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Abstract: In Poland, the first studies using mosses as indicators of the heavy metal air pollution
level were carried out in national parks already in the 1970s. They were continued later in 10-year
intervals. In 1990, when Poland join the European Heavy Metals Deposition Program, the entire area
of the country was included in such research. Moss surveys were repeated at five-year intervals,
to varying degrees. Pleurozium schreberi samples were collected from 150 (1990) to over 300 sites
(1995 and 2015) throughout the country, either in selected regions diversified in terms of both the
level of industrialization and urbanization (2001 and 2015), or only in national parks (2005). On a
small scale, changes in the level of heavy metals were recorded in the period from 1975 to 2014 in
the Niepołomice Forest located near Kraków. Concentrations of ten heavy metals were constantly
monitored. Additionally, in some moss surveys, other elements or compounds, such as 137cesium,
PAHs and nitrogen were analyzed. During the 1990s, in all of Europe, there was a significant decrease
in the level of heavy metals. In Poland, the spatial patterns of metal accumulation in mosses were
similar throughout the entire study period: The southern part of the country, more industrialized and
densely populated, is still the most polluted, and the northeastern part belongs to the cleanest regions.
In the Niepołomice Forest, emissions from the big steel mill and from the Kraków agglomeration had
the greatest impact on pollution from the 1970s to the 1990s, but lately the impact of local emission
sources is more visible. Compared to other European countries, Poland and neighboring countries of
Central Europe are at the forefront of the most polluted areas in Europe.

Keywords: moss monitoring; air pollution; Pleurozium schreberi; Poland; spatiotemporal changes;
heavy metals; nitrogen; PAHs; cesium

1. Introduction

The effect of human activity, especially in the period from the second half of the 20th century, is
the increased supply of various pollutants in the environment. Large amounts of easily absorbable
compounds of nitrogen, phosphorus, heavy metals, etc. that appear in the air, water and soil, disturb
the proportions between the elements taken up by living organisms and lead to increased variability of
their chemical composition. The reaction of organisms to changing environmental conditions, such as
an increase of heavy metal levels in tissues, is a characteristic used in bioindication. Almost half a
century has passed since the first pioneering works proposing the use of mosses as bioindicators of the
level of heavy metal air pollution [1–3]. The ability of bryophytes to accumulate large amounts of heavy
metals is very well-known today (among others [4–7]). Some species that have a wide geographical
range are also common and abundant in various plant communities and therefore are convenient to
use as bioindicators [4,7,8]. The advantage of this method is simplicity and low cost, which allows
us to set up a dense sampling grid, which would be impossible with conventional analyses using
automatic measuring devices [9].
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The method of assessing air pollution by using bioindicators not only is in constant and widespread
use, but is also continuously being developed. Originally adopted to control the degree of heavy metal
air pollution, the method is currently being tested for the detection of other elements/compounds,
e.g., nitrogen [10–12], organic air pollution [13–19], including dioxins [20] and radionuclides [21–23].
Its variants, such as moss transplants and moss-bag methods [24–28] are developed and improved.
Different species of mosses are tested [24,29–31]. Using moss for biomonitoring has become an
important element of air assessment programs on different scales: regionally (e.g., [32–36]), in countries
(e.g., [37,38]) and even over continents (e.g., [39–43]). In the early 1980s, a group of Scandinavian
ecologists (Nordic Expert Group for Heavy Metal Deposition) created a heavy metal monitoring
program, aiming to learn about the spatial and temporal dynamics of environmental pollution levels
on a European scale. Since 1995, such monitoring has been carried out over Europe as a part of
the International Cooperation Program on the Impact of Air Pollution on Natural Ecosystems and
Crops (ICP Vegetation, Working Group on Effects and Long-Range Transboundary Air Pollution
Convention). Air quality is assessed by measuring the accumulation of trace metals and other elements
in moss growing in the field [9,42–44]. As part of ICP Vegetation, mosses are collected every five years
from several thousand locations throughout Europe (one sample/1000 km2). The data obtained from
such studies allow us to formulate conclusions that are important on a national and transnational
scale. Many studies show that mosses also work well in small-scale monitoring—they are useful in
detecting and monitoring pollution from local point sources, such as cities [31,45–47], factories and
steel works [48–50], and landfills [27]. To know the extent of air pollution produced from local emission
sources, it is recommended to increase the sampling density.

