Until the middle of 
July, annual needles are a source of carbon for new needles. In the middle of July, the 
ability of new needles to assimilate is similar to that of older needles [16]. Research 
showed that the annual needle mobility of the assimilation products was the fastest in 
summer. In late summer and fall, when the buds are budded and after maturation, the 
needles are assimilated only down to the trunk and roots; however, nutrients can also be 
stored in the needles. Assimilates are used primarily for the development of xylem and 
root growth, and excess is stored. The transport of different elements by pine has been 
described in detail by Bialobok et al. [16]. Review articles in the scientific literature have 
shown that tree foliage can act as an ‘air filter’ and trees can be used to monitor heavy 
metal pollution [12,13,17–19]. Some studies show that trees may not provide reliable in-
formation on the yearly scale of past variations in contaminated soils, and soil acidity 
also plays a key role because the absorption of elements. However, on the other hand, 
reviews of the scientific literature have shown that tree rings yearly formed in wood are a 
wide and complex source of data, potentially offering hints on the impact of atmospheric 
pollution. They can provide material for dating events at a high temporal resolution, i.e., 
yearly or seasonally. Furthermore, given their wide spatial distribution, trees offer pos-
sibilities of correlations over vast territories. In research on local and global environ-
mental changes, the determination of tree properties can be crucial. 

The aim of research conducted over several years in Silesia has been to analyze the 
impact of climate change and the anthropogenic effect and to monitor the impact of hu-
man activity on the environment during industrial and post-industrial periods, with 
particular emphasis on the period of implementation of pro-ecological policy in Silesia 
(Poland). In Silesia, different investigations were carried out, especially near factories, to 
evaluate the effects of human-induced contamination on pine trees e.g., [20–23].  

The input of pollutants to the atmosphere has increased significantly since the mid-
dle of the twentieth century due to increased industrial activities all over the world. In 
Poland, the highest levels of dust and gaseous pollutants were recorded in the 1980s. 
Since the 1980s, pro-ecological policy and pro-ecological investments have been imple-
mented in most of the factories in Poland, similarly to elsewhere in eastern and central 
Europe. The further reduction in contamination emission was related to restrictive gov-
ernmental regulations on emissions according to EU legislation. Even trace metals in soils 
have been shown to be very useful indicators of environmental pollution and sources of 
pollution. In the research areas analyzed in our study, there is a problem with using soil 
samples as bioindicators due to mechanical destruction of soil surfaces in this region. 
Between 1960 and 1990, high levels of pollution were recorded in Silesia, mainly due to 
industrial pollution. Trees respond differently to environmental stresses, for example, by 
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decreasing growth, increasing tree rings, reducing sensitivity to short-term environ-
mental impulses, and changing wood composition. After a significant reduction in pol-
lution in the early 1990s, pine trees quickly recovered [20–23]. 

The variability in tree-ring width, stable oxygen and carbon isotopes, and radio-
carbon of annual tree rings of Pinus sylvestris L. in different parts of the highly populated 
and industrialized Silesia region have recently been investigated [10,11,17–23], with the 
use of complementary dendrochronological and mass spectrometric methods since about 
15 years. However, until now, the elemental composition of annual tree rings in Silesia 
was conducted only in one sampling site—near Kędzierzyn-Koźle [22].  

Using laser ablation–inductively coupled plasma mass spectrometry (LA-ICPMS), it 
is possible to investigate radial variations in selected element concentrations in pine 
wood from a selected area and to compare these results with other data, for example, 
surface load of the elements of the area of Silesia Voivodeship with pollutants brought by 
precipitation.  

The current study explores for the first time the contrasts and similarities between 
the elemental composition of pines that grow in a polluted industrialized area, located 
close to a steelworks, and that of pines growing in a comparative site, far from industry. 
The results are compared with the rainfall load at the nearest monitoring station in Ka-
towice. In Poland, access to spatial and time data of wet deposition is limited due to a 
small number of instruments and also changes in the administrative division in the 1990s. 
Usually, there is an access to data given by the appropriate inspectorate for environ-
mental protections, who extrapolate instrumental data for Katowice.  

2. Materials and Methods 
The investigated Scots pine population was studied at two sites (Figure 1). Both 

were pine stands of approximately 100 years in age, growing in mixed coniferous forest 
habitats. The first was localized in site HKF2, near the village of Hutki-Kanki (50.403856 
N, 19.472666 E), about 17 km from the ArcelorMittal Poland steelworks in Dąbrowa 
Górnicza, in line with the most frequent winds in this region, blowing from the 
south-west direction. The second was in the comparative site OLE in Olesno (50.802278 
N, 18.389217 E), localized 100 km from industrial region.  

 
Figure 1. Sampling sites: HKF2, near the village of Hutki-Kanki (HKF2), the comparative site in 
Olesno (OLE), and the locations of monitoring station in Katowice (Katowice M) and Arcelor Mittal 
Steelworks (AM). 

