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Preface to ”Atmospheric Heavy Metal and Nitrogen
Deposition Using Mosses as Biomonitors”

Air pollution has a negative impact on various compartments of ecosystems, posing a threat to 
the natural environment and human health, and also causing significant economic damage.

Due to their specific features, mosses are recognized as one of the main bioindicators and 
biomonitors of air contamination, with toxic elements including those originating from anthropogenic 
and natural sources. The determination of elemental concentrations in mosses is easier and cheaper 
than conventional precipitation analysis, and a much higher sampling density can be achieved by 
employing moss biomonitoring.

In recent decades, naturally growing mosses have been used successfully in biomonitoring 
campaigns for checking the atmospheric fallout of heavy metals and nitrogen (N) across Europe, 
and the approach has been extended in many regions of the world for characterizing multi-elemental 
deposition sources.

Quantification of heavy metals and N in selected moss species provides a time-integrated 
measure of the spatial patterns and temporal trends of heavy metal deposition from the atmosphere 
to terrestrial ecosystems, and a good indication of ecosystems at risk from high N deposition.

The Special Issue “Atmospheric Heavy Metal and Nitrogen Deposition Using Mosses as 
Biomonitors” belongs to the section Air Quality and Human Health of the journal “Atmosphere” 
and includes a collection of papers related to aspects of passive moss biomonitoring of air 
quality in various regions of the world regarding the pollution sources of potentially toxic 
elements, heavy metal air pollution in the lockdown period due to the COVID-19 pandemic, 
trends in element atmospheric deposition and relevance for ecological integrity and human health. 
Most of the studies were carried out in the framework of the International Cooperative Program on 
Effects of Air Pollution on Natural Vegetation and Crops (ICP Vegetation) of the United Nations Economic 
Commission for Europe (UNECE).

Antoaneta Ene

Editor
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Abstract: Moss biomonitoring technique was used for a heavy-metal pollution study in Macedonia
in the framework of the International Cooperative Program on Effects of Air Pollution on Natural
Vegetation and Crops (UNECE IPC Vegetation). Moss samples (n = 72) were collected during
the summers of 2002, 2005, and 2010. The contents of 41 elements were determined by neutron
activation analysis, atomic absorption spectrometry, and inductively coupled plasma atomic emission
spectrometry. Using factor and cluster analyses, three geogenic factors were determined (Factor 1,
including Al, As, Co, Cs, Fe, Hf, Na, Rb, Sc, Ta, Th, Ti, U, V, Zr, and rare-earth elements–RE; Factor 4
with Ba, K, and Sr; and Factor 5 with Br and I), one anthropogenic factor (Factor 2, including Cd, Pb,
Sb, and Zn), and one geogenic-anthropogenic factor (Factor 3, including Cr and Ni). The highest
anthropogenic impact of heavy metal to the air pollution in the country was from the ferronickel
smelter near Kavadraci (Ni and Cr), the lead and zinc mines in the vicinity of Makedonska Kamenica,
Probištip, and Kriva Palanka in the eastern part of the country (Cd, Pb, and Zn), and the former
lead and zinc smelter plant in Veles. Beside the anthropogenic influences, the lithology and the
composition of the soil also play an important role in the distribution of the elements.

Keywords: air pollution; moss; potentially toxic metals; Macedonia; biomonitoring

1. Introduction

Elements and compounds that are released into the environment and damage the biosphere
(soil, water, air) are treated as pollutants—regardless of whether they come from natural processes
on the Earth’s surface or human activities [1–3]. Atmospheric emissions, due to their widespread
dispersion and exposure to living organisms, pose a major risk to human health [4,5]. The representation
of pollutants is mostly dependent on the source of emissions, the amount of the released substances,
their composition, state of matter, altitude, and weather conditions season, amount of atmospheric
sediments, air currents, precipitation, acidity, temperature, humidity; the rate of deposition depends
on several factors, such as meteorology wind velocity, relative humidity, and temperature; particle
shape and size, and the chemical forms of the elements [1,2,6,7].
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The monitoring of potentially toxic air pollutants has a significant role in understanding the spatial
and temporal distribution of these pollutants; it serves as a tool in planning to reduce their harmful
effects. Biomonitoring is a method to obtain quantitative information about certain characteristics of
the biosphere. Among the most often used biomonitors are mosses, liches, grasses, etc. [5,7–10].

For more than 50 years, terrestrial mosses have been successfully used to monitor and map the
atmospheric deposition of trace metals in many parts of the world [9–21]. Mosses are characterized by
a small change in the morphology during the growing season. Due to their adaptability, mosses are
widespread under different environmental conditions [22,23].

Global sources of pollution of the environment include activities, such as exploitation of natural
resources and their processing through adequate technological processes, as well as non-ecological
waste management. In this respect, the area of Macedonia does not deviate from the global average.
In former Yugoslavia, Macedonia was an important producer of metals, such as copper, steel, ferroalloys,
lead, zinc, cadmium, nickel, silver, and gold. Long-term mining and mining-related activities have led
to the pollution of the environment, as reported in several studies [2,3,22,24–46].

For the first time in Macedonia, a heavy metal air pollution study, covering all the area of the
country, was made in 2002 using mosses as biomonitors. In 2005 and 2010, the study followed
the framework of the United Nations Economic Commission for Europe International Co-operative
Program on Effects of Air Pollution on Natural Vegetation and Crops with heavy metals in Europe
(UNECE ICP Vegetation). The first results of the air pollution biomonitoring research with heavy metals
have increased the interest in applying biomonitoring with mosses that are focused on individual
critical regions in Macedonia [37]. Investigations were conducted in the area of the Bučim copper mine
in the vicinity of the town of Radoviš [27,40], in the area of ferronickel smelter plant near the town of
Kavadarci (Ni and Cr) [30,47]; in the eastern parts of the country near Pb-Zn mines and flotation plants
“Toranica” [3,41], “Zletovo” [39,42], and “Sasa” [42,43]. The study was also conducted in the vicinity
of the abandoned As-Sb-Tl mine “Allchar” on the Kožuf Mountain [35], as well as in the surroundings
of the thermoelectric coal-fired power plants in Bitola and Kičevo [48–50].

The aims of the paper are to monitor the temporal trends of elements and groups of elements
related to air pollution trends by comparing the results of the three moss surveys in 2002, 2005,
and 2010 in Macedonia. This study verifies the pollution sources identified with the first national
survey performed in 2002 to distinguish anthropogenic from natural sources, to identify the deposition
patterns over the entire study area, and to make the data available so that it can be compared with
results of further surveys.

2. Materials and Methods

2.1. Study Area

The Republic of Macedonia is situated in the central part of the Balkan Peninsula (Figure 1)
with an area of 25,713 km2 between latitudes 40◦ and 43◦ N and between longitudes 20◦ and 23◦ E.
Geographically, the investigated area is clearly defined by a central valley formed along the Vardar
River, which is surrounded by mountain ranges. The country boasts 16 mountains higher than 2000 m,
although most of its area lies between 500 and 1000 m. The lowest point (44 m) indicates an area on the
cross point of the Vardar River; the highest point (2764 m) is the peak of Korab mountain [51]. Most of
the population (2.057 million), lives in urban areas, and more than a quarter live in the capital city of
Skopje [52].

The Republic of North Macedonia has three climatic types, due to specific natural and geographical
features. The northern parts of the country are characterized by the mildly continental climate, while the
area along the valleys of the Vardar River typically has a Mediterranean climate. There is also a
mountainous climate, which is dominant in the mountainous region of the country. All three types of
climate that spread and partly intertwine through the country have an impact on the properties of the
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individual seasons between regions. Winters are milder in the eastern areas, and summers are hotter
and drier in the western areas [53].

 

č

č

Figure 1. Map of the Republic of Macedonia.

The average annual precipitation varies from 500 to 600 mm in the central and eastern areas along
the valley of the Vardar River to 1400 mm in the western mountainous area. The area with the least
precipitation is between the Ovče Pole, Tikveš, and the Štip basins. Usually, the wind blows from the
north/northwest toward the south/southeast or vice versa. However, the directions of the winds in
various parts of Macedonia are heavily dependent on the orographic conditions. The average speed of
the winds in the country is 6 m/s [53].

The country is enriched by reserves of several ores. The industrial sector represents 31.9 of Gross
Domestic Product (GDP), while the agriculture sector represents 18.9%. The main industrial activities
are situated in Skopje (steel and ferroalloys production and steel processing), Radoviš (copper mine
and flotation), Veles (abandoned lead-zinc and cadmium smelter), Kavadarci (ferronickel smelter),
Tetovo (abandoned ferrochrome smelter and present ferrosilicon smelter), and Kičevo and Bitola
(thermoelectric power plants, where the lignite fuel is used). Three Pb-Zn mines and flotation plants are
located (Sasa, Toranica, Zletovo) in the eastern part of the country; a previously active As-Tl-Sb mine
“Allchar” is in the southern part of Macedonia. These active and abandoned industrial facilities have
led to environmental pollution in the nearby and distant areas with different heavy metals, reported by
several studies [24–45,47–50] and those studies realized recently [46,54–59].

Macedonia is constituted by several geotectonic units that were formed during different geological
periods; these are generally spread out in NNW-SSE to N-S direction [44,59]. Contacts of units are
marked by regional faults managed by the Laramide compression (Laramide orogeny phase) [44].
The country lies on four major tectonic units (Figure 2): The Serbo-Macedonian massif (SMM), the Vardar
zone (VZ), the Pelagonian massif (PM), and the West-Macedonian zone (WMZ) [60,61]. The SMM and
PM form the oldest complexes in which highly metamorphic Proterozoic rocks have developed; the
area is characterized by widespread Riphean-Cambrian, Paleozoic, Mesozoic, and Cenozoic rocks [44].
The WMZ is lithologically composed of low-grade metamorphic rocks, and anchi-metamorphic
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Paleozoic rocks and migmatites, Triassic and Jurassic sediments, and migmatites, and Tertiary
sediments [44]. The VZ is a large and important lineament structure of the Balkan Peninsula [61]; it
represents an area where a continuous thinning of the continental crust had occurred, and where,
during the Lower Jurassic, it completely transited into the rift zone [44].

 

Figure 2. Lithological map of Macedonia (simplified according to a Geological map of SFR Yugoslavia,
1970). Dashed lines represent the areas of the major tectonic units: West-Macedonian zone (WMZ),
Pelagonian massif (PM), Vardar zone (VZ), and Serbo-Macedonian massif (SMM).

2.2. Sampling and Sample Preparation

In this study, datasets from three different moss surveys were used for comparison among them.
The first moss survey aiming to monitor heavy metal air pollution was carried out in 2002 in the
entire territory of Macedonia. For this reason, samples from 72 sites of three moss species Hypnum
cupressiforme, Homalothecium lutescens, and Homalothecium sericeum were collected from September to
October [1,2]. The contents of 41 elements (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
As, Se, Br, Rb, Sr, Zr, Mo, Ag, Cd, In, Sb, I, Cs, Ba, La, Ce, Sm, Eu, Tb, Hf, Ta, W, Au, Th, and U) in
each sample were analyzed either by neutron activation analysis or by atomic absorption spectrometry.
The next survey was conducted from August to September 2005; samples of Hypnum cupressiforme and
Homalothecium lutescens were taken at the same 72 sites. Using neutron activation analysis and atomic
absorption spectrometry, the content of 38 elements (Al, As, Ba, Br, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu,
Fe, Hf, Hg, K, La, Mg, Mn, Mo, Na, Ni, Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, U, V, W, Yb, Zn, and Zr) were
determined in each sample [32]. The third moss survey was conducted in August and September 2010
at the same 72 locations, where the same moss species were collected as in the moss survey carried out
in 2005. In addition to the techniques used in previous surveys, the atomic emission spectrometry with
inductively coupled plasma (ICP-AES) was also used to determine 41 elements (Al, As, Au, Ba, Br, Ca,
Cd, Ce, Cl, Co, Cr, Cs, Cu, Dy, Eu, Fe, Hf, Hg, I, K, La, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Sc, Se, Sm, Sr,
Ta, Tb, Th, Ti, U, V, W, Zn, and Zr) in the samples [22,33].
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To enable a comparison between individual surveys, the sampling locations mostly overlap
(Figure 3), and the same biotope conditions were used. The sampling in 2002 followed the principles
of European moss surveys [14,62]. In 2005, sampling was performed according to the guidelines of the
ICP Vegetation Program—monitoring manual for the 2005/2006 survey, and the procedure used in the
previous European moss surveys [63]. In 2010, the sampling followed the principles of the Convention
on Long-Range Transboundary Ari Pollution (CLRTAP) and the International Cooperative Program on
Effects of Air Pollution on Natural Vegetation and Crops monitoring manual for 2010/2011 survey and
the procedure used in the previous European moss surveys [64].

 

Figure 3. Location of sampling points.

In each sampling year, the samples were collected at least 300 m from a major road and populated
area, and at least 100 m from small roads and single houses. Each sample was a mix of five to
ten sub-samples taken from 50 m × 50 m. Sampling and sample handling was performed using
separate polyethylene gloves for each sample, to prevent any contamination of the samples. Samples
were properly marked and stored in paper bags. In cases where more than one moss species was
collected at the same sampling site, the interspecies comparison showed no essential differences within
error estimates.

Samples were brought to the laboratory where they were cleaned from extraneous material
(litter and dead leaves) and dried to a constant weight for 48 h at 30–40 ◦C. Green-brown parts of the
moss shoots represented the last three years of the moss growth and were selected to be subjected to the
analysis of pollutant content. For neutron activation analysis (NAA), atomic absorption spectrometry
(AAS), and atomic emission spectrometry with inductively coupled plasma (ICP-AES), the moss
samples were prepared according to the description from previous studies, where quality control data
are also given [2,22,32].
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2.3. Statistical Methods

Data on chemical analyses obtained from previous studies [1,2,22,32,33] are used in the proposed
report. To compare the results between different datasets, and simultaneously perform parametric and
non-parametric statistical methods, the statistical software Statistica 13 (StatSoft, Inc., Tulsa, OK, USA)
was used [65,66].

Since the datasets were non-normally distributed, a Box-Cox transformation was performed [67].
Box-Cox transformed values were used later in the analysis of variance (ANOVA). This analysis
represents an important tool in assessing the differences in selected elements according to the sampling
campaign. With the assist of bivariate statistics, the correlation of content of chemical elements between
individual moss samples according to the sampling campaign was initially established, which was then
substantiated by statistical tests (t-test and F-test). The use of t-test and F-test allows the assessment
of the statistical significance of differences between the accumulation values measured in different
exposure periods. The enrichment ratio (ER) was used to assess the selected elements measured in
various sampling campaigns. The ER is defined as the ratio of a grade of an element in some areas
according to the natural abundance of the metal [68].