Studies initiated in Scandinavia that were using mosses as bioindicators have also been developed
in Poland. Two species of mosses (Pleurozium schreberi and Hylocomium splendens) were used to
determine the level of heavy metal air pollution in national parks, and one moss species (Pleurozium
schreberi) was used in the Niepołomice Forest (small forest complex near Kraków), already, in the
second half of the 1970s [51,52]. Since the beginning of the 1990s (1990, 1995, 2000, 2005, 2010 and 2015)
Poland has participated in the European monitoring of metal deposition in the environment [35,39–43].
Data from Poland are systematically published, primarily in European reports [40–43]. There was
also a report on the area of the Visegrad Group countries [36], as well as numerous individual
publications [12,37,38,51,53–58].

The article includes the results of research using mosses as bioindicators that were performed
throughout Poland, in Polish national parks and an exemplary model area, the Niepołomice Forest—a
small forest complex located near Krakow. These data cover a period of time from the mid-1970s to
2015 (last moss survey under ICP Vegetation program).

2. Materials and Methods

2.1. Study Area

Pleurozium schreberi samples were collected from 150 (1990) to over 300 sites (1995 and 2015)
throughout the country. Twice (2001 and 2015), research was carried out only within four large areas
(each about 100 × 100 km2). The results of research carried out in these four regions are discussed in
detail in the article by Kapusta and Godzik, called “Biomonitoring of Air Pollution”, in Atmosphere,
Special Issue. From the 1970s, pollution monitoring was carried out in national parks (1975 in 12
then-existing parks; currently in 23), as well as in the Niepołomice Forest—a small forest complex
located near Kraków (Table 1).
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Table 1. Sampling scheme for Pleurozium schreberi in Poland (area, years and number of sampling sites)
and a range of performed chemical analyzes.

Area Year Sampling Sites Element

Poland

1990 150 Cd, Cr, Cu, Ni, Pb, Zn, Fe, Hg, V
1995 297 Cd, Cr, Cu, Ni, Pb, Zn, Fe, V, Hg
2001 116 Cd, Cr, Cu, Ni, Pb, Zn, Fe, V
2010 320 (PAHs–30) Cd, Cr, Cu, Ni, Pb, Zn, V, Hg, N, 16 PAHs
2015 117 Cd, Cr, Cu, Co, Ni, Pb, Zn, Fe, Mo, Hg, V, As, N, P, Ca, K, Mg

National parks (NP)

1975 12 NP–24 Cd, Co, Cr, Cu, Ni, Pb, Zn, Mn, Fe, K, Ca, Mg, Na
1986 14 NP–28 Cd, Co, Cr, Ni, Cu, Pb, Zn, Mn, Fe, K, Ca, Mg, Na, 137Cs
2005 23 NP–272 Cd, Cu, Ni, Pb, Fe, Zn
2010 23NP–46 Cd, Cr, Cu, Ni, Pb, Zn, V, Hg, N

The Niepołomice Forest

1975 15 Cd, Cu, Pb, Zn, Fe, Mn
1992 15 Cd, Cu, Pb, Zn, Fe, Mn
1998 77 Cd, Cr, Cu, Pb, Zn, Fe

2014 95 Cd, Cr, Cu, Co, Ni, Pb, Zn, Fe, Mn, Mo, V, As, Ca, K, Mg, Na,
N, P

2.2. Materials and Sample Collection

A terrestrial, carpet forming, pleurocarpous and endohydric moss species—Pleurozium schreberi
(Brid.) Mitt.—was mainly used for the research. In a lot of regions in Europe, this species is most
commonly used as an indicator of air quality (e.g., [36,43]). In Poland, this species is common and
occurs in various types of forests, although it prefers coniferous habitats.