Meteorological data received from the station in Katowice, from IMiGW, indicate 
that from 1960–2010, the annual average temperature was ca. 8.15 °C, and an increase in 
the average air temperature (0.02 °C/year) can be observed. Even though the mean an-
nual sum of precipitation remains at the same level (720 mm/year) since the 1990s, some 
episodes with a significantly higher amount can be observed over a short period of time 
compared to prior periods (Figure 2). The impact of pluvial and thermal conditions on 
trees growing in selected areas has already been discussed [21,23]. 
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Figure 2. Fluctuation in the monthly air temperature and the monthly sum of precipitation from 
1960–2010. 

Initial detailed dendrochronological studies carried out in both sampling sites 
[21,23] allowed the selection of representative research sites and trees for elemental 
studies (increment core/tree and two increment cores per site were chosen). The main 
selection criteria were determined by dendrochronologists: the degree and duration of 
the period of reduction in the width of the annual growth of trees related to air pollution. 
When comparing both sites, in the area nearby the steelworks, a reduction in tree-ring 
width associated with an increase in pollution emission in Silesia was observed [20–23]. 
Similar effects have been observed in 15 other sampling sites located in different indus-
trial areas of Silesia [20–23]. This reaction of reducing tree-ring width was not evident in 
20 samples collected in Olesno [23]. For the current research, two cores were selected, i.e., 
HKF2 covered the period of time from 1886 until 2010, and OLE covered the period of 
time since 1910. The TRW of all samples was measured with the use of the LINTAB 6 
device (accuracy of 0.01 mm) with a microscope and the TSAPWin software [24]. Results 
were verified by the COFECHA program [25]. Normalization of the TRW series was car-
ried out using ARSTAN computer software [26]. Differences in chronology (TRW and 
RWI) and the impact of climate factors on tree-ring width were previously studied, and 
results have been presented [21,23]. 

2.1. Emission of Contaminants from Steelworks ArcelorMittal 
Figure 1 shows a clear decrease in the emission of contaminants from ArcelorMittal 

since the late 1970s, while the level of steel production remains at a similar level or 
slightly decreased (Figure 3). The increase in emissions and, consequently, in the immis-
sion of contaminants in Silesia observed in recent decades has been associated with the 
combustion of fossil fuels in industry (including mining, metallurgy), households, and 
road transport. 
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Figure 3. Example of reduction in emissions of pollution into the atmosphere during the produc-
tion of steel by Huta Katowice in Poland (1978–2012), data given by the company. 

2.2. Mass Spectrometric Analysis by LA-ICP-MS 
For mass spectrometric analysis, only a subset of the samples were taken into anal-

ysis, which covered the period beginning in the 1960s. The limitation of the analysis was 
caused by the time limitation of access to the instrument and costs of the analysis. 
However, beginning analysis with the 1960s created the possibility to conduct research 
on a period of strong development of the industry in the region, following the preindus-
trial period of time, and to analyze similarities and contrasts in the adaptation of trees to 
environmental changes, including increasing and limited emission of pollution by 
steelworks in comparison to pine growing in a relatively clear area. 

The cores (HKF2 and OLE) of two healthy pines were analyzed for the total con-
centration of the following elements: Na, Mg, Fe, Ni, Cu, Zn, and Pb. Radial trace element 
profiles were determined by LA-ICP-MS (Laser ablation, New Wave Research UP-193 FX 
Fast Excimer; ICP-MS, Thermo Scientific X-Series2 with CCT Collision Cell Technology) 
at Royal Museum for Central Africa (Belgium). This method provides a 
high-spatial-resolution, repeatable, minimally destructive, and sensitive method to de-
termine many elements of wood tissue [27,28]. The ablated material, from the 10-microns 
crater produced by the laser ablation system, was swept directly into the plasma of 
ICP-MS by the He-Ar flow of the sample cell. Afterward, the sample particles were ion-
ized, and the ions were separated and detected by the mass spectrometer. The meas-
urement was carried out in continuous ablation with 100-µm line at a speed of 15 µm/s. 
The spatial resolution between each measurement was 14 µm. The laser was fired with an 
energy of 10 J/cm2 and a repetition rate of 40 Hz. Before analysis, the operating conditions 
of LA-ICP-MS were optimized by ablation on the standard reference material NIST SRM 
612 (from the National Institute of Standards & Technology, USA). The two certified 
MACS-1 and MACS-3 standards (from the United States Geological Survey) were used 
for calibration. Both standards were analyzed with each series of samples to control the 
instrumental drift. The precision was below 10%, and the accuracy was better than 6%. 
The total element blanks were negligible and below their detection limit (2.64 mg/kg for 
Na, 0.93 mg/kg for Mg, 1.16 mg/kg for Fe, 0.60 mg/kg for Ni, 0.50 mg/kg for Cu, 0.27 
mg/kg for Zn, and 0.03 mg/kg for Pb). The quantification limit was calculated from the 
standard deviation and intensity measurements of 20 blanks. As an internal standard, 13C 
was used and assumed to be 45% (in concentration). 