To investigate the degree of association of the chemical elements in the moss samples, the Pearson
correlation coefficient I was used [69]. Using the correlation coefficient, the correlation degree (linear
dependence) between two random variables or sets of random variables was calculated. A good
association between the elements was assumed for r between 0.5 and 0.7, while a strong association was
determined if r values ranged between 0.7 and 1.0. The elements with small values of the correlation
coefficient were omitted from the matrices.

Based on the matrix of correlation coefficients, multivariate cluster, and R-mode factor analysis,
the associations of chemical elements were revealed [70–72]. In this case, the values in a range of 0.5
to 0.7 were a good association, while the values in the range of 0.7 to 1.0 were a strong association.
The multivariate statistical cluster and factor analyses were performed on 27 selected elements (Al, As,
Co, Cs, Fe, Hf, Na, Rb, Sc, Ta, Th, Ti, U, V, Zr, Cd, Pb, Sb, Zn, Cr, Ni, Ba, K, Sr, Br, I, and rare-earth
elements (RE)). Some elements were excluded from the analysis because they did not show a sensible
connection with other chemical elements, or did not satisfy the criteria of dimension variables based
on several observations. For factor analysis purposes, the variables were standardized to a zero
mean [70,71,73]. Subsequently, based on characteristics of the 27 individual elements, five synthetic
variables were designed (Factor 1—F1 to Factor 5—F5), which account for 81.8% of the total variability
of the treated elements. The variables with factor loadings higher than 0.6 were assumed to contribute
significantly to a given factor.

For the construction of maps showing the spatial distribution of factor scores and maps displaying
the distribution of heavy metals in moss samples, universal kriging with the linear variogram
interpolation method was applied [70]. For interpolation, the basic grid cell size was 1 × 1 km.
Seven classes (0–10, 10–25, 25–40, 40–60, 60–75, 75–90, and 90–100) of the percentile values of the
distribution of interpolation values were defined. The visualization (mapping) of data was performed
using several software packages: Statistica 13 (StatSoft, Inc., Tuls, OK, USA), QGIS (#), and Surfer 17
(Golden Software, Inc., Golden, CO, USA).

3. Results and Discussion

The results of descriptive statistics to all assessed elements (aluminum, arsenic, barium, bromine,
cadmium, cerium, cobalt, chromium, cesium, europium, iron, hafnium, iodine, potassium, lanthanum,
sodium, nickel, lead, rubidium, antimony, scandium, samarium, strontium, tantalum, terbium, thorium,
titanium, uranium, vanadium, zinc, and zirconium) in the 72 samples are shown in Table 1. The mean,
median, minimum, and maximum contents were calculated for all 31 chemical elements (Al, As, Ba, Br,
Cd, Ce, Co, Cr, Cs, Eu, Fe, Hf, I, K, La, Na, Ni, Pb, Rb, Sb, Sc, Sm, Sr, Ta, Tb, Th, Ti, U, V, Zn, and Zr) for
the three sets of samples (Table 1). The results of the ANOVA and ER with respect to the sampling
campaign are given in Table 2.
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Table 1. Descriptive statistics of measurement according to sampling campaign; n = 72.

2002 2005 2010

Unit XBC Md Min–Max XBC Md Min–Max XBC Md Min–Max

Al % 0.40 0.38 0.083–1.8 0.37 0.36 0.15–2.6 0.24 0.24 0.11–0.68
As mg/kg 0.86 0.80 0.12–8.0 0.69 0.68 0.18–4.3 0.51 0.48 0.23–1.9
Ba mg/kg 52 54 14–260 52 53 18–190 50 50 14–360
Br mg/kg 2.4 2.2 0.061–7.7 1.9 1.9 0.90–7.0 4.7 4.4 2.0–16
Cd mg/kg 0.18 0.16 0.016–3.0 0.27 0.29 0.015–3.0 0.22 0.22 0.068–2.2
Ce mg/kg 5.6 5.5 0.83–43 4.3 4.5 1.5–17 2.5 2.6 0.66–21
Co mg/kg 1.2 1.1 0.24–14 1.2 1.1 0.42–5.3 0.77 0.83 0.27–2.9
Cr mg/kg 7.8 7.9 2.3–120 7.0 6.8 2.1–82 6.7 6.5 2.5–35
Cs mg/kg 0.40 0.38 0.097–1.7 0.34 0.32 0.13–2.3 0.20 0.20 0.093–0.90
Eu µg/kg 110 110 27–480 71 66 6.3–480 71 79 8.9–260
Fe % 0.25 0.24 0.042–1.7 0.23 0.22 0.10–0.81 0.18 0.19 0.089–0.54
Hf mg/kg 0.29 0.26 0.050–3.8 0.22 0.21 0.076–1.1 0.17 0.17 0.085–0.70
I mg/kg 1.2 1.2 0.36–2.8 1.6 1.7 0.64–3.7 1.6 1.6 0.51–2.9
K % 0.83 0.84 0.29–1.8 0.75 0.75 0.47–1.4 0.66 0.66 0.36–1.0
La mg/kg 2.5 2.3 0.50–22 2.4 2.3 0.97–9.1 1.3 1.4 0.62–9.0
Na mg/kg 440 440 120–8700 360 360 140–1900 190 190 89–1000
Ni mg/kg 2.6 2.5 0.089–24 6.1 5.8 1.8–43 4.0 4.3 1.0–55
Pb mg/kg 5.8 6.0 1.5–37 7.4 7.6 0.10–47 4.5 4.6 1.9–22
Rb mg/kg 11 11 5.0–47 9.4 9.8 4.0–29 6.6 6.6 2.2–21
Sb mg/kg 0.19 0.20 0.040–1.4 0.15 0.15 0.044–0.92 0.09 0.09 0.044–0.22
Sc mg/kg 0.85 0.74 0.12–6.8 0.72 0.67 0.30–4.6 0.46 0.44 0.16–1.9
Sm mg/kg 0.44 0.45 0.072–3.4 0.37 0.35 0.14–2.0 0.27 0.27 0.11–1.5
Sr mg/kg 31 32 12–140 32 34 13–140 34 34 12–120
Ta µg/kg 91 93 13–790 78 77 31–330 38 40 18–170
Tb µg/kg 60 62 9.4–560 55 53 15–250 34 36 12–190
Th mg/kg 0.68 0.68 0.12–7.6 0.59 0.58 0.26–3.3 0.36 0.36 0.17–2.1
Ti mg/kg 180 160 12–1400 230 220 86–1200 160 150 33–470
U mg/kg 0.22 0.21 0.033–1.5 0.21 0.21 0.080–1.1 0.11 0.11 0.058–0.61
V mg/kg 7.4 6.9 1.8–43 6.5 6.4 2.5–32 3.9 3.8 1.5–14

Zn mg/kg 40 39 14–200 38 36 16–91 29 29 29
Zr mg/kg 17 16 2.1–140 13 12 0.38–69 6.1 5.6 1.5–25

n—number of samples; XBC—mean (Box-Cox transformed values used); Md—median; Min—minimum;
Max—maximum.

Table 2. Statistical tests of differences and enrichment ratios according to sampling campaign
(2002/2005/2010). Box-Cox transformed values were used for the analysis (n = 72).

XBC XBC XBC t-test t-test t-test F-test ER ER

Unit 2002 2005 2010 2002/2005 2002/2010 2005/2010 2002/2005/2010 2005/2002 2010/2002

Al % 0.40 0.37 0.24 −0.09 NS 4.59 * 5.23 * 15.0 * 0.92 0.61
As mg/kg 0.86 0.69 0.51 2.19 * 5.25 * 2.98 * 13.3 * 0.79 0.59
Ba mg/kg 52 52 50 −0.01 NS 0.43 NS 0.47 NS 0.1 NS 1.00 0.96
Br mg/kg 2.4 1.9 4.7 1.96 NS −8.68 * −13.06 * 75.7 * 0.77 1.96
Cd mg/kg 0.18 0.27 0.22 −1.33 NS −1.34 NS 0.39 NS 1.2 NS 1.51 1.20
Ce mg/kg 5.6 4.3 2.5 2.05 * 7.12 * 5.66 * 30.0 * 0.77 0.44
Co mg/kg 1.2 1.2 0.77 −0.43 NS 3.93 * 5.04 * 12.9 * 1.04 0.67
Cr mg/kg 7.8 7.0 6.7 0.77 NS 1.39 NS 0.59 NS 1.0 NS 0.90 0.86
Cs mg/kg 0.40 0.34 0.20 0.94 NS 6.52 * 5.79 * 25.8 * 0.85 0.50
Eu µg/kg 110 71 71 3.85 * 5.46 * 0.66 NS 13.4 * 0.62 0.62
Fe % 0.25 0.23 0.18 0.18 NS 2.70 * 3.06 * 5.1 * 0.94 0.74
Hf mg/kg 0.29 0.22 0.17 2.10 * 4.27 * 2.46 * 9.8 * 0.75 0.60
I mg/kg 1.2 1.6 1.6 −4.55 * −4.36 * 0.71 NS 14.2 * 1.33 1.35
K % 0.83 0.75 0.66 1.30 NS 4.16 * 4.47 * 11.4 * 0.90 0.79
La mg/kg 2.5 2.4 1.3 0.29 NS 5.65 * 6.21 * 23.4 * 0.95 0.53
Na mg/kg 440 360 190 1.35 NS 7.56 * 6.98 * 36.0 * 0.83 0.43
Ni mg/kg 2.6 6.1 4.0 −6.85 * −3.92 * 3.15 * 24.8 * 2.34 1.54
Pb mg/kg 5.8 7.4 4.5 −0.76 NS 2.53 * 2.71 * 4.3 * 1.26 0.77
Rb mg/kg 11 9.4 6.6 3.21 * 7.86 * 4.99 * 33.3 * 0.82 0.58
Sb mg/kg 0.19 0.15 0.09 1.87 NS 7.57 * 6.41 * 31.5 * 0.80 0.48
Sc mg/kg 0.85 0.72 0.46 0.64 NS 5.31 * 5.38 * 18.5 * 0.85 0.54
Sm mg/kg 0.44 0.37 0.27 1.17 NS 3.78 * 2.99 * 8.3 * 0.84 0.62
Sr mg/kg 31 32 34 −0.40 NS −0.55 NS −0.20 NS 0.2 NS 1.05 1.10
Ta µg/kg 91 78 38 1.02 NS 8.19 * 8.78 * 46.3 * 0.86 0.42
Tb µg/kg 60 55 34 0.51 NS 4.46 * 4.56 * 13.6 * 0.92 0.57
Th mg/kg 0.68 0.59 0.36 0.79 NS 5.56 * 5.52 * 20.6 * 0.88 0.52
Ti mg/kg 180 230 160 −2.59 * 0.91 NS 4.52 * 7.7 * 1.28 0.93
U mg/kg 0.22 0.21 0.11 0.25 NS 5.87 * 6.59 * 25.6 * 0.93 0.50
V mg/kg 7.4 6.5 3.9 0.71 NS 6.59 * 6.37 * 27.1 * 0.88 0.53

Zn mg/kg 40 38 29 0.84 NS 4.64 * 4.26 * 13.4 * 0.94 0.72
Zr mg/kg 17 13 6.1 2.65 * 8.38 * 5.37 * 32.7 * 0.78 0.37

XBC—mean (Box-Cox transformed values); ER—enrichment ratio; NS—nonsignificant; *—significant.
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In Table 1, the mean values, median values, and the interval ranges for the contents of all 31
selected elements used for comparison between moss surveys measurements are introduced. Generally,
the medians of the elements decreased according to the sampling campaign. However, there are some
exceptions. The median content of Ni content from 2005 (5.8 mg/kg) and 2010 (4.3 mg/kg) was higher
than in 2002 (2.5 mg/kg), which is related to reactivation and increasing the production capacity of the
ferronickel smelter near Kavadarci in 2004 [33].

A similar trend can be observed for Cd and Pb. The higher values of these two elements in 2005
than in 2002 can be explained by pollution associated with the polluted soil and the existence of an
open slag waste dump in the vicinity of the abandoned lead-zinc smelter near the town of Veles [24].
In contrast, the lower median values of Cd and Pb measured in 2010 compared with those obtained in
2002 and 2005 can be explained by the closure of the lead-zinc smelter in Vales in 2003.

The presence of iodine and bromine as an association of these two elements (halogens) is primarily
due to marine influence. Along the valley, the Vardar River, the Jugo wind blows from the northern
parts of Africa across the Aegean Sea and brings with itself particles enriched with these two elements,
which could be subsequently trapped in mosses [74]. The titanium also does not follow a declining
trend over the years. The values of Ti from 2005 are higher than in 2002, which can be related to the
increased mining activities in the copper flotation plant near Radoviš [22].

Al, As, Ba, Ce, Co, Cs, Eu, Fe, Hf, La, Na, Rb, Sc, Sm, Ta, Tb, Th, U, V, and Zr represent the typical
crustal composition. However, it cannot be overlooked the significant fall of some median values of
elements according to the sampling campaign. One possible explanation in this case study could be
related to the intensity of precipitation and leaching of trapped particles from the mosses, reducing
the values by as much as 20%, according to previous studies [75]. In eight regions in Macedonia,
the precipitation increased between 2005 and 2010, which further confirms the aforementioned
study [76,77].

The differences in the measurements of individual elements, according to the sampling campaign,
were supported by the ANOVA analysis. The t-test was used to compare the values of the elements
obtained in two different sampling campaigns (Table 2). There were no significant differences between
the contents of particular elements measured in 2002 and 2005, which means that all mining and
metallurgy activities continuously operated within the same capacity during that period; there were
also no natural changes. There were significant differences between the contents of elements measured
in 2002 vs. 2010 and the contents of elements obtained in 2005 vs. 2010, respectively, related to either
natural or anthropogenic influences. This was then also confirmed by the F-test, which showed that
there are significant differences in element values in all three moss surveys.

The enrichment ratio (ER) for all selected 31 elements is given in Table 2. The highest enrichment
ratio is found for Ni (2.34) in moss samples from 2002 compared with those from 2005 (Table 2). High
values of Ni were a consequence of the increased workload in ferronickel smelter in the vicinity of
Kavadarci in 2004. The highest enrichment ratio was found for Br (1.96), which is a marine halogen.
The Aegean Sea is less than 60 km from the southern state border, and the wind blowing from the
northern parts of Africa across the Aegean Sea brings halogen-enriched particles. Over the years, the
wind may be strengthened, increasing the content of Br in mosses [78].