Moss samples were collected in summer (August) or early autumn (September), according to a
standard protocol used with heavy metals in the moss-monitoring network in Europe (e.g., [39,40]).
Five-year intervals for research carried out all over Poland were implemented to follow the guidelines
of the ICP Vegetation program. Moss samples throughout Poland are first collected in the lowland
part of the country (Central and Northern Poland), and finally in the mountains, because, in all sites,
mosses are collected at the same phenological stage. At each site, moss samples were taken from an
area of approximately 200 m2, from several carpets under small gaps in the tree canopy (for a reduction
of effect of throughfall), and then prepared into a composite sample. The samples were taken at least
300 m from highways and 100 m from smaller communication routes and away from local emission
sources. Moss samples were cleaned from mechanical impurities, after transporting to the laboratory.
Except for the two first moss campaign in national parks (1976 and 1986), chemical analyses were
performed only in the green parts of the gametophyte, representing their growth of about 3 years.

2.3. Laboratory Work

Table 1 shows the scope of analyses performed for sets in individual years of research.
Plant materials were homogenized, using a rotor mill, and dried at 70–80 ◦C. Samples were

digested in a mixture of acids (1 HNO3:4 HClO3 vol.), and then the content of elements was measured
depending of concentration, either by flame atomic absorption spectrometry (during the 1970s till
the end of the 1990s: Perkin Elmer 403, Varian Techtron 1000, Varian 20BQ, and since 2000: Varian
AA280FS) or by graphite furnace atomic absorption spectrometry (GTA 110 of Varian AA220FS).
To control the quality of chemical analysis, the reference materials no. M2 and M3 (prepared for
European moss monitoring, [59]) were used. Concentrations were calculated on a dry-weight basis.

Total nitrogen was measured by using Kjeldahl method (Foss Tecator Kjeltec 2300 Analyzer Unit)
after dry moss material digestion in H2SO4 (detailed methodology is given in the publication by [12]).

Moss samples collected for analysis of the polycyclic aromatic hydrocarbons (PAHs) content were
prepared for analyses, using the ASE-200 extractor (Dionex), and the concentrations of individual
16 hydrocarbons were determined by chromatography method on HPLC Dionex-500 (detailed
methodology is given in the publication by [18]).
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137Cs activity in Pleurozium schreberi (1986, national parks) was determined by using high-resolution
radiation spectrometry γ.

All chemical analyzes, except for the first research in national parks [51], were carried out at the
Ecotoxicological Laboratory of the Department of Ecology IB PAS.

3. Results and Discussion

3.1. A Large Spatial Scale—The Whole Area of Poland

The aim of the research conducted in Poland was to identify the most polluted areas, as well as to
compare the level of environmental burden (forests) in our country to the rest of Europe. Research
on a large spatial scale, i.e., throughout the whole country, began in 1990. The variability of natural
environmental conditions and, at the same time, a significant diversity of anthropogenic influences
(the industry is located mainly in the southern part of the country) implied high density of sampling.
Samples of Pleurozium schreberi moss were then collected at 150 sites, which were quite regularly
distributed over the country [55]. The second collection took place in 1995, at 297 sites. For the first time,
the results of research carried out in our country were forwarded to the European center conducting
the research within ICP Vegetation (International Cooperative Program on Effects of Air Pollution on
Natural Vegetation and Crops), where WGE (Working Group on Effects) coordinates research within
Convention on Long-Range Transboundary Air Pollution (LTRAP). Since 2000, the research has been
managed by the Center for Ecology and Hydrology (CEH), Bangor, UK. The moss collection in 2010 was
carried out throughout the country, at 320 sites. Twice, i.e., in 2001 and 2015, research was carried out
only within four large areas (each of about 100 × 100 km2) located on the transect from the southwest
and south (heavily industrialized and urbanized part of the country) to the northeast (clean area).
Two of these areas were located in contaminated regions (Lower Silesia—area under the impact of
Legnica–Głogów Copper Basin, with copper mines and smelters, and Upper Silesia–Kraków Industrial
District, with coal mines, coal-based facilities, zinc-lead ore mines and smelters, and steelworks), one
area included a moderately contaminated region (Mazovia Lowland, Central Poland), and one was
regarded as the reference area (northeastern part of Poland).