2.3. Statistical Analysis 
The radial trace element profiles were checked again, smoothed for spike removal, 

and fit to annual tree-ring width. The median concentration of selected elements was 



Forests 2023, 14, 964 6 of 22 
 

 

used in the analysis, because a median is a more outlier-resistant measure of the center of 
a distribution than the arithmetic mean. JSAP [29] software was used in statistical analy-
sis, such as Pearson’s correlations, Pearson heatmap, PCA, and path diagram. PCA 
analysis allows one to determine the number and contribution of principal components 
that describe the correlation between each component and each variable. Uniqueness 
represents the variance that is unique to the variable and not shared with other variables. 
The greater the ‘uniqueness’, the lower the relevance of the variable in the factor model 
[30]. 

The enrichment factor, used to compare the concentration of the selected element in 
wood and the rain load, was calculated according to the following formula. 

EF = Cwood/Cload (1)

where Cwood is the concentration of selected element in the annual tree ring of pine 
growing in industrialized area (HKF2) and the comparative site (OLE); Cload is the con-
centration of selected element in the rainfall load. 

2.4. The Silesia Region—Pollutant Loads Brought with Precipitation 
Data on the amounts of pollutant loads brought with precipitation to the area rep-

resented by monitoring station in Katowice, the nearest to sampling sites, over the years 
1999–2012 were received from the Chief Inspectorate of Environmental Protection 
(GIOŚ). GIOŚ is an office of government administration responsible, in particular, for the 
control of entities that use the environment in terms of compliance with environmental 
protection regulations and the conduct of state environmental monitoring. 

The descriptive statistics on the yearly amounts of pollutant loads brought with 
precipitation to the area represented by the monitoring station in Katowice, the closest to 
sampling sites, in the years 1999–2012 are presented in Table 1. 

Table 1. Statistical data on the yearly amounts of elements in the loads brought with precipitation 
to the area (including the mean, standard deviations, median, range, minimum and maximum 
values, and percentile distribution) from Silesia, based on data from monitoring station in Kato-
wice. 

Load of Elements in the Rainfall kg/ha 

Element Median Mean Std. Deviation Range Minimum Maximum 25th Per-
centile 

50th Per-
centile 

75th Per-
centile 

Na 4.2 3.94 0.76 2.2 2.7 4.96 3.29 4.2 4.4 
Mg 1.03 1.07 0.30 1.03 0.65 1.68 0.92 1.03 1.15 
Cr 0.003 0.004 8.2 × 10−4 0.003 0.003 0.005 0.003 0.003 0.004 
Fe 0.367 0.368 0.083 0.31 0.26 0.566 0.30 0.37 0.40 
Ni 0.008 0.009 0.003 0.010 0.006 0.017 0.008 0.008 0.01 
Cu 0.072 0.075 0.023 0.096 0.045 0.141 0.061 0.072 0.084 
Zn 0.70 0.71 0.18 0.54 0.43 0.971 0.54 0.70 0.87 
Pb 0.048 0.050 0.022 0.092 0.026 0.118 0.037 0.048 0.051 

3. Results 
3.1. Element Load in Rainfall 

Figure 4 and Tables 1 and 2 provide an overview of the data from GIOŚ of the pol-
lutant loads in rainfall. Table 2 reveals a relationship between the yearly amounts of el-
ement loads brought with precipitation to the area represented by the monitoring station 
in Katowice, the closest to the sampling sites, over the years 1999–2012. Table 2 and Fig-
ure 5 provide an overview of the principal component loadings and a path diagram with 
only one factor, based on principal components analysis. 
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Figure 4. Pearson r heatmap showing the relationship between the elements and pollutant loads in 
rainfall. Significant correlations are flagged: * p < 0.05, ** p < 0.01, *** p <0.001.  

Table 2. Results of the Principal Components Analysis (PCA). Component loadings, element loads 
in rainfall, and uniqueness. The applied rotation method was promax. 

Component Loadings 
Element RC1 Uniqueness 

Cr 0.792 0.373 
Fe 0.782 0.388 
Ni 0.64 0.591 
Pb 0.6 0.639 
Mg 0.48 0.77 
Na 0.467 0.782 
Cu  0.921 
Zn  0.853 

 
Figure 5. A path diagram of Principal Components Analysis (PCA) for element loads in rainfall. 
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3.2. Trace Elements in Wood Samples 
A difference between chronologies (TRW—tree-ring width, RWI—ring width in-

dexes chronology) for pine and a decreasing trend due to the industrial sector’s devel-
opment and thus relatively higher emission of the pollution linked to higher production 
have been observed only in the industrialized area in 1960–1980 (Figure 6). Detailed 
dendrochronological studies of trees growing in Olesno and in different parts of Silesia, 
including the Hutki-Kanki region, have already been presented [17,20–22]. Figure 6 pro-
vides an overview of the fluctuations in tree-ring width and ring width index data for 
pines growing in the industrialized area and in the comparative site over the years 1960–
1980. 