For a better visibility, the matrix of correlations coefficients was divided into two matrices. Table A1
is a matrix of correlation coefficient of 16 selected naturally distributed elements; Table A2 is a matrix
of correlation coefficients of 11 selected elements. In both matrices, the Box-Cox transformed values
were used.

Three geogenic, one anthropogenic association, and one mixed (geogenic-anthropogenic)
geochemical associations were established as a result of a visual inspection of the similarities of
the spatial distribution of element patterns, a comparison of basic statistical parameters, the correlation
coefficient matrices (Tables A1 and A2), and the results of multivariate analyses (cluster and factor
analysis). Variables or samples with similar behavior were combined into the cluster according to the
Pearson correlation coefficient. The results are presented in a dendrogram, which was performed to
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show the results of the hierarchical cluster analysis of 27 selected elements (Figure 4); and with factor
analysis, where the grouping of the elements into five groups was performed (Table 3). The same
classification trend into the factor score or cluster can be seen in both analyses. Four elements were
excluded from the clustering because of the absence of similarity linkage.

 

—Figure 4. Cluster analysis dendrogram—element relationship (n = 216, 27 selected elements).
RE*—Average of the standardized values of analyzed rare-earth elements: Ce, Eu, La, Sm, and Tb.

The obtained factors were also compared according to the sampling campaigns (2002/2005/2010)
(Figure 5). The largest changes were observed in Factor 1 and Factor 5. Factor 1 falls sharply according
to the sampling campaign; the opposite trend is observed at Factor 5. Both factors illustrate the
geogenic association of chemical elements, which is related to the climatic variables. Factor 3 follows a
concave pattern with the highest values obtained in 2005, which coincides with the reactivation of
the ferronickel smelter in Kavadarci in 2004. Factor 2 slightly declined, which can be related to the
closure of Pb-Zn mine in Veles in 2003. The geogenic association Factor 4 shows almost no changes,
which means there were no significant natural changes.

The matrix of factor loadings is shown in Table 3. Combined, the five factors explain 81.8% of the
variability of the threatening elements. Factor 1 (F1) represents the strongest factor, with 47.3% of the
total variability. This group of elements represents the geogenic group of elements. Factor 2 (F2) is the
second strongest factor, with 10.4% of the total variability. This factor is associated with elements Pb,
Zn, and Cd and represents the anthropogenic elements. The third factor (F3) explains 8.6% of total
variability and includes elements of Cr and Ni, whose distribution can be natural or anthropogenic.
Factor (F4) represents 8.5% of total variability and includes elements that show natural distribution.
Factor 5 (F5) explains 7% of total variability and includes Br and I.
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Table 3. Matrix of dominant rotated factor loadings normal values (n = 216, 27 selected elements).

F1 F2 F3 F4 F5 Comm

Al 0.90 0.08 0.19 0.14 0.17 91.0
As 0.78 0.32 0.21 −0.01 0.07 76.7
Co 0.73 0.20 0.56 0.15 0.04 91.1
Cs 0.87 0.18 0.14 0.14 −0.01 83.5
Fe 0.84 0.15 0.36 0.20 0.19 93.2
Hf 0.90 0.04 0.13 0.24 0.15 90.1
Na 0.80 0.11 0.11 0.33 −0.18 80.3
Rb 0.69 0.18 −0.16 0.40 −0.13 71.3
Sc 0.90 0.11 0.29 0.12 0.06 93.1
Ta 0.94 0.10 0.07 0.16 −0.03 92.1
Th 0.91 0.12 0.09 0.24 0.08 92.0
Ti 0.72 0.00 0.27 0.21 0.27 70.6
U 0.89 0.15 0.11 0.27 0.04 90.5
V 0.87 0.19 0.23 0.03 0.07 85.5
Zr 0.89 0.06 0.03 0.17 −0.06 82.6

RE* 0.90 0.08 0.17 0.24 0.16 91.7
Cd −0.08 0.82 0.13 0.12 0.11 73.2
Pb 0.22 0.83 0.02 −0.06 0.18 77.8
Sb 0.59 0.64 0.19 −0.10 −0.11 82.9
Zn 0.33 0.73 0.33 0.12 −0.20 81.3
Cr 0.53 0.22 0.69 0.05 0.12 81.8
Ni 0.18 0.25 0.86 0.05 0.21 87.9
Ba 0.43 −0.00 −0.03 0.75 0.26 81.9
K 0.20 0.11 0.01 0.68 −0.39 67.0
Sr 0.31 −0.02 0.22 0.70 0.24 69.2
Br −0.04 0.03 0.05 0.08 0.81 66.8
I 0.24 0.11 0.19 −0.00 0.72 63.1

Prp.Totl 47.3 10.4 8.6 8.5 7.0 81.8
Expl.Var 12.78 2.81 2.33 2.29 1.88
EigenVal 15.34 2.50 0.98 1.34 1.92

F1–F5—factor loadings; Com—communality in %; Prp.Totl—principal total variance in %; Expl.Var—explained
variance; EigenVal—eigenvalues; Dominant values are bolded; RE*—an average of standardized values of analyzed
rare-earth elements: Ce, Eu, La, Sm, and Tb.

Association of Al, As, Co, Cs, Fe, Hf, Na, Rb, Sc, Ta, Th, Ti, U, V, Zr, and RE (Factor 1) represents
the typical crustal components that are significantly influenced by the mineral particles that are carried
into the atmosphere and later trapped in the moss samples by the wind. Generally, the highest content
of these elements was detected in samples collected in the vicinity of Precambrian and Paleozoic
shales. Shales decomposed under the influence of various weather conditions, and the minerals of
these elements are released into the environment. The annual precipitation is the lowest in the regions
of Tikveš, Štip, and Ovče Pole, which leads to erosion of decomposed shales by wind and significantly
affects the spread of mineral particles [6]. In other words, the distribution of elements from these
groups is independent of urban and industrial areas, but depended on the geological background.
The median values of some of these elements have changed over the sampling campaign (Table 1),
mostly decreasing, which can also be seen from the spatial distribution of Factor 1 (Figures 5 and 6).

This can be supported by the presence of Al in this group. Aluminum compounds are insoluble
in water, and the total content of Al in various biological systems originates from dust pollution [79].
Similarly, the presence of iron in the samples originated from dust particles. The highest content of Fe
was found in samples collected from the central part of the country, in an area with the smallest annual
precipitation and low vegetation, where the land is susceptible to various erosion factors. For the same
reasons, the influence of the steel smelter in Skopje on the content of these elements in the samples was
not to be observed.
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Figure 5. Box plots of factor scores (st. values) according to the sampling campaign. F1–F5—factor loadings.

There was a declining trend in the content of elements grouped into Factor 1, according to the
sampling campaign (Figure 5). In 2002, the highest concentrations of the Factor 1 elements were found
in moss samples, collected in the regions of Bitola, Strumica, Radoviš, and Skopje. The high values
of these elements (especially uranium) in the samples collected in the Serbo-Macedonian massif and
the Pelagonia massif (Figure 6) can be explained by the existence of uranium ore deposits in these
regions [44,59]. The second peak of these elements (mostly related to U and Th) was detected in
the samples taken in the southwestern part of the country near Bitola, which can be related to fly
ash emissions from a thermoelectric power plant in Bitola, where lignite was used as fuel. It is also
related to transboundary pollution from several thermoelectric power plants in northern Greece [2].
The uranium-rich granite deposits in the Strumica region can also affect the presence of high values
of uranium [44,59]. During the exploitation of these granites, uranium-reach dust particles may be
released into the environment in considerable amounts, trapped by the moss [2].
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Figure 6. Spatial distribution of F1 factor scores (Al-As-Co-Cs-Fe-Hf-Na-Rb-Sc-Ta-Th-Ti-U-V-Zr-RE*).

The high representation of these elements, especially Al, Sc, Ti, V in the vicinity of Radoviš, can be
related to the activities of the copper mine and flotation plant Bučim [27,28,37,80]. High values of these
elements (Sb, Fe, and Co) near Tetovo and Kavadraci are related to the previously active ferrochrome
smelter in Tetovo and current activity near Kavadarci (ferronickel smelter) [2,79,81].

In 2005, the anomalies were no longer so clear. The anomaly can be seen along the Radika River in
Western Macedonia where Neogene clastic sediments predominate [44]. Higher contents of elements
from that group were also found in the vicinity of Galičica, due to the Mesozoic carbonate rocks that
occur in these areas. Furthermore, areas with high contents of the element group in Factor 1 were
found in the area south of Skopje, and in the vicinity of Prilep both areas with Proterozoic metamorphic
rocks from the Pelagonian massif [8]. The median values are mostly lower than the median values of
the same elements measured in 2002.

The median values for these elements were lowest in 2010 (Figure 5). According to the State
statistical office in 2011 and 2013, the precipitation in eight regions in Macedonia was greater in 2010
than in 2005. However, the central part of the country is characterized by low plant cover and the
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lowest amount of precipitation, which means these areas are most exposed to erosion, and suspension
of soil material [22].

The spatial distribution of Factor 2 (Cd-Pb-Sb-Zn) was not influenced by lithological background
and is mainly connected with a lead-zinc smelter (Figure 7). Factor 2 was directly related to the dust
from the flotation tailings at the mines and from the soils that are spread into the atmosphere by the
winds, leading to the atmospheric distribution of these elements [3,39,41–43]. Air pollution decreased
over the years, even though the drop in the content of elements in Factor 2 was not as clear as in Factor
1 (Figure 5). In 2002, the enrichment with these elements can be seen along the Vardar River valley,
which extends from Skopje to Veles and continues southeastward toward Greece. Due to the frequent
flow of air masses in both directions in summer and winter, there was an accelerated diversification of
emissions from industry. In 2002, the pollution was mostly connected with the lead and zinc smelter
plant in Veles–which had operated until 2003 and with the steel-work smelter in Skopje [2].

 

Figure 7. Spatial distribution of F2 factor scores (Cd-Pb-Sb-Zn).
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In 2005, the ER of the elements from Factor 2 is still connected with pollution by the lead and
zinc smelter plant in Veles despite its closure in 2003. The high values in 2005 for these elements
are also partly associated with the steel-work smelter in Skopje [32]. Leaded gasoline, which was
widely used during that period, could also be a possible source of lead in the surface-atmosphere of
Macedonia [32]. In contrast with the moss survey in 2002, enrichment with these elements in 2005
was also observed in the area of Bitola in the eastern part of the country. According to the previous
study, the Neogene vulcanites were characterized by the natural enrichment of Cd in the region of
Berovo-Vladimirovo [42].

In 2010, due to the reactivation of Pb-Zn mines (Sasa, Toranica, Zletovo), the enrichment of Cd
and Zn were observed in the eastern part of Macedonia. In the period of 2001/2002 until 2006/2007,
the mines were not active, but they were reactivated in 2006 (Sasa) and 2007 (Toranica, Zletovo). In the
area of the mines, there were millions of tons of waste material, which can be dispersed into the
biosphere by the wind [41–43,82]. Furthermore, the enrichment in 2010 was also observed in the area
of the steel-work smelter in Skopje. In the surveys from 2010, the contents of Cd and Pb decreased
because of the reduced use of leaded gasoline for cars [8].

Factor 3 (Ni, Cr) contains elements that are usually associated with air pollution, but also
influenced by a natural factor, such as the lithological background (Figure 8). The enrichment of
nickel is geogenic, reaching the locality of Groot near the town of Vales in the central part of the
country. This location also has Paleogene flysch sediments and Neogene sediments, whose particles
can be spread by the wind along the valleys of the Vardar River and Crna River [53]. Similar findings
have also been made in previous studies in Macedonia [25,30,81]. The main anthropogenic source
of these elements is related to the Kavadarci region and includes the ferronickel smelter, the slag
dump, and the open pit nickel mine [25,30,31,82]. Generally, the high chromium content belongs
to the region near Tetovo, an area of a previous ferrochromium smelter and a slag deposit near the
high-melting ferrochromium plant [2].

There were fluctuations in the contents of Ni and Cr, according to the sampling campaign (Figure 5).
The lowest contents were observed in 2002; the highest was in 2005. In samples from moss surveys
in 2002, the element contents from the association Factor 3 were related to the geogenic distribution
associated with Paleogene flysch sediments and Neogene sediments. The high content was also be
observed in the area of Tetovo and Kavadarci, which were associated with a previous ferrochrome
smelter and the abandoned ferronickel smelter, respectively. Values for Ni in 2005 were much higher
than the values for 2002, which was related to reactivation and increasing production capacity of the
ferronickel smelter near Kavadarci in 2004 [30,33,80]. Since 2005, the factory has increased its ore
processing capacity, as it also extracts material from Albania, Turkey, and Indonesia [34]. However,
the contents of Ni and Cr in the mosses collected in 2010 slightly decreased, which can be linked to a
renewed decline in the production capacity at the smelter.

Factor 4 (Ba, K, Sr) is the association of elements that are naturally distributed and whose
distribution is not related to industrial and urban activities (Figure 9). The contents of these elements
are practically unaltered. The elements are enriched in areas of felsic volcanic rocks (andesite) and
their pyroclastic rocks. The contents of these elements slightly increased according to the sampling
campaign. In 2002 the enrichment was observed in Kratovo, Ovče Pole, and Kavadarci, where Neogene
(Ng) magmatic rock and Paleogene cluster dominates. Another maximum was linked to the southern
Macedonia (Kožuf and Mariovo regions) and Strumica area where rocks of Quaternary (Q) sediments
dominated. In 2005, the highest values of these elements were found in the area of Kratovo (rocks of
Neogene volcanism) [44]; in 2010, the spatial distribution was similar to the distribution from 2002.
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Figure 8. Spatial distribution of F3 factor scores (Ni-Cr). Figure 8. Spatial distribution of F3 factor scores (Ni-Cr).
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Figure 9. Spatial distribution of F4 factor scores (Ba-K-Sr).
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Factor 5 (Br, I) includes elements primarily affected by marine influence [74]. Along the Vardar
River valley during the winter period, the Jugo wind blows from the northern parts of Africa across
the Mediterranean and the Aegean Sea. Consequently, an exponential decrease of Br and I with the
distance from the coastline was observed. This phenomenon has already been studied in Norway,
where high contents of halogens were observed in soils and mosses corresponding to an exponential
decline with distance from the coastline [74,83]. The limestone and dolomite (Paleozoic and Mesozoic
carbonates) present in the western part of Macedonia are enriched in iodine, which also explains the
elevated values of these elements in the mosses [32]. In 2010, the contents of Br and I were the highest,
which means that the wind was stronger in 2010 (Figure 10).