The systematic reduction of emissions in Europe and, consequently, the deposition of metals
resulted in a lower concentration of those elements in mosses. Generally, the largest decreases in metal
concentrations in mosses were recorded between 1990 and 1995 (or 2000). For mosses collected in 1990
and 2005, the most visible decrease was in lead and arsenic (about 72%), and in vanadium, cadmium
and iron concentrations (45–60%). Average decreases were recorded for zinc, copper and nickel
(about 20–30%), while there was no significant change in chromium concentration [42]. Considering
the longer, 20-year period (1990–2010), mean cadmium concentrations decreased by about 50%, and
concentrations of lead close to 80%, chromium about 40%, while zinc, nickel and iron decreased by
about 30%. Only the decrease in the level of copper was lower and amounted to about 10% [9,43].

During the period from 1990 to 2010, the reduction of metal emissions to the atmosphere in
Poland was significant and amounted to about 30% for copper, 40% for lead and 50% for cadmium and
zinc [60,61]. The average metal concentrations in Pleurozium schreberi were lower in 2010 compared to
1995, but these differences were not always statistically significant for individual voivodeships [38].
Compared to the rest of Europe, Poland ranks among the countries that still have a fairly high level of
pollution, e.g., our country ranks sixth due to the cadmium load, and seventh in terms of lead level
(out of 24 countries) (Figure 1; [43]).
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Research conducted in Poland indicates that the most industrialized centers are still the largest 
sources of pollution. The spatial distribution pattern of the areas most loaded with metals is 
associated with ore mines and metallurgical processing plants located in Southern Poland. The most 
polluted regions include the Lower Silesia (with the Legnica–Głogów Copper Basin) and the Upper 
Silesia–Kraków Industrial District (including numerous industrial plants and mines located in 
Upper Silesia, as well as the mines and zinc smelter in Bukowno near Olkusz in the Małopolska 
Voivodeship). The highest copper concentrations were recorded in the Lower Silesia, where the 
copper mines and smelters are located, whereas the highest cadmium, lead, zinc and iron 
concentrations were noted in the Małopolska Voivodeship, both in 1995 and 2010 (Figure 2; [38]). 

Figure 1. Comparison of lead and cadmium concentrations in mosses (median) in 2005 and 2010,
in European countries (adapted from [43]).

Research conducted in Poland indicates that the most industrialized centers are still the largest
sources of pollution. The spatial distribution pattern of the areas most loaded with metals is
associated with ore mines and metallurgical processing plants located in Southern Poland. The most
polluted regions include the Lower Silesia (with the Legnica–Głogów Copper Basin) and the Upper
Silesia–Kraków Industrial District (including numerous industrial plants and mines located in Upper
Silesia, as well as the mines and zinc smelter in Bukowno near Olkusz in the Małopolska Voivodeship).
The highest copper concentrations were recorded in the Lower Silesia, where the copper mines and
smelters are located, whereas the highest cadmium, lead, zinc and iron concentrations were noted in
the Małopolska Voivodeship, both in 1995 and 2010 (Figure 2; [38]).
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Figure 2. Spatial pattern of heavy metals distribution in Poland, based on the concentration of cadmium,
copper, lead and zinc in Pleurozium schreberi (adapted from [38]).

Mosses were not only efficient indicators of heavy metals (HM) environmental load, but also of
nitrogen (N) and polycyclic aromatic hydrocarbons (PAHs). Various species were tested as indicators of
nitrogen levels in the environment. For example, it was found that Hypnum cupressiforme accumulated
more nitrogen than Pleurozium schreberi [62]. It was also found that there is a statistically significant
relationship between nitrogen concentration in H. cuppressiforme’s tissues and nitrogen concentration
in atmospheric precipitation [62].