  
(a) (b) 

Figure 6. Difference between pine chronologies (TRW—tree-ring width (a), RWI—ring width index 
chronology (b)) growing in Hutki-Kanki (HKF2) and Olesno (OLE). 

3.2.1. Hutki-Kanki 
Figure 7 and Tables 3 and A1 provide an overview for the LA-ICP-MS data of the 

wood sample HKF2. The detailed results of the element concentration in individual an-
nual tree rings include radial variation in the element concentration (see Figure 7), de-
scriptive statistics (see Table 3), the relationships between the element concentrations as 
determined by Pearson’s r heatmap (see Figure 8), and component loadings and a path 
diagram based on principal components analysis (see Figure 9, Table 4). 

Table 3. Statistical data (including mean, standard deviations, median, range, minimum and 
maximum values, and percentile distribution) of yearly concentration of selected elements in pine 
wood from industrialized area (HKF2). 

Concentration, mg/kg  

Element Median Mean Std. Devi-
ation Range Minimum Maximum 25th Per-

centile 
50th Percen-

tile 
75th Per-
centile 

Na 25 31 33 211 3 214 17 25 36 
Mg 51 58 21 99 28 126 46 51 60 
Cr 1.02 1.08 0.23 1.03 0.90 1.93 0.94 1.02 1.10 
Fe 4 10 14 72 0 73 2 4 9 
Ni 0.17 0.23 0.27 1.75 0.6 1.81 0.12 0.17 0.25 
Cu 1.0 1.7 2.4 12.3 0.4 12.7 0.7 1.0 1.7 
Zn 12.1 13.0 4.5 25.8 7.0 32.7 10.9 12.1 13.6 
Pb 0.44 0.47 0.23 1.22 0.16 1.38 0.31 0.44 0.57 
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Figure 7. Radial variations in the element concentrations of Na, Mg, Fe, Ni, Cu, Zn, and Pb in the 
wood pine growing in the industrial area HKF2. Black lines indicate median contents of elements, 
and grey area indicates the maximum concentration of the element in annual tree ring. In the late 
1970s and early 1980s, a spike can probably be observed. 

  



Forests 2023, 14, 964 10 of 22 
 

 

 
Figure 8. Pearson’s r heatmap: relationship between concentrations of selected elements in the 
wood of pine that grows in an industrialized area (HKF2). Significant correlations are flagged: ** p < 
0.01, *** p <0.001.  

Table 4. Results of the principal components analysis (PCA). Component loadings and uniqueness 
of element concentration in pine growing in industrialized area (HKF2). 

  Component Loadings HKF2 
Element  RC1 RC2 Uniqueness 

Cu 0.988   0.117 
Fe 0.958  0.173 
Cr 0.929  0.223 
Ni 0.877  0.165 
Na 0.855  0.244 
Zn 0.566 0.545 0.097 
Mg  1.014 0.169 
Pb  0.621 0.252 
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Figure 9. A path diagram of the Principal Component Analysis (PCA) of the concentration of ele-
ments in pine growing in industrialized area (HKF2). 

3.2.2. Olesno 
Figure 10 and Tables 5 and A2 provide an overview of the data from the LA-ICP-MS 

analysis of the wood sample OLE. Detailed results of the element concentration in indi-
vidual annual tree rings include radial variation in element concentrations (Figure 10), 
descriptive statistics (Table 5), relationship between elements’ concentration as deter-
mined by Pearson’s r heatmap (Figure 11), and component loadings and a path diagram 
based on principal components analysis (Figure 12, Table 6). 

Table 5. Descriptive statistics of the yearly concentration of selected elements in wood pine (OLE) 
growing far from industrial factories in Olesno (1965–2010). 

 Element Concentrations, mg/kg 

Element Median Mean 
Std. devia-

tion Range 
Mini-
mum 

Maxi-
mum 

25th Per-
centile 

50th Per-
centile 

75th Percen-
tile 

Na 57 80 60 197 13.86 210 25 58 131 
Mg 102 102 17 75 67 142 92 103 112 
Cr 2.8 3.1 1.2 4.2 1.6 5.7 2.1 2.8 3.7 
Fe 50 53 33 116 10 126 27 50 73 
Ni 1.0 1.1 0.49 3.1 0.7 3.8 0.89 0.99 1.18 
Cu 4.5 5.2 3.4 18 1.1 19 3.2 4.5 6.1 
Zn 10.4 10.3 2.3 9.0 5.1 14 9.2 10.4 11.8 
Pb 1.06 1.08 0.61 2.48 0.16 2.6 0.6 1.05 1.67 
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Figure 10. Radial variations in the element concentrations of Na, Mg, Fe, Ni, Cu, Zn, and 
Pb in wood pines that grow far from the industrial factories in Olesno. Black lines indi-
cate median contents of elements, and grey area indicates the maximum concentration of 
the element in annual tree ring. 
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Figure 11. Pearson’s r heatmap: relationship between concentrations of selected elements in wood 
of pine growing far from industrialized area. Significant correlations are flagged: * p < 0.05, ** p < 
0.01, *** p < 0.001.  