 

Figure 10. Spatial distribution of F5 factor scores (Br-I)—normal values.
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4. Conclusions

The moss analysis is a valuable method for monitoring atmospheric deposition of trace elements
in Macedonia mainly because it provides a cheap, effective alternative to deposition analysis for
identification of areas at risk from high atmospheric deposition fluxes of heavy metals and can play
an important role in identifying spatial and temporal trends in atmospheric heavy metal pollution
across the country. In this contribution, the results of three air pollution moss surveys of heavy metals
are presented and compared. The first systematic study of heavy metals atmospheric pollution using
the moss technique was concluded in 2002 [1,2]. This study was followed by two more samplings in
2005 [32] and 2010 [6,22], collecting moss samples from the same locations. In this study, the results
of chemical analyses obtained from the aforementioned studies were statistically processed using
bivariate and multivariate statistical techniques. By the comparison of all three moss surveys, it can be
concluded that some of the potentially toxic elements (Cd, Co, Ni, Pb, Ti, Zn) have increased in content
in moss samples from 2002 to 2005, but decreased in 2010. Increased values were also observed for Br
in 2005 compared to 2010, and for I in 2005 and 2010 compared to 2002.

The largest anthropogenic impact of air pollution with heavy metals was found in the vicinity
of the ferronickel smelter near Kavadarci (Ni and Cr), the abandoned lead-zinc smelter near Vales,
and the lead and zinc mines in the vicinity of Macedonska Kamenica, Probištip, and Kriva Palanka
(Cd, Pb, and Zn). According to factor analysis, three geogenic associations following the lithology
and the composition of the soil (Factor 1, which includes Al, As, Co, Cs, Fe, Hf, Na, Rb, Sc, Ta, Th,
Ti, U, V, Zr, and RE; Factor 4 with Ba, K, and Sr; Factor 5 with I and Br), one geogenic-anthropogenic
association (Factor 3 with Cr and Ni), and one anthropogenic (Factor 2, which includes Cd, Pb, Sb,
and Zn) association were obtained.

According to the sampling campaign (2002/2005/2010), the content of elements associated with
Factor 1 and Factor 5 changed the most. Factor 1 decreased considerably according to the sampling
campaign, while the opposite trend was observed for Factor 5. These two factors show geogenic
distribution, mostly related to natural background and weather conditions. The contents of the
elements combined in Factor 3 increased from moss surveys from 2002 to 2005 and fall slightly in 2010.
This coincides with the reactivation of a ferronickel smelter in Kavadarci in 2004. Factor 2 slightly
declined, according to the sampling campaign, which may be related to the closure of the Pb-Zn mine
in Vales in 2003. The geogenic association in Factor 4 shows almost no changes.

The largest anthropogenic impact of air pollution with potentially toxic metals was the ferronickel
smelter plant in the vicinity of Kavadarci (Ni and Cr), as well as three reactivated lead and zinc
mines near the towns of Probištip, Makedonska Kamenica and Kriva Palanka (Cd, Pb, and Zn).
The distribution of analyzed elements in the Republic of Macedonia was also related to the lithology
and the composition of the soil.

This work is essential for monitoring future trends at a high spatial resolution and provides
a useful tool for possible modeling the atmospheric deposition fluxes. Environmental monitoring
programs, such as the moss survey are also appropriate to regulatory bodies of the country, with
the aim to prevent the quality of the environment from deteriorating or ensure that its quality
is improved.
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Appendix A

Table A1. Matrix of correlation coefficients (n = 216), a group of 16 selected principally natural
distributed elements).

Al As Co Cs Fe Hf Na Rb Sc Ta Th Ti U V Zr RE*

Al 1.00
As 0.76 1.00
Co 0.79 0.73 1.00
Cs 0.83 0.83 0.77 1.00
Fe 0.88 0.79 0.90 0.83 1.00
Hf 0.87 0.74 0.78 0.82 0.90 1.00
Na 0.77 0.64 0.70 0.74 0.76 0.78 1.00
Rb 0.63 0.54 0.51 0.72 0.58 0.64 0.67 1.00
Sc 0.89 0.80 0.89 0.86 0.96 0.90 0.79 0.59 1.00
Ta 0.87 0.74 0.78 0.85 0.84 0.90 0.82 0.72 0.89 1.00
Th 0.89 0.78 0.77 0.88 0.86 0.90 0.80 0.72 0.88 0.94 1.00
Ti 0.84 0.57 0.69 0.66 0.77 0.73 0.62 0.51 0.75 0.70 0.71 1.00
U 0.88 0.78 0.77 0.86 0.85 0.88 0.84 0.71 0.87 0.92 0.95 0.72 1.00
V 0.94 0.76 0.80 0.80 0.85 0.79 0.74 0.58 0.89 0.82 0.81 0.79 0.81 1.00
Zr 0.81 0.67 0.70 0.77 0.80 0.87 0.78 0.66 0.83 0.87 0.84 0.65 0.82 0.78 1.00

RE* 0.91 0.77 0.81 0.83 0.91 0.92 0.77 0.68 0.91 0.88 0.92 0.75 0.90 0.84 0.83 1.00

n = total number of samples from the three sampling campaigns; Values in the range of 0.5–0.7 (good association)
are underlined, and in the range 0.7–1.0 (strong association) are bolded; Box-Cox transformed values used. RE*–an
average of standardized values of analyzed rare-earth elements: Ce, Eu, La, Sm, and Tb.

Table A2. Matrix of correlation coefficient (n = 216), a group of 11 selected elements, natural and
anthropogenic elements.

Ba Br Cd Cr I K Ni Pb Sb Sr Zn

Ba 1.00
Br 0.16 1.00
Cd 0.04 0.11 1.00
Cr 0.29 0.19 0.21 1.00
I 0.25 0.53 0.12 0.34 1.00
K 0.50 −0.15 0.06 0.15 −0.07 1.00
Ni 0.16 0.18 0.33 0.71 0.41 0.01 1.00
Pb 0.12 0.08 0.57 0.32 0.25 0.01 0.32 1.00
Sb 0.20 −0.07 0.41 0.50 0.19 0.17 0.38 0.61 1.00
Sr 0.72 0.14 0.10 0.34 0.19 0.44 0.29 0.12 0.17 1.00
Zn 0.17 −0.06 0.51 0.49 0.12 0.33 0.45 0.61 0.74 0.15 1.00

Values in the range 0.5–0.7 (good association) are underlined, and in the range 0.7–1.0 (strong association) are
bolded; Box-Cox transformed values used.
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8. Stafilov, T.; Šajn, R.; Barandovski, L.; Bačeva, K.A.; Malinovska, S. Moss biomonitoring of atmospheric

deposition study of minor and trace elements in Macedonia. Air Qual. Atmos. Health 2018, 11, 137–152.
[CrossRef]

9. Szczepaniak, K.; Biziuk, M. Aspects of the biomonitoring studies using mosses and lichens as indicators of
metal pollution. Environ. Res. 2003, 93, 221–230. [CrossRef]
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40. Balabanova, B.; Stafilov, T.; Šajn, R.; Bačeva, K. Comparison of response of moss, lichens and attic dust
to geology and atmospheric pollution from copper mine. Int. J. Environ. Sci. Technol. 2014, 11, 517–528.
[CrossRef]
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of nitrogen pollution in the Republic of North Macedonia by moss biomonitoring and Kjeldahl method.
J. Environ. Sci. Health A 2020, 55, 759–764. [CrossRef] [PubMed]
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Abstract: The coronavirus disease, COVID-19, has had a great negative impact on human health and
economies all over the world. To prevent the spread of infection in many countries, including the
Russian Federation, public life was restricted. To assess the impact of the taken actions on air quality
in the Moscow region, in June 2020, mosses Pleurosium shreberi were collected at 19 sites considered as
polluted in the territory of the region based on the results of the previous moss surveys. The content of
Cd, Cr, Cu, Fe, Ni, and Pb in the moss samples was determined using atomic absorption spectrometry.
The obtained values were compared with the data from the moss survey performed in June 2019 at
the same sampling sites. Compared to 2019 data, the Cd content in moss samples decreased by 2–46%,
while the iron content increased by 3–127%. The content of Cu, Ni, and Pb in mosses decreased at
most sampling sites, except for the eastern part of the Moscow region, where a considerable number
of engineering and metal processing plants operate. The stay-at-home order issued in the Moscow
region resulted in a reduction of vehicle emissions affecting air quality, while the negative impact of
the industrial sector remained at the level of 2019 or even increased.

Keywords: COVID-19; air pollution; metals; industry; moss survey; biomonitoring

1. Introduction

On March 11, 2020, the World Health Organization declared COVID-19 as a global pandemic [1].
On March 12, based on a decree of the Government of the Moscow region, a self-isolation regime was
introduced. According to the official decision, only essential services such as healthcare, logistics,
food supply, public transport, and industrial enterprises due to technical reasons did not cease to
operate. A significant part of the regular national and international flights and train services was
cancelled. Since the majority of the population switched to remote working, the number of vehicles
has dropped significantly.

New rules adopted in many countries to help slow the spread of COVID-19 resulted in a decrease in
the negative impact on the environment in some regions of the world [2]. Nadzir et al. [3] measured the
concentrations of CO, PM2.5, and PM10 in Malaysia and observed that the concentration of pollutants
declined significantly, by≈20 to 60%, during the Control Order in Malaysia (MCO) days at most studied
locations. At the same time, in Kota Damansara, the level of pollutants significantly increased due to
local anthropogenic activity. COVID-19 resulted in a worldwide decrease in the concentration of CO2
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in March 2020 by 7% in comparison with the monthly concentration in 2019 [4]. In three Chinese cities
(Chongqing, Luzhou, and Chengdu) concentrations of PM2.5, PM10, SO2, CO, and NO2 in February
2020 were lower by 17.9%–62.1% than the values determined in February 2017–2019 [5]. In three
other cities in China (Wuhan, Jingmen, and Enshi) concentrations of the abovementioned pollutants
measured in February 2020 declined by 27.9%−61.4% compared to February 2017–2019. At the same
time, in the period of January–March 2020, an increase of O3 concentration of up to 15% was noticed [6].
In Turkey, the concentrations of PM10 and NO2 in 2016 and 2020 were compared, and no significant
difference in PM10 concentrations was observed. In the after-lockdown period, the NO2 concentrations
were lowered by 11.8% [7]. A decrease in the PM2.5 concentration in Wuhan, Daegu, and Tokyo
by 29.9%, 20.9%, and 3.6%, respectively, took place after one month of COVID-related restrictions.
The concentration of NO2 also declined in all three cities, with the most pronounced decrease being by
53.2% in Wuhan [2]. In Brazil, a remarkable decrease in CO and NO2 concentrations was observed
during the lockdown period [8].

PM contains various metals, including some elements recognized as human carcinogens. Sources
of metals in the atmosphere can be natural: soil dust, volcano eruptions, and forest fires, or they can be
anthropogenic, which include road traffic, industry, and thermal power plants [9]. It is often difficult
to conduct measurements of concentrations of atmospheric metals over large territories. Passive
moss biomonitoring proved to be a suitable technique to study the spatial distribution of metals over
the large territories [10]. This technique is well recognized and widely applied in many European
countries [11]. Although data obtained using moss biomonitors do not correspond to the direct
quantitative measurement of metal deposition [12], this information is very useful for regions where it
is difficult to obtain official data related to air pollution. In the Moscow region, moss survey studies
were performed in 2004 [13], 2014 [14], and 2019 (data not yet published).

The aim of the present study was to find out whether moss can be used as a tool to assess
the impact of the restrictions due to the lockdown imposed to face the pandemic emergency on air
quality in a relatively short time (2.5 mounts). For this purpose, the data obtained for moss samples
collected in the Moscow region in June 2020 were compared with the data obtained in 2019 for the
same collection sites.

2. Experiments

2.1. Study Area and Sampling

The Moscow region, which is a subject of the Russian Federation, is one of the most densely
populated and industrially developed regions of the country [14]. The Moscow region can be considered
the economic core of the country, with about 70% of Russia’s financial wealth concentrated here.
It is located in the center of railway and air networks, reaching Transcaucasia, Central Asia, and the
Pacific, and it is connected by rivers and canals to the Baltic, White, Azov, Black, and Caspian
Seas [15]. In the center of the region is Moscow, the capital of the Russian Federation, and the most
important industrial city, transportation hub, educational and cultural center of the region [13,15].
The industrial sector of the Moscow region includes metallurgical, oil refining, mechanical engineering,
food, energy, and chemical enterprises [14]. The main industrial centers in the Moscow region are:
Krasnogorsk, Lyubertsy, Mytishchi, Klin, Noginsk, Pavlovsky Posad, Voskresensk, Kolomna, Dmitrov,
Klin, Elektrostal, Balashikha, and Sergiyev Posad.

In 2019 and 2020, moss Pleurosium shreberi was collected on the sheared tree bark. Moss sampling
was performed in June 2019 and June 2020 at 19 sampling sites (Figure 1) in accordance with [16].
The selection of the sampling sites in 2020 was based on the moss survey data obtained in 2019 (analyzed
but not yet published). Moss samples were collected at sites with the highest metal concentrations
in 2019. After collection, samples were cleaned of soil particles and other contaminants. The upper
3–4 cm of green and green-brown shoots from the top of the moss were separated and dried at 105 ◦C
to constant weight. For analysis, approximately 0.2 g of moss was placed in a Teflon vessel and treated
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with 2 mL of concentrated nitric acid and 1 mL of hydrogen peroxide. The Teflon vessels were put into
a microwave digestion system (Mars; CEM, USA) for complete digestion. Digestion was performed in
two steps: (1) ramp: temperature 180 ◦C, time 15 min, power 400 W, and pressure 20 bar; (2) hold:
temperature 160 ◦C, time 10 min, power 400 W, and pressure 20 bar. Digests were quantitatively
transferred to 100-mL calibrated flasks and made up to the volume with bidistilled water.

 

о
о

 

о о о

о CF =  C୫Cୠ

Figure 1. Sampling map (in 2019 and 2020 samples were collected in the same sampling sites).