Pleurozium schreberi samples collected in Poland in 2010 (320 sites evenly distributed throughout
country) were tested to determine the nitrogen levels. The concentration of total nitrogen in mosses
ranged from 0.78% to 2.86%, reaching an average value of 1.56% (Figure 3; [12]). Although the
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differences between individual voivodeships (provinces) were not statistically significant, nitrogen
concentrations corresponded to the intensity of fertilization of agricultural land and the volume of
particulate emissions. These independent variables explained nearly 66% of the nitrogen content
variation in mosses. The spatial pattern of nitrogen distribution in Poland, in addition to the intensity
of agricultural production (= the amount of fertilizers used) and livestock farming, is superimposed
on the presence of large point sources of nitrogen emissions, such as chemical plants producing
fertilizers [12]. Compared to other European countries, the level of nitrogen was similar to the levels
found in highly industrialized countries, but much higher than in Scandinavia [9,43]. There is no
clear trend of temporal changes of the nitrogen level in mosses. In European countries where the
analyses were carried out in 2005 and 2010, the average median value decreased (Slovenia), while the
concentration of nitrogen in mosses from other countries (Czech Republic and France) increased during
the five-year study period [9]. In Poland, due to the high level of nitrogen concentration detected in
the analysis carried out in 2010, such tests should be repeated.
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Figure 3. Spatial pattern of atmospheric nitrogen deposition in Poland, based on the concentration of
nitrogen in Pleurozium schreberi (adapted from [12]).

The sources of PAHs emissions are natural (volcanic emissions and forest fires), as well as
anthropogenic processes (pyrolysis and incomplete combustion of organic substances). Although they
are emitted in much smaller amounts than, e.g., dusts or gases (SO2 and NOx), they belong to the group
of compounds that are the most toxic to living organisms (carcinogenic and mutagenic effects). In
2010, PAHs analyses in mosses were carried out in Poland for three areas located on the transect, from
southwest to northeast, i.e., in the Silesia–Kraków region, the Mazovia region and the Podlasie region
(Figure 4). Ten samples were collected in each of these areas. The sum of PAHs (calculated for all
detected compounds), as well as the number of compounds detected in individual samples, was highest
in the Silesia–Kraków region (7350 ng kg−1 d. wt.), which is the most industrialized and urbanized area
of our country. The average values were determined in Central Poland (2127 ng kg−1 d. wt.), where
the main emitter is the Warsaw agglomeration, and the lowest for the area located in the northeastern
part of the country (848 ng kg−1 d. wt.), located far from pollution sources (Table 2). These differences
were statistically significant between regions (one-way ANOVA, p < 0.05) (Figure 5; [18]).

Table 2. Number of samples (N), sum of PAHs (ng kg−1 d. wt.) and SD calculated for Pleurozium
schreberi collected in three regions in Poland.

Region N Sum of PAHs SD

Silesia–Kraków 10 7.350 4.075
Mazovia 10 2.127 1.686
Podlasie 10 0.838 0.943
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Figure 4. Location of Pleurozium schreberi sampling sites in Poland in 2010 for PAHs analysis.
(1) Silesia–Kraków region, (2) Mazovia region and (3) Podlasie region (adapted from [18]).
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3.2. Air Pollution in the Area of Polish National Parks

In 1975, the studies of air pollution that were using bioindicators were carried out in 12 Polish
national parks that existed at the time. In 1986, such studies were carried out in 14 parks. Since 1990,
within the subsequent ICP Vegetation campaigns, mosses were collected at five-year time intervals in
23 national parks. In the first two periods of research, two species of mosses were used: Pleurozium
schreberi and Hylocomium splendens. Because Pleurozium schreberi accumulated higher levels of some
elements than Hylocomium splendens [53], in subsequent studies, only the first species was used as an
indicator of metal air pollution. During the entire study period (1975–2015), concentrations of eight
metals (Cd, Cr, Ni, Cu, Pb, Zn, Mn and Fe) were constantly analyzed. In 1986, additionally, analyses of
the levels of an anthropogenic radionuclide 137Cs were carried out.

Research conducted over the entire 40-year period indicates that environmental pollution of
national parks caused by heavy metals varies significantly. The largest differences between the
parks were recorded for the levels of lead, manganese, zinc and cadmium, and smaller differences
in the concentration of iron, chromium and copper [51,53]. The research has shown that national
parks located in the northern part of Poland (Wolin, Słowiński and Białowieża National Parks) are
among the cleanest in terms of heavy metal load. Parks located in the central part of our country
(Wielkopolski and Kampinos National Parks) are moderately polluted, and parks located in southern
Poland (Świętokrzyski, Ojców and some of the mountain parks, such as Karkonosze, Babia Góra and
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Tatra National Parks) are characterized by the highest levels of metals. This image is consistent with
the distribution of minerals, and thus the location of industrial mining and processing plants, which
are the main sources of pollution.