Table 6. Results of the principal components analysis (PCA). Component loadings and uniqueness 
of element concentration in pine growing far from the industrialized area (OLE). The applied rota-
tion method was promax. 

Component Loadings OLE 
Element  RC1 RC2 Uniqueness 

Fe 0.951  0.141 
Pb 0.949  0.082 
Cu 0.869  0.311 
Cr 0.675 0.413 0.205 
Mg  0.918 0.207 
Zn  0.729 0.391 
Na  0.711 0.51 
Ni   0.979 
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Figure 12. A path diagram of the Principal Component Analysis (PCA) of the concentration of 
elements in pine growing in industrialized area (HKF2). 

3.2.3. Comparison of the Trends in Trace Element Concentration 
Figure 13 compares the trends in medians of element concentrations (Na, Mg, Fe, 

Ni, Cu, Zn, Pb) in pine growing in both industrialized and comparative areas (since 
1960–2010s) and the loads of Na, Mg, Fe, Cu, Zn, and Pb in rainfall (1999–2010), along 
with the enrichment factors. The ratio of the median element contents (Na, Mg, Cr, Fe, Ni, 
Cu, Zn, Pb) in the wood of pines growing in the industrialized area (HKF2) and the 
comparative site (OLE) to the median contents of elements of the load in rainfall (load) in 
Katowice in the period of time from1999 to 2010 is presented in Figure 14. The median 
concentrations of the elements in the individual annual tree rings of HKF2, from 1965–
2010, followed the order Ni < Pb < Cr < Cu < Fe < Zn < Na< Mg. In the case of OLE, they 
followed the order Ni < Pb < Cr < Cu < Zn < Fe < Na < Mg. The median concentrations of 
elements in the rainfall load during 1999–2010 followed the order Cr < Ni< Pb < Cu < Fe < 
Zn < Mg < Na. In pines, it is slightly different than in rain. OLE followed a different order 
(i.e., Ni < Pb < Cr < Cu < Fe < Na < Zn < Mg) with higher concentration of Zn for the pe-
riod 1999–2010. 
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Figure 13. Comparison of the trends in median elements (Na, Mg, Cr, Fe, Cu, Zn, Pb) in pines 
growing in both industrialized (HKF2) and comparative (OLE) sites, from 1965–2010, and loads of 
Na, Mg, Fe, Cu, Zn, Pb in rainfall load in Katowice (1999–2010). 
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Figure 14. The ratios of the median elements (Na, Mg, Cr, Fe, Ni, Cu, Zn, and Pb) in wood of pines 
growing in industrialized area (HKF2) and the comparative site (OLE) to the median element con-
tents of the rainfall load in Katowice during 1999 to 2010. 

4. Discussion 
The results are in part in agreement with previous findings from other areas in 

Kędzierzyn-Koźle, in Poland [22]. In the investigated period of time, analyzing the cor-
relation between the amount of annual rain and the concentration of elements in tree 
rings, no direct link was observed between climatic factors and the accumulation of ele-
ments by trees. Furthermore, a short-term moving correlation between climatic data and 
elemental components of trees was conducted and did not show a significant correlation 
in this region. Even though there are also no linear dependences between rain load and 
elements accumulated in annual tree rings, the changes in amplitude distribution of the 
load are reflected by tree wood’s elemental composition for some elements. However, 
other scientists [4] found that the Mn, Cu, Cd, Pb, Zn, and Ni contents in tree rings may 
correlate with climate-induced drought conditions, which explains the increase in ele-
mental contents after 1980. In this moment, we cannot exclude that there is no depend-
ence; we can note that if there is any relationship between data, it cannot be analyzed on a 
linear scale. Higher concentrations of some elements were found in the pine that grows in 
Olesno, far from the industrial area. A hypothetical explanation can be associated with (1) 
the physiological response to some natural environmental stress, (2) the effect of other 
local small point sources of emission (such as traffic or householders), or (3) soil con-
tamination, especially in Olesno, i.e., a region strongly contaminated by radionuclides 
during the accident in Chernobyl in 1986 [31]. Pines growing in Olesno without the effect 
of continuous industrial air contamination absorb more elements during photosynthesis, 
and stomata conductance has not been limited. According to [32], the trees that have been 
growing in this region did not show any impact of emissions related to industrial pollu-
tion. 