2.2. Chemical Analysis

The content of Cd, Cu, Pb, Cr, Ni, Fe, V, and Sb in the moss samples was determined by means of
atomic absorption spectrometry using a Thermo Scientific™ iCE™ 3400 AA spectrometer (Thermo
Scientific, Waltham, MA, USA) with electrothermal (graphite furnace) atomization. Stock solutions
(AAS standard solution; Merck, Germany) with metal concentrations of 1 g/L were used to prepare
calibration solutions. The National Institute of Standards and Technology (NIST) reference materials
1570a (Trace Elements in Spinach Leaves) and 1575a (Pine Needles) were used to ensure the quality
control of measurements. The difference between determined and certified values did not exceed 5%.

2.3. Data Processing

Statistical analysis of the data was done using Excel 2016 (Microsoft, Redmond, Washington, USA)
and IBM SPSS software (IBM, Armonk, New York, USA). The Wilcoxon signed-rank test [17] was
applied to define differences between the values obtained in 2019 and 2020. The ArcGis 10.6 software
(Esri, Redlands, California, USA) was used to build maps showing the spatial distribution of elements.

To quantify the anthropogenic influence on the environment, several indices were calculated, such
as the contamination factor (CF), the Geo-accumulation Index (Igeo), and the pollution load index (PLI).

The contamination factor CF is defined as:

CF =

Cm

Cb
(1)
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where Cm is the measured content of the metal at any given site and Cb is the background level for that
metal [18].

CF <1 no contamination; 1–2 suspected; 2–3.5 slight; 3.5–8 moderate; 8–27 severe; and >27
extreme [19].

The index of geo-accumulation, Igeo, was calculated using the following formula:

C
F =

CM
1.5CB

(2)

where CM
CB

is the contamination factor. The factor of 1.5 is introduced to minimize the effect of possible
variations in the background [20].

Igeo <0 no contamination; 0–1 slightly polluted; 1–2 moderately polluted; 2–3 moderately to
severely polluted; 3–4 severely polluted; 4–5 severely to extremely polluted; and Igeo > 5 extremely
polluted [21].

The PLI represents the nth order geometric mean of the entire set of CF regarding the contaminating
elements as follows:

PLI = n
√

∏n
i=1 CF,i, (3)

where n is the total number of contaminating elements.
PLI < 1 (non polluted); 1 ≤ PLI < 2 (slight polluted); 2 ≤ PLI < 3 (moderately polluted); PLI < 3

(highly polluted) [22].

3. Results and Discussion

Eight elements were determined in the analyzed moss samples using atomic absorption
spectrometry (AAS). Since the concentrations of V and Sb were below the detection limits, these elements
were excluded from further discussion. The results of the statistical analysis for the analyzed elements
in 2019 and 2020 are presented in Table 1.

Table 1. Descriptive statistics of results for moss samples collected in 2019 and 2020 (in mg/kg dry
weight (d.w.)).

Element Year Range Md Mean ± St. Dev Q1 Q3
CV
(%)

p

Cd
2019 0.11–0.64 0.30 0.34 ± 0.14 0.23 0.41 41.9

<0.05
2020 0.14–0.52 0.24 0.26 ± 0.09 0.22 0.30 33.9

Pb
2019 1.71–17.2 4.41 5.62 ± 3.45 3.80 7.02 61.4

>0.05
2020 1.79–13.6 4.60 5.31 ± 3.14 3.21 6.26 59.2

Cu
2019 6.38–21 8.98 10.3 ± 3.93 7.29 12.9 38.3

<0.05
2020 4.72–15.8 7.76 8.8 ± 3.18 6.64 9.36 36.3

Cr
2019 1.1–3.09 1.98 1.87 ± 0.58 1.32 2.16 30.8

>0.05
2020 1.01–4.29 1.98 2 ± 0.75 1.46 2.18 37.6

Ni
2019 1.53–5.86 2.91 3.36 ± 1.17 2.67 4.27 34.9

<0.05
2020 2.59–7.35 3.85 4.27 ± 1.27 3.37 4.61 29.8

Fe
2019 343–1175 579 607 ± 237 446 682 39.1

<0.05
2020 309–2551 693 846 ± 476 594 933 56.2

Md: median; P90–90 percentile; St. Dev.: standard deviation; CV: coefficient of variance, p-values for differences
were obtained from Wilcoxon signed-rank test.

According to the Wilcoxon test, no significant differences (p > 0.05) were found for Pb and Cr,
while for Cu, Cd, Fe, and Ni, significant differences (p < 0.05) between the median concentrations were
revealed. The CV values for all elements in both years were less than 75%, which points to the main
influence of the regional source of pollution [14].
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The median values determined in the present study were compared with the data obtained for
the previous moss surveys performed in the Moscow region in 2004 and 2014 (Table 2). The content of
Cd, Cu, and Ni in moss samples was almost at the same level in the period 2004–2020. The higher
values of the mean Pb content in 2019–2020 in comparison with 2014 can be explained by the fact that
in 2019–2020 and 2014, the moss samples were collected at different sampling sites: in 2014—in the
north-eastern part of Moscow, whereas in 2019–2020—in places considered to be potentially highly
polluted. The iron content was the highest in 2014, followed by 2004, 2020, and 2019, while the content
of Cr in mosses collected in 2019 and 2020 was significantly lower than in 2014 and 2004.

Table 2. Comparison between the median values obtained in the present study and data reported for
previous surveys (in mg/kg d.w.).

Element Moscow Region 2020 Moscow Region 2019 Moscow Region 2014 [14] Moscow Region 2004 [13]

Cd 0.24 0.30 0.3 x
Pb 4.60 4.41 0.67 x
Cu 7.76 8.98 7.1 x
Cr 1.98 1.98 3.2 3.1
Ni 3.85 2.91 3.2 2.4
Fe 693 579 1050 800

In order to reveal the differences in metal uptake by moss in 2019 and 2020, the element distribution
maps of are given in Figure 2. Natural sources of Cd emissions are volcanic activity and release by
vegetation [23]. The main anthropogenic sources are non-ferrous metal production, waste incineration,
dust generated during the operation of vehicles, and resuspension of road dust [23,24]. Hjortenkrans
et al. [25] showed that emissions from brake linings/tire tread rubber contain a wide range of elements,
including Cd, Cu, Pb, Sb, and Zn. Comparing the data obtained in 1998 and 2005, the authors showed
that Cu and Zn emissions remained unchanged in the studied period, suggesting that brake lining is
one of the main sources of these metals. On the other hand, a pronounced decrease in the content of
Pb and Cd in the studied period was observed. The input of anthropogenic sources of Cd emission
significantly exceeded the release from natural resources. According to the data obtained in 2020,
the content of Cd in the Moscow region diminished by 2–46%. The most pronounced decrease was
noticed near the cities of Sergeyev Posad, Solnechnogorsk, and Domodedovo. According to the reports
by the national authorities, during the period of self-isolation, traffic in the Moscow region declined by 50%.

 

 

  

Figure 2. Cont.
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Figure 2. Maps of element content in moss samples collected in 2019 and 2020 in the Moscow region
(in mg/kg d.w).

The increase of Cd concentrations near Klin and Stupino can be explained by the impact of
metallurgical and engineering complexes.

The major sources of Cr in the environment are metal processing, coal burning, and vehicles.
Chromium is one of the most abundant metals in diesel particles [26]. Compared to 2019, in 2020,
the content of Cr in moss samples decreased by 7–35%, mainly in the north-eastern part of the Moscow
region. In Sergeyev Posad, the increase in Cr content by 59% may be related to the activities of an
engineering plant and the production of paint and coatings. The rise of Cr content in satellite cities near
Moscow by 42–100% may be associated with the industrial activity of machine-building, metallurgical,
and chemical plants, which were operating at full capacity during the self-isolation period.

Brake wear emissions account for up to 75% of Cu emissions into the air [27]. A decrease in the
Cu content in moss samples collected in 2020 by 8–50% compared to the data for 2019 confirms this
hypothesis. At the same time, an increase in its content by 38% in satellite cities near Moscow points to
the dominant contribution of industrial activity to Cu emissions.

The main sources of Fe in the atmosphere are industrial and metallurgical processes, combustion
of fossil fuels, transport, as well as resuspension of crustal materials and road dust [28]. In contrast to
the previously discussed element, the content of Fe in the moss samples collected in 2020 increased
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significantly in comparison with the data for 2019. This increase of 3–217% can be attributed mainly to
the resuspension of crustal materials.

Nickel can be released into the atmosphere from natural and anthropogenic sources. The main
anthropogenic sources are fossil fuel combustion, smelting of ferrous and non-ferrous metals, waste
incineration, and other various sources [29]. The increase in Ni content in satellite cities around
Moscow in 2020 may be associated with industrial activities of metallurgical plants in Electrostal,
Shchyolkovo, and Podolsk, and engineering plants in Electrostal and Podolsk. The rise of Ni content at
other sampling sites is mainly due to vehicles and resuspension of dust particles. In spite of the fact
that Pb content has been declining in many countries due to the introduction of unleaded fuels, vehicles
continue to be one of the main sources of Pb emissions. On a regional scale, industrial activities may
contribute to emissions of lead into the air [30]. A significant decrease in Pb content was noticed in
2020 in comparison with 2019 (up to 48%), indicating a decline in traffic flow. A considerable increase
in Pb content by 30–65% in the western part of the Moscow region indicates the dominant role of
industrial activity in Pb emission in this area.

The strength of association of the chemical elements in the moss samples collected in 2019 and
2020 can be seen in Table 3. The Spearman correlation coefficient between 0.5 and 0.7 indicated a
good association between the elements, whereas r in the range of 0.7–1.0 shows strong association of
elements [31].

Table 3. Spearman correlation coefficient between element content in mosses collected in Moscow
region in 2019 and 2020.

20
19

Cd Pb Cu Cr Ni Fe

Cd 1.00
Pb 0.76 ** 1.00
Cu 0.25 0.38 1.00
Cr 0.43 0.60 ** 0.71 ** 1.00
Ni 0.28 0.14 0.28 0.55 * 1.00
Fe 0.56 * 0.48 * 0.46 * 0.66 ** 0.36 1.00

20
20

Cd Pb Cu Cr Ni Fe

Cd 1.00
Pb 0.55 * 1.00
Cu 0.36 0.74 ** 1.00
Cr 0.41 0.67 ** 0.66 ** 1.00
Ni 0.42 0.39 0.61 ** 0.73 ** 1.00
Fe 0.22 0.69 ** 0.61 ** 0.71 ** 0.40 1.00

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

In 2019, a high positive correlation in Pb-Cd and Cr-Cu pairs was observed. Road traffic may be
responsible for Cr, Cu, Pb, V, and Zn emissions, whereas fuel combustion is the major source of Cr,
Cu, and V [29]. Good positive correlations were found between Fe-Cd, Cr-Pb, Ni-Cr, and Fe-Cr pairs
of elements, and this may be related to industrial activities. In 2020, a high correlation between Pb
and Cd was observed again. A high positive correlation was also determined in the Cu-Pb, Ni-Cr,
and Fe-Cr pairs. Good correlations were obtained between the Cr-Pb, Fe-Pb, Ni-Cu, and Fe-Cu pairs
of elements. The obtained associations indicate a possible anthropogenic influence in the study area;
however, their source could be a resuspension of soil particles.

The use of geochemical indices is important for the assessment of the contamination status of
the investigated territory [32]. In the present study, the contamination factor (CF), Geo-accumulation
Index (Igeo), and pollution load index (PLI) were calculated [14,32] (Table 4). In 2019, no contamination
with Ni and moderate contamination with Cr, Fe, and Cu were determined. The CF values for Cd
and Pb were higher than 3.0 and indicated considerable contamination. The situation changed in 2020
when CF pointed to moderate pollution for all elements. The decrease of CF values for Pb and Cd may
be associated with the reduction of traffic flow, while the impact of the industrial activity remained at
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the same level. The Igeo results indicate that mosses were uncontaminated to moderately contaminated
with the determined elements. In 2019, the moss samples were moderately contaminated with Cd, Pb,
Cu, and Fe, and in 2020, with Cd and Pb.

Table 4. Mean values of the contamination factor CF and Geo-accumulation Index Igeo for the
studied area.

CF Igeo

Element
Year

2019 2020 2019 2020

Cd 3.06 1.85 0.91 0.24
Pb 3.28 2.96 0.93 0.77
Cu 1.61 1.49 0.01 −0.09
Cr 1.39 1.58 −0.17 −0.02
Ni 0.92 1.30 −0.79 −0.26
Fe 1.74 1.48 0.12 −0.17

A PLI below 1.0 shows that elemental loads are approximately equal to the background level,
and values above 1.0 indicate the degree of pollution [33]. As can be seen from the maps presented
in Figure 3, in 2019, the entire territory under investigation belongs to the moderately polluted
to unpolluted category (except for the sites near Troitsk and Domodedovo, which are moderately
polluted). Similarly, in 2020, the sampling territory can be characterized as moderately polluted to
unpolluted. The PLI values were higher than 2.0 near Domodedovo and Staraya Kupavna.

 

 

−
− −
− −

−

  

Figure 3. The map of the distribution of PLI values in Moscow region.

4. Conclusions

The results from two biomonitoring studies performed in the Moscow region in 2019 and 2020
were compared. Moss sampling has proven to be to be a suitable and low-cost indicator of heavy metal
air pollution. The self-isolation period adopted to cope with the COVID-19 pandemic resulted in a
decrease in Cd content in the Moscow region, while the content of other analyzed elements decreased
in the north-eastern part of the Moscow region and remained the same or even increased in satellite
cities near Moscow. Owing to the decline in the flow of traffic, stationary sources can be considered the
primary source of metal emission into the atmosphere. In 2019 and 2020, according to the PLI values,
the territory of the Moscow region was characterized as moderately polluted to unpolluted.
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Abstract: Deposition of N and heavy metals can impact ecological and human health. This state-
of-the-art review addresses spatial and temporal trends of atmospheric deposition as monitored by
element accumulation in moss and compares heavy metals Critical Loads for protecting human health
and ecosystem’s integrity with modelled deposition. The element accumulation due to deposition
was measured at up to 1026 sites collected across Germany 1990–2015. The deposition data were
derived from chemical transport modelling and evaluated with regard to Critical Loads published in
relevant legal regulations. The moss data indicate declining nitrogen and HM deposition. Ecosystem
and human health Critical Loads for As, Ni, Zn, and Cr were not exceeded in Germany 2009–2011.
Respective Critical Loads were exceeded by Hg and Pb inputs, especially in the low rainfall regions
with forest coverage. The Critical Load for Cu was exceeded by atmospheric deposition in 2010 in
two regions. Human health Critical Loads for Cd were not exceeded by atmospheric deposition in
2010. However, the maximum deposition in 2010 exceeded the lowest human health Critical Load.
This impact assessment was based only on deposition but not on inputs from other sources such
as fertilizers. Therefore, the assessment should be expanded with regard to other HM sources and
specified for different ecosystem types.