The following years of research clearly indicate a gradual decrease in the level of metals in most
national parks, although this trend is most visible for parks located far away from national, as well as
long-range, sources of pollution [51,53] (Figure 6). During the first two periods of research (1976 and
1986), when due to the economic collapse in Poland, the drastic decline in industrial emissions was
recorded, the concentration of metals in mosses decreased significantly, especially in parks located
close to industrial centers, such as Ojców, Świętokrzyski and Karkonosze National Parks. Ojców
National Park is exposed to the influx of pollution from both the region of Upper Silesia and Kraków
(Southern Poland), while Świętokrzyski National Park lies within the emission range of the Staropolski
Industrial District (Central Poland). Karkonosze National Park is in the region of “Black Triangle”
(southwestern part of the country), where the environment was polluted by the mining industry and
lignite-fired power plants located at the border of three countries: Poland, the Czech Republic and
Germany. A significant reduction in metal concentrations in mosses collected within these parks was
associated with a decrease of industrial dust emissions in Central and Eastern Europe that could
be correlated with the recession that affected the heavy metals industry during that time. A similar
decrease in air pollution was also recorded in Northern Europe at the time [34,63]. Despite the decrease
in industrial emissions, the concentration of metals in mosses collected in Polish national parks was
several times higher (depending on the element), than in mosses collected in Scandinavia [53].
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Figure 6. Comparison of average concentrations (mg kg−1 d. wt.) of lead and copper in Pleurozium
schreberi, in 1975–2010, collected in Polish national parks (adapted from [64]).

The breakdown of the Chernobyl power plant (at the end of April 1986) coincided with the
moss campaign in Polish national parks; therefore, the level of radioactive cesium (137Cs) was also
determined in Pleurozium schreberi. The level of 137Cs ranged from 1832 to 37,814 Bq kg−1 d. wt.
(Figure 7). The smallest contamination was found in the following parks: Wolin, Wielkopolski,
Kampinos and Roztocze (1832–3369 Bq kg−1 d. wt.). Higher cesium concentrations were found in
mosses from the following parks: Białowieża, Bieszczady Babia Góra (9000–14,000 Bq kg−1 d. wt.).
Moreover, the highest value was recorded in Ojców National Park (37,814 Bq kg−1 d. wt.) [65]. These
results reflect the direction of radioactive clouds moving immediately after the Chernobyl accident,
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from the southeast to the north (Scandinavia), hence the higher cesium level in parks located in the
east (Białowieża and Bieszczady National Parks). A change in the wind direction from north to south,
with simultaneous precipitation at the time, in Southern Poland, resulted in higher pollution of Ojców
National Park and protected areas located at the southern border of the country. Currently, due to the
half-life of cesium of about 30 years, the environmental contamination is low.
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3.3. The Niepołomice Forest—A Model Research Area on a Small Spatial Scale

The Niepołomice Forest, with an area of 110 km2, is located to the east of Kraków agglomeration
(10–30 km), in the western part of the Sandomierska Valley (49◦59’–50◦07´ N and 20◦13´–20◦28´ E),
at the Vistula and Raba rivers fork. It is divided into northern (2000 ha) and southern (8500 ha) parts,
which differ in geological structure, terrain, soil and vegetation. Since the creation of a large steel mill
in Nowa Huta (eastern margins of Kraków) in 1950, the Niepołomice Forest has been exposed to the
industrial emissions from this source and from the city, with which prevailing winds from the west to
east carry heavy metal dust toward this forest complex. In the 1970s, the steel mill achieved the highest
production value of over 7 mln tons/year. Then the dust emissions were at the level of 140,000 tons,
and SO2 emissions were at the level of 160,000 tons [66]. As a result of political and economic
transformations in Poland at the end of 1980s, industrial production has significantly decreased in
recent years. At this time, the steel production in steelwork in Nowa Huta was about 3 mln tons/year,
and dust emissions decreased by 29% [66]. The second significant reduction in pollutant emissions
took place ten years later, as a consequence of the economic processes accompanying the political
transformation in 1989, when environmental policy gained importance. A number of technological
processes have also been changed to be more environmentally friendly, and thus emissions of gaseous
and particulate pollutants from both the steelworks and the city are now significantly lower [58].