In Silesia’s industrial forests, also in the area nearby steelworks and Hutki-Kanki, 
trees significantly reduced their stomata conductance in the first decade of the 2000s [23]. 
This reduction in stomata conductance may probably affect the air amount, and in con-
sequence the elements, taken in by plant leaves during respiration. However, the impact 
of other local point sources cannot be excluded. Pearson correlation and PCA analysis 
showed that element concentrations in rainfall load cannot be divided into clusters, 
whereas, the analysis of element concentrations in wood indicate two factors that visu-
ally identify two clusters. In the case of pine growing in an industrial area (HKF2), the 
first component is correlated with Cu, Fe, Cr, and Ni, and the second component is cor-
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related with Na, Zn, Mg, and Pb. Meanwhile, in the sample collected in the area far from 
the industrial area, the first component is related to Fe, Pb, Cu, and Cr, and the second 
component is correlated with Mg, Zn, Na, and Ni. Both samples show that one of the 
components is related to the concentrations of Cu, Fe, and Cr and the second one to Mg, 
Zn, and Na. The difference in cluster divisions is related to Pb and Ni. It could be due to 
the fact that the Olesno site is closer to the road and traffic has been a source of lead 
emission due to use of lead gasoline in Poland up to 2000. The HKF2 site has been under 
strong impact from steelworks, from which Ni emission during the production process is 
evident [33]. However, on the other hand, emission of Ni can also be associated with 
traffic [32]. In the future, it will be a challenge to try to identify those initial factors, and 
this identification of the factors will require additional, more complex and detailed in-
vestigations. 

Most trace elements (Cr, Cu, Fe, Mn, Ni, Pb, Zn) are derived from mining, metal 
smelting, coal and petroleum combustion, oil burning, waste incineration, cement pro-
duction, and other industrial activities [5,32,34–37]. Pb emission and also Zn and Ni 
could be found in petrol and motor oil; therefore, motor vehicles could be an important 
source of these contaminants. Currently, it is likely that urbanization and high traffic are 
the main reasons for high concentrations of these metals [6,35]. It has been observed that 
vegetation intercepts the aerosol and that the concentrations of elements are high in 
samples of plants from industrial areas. A review of the scientific literature shows that 
trees can absorb some elements from the air by leaves and also by roots from the soil that 
can be polluted by industry, traffic, and household activities [38–41]. Meanwhile, some 
studies show that trees did not provide reliable information at the yearly scale on past 
variations in contaminated soils, and a key role in absorption of elements is also played 
by soil acidity. It seems that two other aspects should be taken in account for the inter-
pretation of trace element concentration, i.e., (1) migration of the elements within the soil 
profile from the top part to the roots of the plant and (2) migration of the elements within 
trees. Different groups of elements in terms of availability for plants and the risk of con-
tamination of the food chain, using the theory of the soil–plant barrier, have been dis-
tinguished [42]: (i) elements that are not dissolved in the water, which are collected in 
small amounts (Cr); (ii) elements quite easily collected by the roots but transported in 
small quantities to the aerial parts (Pb); and (iii) elements that are readily taken up by the 
roots and transported to the aerial parts but reduce the risk of phytotoxicity to the food 
chain (toxic to plants and the original contents and nontoxic for humans and animals) 
(Zn, Cu, Ni). Natural and anthropogenic sources [43] can contribute to the accumulation 
of metals in the ecosystem where trees are grown. It is complex to assess the toxic effect of 
trace elements on plants, as it depends on several factors that cannot be measured on a 
linear scale [11,44]. 

Some scientists have reported a migration of some elements within trees (for exam-
ple, P, K, Ca), while some other elements (for example, Zn, Al, Cu) have a constant con-
centration in all parts of the xylem [44]. Comparing the fluctuation in the amplitude of 
median concentration of the elements, it can be seen that dynamics of these fluctuations 
are different in different periods of time for both samples. The concentration of some 
elements can be nearly constant, with just some increase during a short period of time of 
about 2–3 years (for example, Zn, Ni, Cu) in both samples of wood. In our research, Zn is 
at the same level in both samples, with just two episodes of higher concentrations ob-
served in HKF2 in the 1980s. More fluctuations in the median concentration are observed 
in OLE than in HKF2. A strong increase in Na concentration since the 1980s is observed 
only for HKF2. In both samples, the fluctuation in Cu amplitude shows some similarities 
to the changes in Cu of the rainfall load. 

Limitation of the Study 
In Poland, the number of monitoring stations was limited during the industrial pe-

riod. Future studies should focus on trees located close to monitoring stations. These re-
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sults suggest that a higher concentration of elements has been found in wood collected 
away from the industrialized region. The impact of the transport of pollution by wind 
cannot by omitted. It is also questionable whether the forest near Olesno can be taken as a 
natural reference site. 