Keywords: bioaccumulation; biomonitoring; critical loads; deposition forests; chemical transport
modelling; geographic information system; heavy metals; mapping

1. Introduction

Emissions of elements from natural and anthropogenic sources come down to earth
as wet, occult [1,2], or dry deposition at locations distant from their origin where they
accumulate in biomass and soils [3]. The geographical pattern of element deposition and
accumulation is influenced by chemical and physical element characteristics, meteorolog-
ical and topographical conditions, land use, and vegetation structure. Potential impacts
on human health and ecosystems integrity through heavy metal (HM) accumulation in
food chains, and acidification and eutrophication of soils and limnic ecosystems [4–6]
are intended to be avoided through the Convention on Long-Range Transboundary Air
Pollution [7,8] addressing Cd, Pb, and Hg, as well as N and S. The European Monitoring
and Evaluation Programme (EMEP) is to collate emission data, to collect atmospheric depo-
sition Europe-wide by technical devices, and to calculate and map atmospheric deposition
by chemical transport models such as the Long Term Ozone Simulation—EURopean Oper-
ational Smog model (LOTOS-EUROS) and EMEP [9–21]). This monitoring and modelling
data can be validated and complemented by monitoring the bioaccumulation of elements
in moss [22–24]. In Europe, HM (since 1990), N (since 2005), and persistent organic pol-
lutants (POP; since 2010) were determined in moss specimens sampled in a rather dense
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spatial pattern. Since 2000, this European Moss Survey (EMS) is part of the International
Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops
(ICP Vegetation). Since 1990, the EMS was conducted every five years and covered up to
7300 sampling sites in up to 36 European countries enabling to map spatial patterns of
bioaccumulation and to derive deposition estimates by regression modelling [25–29].

High concentrations of atmospheric pollutants can result in exceeding Critical Levels
of atmospheric concentrations and Critical Loads (CL) of atmospheric deposition. CL are
defined as quantitative estimates of exposure to one or more pollutants deposited from air
to the ground below which significant harmful effects on specified sensitive elements of
the environment do not occur according to present knowledge. Critical levels are defined
as concentrations of pollutants in the atmosphere above which direct adverse effects on
receptors, such as human beings, plants, ecosystems, or materials, may occur according to
present knowledge [7,8].

The chemical elements regarded in this investigation are given in Figure 1. The data
on element concentrations in moss collected in Germany were analysed by a broad range
of statistical methods focusing among others on following five key issues:

1. Bivariate and multiple correlations with ecological features of the sampling sites and
of their environment—for instance atmospheric deposition, canopy drip effects, and
land use—with results from other biomonitoring programmes and with results from
deposition measurements using technical collectors and deposition modelling;

2. Geostatistical analysis and surface-covering estimation and mapping of site-specific
data;

3. Computation and geostatistical mapping of percentile statistics of element-, site-, and
survey-specific measurements;

4. Calculation and geostatistical mapping of elements integrating indices and surveys;
5. Assessing the relevance of modelled HM deposition for ecosystem integrity and

human health based on CL.

 

 

 

 
 

 

gure 1. Sampling sites and elements regarding the German Moss Surveys 1990, 1995, 2000, 2005, and 2015. SH = Figure 1. Sampling sites and elements regarding the German Moss Surveys 1990, 1995, 2000, 2005, and 2015. SH = Schleswig-
Holstein; MV = Mecklenburg-West Pomerania; HH = Hamburg; NI = Lower Saxony; BE = Berlin; ST = Saxony-Anhalt;
BB = Brandenburg; NW = North Rhine-Westphalia; SN = Saxony; TH = Thuringia; HE = Hesse; RP = Rhineland Palatinate;
SL = Saarland; BY = Bavaria; BW = Baden-Wuerttemberg.
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This article aims at presenting the current state of knowledge on atmospheric HM
deposition and bioaccumulation and the assessment of its relevance for ecosystem integrity
and human health in Germany. Both these aspects of the relevance of HM input are inter-
linked. For example, excessive pollution of arable and grassland ecosystems contributes to
the exposure on humans via the food chain. Damage to forest ecosystems reduces their
recreational effect on humans. The article concentrates on two of the five key issues investi-
gated in the framework of the German moss surveys: 1. Summarising EMS data collected
from 1990 to 2015 across Germany by percentile statistics and calculation of elements and
surveys integrating index scores 2. Reporting on the latest assessment of atmospheric
heavy metal deposition with regard to ecological integrity and human health in Germany.

2. Materials and Methods
2.1. Bioaccumulation of Atmospheric Deposition of HM in Moss

Sampling and chemical analysis of moss specimens as well as classification and
mapping of element concentrations determined follow a harmonised methodology (for
EMS 2015 refer to ICP Vegetation [27]). Between 1990 and 2015, the number of moss
sampling sites in Europe ranged between 4499 and 7312 in 20–36 countries. In the German
Moss Survey, moss specimens were collected at 592 (1990 [30]), 1026 (1995 [31,32], 1028
(2000 [28]), 726 (2005 [33]), and 400 (2015 [34]) sites in forested areas. The reduction
of sampling sites was performed according a statistically sound methodology [33,35].
Germany did not take part in the EMS 2010.

The international classification of element concentrations in moss [27] is too coarse
to display the spatial variance of decreasing element concentrations. Additionally, the
extensive data on up to 40 metal elements collected between 1990 and 2015 every five
years at up to 1028 sites across Germany were summarised as far as possible in terms of a
multi-metal index (MMI). Thereby, mapping of spatial and temporal trends was preserved.
To this end, the element-specific data on HM accumulation was divided into 10 percentiles,
which were then transformed into MMI score values ranging from 1 to 10.

The statistical analyses presented in this review regard HM concentrations that were
measured in moss specimens collected in Germany 1990–2015. The following percentile
statistics were calculated and mapped for spatial point data as well as for geostatistical
surface estimations [23]:

1. Element- and survey-specific quantiles (10 classes as defined by the 10th, 20th,100th
percentile for each of the surveys) enabling to detect whether the geographical patterns
of bio-accumulation hot spots of 7 elements (Cr, Cu, Fe, Ni, Pb, V, Zn: 1990–2015)
and 12 elements (Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, V, Zn: 1995–2015) from
previous campaigns remain hot spots even with decreasing atmospheric deposition
and bio-accumulation, or whether the bio-accumulation patterns shift across time
or not.

2. Element-specific quantiles integrating all surveys 1990–2015 allowing for a statistically
derived differentiation of 7 (1990–2015) and 12 (1995–2015), respectively, element
concentrations into 10 classes and for their mapping across time in time and space
despite decreasing element concentrations.

3. Seven and 12 elements and surveys, respectively, integrating calculation of a Multi
Metals Index (MMI90-2015: 7 HM; MMI95-2015: 12 HM). To this end, gridded data
on element concentration in moss were each subdivided into 10 percentile classes
(0–10th percentile, > 10th to 20th percentile, . . . > 90th to 100th percentile). In a
second step, scores are assigned to the element-specific percentile classes (0–10th
percentile = index value 1, > 10th to 20th percentile = index value 2, and so on).
To calculate the MMI ranging from 1 (low metal accumulation) to 10 (high metal
accumulation), the element-specific index values for each object were averaged.

The results for Element-specific quantiles integrating all surveys 1990–2015 (b) and
MMI90-2015 and MMI95-2015 scores are presented in Section 3.1.
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2.2. Assessing Impacts of Atmospheric Deposition
2.2.1. Assessment Values

The second aim of this contribution was to assess potential HM deposition effects
on ecosystems and human health on the basis of legal requirements and environmental
quality objectives. As HM can be transported through the atmosphere over long distances
and across national borders, both national and international regulations and assessment
methods were considered thereby. The regulations and recommendations compiled in
Tables 1 and 2 contain different categories of assessment values, which differ with regard
to their protective purpose, the respective level of protection, and protective objective. For
this reason, this study uses the overarching term “assessment value” but takes over the
nomenclature of quotations from the rules and regulations. In addition, a distinction is
made between precautionary assessment values and those which serve to avert danger. Pre-
cautionary assessment values indicate limits of resilience (concentrations in environmental
compartments or substance flows) below which there is no concern of significant impair-
ment of ecosystems and their functions and services to humans. They apply generally, i.e.,
beyond the sphere of influence of concrete facilities, projects, or management measures,
and they are independent of usage claims. In law, the concept of danger is always linked
to a certain probability of the occurrence of significant, harmful changes. In principle,
assessment values that serve to avert hazards permit higher pollutant concentrations or
inputs than precautionary ones. As a rule, they serve to assess concrete (including planned)
facilities, projects, or management measures and are derived from specific uses (e.g., test
values and measure values in soil protection). Table 1 compiles the assessment values used
in this study to compare them with CL. Due to the methodological differences in their
derivation, they are only comparable to each other to a limited extent and with CL. The
differences, some of which are clear, are due to different levels of protection, protection
objectives, and the relationship between effects (Table 2).

Table 1. Assessment values for heavy metal fluxes (g ha−1 a−1) for the protection of ecosystems and human health.

Metal
TA Luft 1 TA Luft 2 BBodSchV 3 39th BImSchV 4,5 Directive

2004/107/EC 5
Directive

2008/50/EC 5

Emitter-Related General Load

Hg 4 110 F, 11 G 1.5

Cd 7 9 F, 117 G 6 4.4 H, 7 C, 4 D, 2.5 F G 4.4 H, 7 C, 4 D,
2.5 F G

Pb 365 675 F, 6935 G 400 435 H, 716 C, 420 D,
250 F G

435 H, 716 C, 420 D,
250 F G

As 15 4271 F, 219 G 5.2 H, 6 C, 4 D, 2.2 F G 5.2 H, 6 C, 4 D,
2.2 F G

Ni 55 100 17.4 H, 28 C, 17 D,
10 F G

17.4 H, 28 C, 17 D,
10 F G

Cu 360

Zn 1200

Cr 300

Tl 7 26
1 TA Luft [36] = Technical Instructions for Air pollution control (deposition values to protect human health). 2 TA Luft [35] = Technical
Instructions for Air pollution control (deposition values as reference points for the special case examination to protect environment). 3

BBodSchV [37] = Federal Soil Protection Ordinance (permissible additional load according to §11 para. 2). 4 39th BImSchV [38] = 39th
Federal Immission Control Ordinance. 5 Converted from assessment values for concentrations (Tables 33 and Table 34 in [17]) published in
Directive 2004/107/EC [39] and Directive 2008/50/EC [40]. F For field. G For grassland. C For coniferous forest. D For deciduous forest. H

For housing settlement.
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Table 2. Compilation of categories of assessment values from legal, sublegal regulations, and recommendations for air pollution control for heavy metal fluxes for the protection of
ecosystems, protected goods, levels and objectives, and impact indicators.

Sources for
Appraisal Values

Designation/Category of
Appraisal Values

Binding Force Objects of Protection Level of Protection
Application for
the Assessment

Impact Indicator

39th BImSchV [38]

Immission limit value (Pb) Legally binding Man + Environment Precaution + danger
prevention General strain Human toxicological impact

thresholds

Target values (As, Cd, Ni) Not legally binding Man + Environment Precaution + danger
prevention General strain Human toxicological impact

thresholds

TA Luft [36] Immission values for
pollutant deposition

Binding on
administra-tive action Environment Hazard prevention

(immission values)
Plants requiring

approval
Human toxicological impact

thresholds

Directive
2004/107/EC [39] Immission target values EU recommendation Man and environment

(via soil, plants)
Precaution + danger

prevention General strain Human toxicological impact
thresholds

Directive
2008/50/EC [40] Immission limit value (Pb) Legally binding Man + Environment Precaution + danger

prevention General strain Human toxicological impact
thresholds

CLRTAP [7,8]

Critical Loads (CL(M)eco)
(Section 2.2.2)

Recommendation/
orientation

Terrestrial ecosystems,
soil organisms and

plants
Precaution General strain

Ecotoxicological thresholds
NOEC, LOEC

microorganisms, invertebrates
and plants

Critical Loads
(CL(M)drink),
(CL(Cd)food)

(Section 2.2.2)

Recom-mendation/
orientation Human Precaution General strain

Limit values of Drinking
Water Ordinance and critical

limit for Cd in wheat

BBodSchV [37]

Precaution-ary values Legally binding Ecosystems, soil
organisms and plants Precaution General validity

(cross-use)

Ecotoxicological thresholds
NOEC, LOEC, (in future: HC5,
EC10) of soil organisms and

plants (all pathways) +
Background values

Permissible annual
additional load Legally binding *

Ecosystems, soil
organisms and plants
(all paths of action)

Pension entitlement and
limited in the long run

General validity
(cross-use)

Information on the amount of
ubiquitous deposition

* It is legally binding that values for the permissible additional load are derived. The values themselves are rather indicative, as there are no concrete prescribed applications. Installations or input values
due to management are subject to other technical laws. BBodSchV [38] = Federal Soil Protection Ordinance; CLRTAP [7,8] = Convention on Long-range Transboundary Air Pollution; EC10 = ECx is the effect
concentration at which x% effect (mortality, inhibition of growth, reproduction, . . . ) is observed compared to the control group; HC5 = Hazardous concentration for 5% of the species; LOEC = Lowest Observed
Effect Level; NOEC = No Observed Effect Concentration; PNEC = Predicted No Effect Concentration; TA Luft [36] = Technical Instructions Air.
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The protection of human health and ecosystems and their functions against adverse
effects from air pollutant deposition is generally ensured if HM inputs are completely
avoided. However, this is currently not a realistic assumption. On the basis of empirical
evidence, it is assumed that the protection of these objects may be reached if specific critical
concentrations or loads of HM in environmental media are not exceeded. Thereby, only
with the calculation of CL the balance between inputs and outputs can be proved.