To assess the degree of environmental pollution in the Niepołomice Forest, Pleurozium schreberi
moss was first collected in 1975 [52], at 15 sites. The next collections took place in 1992 (15 sites, [54]),
1998 (77 sites, [57]) and 2014 (95 sites, [58]). Six elements were determined in mosses collected during
the first three years of research, and eighteen elements were determined in Pleurozium schreberi from
the last collection. The purpose of this research was to follow the spatial and temporal changes in
heavy metal levels (i.e., from the period when pollutant emissions were very high, till now), to identify
the sources of pollution and to assess the impact of pollution on the condition of the Niepołomice
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Forest stands. The use of GPS for determining the locations of moss collecting sites allows for further
analysis of this type in the future.

Research that used mosses as bioindicators in the Niepołomice Forest shows statistically significant
changes over the last 40 years and a significant reduction in the level of air pollution in this region. Such
a trend is consistent not only with the situation in the immediate vicinity of this forest complex, but also
with the general trend observed throughout Europe. The largest decrease in metal concentrations was
recorded between the mid-1970s and the end of the 1990s, i.e., during a period when steel production
in Tadeusz Sendzimir Steelworks (now Mittal S.A. Stal Polska, formerly Lenin Steelworks), as well as a
reduction in dust emissions from the Kraków agglomeration [57,66]. Good environmental policy after
a period of political transformation resulted in the closure of a number of industrial plants based on
old technologies throughout Poland. In consequence, this led to a reduction in the inflow of pollutants
to the Niepołomice Forest, but also outside the Kraków agglomeration, such as Upper Silesia (located
to the west of this forest complex). At the same time, as the level of metals decreased over time, the
pattern of metal distribution in space changed. In the early years of the study, a significant variability
in cadmium, copper, manganese, iron, lead and zinc concentrations was observed in the Niepołomice
Forest (Figure 8). The most polluted was the western part of the forest, which is closest to the city and
steelworks [52,54,57]. In the recent years, this pattern is less visible, and the differences between the
western and eastern parts of the forest complex are currently not significant [58]. Recent studies also
indicate that the level of some elements not only does not show a downward trend (zinc, chromium
and manganese), but their concentrations even increased when compared to previous years [58].
At present, with a significant reduction in the inflow of pollutants from large emitters (Kraków and
Upper Silesia), the impact of local small-emission sources is increasingly visible. The main reason for
this deterioration of air quality in the Niepołomice Forest is probably the road transport and domestic
ovens. Currently, the highway adjoins the forest complex from the southeast. Buildings (single-family
houses) in formerly agricultural areas have also increased significantly. Although the level of heavy
metals in the Niepołomice Forest is currently relatively lower than in previous years (1970s–1990s), it is
still higher than in clean areas [58].
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Figure 8. Temporal changes in concentration of heavy metals in Pleurozium schreberi from Niepołomice
Forest. * Statistically significant differences; p = 0.05, Wilcoxon test (after [64], changed).

4. Conclusions

Research using mosses as bioindicators is very helpful in determining the current level of air
pollution with heavy metals (HM), other elements (N) or compounds (PAHs), as well as their distribution
in a given area. Thanks to this research, it is also easy to observe the direction of long-term changes.

Research carried out in Poland, both in the whole country and in selected areas (national parks
and a small forest complex—Niepołomice Forest) show a gradual improvement in air quality, even
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though this progress is still too slow compared to Western European countries. In terms of heavy metal
load, Poland still remains at the forefront of the most polluted countries.