5. Conclusions 
This study describes geochemical differences in the trees that grow in the Silesia re-

gion. The impact of pollution on plant tissue is evident. The element concentrations in 
trunks reflect the sum of different effects, explaining why, in annual tree rings, there is no 
direct linear correlation between rainfall load and concentration of these elements in 
wood of the annual rings. However, additional data collection would help to confirm the 
observations and determine the link between trees and rainfall load. Even wood samples 
(tree-ring width chronology) do not show reduction of the size of annual tree rings from 
1960–1980, and the concentration of the elements is higher than in the site next to the 
steelwork. Future research should consider the potential effects of pollution sources and 
local point sources, immission and rainfall load over a longer period of time, and plant 
physiology. 
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Appendix A 

Table A1. Median contents of elements (Na, Mg, Cr, Fe, Ni, Cu, Zn, Pb) in wood of pines growing 
in industrialized area (HKF2). 

Site Hutki-Kanki      
  Concentration of the Element in Wood, mg/kg (Median)   

Year Na Mg Cr Fe Ni Cu Zn Pb 
1965 9.2 50.9 1.0 3.0 <LD 0.6 10.2 0.5 
1966 9.1 82.4 0.9 1.1 <LD 0.7 13.5 0.7 
1967 5.5 59.7 0.9 0.7 3.6 0.5 11.6 0.6 
1968 3.0 95.0 0.9 0.4 <LD 0.6 11.0 0.6 
1969 4.9 52.9 0.9 0.9 <LD 0.4 11.5 0.6 
1970 4.1 46.8 0.9 0.9 <LD 0.5 10.2 0.4 
1971 3.1 45.8 0.9 1.0 <LD 0.5 10.9 0.5 
1972 26.7 48.4 1.2 10.4 <LD 2.5 13.7 0.7 
1973 30.6 107.8 1.2 18.7 <LD 2.6 19.0 1.1 
1974 52.4 81.4 1.3 37.5 <LD 1.0 13.7 0.6 
1975 75.1 80.5 1.0 2.9 0.8 0.9 13.0 0.6 
1976 21.2 47.4 1.0 3.3 4.1 0.8 12.6 0.5 
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1977 28.1 51.8 1.0 7.0 0.8 1.4 13.0 0.6 
1978 25.7 46.1 1.0 4.8 0.7 1.2 11.4 0.3 
1979 25.2 45.6 1.0 4.5 2.3 1.1 11.2 0.3 
1980 214.4 55.9 1.7 53.1 1.1 11.2 32.7 1.4 
1981 35.9 42.9 1.4 18.0 1.0 3.0 15.1 0.5 
1982 16.8 42.7 1.1 9.3 1.0 1.2 11.3 0.4 
1983 27.9 126.4 0.9 3.4 2.0 1.5 17.5 0.5 
1984 21.7 49.1 1.1 5.7 0.8 1.7 13.6 0.4 
1985 20.1 51.8 1.0 5.1 0.6 1.0 12.3 0.6 
1986 16.8 45.1 1.0 2.6 <LD 0.9 11.8 0.4 
1987 37.0 95.2 1.0 5.1 <LD 2.2 25.4 0.7 
1988 33.2 52.6 0.9 4.2 1.0 1.0 13.9 0.4 
1989 23.8 45.6 1.0 3.0 0.7 0.9 12.7 0.4 
1990 18.6 54.2 0.9 2.2 0.8 0.9 12.1 0.4 
1991 53.1 41.2 1.0 22.8 <LD 2.3 11.1 0.4 
1992 20.7 50.8 1.0 4.4 0.7 1.0 12.3 0.5 
1993 14.0 44.0 0.9 2.2 1.1 0.7 10.3 0.3 
1994 16.6 44.2 0.9 1.6 1.3 0.6 9.9 0.3 
1995 24.0 37.4 0.9 1.2 1.0 0.4 7.4 0.2 
1996 18.9 48.8 1.1 11.0 0.6 0.6 7.5 0.2 
1997 25.1 38.1 1.0 2.7 <LD 0.9 9.0 0.2 
1998 18.8 27.5 1.0 2.2 <LD 0.6 7.0 0.2 
1999 47.1 36.7 1.1 6.6 0.7 1.5 9.2 0.3 
2000 33.3 44.8 1.1 5.9 1.4 1.2 10.6 0.3 
2001 11.9 46.2 0.9 1.7 0.6 0.8 9.2 0.2 
2002 50.5 54.2 1.5 21.4 0.7 3.9 14.6 0.5 
2003 45.8 69.0 1.0 3.2 0.7 1.3 13.1 0.3 
2004 73.8 99.4 1.7 31.3 1.1 2.0 17.3 0.6 
2005 26.9 63.8 1.1 10.8 0.7 1.0 13.2 0.3 
2006 54.5 59.7 1.9 72.9 <LD 12.7 19.5 0.7 
2007 42.7 57.0 1.1 8.6 0.7 2.1 11.9 0.2 
2008 31.9 71.3 1.0 8.7 0.9 1.8 12.7 0.3 
2009 26.1 48.0 0.9 1.7 1.7 1.3 9.8 0.1 
2010 30.7 68.1 0.9 4.0 0.7 1.6 13.2 0.2 

Table A2. Median contents of elements (Na, Mg, Cr, Fe, Ni, Cu, Zn, Pb) in wood of pines growing 
in comparative site (OLE). 