2.2.2. Basics for the Determination of Critical Loads for Heavy Metal Deposition

CL for Cd, Pb, and Hg have already been calculated for the entire EMEP region.
They serve as policy advice, in particular to examine and justify whether further emission
reductions are necessary. To date, they have not been designed as binding air concentration
or deposition values. CL indicate the total input rate below which adverse effects on
ecosystems and human health (paths atmosphere-soil-groundwater for drinking water use
and atmosphere-soil-food wheat (only for Cd)) can be excluded in the long term according
to current knowledge. Consequently, if CLs are complied with, risk minimisation is
achieved below the classic danger threshold, which means that the assessment values are
very precautionary.

The CL concept focuses on the budgets of substances in ecosystems. Ecosystem
specific features (soil, climate, use, etc.) are taken into account when calculating the critical
load values. As a result, there is not only one CL, but rather a range of values that allows a
comprehensive, regionalised representation of the sensitivity of ecosystems, food crops,
and drinking water to HM.

In addition to natural and semi-natural ecosystems, agricultural land is also considered
both as ecosystems and as areas where human and eco-toxicological values must be
respected. CL aimed at protecting ecosystems are hereinafter referred to as CL(M)eco. CL
aiming at protecting human health, e.g., drinking water, are abbreviated CL(M)drink and
those aimed at protecting food for humans CL(M)food, where (M) stands for heavy metal
and can be replaced by the respective element symbol (Cd, Pb, Hg, . . . ). The determination
of CL(M)eco was based exclusively on eco-toxicological threshold values. This means that
the CL(M)eco were determined on the basis of effects. Experimentally determined zero
effect threshold values (NOEC or PNEC) were used as “critical limits” in the calculation
of the CL(M)eco. For the CL(M)drink, internationally agreed critical concentrations were
used in drinking water and for CL(Cd)food in food wheat.

For Germany, an assessment of the input rates into ecosystems in the equilibrium of
inputs and outputs will be carried out according to the CL concept [34]. Their mapping for
Germany is carried out on a scale of 1:1 million and provides an overview of the sensitivity
of terrestrial ecosystems to nine HM. Ecosystem integrity and human health are regarded
as protection goals.

By definition, CL for HM are the highest total input rate of HM under consideration
(from atmospheric deposition, fertilisers, and other anthropogenic sources) below which no
long-term adverse effects on human health and on the structure and function of ecosystems
are to be expected according to the current state of knowledge [7,8]. CL are calculated
according to the mass balance approach assuming a chemical equilibrium in the system
under consideration and a steady state at a concentration level defined by the critical limit.
This is an impact-based derived limit concentration in certain ecosystem compartments
below which significant adverse effects on human health as well as on defined sensitive
components of ecosystems can be excluded according to the current state of knowledge.

Cd has been identified as an important pollutant in relation to the maintenance of
food quality for the protection of human health. With this metal, uptake from the soil into
the vegetation is comparatively high, so that accumulations in the soil entail the potential
danger of health effects via plant food. Wheat was selected as the indicator plant. Wheat
grain accounts for a significant proportion of food in Germany (as in Europe) and its
cultivation accounts for a large proportion of agricultural land in Germany (and other
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European countries) [41]. CLs for the protection of drinking water are mapped for all
ecosystem types. CL were therefore determined for three objects of protection:

• CL(M)eco: Critical Load for a metal (M stands for As, Cd, Cu, Cr, Hg, Ni, Pb, Zn,) to
protect the sensitive biota of the ecosystem;

• CL(M)drink: Critical Load for a metal (M stands for As, Cd, Cu, Cr, Hg, Ni, Pb, Zn)
for Protection of drinking water for human beings;

• CL(Cd)food: Critical Load for Cd for the protection of arable crops (here: wheat-
producing as a food for human beings.

2.2.3. Calculation of Critical Loads for Heavy Metals in Germany

The methodological approach for the calculation of CL for HM in this study follows [7,8]
(Chapter V.5). All relevant fluxes into or from a certain soil layer, in which the essential
substance conversions occur or in which the receptors have their distribution focus and which
is therefore relevant for the effects in the system, were compared. The consideration of HM
fluxes, reserves, and concentrations refers to mobile or potentially mobilizable metals, only
they are relevant for the consideration of substance fluxes.

The mass balance equation includes as output paths from the terrestrial ecosystem the
uptake into the biomass with subsequent harvest and the output with the leachate flow as
follows:

CL(M) = M_u + M_le(crit)
where:

CL(M) = Critical Load of the metal M (g ha−1 a−1)
Mu = Net uptake of the metal M into harvestable plant parts (g ha−1 a−1).
Mle(crit) = Tolerable (critical) leaching of the metal M from the considered soil layer
with exclusive consideration of vertical rivers (leachate) (g ha−1 a−1).

The inclusion of further terms was in accordance with the recommendations of the
Expert Panel for HM to the ICP Modelling & Mapping [41,42]. For the CL calculation, the
necessary data were spatially linked with GIS software ArcView, 10.2.1 and transferred
to an Access 2000 database. Both original data such as precipitation and derived data
such as values for the organic matter content (OM) and pH values derived from the land
use-differentiated soil overview map of Germany, 1:1,000,000 BÜK1000N were used. The
storage, evaluation, and presentation of the data were performed in polygons, which result
from the intersection of the input data.

Identifying the geographical distribution and magnitude of total (the sum of wet and
dry) deposition of atmospheric pollutants is crucial to determine the areas, populations,
ecosystems, and farmlands that are most vulnerable to its negative effects and that would
most benefit from measures to control excessive pollutant loads. To this end, the rele-
vance of HM deposition for ecological integrity and human health in terms of CL were
compared to the respective atmospheric deposition modelled with the chemical transport
model LOTOS-EUROS. CL and CL exceedances by modelled atmospheric deposition were
mapped for Germany on a scale of 1:1 Mio.

The deposition dataset [18] contains information on the concentrations and deposition
fluxes of various HM (As, Cd, Cr, Cu, Ni, Pb, V, Zn) for the years 2009, 2010, and 2011.
The deposition data sets (dry and wet) were combined to the total deposition, converted
into the unit of measure of the critical load [g ha−1 a−1] and blended with the critical load
receptor areas. The CL exceedance rates were calculated as follows:

MinExcCL(M)eco = (MinMdep + MinMfertilizer)-CL(M)eco
and
MaxExcCL(M)eco = (MaxMdep + MaxMfertilizer)-CL(M)eco
where:

MinExcCL(M)eco = Minimum ecosystem critical loads exceedance in the German
receptor areas due to total deposition from the air and fertiliser inputs
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MaxExcCL(M)eco = Maximum ecosystem critical loads exceedance in the German
receptor areas due to total deposition from the air and fertiliser inputs
MinMdep = Minimum of the total deposition from the air in the German receptor
surfaces, corresponds to the highest minimum of the three years 2009–2011
MaxMdep = Maximum of total deposition from the air in the German receptor surfaces
corresponds to the highest maximum of the three years 2009–2011
MinMfertilizer = Minimum of the metal inputs with the fertilization in the German
receptor surfaces
MaxMfertilizer = Maximum of the metal inputs with the fertilization in the German
receptor areas
CL(M)eco = Median of the Ecosystem Critical Loads for the metal in the German
receptor surfaces

2.2.4. Modelling Heavy Metal Deposition

The deposition dataset was produced by use of the chemical transport model LOTOS
EUROS [18] and contains information on the atmospheric concentrations and deposition of
various HM (Cd, Pb, Ni, As, Zn, Cu, V, and Cr) for the years 2009, 2010, and 2011. The data
include information on the centroid coordinates of the degree cells with the deposition
data. The modelled data for Cd and Pb were provided in the 0.125◦ × 0.0625◦ network
of the Long/Lat system and the data for the other HM in the 0.5◦ × 0.25◦ resolution.
The methodology of the deposition calculation is explained by Schaap et al. [18], where
the different scales of the deposition data were also justified. The available point data
(centroids of the grid cells and intersection points of the grid cells) were assigned to the
planar degree grid, which has the corresponding mesh size of the respective resolution.
This step was necessary to compare the deposition data with the critical load data set.

The datasets on dry and wet atmospheric deposition were combined to the total
deposition, converted into the unit of measure of the CL (g ha−1 a−1) and blended with
the critical load receptor areas covering Germany. After a detailed examination of all years
(2009, 2010, and 2011) for all heavy metals, the data for 2010 turned out to be the highest.
For this reason, the full-year presentation is limited to 2010.

3. Results and Discussion
3.1. Trends of HM Bioaccumulation Integrating Metal Elements and Surveys 1990–2015

The surveys integrating metal concentrations classified by use of percentile statistics
(Section 2.1.) were transformed to scores ranging from 1 to 10 and aggregated for each
of the 3 km by 3 km grid cells covering Germany. Based on this procedure a Multi Metal
Index (MMI) encompassing all data collected in the framework of EMS 1990 to 2015 and
integrating Cr, Cu, Fe, Ni, Pb, V, and Zn (MMI90-2015) and MMI95-2015 (Al, As, Cd, Cr,
Cu, Fe, Hg, Ni, Pb, Sb, V, Zn) was calculated and mapped (Figure 2).

In the following, the spatial patterns depicted in Figure 2 are summarized and the
median MMI values for Germany are referred to. Thereby, the geostatistically estimated
median MMI are added in squared brackets by those calculated from the sample point
measurements. In 1990, almost the whole territory of Germany is covered by MMI90-
2015 values exceeding MMI = 6.0 (median 8.3 [7.7]). The survey 1995 (median = 7.3 [6.7])
indicated a slight area-wide decline of the MMI compared with that conducted in 1990.
This trend was continued in the survey 2000 (median = 4.6 [4.4]). However, from 2000
to 2005, this trend changed and the MMI increased (median = 5.3 [5.1]) due to increasing
bioaccumulation of Cr, Hg, Sb, and Zn. Until the survey in 2015, again a Germany-wide
decrease of MMI90-2015 could be corroborated (median = 1.7 [2.0]). In 2015, areas with
MMI90-2015 exceeding 4.0 could only be determined for North Rhine-Westphalia and the
upper Rhine valley (Baden-Wuerttemberg) (Figure 2 Above).

42



Atmosphere 2021, 12, 193

− −

 

Figure 2. Spatial patterns of Multi Metal Index (MMI) integrating Cr, Cu, Fe, Ni, Pb, V, and Zn based on data collected from
1990 to 2015 (Above). Spatial patterns of MMI integrating Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, V, and Zn based on data
collected from 1995 to 2015 (Below).

The maps depicting the spatial patterns MMI95-2015 integrating Al, As, Cd, Cr, Cu,
Fe, Hg, Ni, Pb, Sb, V, and Zn measured in moss sampled 1995–2015 (Figure 2 Below)
also indicate a clear decrease between 1995 and 2000 from 7.5 [6.6] to 5, 1 [4.8]. From
2000 to 2005 the MMI90-2015 turned to 5.3 [5.0]. Finally, during the years 2005–2015 the
MMI95-2015 decreased to 2.0 [2.3]. The spatial patterns and hot spots of MMI95-2015 are
similar to MMI90-2015 with correlation coefficients (Spearman) between rs = 0.83 (year
2015, p < 0.01) and rs = 0.98 (year 2000, p < 0.01) and highest values in the Ruhr region
(North Rhine-Westphalia) and in the upper Rhine valley (Baden-Wuerttemberg).

The element and surveys integrating trends of bioaccumulation of HM atmospheric
deposition depicted in Figure 2 and described the two preceding paragraphs can be
explained by looking at the element- and survey-specific quantiles (Section 2.1.) and at
the element-specific quantiles integrating surveys (Section 2.1.). From that we can derive
information identifying the elements with a decreasing but discontinuous trend (Table 3).

N, which is not in the focus in this review, did not show any statistically significant time
trend from 2005 to 2015 but a change of the geographical location of its hot spots. Regarding
the development of Cd, Cr, Hg, and Pb accumulation in moss since 2005, a Germany-wide
decrease could be detected and proved as statistically significant (p < 0.05). In terms of median
values, the decline of HM bioaccumulation ranged between −4% (Hg) and −50.4% (Pb). The
same tendency could be corroborated for comparisons between EMS 2015 values with those
in the first year of sampling. Since 1990 (in case of Hg since 1995) the median values of all
HM were reduced significantly. The most distinct decline was found for Pb (−85.9%) and the
lowest for Hg (−20%). The trends for Cd and Pb are in line with respective emission data
covering the period 1990 to 2015 [43]. For Cd, the Spearman correlation coefficient rs > 0.3
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(p < 0.01) was also found between concentrations in moss sampled in 2005 and according
modelled atmospheric deposition, which was calculated by use of LOTOS-EUROS chemical
transport modelling. The same holds true for Pb (Section 3.2). According to [43] emissions
from metallurgy (Cd, Ni, and Pb), power economy (As, Cd, Ni, and Pb), manufacturing and
constructing industry (As, Ni, and Pb), and traffic (Pb, due to the compulsory introduction
of unleaded petrol in 1988 in Germany and 2000 in the EU) declined since 1990. However,
the decrease of Hg bioaccumulation is less than the reduction of Hg emissions [43]. This is
possibly due to long-range transport of gaseous Hg and atmospheric residence times of 6 to
18 months [18]. The concentrations of Cu and Zn in moss contradict the emission trends. At
least for Cu, the Spearman correlation between the concentration in moss collected in 2005
and the modelled atmospheric deposition is rs 0.22 (p < 0.01), for Zn, respectively, rs < 0.2
(p < 0.01). For Cr, good agreement could be identified between the emission trends [43] and
the concentrations in moss during the period 1990 to 2015. Strikingly, the Cr concentrations
in moss were extraordinarily high in 2005, especially in Mecklenburg-West Pomerania and
conurbations such as Bremen, Hamburg, Dresden, Halle/Leipzig, and the Ruhr region.
Respective increased values were also reported from Austria.

Table 3. Element-specific trends of heavy metal (HM) bioaccumulation in moss (Germany, 1990–2015).

Heavy Metal Survey(s) Trend

Pb, Fe
1990–2015 Continuous reduction of concentrations

2015 Only areas with very low
concentrations *

Cr, Sb, Zn

1990 (1995)–2015 Statistically significant decrease

2000–2005 Interim increase

2015 Only areas with very low
concentrations *

Al, As, Cd, Cu, Hg,
Ni, V

1990 (1995)–2015 Statistically significant decrease

2000–2005 Intermediate standstill
Al, As, Cd, Hg, Sb were monitored since 1995, Cr, Cu, Fe, Ni, Pb, V, and Zn since 1990. * The international classifi-
cation of element concentrations in moss [27] does not allow displaying spatial variance with decreasing element
concentrations. Therefore, the data on HM accumulation was divided into ten percentile classes (Section 2.1).