Research should be continued to document changes that occur as a result of the emergence of
new sources of air pollution in specific areas. They should be expanded to include analyses of those
elements that currently prevail in industrial emissions or arise as a result of increasing car traffic.
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14. Dołęgowska, S.; Migaszewski, Z.M. PAH concentrations in the moss species Hylocomium splendens (Hedw.)
B.S.G. and Pleurozium schreberi (Brid.) Mitt. from the Kielce area (south-central Poland). Ecotox. Environ. Safe.
2011, 74, 1636–1644. [CrossRef]

15. Foan, L.; Domercq, M.; Bermejo, R.; Santamaría, J.M.; Simon, V. Mosses as an integrating tool for monitoring
PAH atmospheric deposition: comparison with total deposition and evaluation of bioconcentration factors.
A year-long case-study. Chemosphere 2015, 119, 452–458. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF00585089
http://dx.doi.org/10.1111/j.1095-8339.1990.tb02220.x
http://dx.doi.org/10.1016/j.envpol.2015.01.036
http://dx.doi.org/10.1016/j.envpol.2011.04.041
http://dx.doi.org/10.1016/j.envpol.2014.07.016
http://dx.doi.org/10.2478/pbj-2014-0018
http://dx.doi.org/10.1016/j.atmosenv.2009.07.005
http://dx.doi.org/10.1016/j.ecoenv.2011.05.011
http://dx.doi.org/10.1016/j.chemosphere.2014.06.071
http://www.ncbi.nlm.nih.gov/pubmed/25084064


Atmosphere 2020, 11, 143 14 of 16

16. Gałuszka, A. Distribution patterns of PAHs and trace elements in mosses Hylocomium splendens (Hedw.)
B.S.G. and Pleurozium schreberi (Brid.) Mitt. from different forest communities: A case study, south-central
Poland. Chemosphere 2006, 67, 1415–1422. [CrossRef] [PubMed]

17. Gerdol, R.; Bragazza, L.; Marchesini, R.; Medici, A.; Pedrini, P.; Benedetti, S.; Bovolenta, A.; Coppi, S. Use of
moss (Tortula muralis Hedw.) for monitoring organic and inorganic air pollution in urban and rural sites in
Northern Italy. Atmos. Environ. 2002, 36, 4069–4075. [CrossRef]

18. Godzik, B.; Szarek-Łukaszewska, G.; Kapusta, P.; Stępień, K. PAHs concentrations in Poland using moss
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60. Środowisko. Rocznik statystyczny; Główny Urząd Statystyczny: Warszawa, Poland, 1998. (In Polish)

http://dx.doi.org/10.1016/S0048-9697(99)00071-6
http://dx.doi.org/10.15244/pjoes/27812
http://dx.doi.org/10.1016/j.atmosenv.2008.02.052
http://dx.doi.org/10.1007/s00128-016-1777-8
http://dx.doi.org/10.1016/j.chemosphere.2005.01.059
http://dx.doi.org/10.1023/A:1006085220366
http://dx.doi.org/10.1144/1467-7873/05-088
http://dx.doi.org/10.1080/10934529.2012.650587
http://www.ncbi.nlm.nih.gov/pubmed/22375548
http://dx.doi.org/10.1007/BF00185749
http://dx.doi.org/10.1007/BF00507079
http://dx.doi.org/10.1023/A:1020226526451
http://dx.doi.org/10.1016/j.chemosphere.2019.05.058
http://dx.doi.org/10.1007/s007690050141


Atmosphere 2020, 11, 143 16 of 16
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Prace i materiały Muzeum im. Prof. Władysława Szafera 1993, 7–8, 153–158. (In Polish)

66. Weiner, J.; Fredro-Braniecki, S.; Reed, D.; Maclean, A.; Strong, M. Niepołomice Forest–a GIS analysis of
ecosystems response to industrial pollution. Environ. Pollut. 1997, 98, 381–388. [CrossRef]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.envpol.2018.03.063
http://dx.doi.org/10.1016/S0269-7491(97)00152-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Materials and Sample Collection 
	Laboratory Work 

	Results and Discussion 
	A Large Spatial Scale—The Whole Area of Poland 
	Air Pollution in the Area of Polish National Parks 
	The Niepołomice Forest—A Model Research Area on a Small Spatial Scale 

	Conclusions 
	References