Site: OLESNO        
  Concentration of the Element in Wood, mg/kg (Median)   

Year Na Mg Cr Fe Ni Cu Zn Pb 
1967 25.0 109.0 1.7 11.8 0.9 2.3 8.4 0.2 
1968 25.4 118.4 3.2 40.6 0.7 3.8 11.6 0.7 
1969 23.9 117.2 2.4 29.9 1.1 2.7 11.3 0.6 
1970 22.8 98.6 2.1 24.2 0.9 5.5 9.3 0.5 
1971 29.9 99.1 2.5 126.4 1.3 4.5 11.8 1.1 
1972 25.0 104.0 1.9 44.7 1.0 7.8 12.6 1.1 
1973 21.3 93.7 1.9 33.0 1.3 3.3 11.5 0.6 
1974 26.3 103.0 2.9 108.4 1.4 6.5 13.4 1.7 
1975 15.4 108.9 1.7 11.0 2.0 1.8 10.4 0.4 
1976 17.7 102.3 3.2 61.8 1.0 7.6 10.3 1.8 
1977 15.1 96.4 2.3 55.4 1.0 4.1 10.8 1.2 
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1978 13.9 93.5 2.1 31.7 0.8 3.8 11.1 0.8 
1979 19.4 98.9 2.9 63.7 1.2 19.1 13.0 1.4 
1980 17.8 85.5 2.8 62.8 0.9 3.5 9.9 1.0 
1981 38.4 110.5 3.7 83.1 1.1 7.2 13.8 1.8 
1982 57.7 112.2 1.8 13.7 0.9 2.7 10.2 0.5 
1983 110.9 113.0 2.9 67.1 0.9 6.1 12.7 1.8 
1984 90.7 142.5 5.3 51.7 1.2 7.6 14.2 1.7 
1985 136.3 104.7 1.7 10.0 0.8 1.7 9.4 0.3 
1986 131.8 103.2 1.7 11.8 0.8 1.7 10.4 0.3 
1987 122.8 112.6 3.1 23.8 0.8 2.7 9.9 0.7 
1988 77.7 83.2 1.7 10.9 1.0 1.1 7.6 0.2 
1989 98.5 118.5 3.7 72.7 1.1 5.4 10.9 1.4 
1990 102.5 120.1 2.7 29.3 1.0 2.6 10.8 0.4 
1991 93.1 113.1 4.3 64.5 0.9 3.9 11.3 1.2 
1992 131.1 102.3 2.2 13.2 0.8 1.8 9.2 0.3 
1993 187.4 102.7 2.8 23.9 1.1 3.5 13.1 0.6 
1994 167.3 99.0 2.7 37.0 1.1 3.3 9.3 0.7 
1995 171.6 133.7 5.0 71.9 1.1 4.5 10.1 1.5 
1996 163.0 134.8 5.1 77.7 1.2 5.0 11.2 1.6 
1997 165.9 92.4 5.0 84.1 1.4 5.2 12.2 1.7 
1998 165.4 92.4 5.0 84.8 1.4 4.5 12.3 1.7 
1999 155.6 108.2 4.7 39.0 0.8 4.7 10.9 0.8 
2000 164.3 121.4 5.8 112.4 1.1 10.0 12.4 2.0 
2001 211.0 136.7 5.3 123.8 1.2 12.7 14.0 2.7 
2002 134.6 109.3 3.2 45.1 1.4 3.5 10.1 1.3 
2003 116.6 87.6 2.7 27.2 3.9 3.0 7.2 0.7 
2004 97.5 67.4 3.3 74.7 1.0 4.2 6.1 1.2 
2005 45.4 86.5 4.7 119.6 0.9 14.3 7.0 2.0 
2006 31.4 74.5 3.3 73.8 1.0 8.6 7.3 1.9 
2007 29.8 79.0 2.9 50.2 0.9 4.9 6.9 0.9 
2008 28.6 76.8 3.7 81.9 1.0 7.0 7.2 1.8 
2009 33.6 84.2 1.6 20.7 0.7 3.5 6.5 0.4 
2010 29.8 89.3 1.7 27.7 0.9 4.9 6.6 0.5 
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