3.2. Atmospheric Heavy Metal Deposition

The ranges of modelled HM deposition in Germany for the year 2010 [18] are shown
in Table 4. For Hg, deposition data in Germany are only available as modelled EMEP data
2013 on a 50 × 50 km2 grid (EMEP 2015) 5–95 [10,11]. The ranges of the 5th percentile to 95th
percentile vary from 0 to 0.76 g ha−1 a−1 for deciduous forest, from 0.16 to 0.87 g ha−1 a−1 for
coniferous forest, from 0.8 to 0.35 g ha−1 a−1 for acre, from 0 to 0.31 g ha−1 a−1 for marshes,
from 0.08 to 0.34 g ha−1 a−1 for grassland, and from 0.08 to 0.34 g ha−1 a−1 for grassland. For
Thallium deposition data are not available for the whole of Germany, but only from a few
measuring stations.

3.3. Heavy Metal Inputs from Other Sources

In addition to the atmospheric inputs of HM presented in Section 3.2, the following
other input pathways play an important role in soil pollution. The respective values were
collected by Knappe et al. [44] from nationwide surveys and they are given in Table 5:

• Application of mineral and organic (“farm”) fertilisers containing HM on agricultural
land (arable land and intensive grassland);

• Application of pesticides containing HM on agricultural land;
• Application of lime fertilizers containing HM in forests.
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Table 4. Background atmospheric total deposition of heavy metals (g ha−1 a−1) [18].

Statistical Parameter Pb Cd As Ni Cu Zn Cr V

5. Perc. 4.96 0.21 0.282 1.98 3.07 11.89 0.84 0.33

25. Perc. 5.90 0.26 0.333 2.35 4.81 16.07 1.03 0.39

50. Perc. 6.71 0.29 0.380 2.69 5.89 19.08 1.22 0.44

75. Perc. 7.81 0.33 0.437 3.10 7.17 22.24 1.45 0.52

95. Perc. 11.00 0.45 0.603 3.92 10.67 33.38 2.08 0.85

Min. 3.59 0.17 0.208 1.42 1.98 8.24 0.66 0.30

Max. 87.25 2.33 1.026 7.11 29.42 76.63 3.97 1.90

Mean 7.24 0.31 0.401 2.80 6.42 20.25 1.31 0.49

Table 5. HM inputs from fertilisation in agriculture and forestry (in g ha−1 a−1) in Germany [44].

Heavy Metal

Acre Grassland
Organic

Agriculture
Forest

Mineral
Fertilizer

Compost
Sewage
Sludge

Farm
Fertilizer

Mineral
Fertilizer

Farm
Fertilizer

Farm
Fertilizer

Liming

As
Min. 0.99 8.91 4.4 0.76 1.07 2.61 0.527 0.4

Max 1.69 31.28 7.97 3.9 1.28 4.98 0.72

Pb
Min. 4.19 82.82 47.98 1.81 8.11 8.65 0.859 0.7

Max. 8.76 315.89 87.28 10.39 9.31 10.94 1.245

Cd
Min. 1.33 1.61 1.14 0.4 2.05 0.66 0.619 0.2

Max. 3.3 4.57 2.61 1.43 2.61 0.86 0.82

Cr
Min. 46.61 73.42 55.45 40.65 24.42 21.51 8.82 8.2

Max. 57.23 163.8 70.14 59.32 29.2 27.32 10.38

Cu
Min. 11.27 98.61 282.21 8.8 20.27 81.43 0.78 0.8

Max. 34.61 397.79 514.49 220.17 27.13 174.27 3.53

Ni
Min. 6.64 31.83 26.76 5.15 5.4 8.32 1.75 1.6

Max. 9.16 109.76 45.77 16.75 5.8 14.82 2.03

Hg Min. 0.01 0.27 0.64 0.01 0.03 0.06 0.037 0.06

Max. 0.05 1.06 1.19 0.09 0.03 0.12 0.046

Tl
Min. 0.08 0.26 0.33 0.04 0.11 0.13 0.08 0.09

Max. 0.18 0.85 0.64 0.23 0.14 0.24 0.09

Zn
Min. 66.76 376.05 694.12 31.09 99.35 331.6 9.73 4.2

Max. 250.2 1445.75 1272.09 911.77 129.54 706.5 27.48

3.4. Critical Load Exceedances Due to Atmospheric Deposition

After comparing the deposition data available from this study for 2009–2011 [18]
with the respective CL, three exceedances occurred: Pb (drinking water and ecosystem
protection) and Cu (ecosystem protection) (Figures 3–5). The critical load exceedance
for Pb deposition from air with the protection target drinking water quality can only be
expected on a relatively small receptor surface. Between 1.32% (2011) and 2.44% (2010)
of the receptor surface have an increased risk for drinking water quality due to airborne
pollutant deposition of Pb. Critical load exceedance with airborne Cu deposition with
ecosystem integrity as a protection target is also relatively low. The values vary between
0.35% (2011) and 1.16% (2010) of the receptor areas. A significantly higher proportion of
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land is affected by a critical load exceedance in airborne Pb deposition with the protection
objective of ecosystem integrity. Here, space shares between 5.18% (2011) and 14.36% (2010)
are achieved. In absolute terms, this corresponds to 14,494 km2 (2011) and 40,181 km2

(2010). The focus is on the Leipzig and Thuringian basins, the loess areas (including the
northern Harz foothills and the Lower Saxony area), the Erzgebirge foothills, the Lower
Saxony highlands, parts of the Mecklenburg Lake District backcountry and parts of the
Ruhr area (Lower Rhine lowlands and Cologne Bay). These areas are already identified
as particularly sensitive to Pb deposition. Maps of the exceedance rates of the CL for Pb
(drinking water and ecosystem protection) and Cu (ecosystem protection) are shown in
Figures 3–5. There is no need to map exceedances of other CL as there are no exceedances
of these CLs in 2010.

 

Figure 3. Exceedance of Critical Loads with the protection objective of drinking water quality by atmospheric Pb deposition.

 

Figure 4. Exceedance of Critical Loads with the aim of protecting ecosystem integrity by atmospheric Pb deposition.
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Figure 5. Exceedance of Critical Loads with the protection objective ecosystem integrity by atmospheric Cu deposition.

These results based on the deposition calculations with the LOTOS-EUROS model
differ significantly from the deposition calculations with the EMEP model [18]. The
LOTOS-EUROS model consistently results in lower medians and maxima than EMEP.
The EMEP/LOTOS-EUROS ratios correlate very strongly with the deposition height, i.e.,
where EMEP calculates particularly high deposition (e.g., Pb in the Ruhr area or Cd in North
Rhine-Westphalia), the differences between the two models are also highest. Conversely,
the low deposition calculated with LOTOS-EUROS, e.g., at altitudes in southern Bavaria, is
higher than with EMEP (Cd: 45% higher, Pb: 12% higher).

The integrative analysis of the LOTOS-EUROS models (2005, 2007–2011, Germany) with
the geostatistical area estimates of the heavy metal contents in moss (EMS, 2005, Germany)
showed stronger statistical correlations than the correlation with measured concentrations in
moss [24]. For Cu, the correlation is weak. At Pb, the mean correlations to LOTOS-EUROS
were stronger than to EMEP, but strongest to the arithmetic mean of LOTOS-EUROS and
EMEP. It follows from this that if EMEP background deposition were applied, the proportion
of areas with critical load exceedances would be higher. However, the comparison of the
geostatistical area estimates of the heavy metal contents in moss with the EMEP results also
leads to the conclusion that the LOTOS-EUROS results for the Pb deposition are closer to
reality than the EMEP data and thus at least for Pb the exceedance rates shown above have
lower uncertainties than when using EMEP deposition. The uncertainties of the LOTOS-
EUROS results cannot be measured quantitatively, because there are not enough measurement
data containing wet and dry deposition at the same time.

3.5. Statistical Evaluation of Critical Load Exceedances

In the following, the values for the total deposition for 2010 by Schaap et al. [18]
and for Hg from the EMEP dataset for Germany 2013 are compared with the CL for 2016
(minimum, 5-percentile, 95-percentile and median). This comparison shows possible risks
for ecosystems and human health for the areas that cannot be represented in the German
data set due to its small scale. Since the 2010 deposition dataset shows higher average
deposition than the 2009 and 2011 data sets for Germany, this comparison also tends to
show more unfavourable conditions, so that the risk assessment is conservative.

The German datasets for CL and deposition were calculated on the basis of input data
collected on a scale of 1:1 million. The mapping units of BÜK1000N, CORINE 2006 [45] and
the site types classified by climate zones are not homogeneous in reality. They may contain
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sprays that are more sensitive to heavy metal ingress. The German dataset of CL 2016 [34]
and the exceedances of CL in 2010 is therefore not applicable for large-scale area-based
evaluations or even for site-specific statements. A rough orientation for individual sites
can only be derived from the German dataset if it can be demonstrated that the same site
conditions prevail for specific areas or sites as were used as a basis in the German CL(M)
and deposition datasets. In order to nevertheless be able to derive a statement on the risks
also for areas that cannot be represented at a scale of 1:1 million, the respective worst-case
values are compared with each other, i.e., the lower range limit of the CL with the upper
range limits of the deposition. It is assumed that the parameter values of the site types that
are not representative in terms of area on a scale of 1:1 million and are not represented in the
German data sets would not lie outside the ranges of the CL and atmospheric deposition
in Germany.

The comparison of the ranges of CL and deposition shows the risk of whether and to
what extent, in the worst case, further accumulation of HM in ecosystems or in groundwater
or in the soil of wheat fields above the critical concentrations could take place if the annual
deposition rates were to remain constant at the 2010 level in the future. However, it should
be pointed out here that the deposition data used for comparison, which were determined
on the basis of models throughout Germany [18], could be significantly higher locally, e.g.,
on areas with industrial and/or traffic concentrations or in the vicinity of a particularly
high-emission plant.

3.5.1. Hg

Since no Germany-wide deposition calculations including dry deposition for Hg are
available [17], the assessment of the total atmospheric load situation can only be made on
the basis of the EMEP deposition mapping [10,11] (Table 6).

Table 6. Comparison of the Hg deposition (in g ha−1 a−1) in the year 2013 [10,11] with the critical
loads (in g ha−1 a−1) of the receptor surfaces in Germany.

Deposition Hg 2013 Critical Loads

EMEP [10,11] EMEP [10,11] CL(Hg)eco CL(Hg)eco CL(Hg)drink CL(Hg)drink

5. Perc. 95th Perc. Min. 5.–95. Perc.
(Median) Min. 5.–95. Perc.

(Median)

0.00 0.87 0 0.2–0.6 (0.4) 0.26 0.6–5.7 (3.2)

Based on the evaluation of the EMEP total deposition values in a 50 km × 50 km
grid [10,11], it can be assumed that a proportion of Germany’s ecosystem receptor areas, i.e.,
those with high to medium sensitivity, are contaminated by Hg inputs above the critical
load. Sensitive ecosystem types include in particular the unused deciduous forests of
dry, nutrient-poor sites such as dry oak forests in the arid regions of Brandenburg and
Saxony-Anhalt or beech forests along the coasts. The CL for drinking water protection in
Germany are also clearly exceeded in the worst case. This means that in the worst case,
Hg can accumulate in the soil or groundwater as soon as the critical limits in soil and soil
water have been reached. However, the buffer capacity of the humus-rich forest soils in
particular is very high for Hg, so that actual damage to ecosystem compartments, even if
CL are exceeded, may only be expected after decades or centuries.

3.5.2. Cd

The comparison of the Germany-wide raster maps of the total deposition of Cd in
2010 determined by Schaap et al. [18] with the CL determined in this study is given in
Table 7.
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Table 7. Comparison of the Cd deposition (in g ha−1 a−1) with the assessment values (in g ha−1 a−1) and statistical
evaluation of the area share of protected receptor areas in Germany, 2010, against limit values exceeded.

Deposition Cd 2010 Critical Loads

Schaap et al. [18] Schaap et al.
[18] CL(Cd)eco CL(Cd)eco CL(Cd)drink CL(Cd)drink CL(Cd)food CL(Cd)food

5. Perc. 95. Perc. Min. 5.–95. Perc.
(Median) Min. 5.–95. Perc.

(Median) Min. 5.–95. Perc.
(Median)

0.21–0.45 (0.29) 2.33 1.53 4.1–42.4
(10.5) 0.65 2.5–18 (10.2) 2.31 3–9.3 (6)

The maximum atmospheric deposition in 2010 may have exceeded the CL for the
protection of ecosystems, drinking water, and food in a few areas if maximum deposition
rates hit areas with very low CL (<2.3 g ha−1 a−1). This means that in the worst case
an unacceptable accumulation of Cd in soil and drinking water could occur as long as
the deposition is above the respective critical load and the critical limits have already
been reached. However, when the inputs from atmospheric deposition and fertilisers are
determined summarily, there is a risk that arable land will be exceeded if maximum total
inputs are applied to high to average sensitive soils.

The comparison of the maximum inputs of Cd by fertilisation with CL(Cd)food shows
that risks to human health from the consumption of wheat products of German origin
cannot be excluded, since an intolerable increase in the Cd content in the soil can at the
same time lead to an intolerable increase in the Cd content in the wheat grain [44].

3.5.3. Pb

The comparison of the Germany-wide raster maps of the total deposition of Pb in 2010
calculated by Schaap et al. [18] with the CL determined in this paper is shown in Table 8.

Table 8. Comparison of Pb deposition 2010 (in g ha−1 a−1) with the Critical Loads (in g ha−1 a−1) of
receptor surfaces in Germany.

Deposition Pb 2010 Critical Loads

Schaap et al.
[18]

Schaap et al.
[18] CL(Pb)eco CL(Pb)eco CL(Pb)drink CL(Pb)drink

5th Perc. 95th Perc Min 5–95 Perc.
(median) Min 5–95 Perc.

(median)

4.43–11 (6.71) 87.25 1.97 6–601 (21) 2.8 9–61 (35)

The maximum atmospheric deposition in 2010 has exceeded the CL for the protec-
tion of ecosystems and drinking water in a large part of the areas. This means that an
unacceptable accumulation of Pb in soil and especially in drinking water occurs as soon
as the critical limits in soil and soil water are reached. When the inputs from atmospheric
deposition and fertilization are determined summarily, there is an excess risk for all arable
land and grassland if maximum total inputs are applied to high to medium sensitive soils.

3.5.4. As

Table 9 compares the grid maps of the total deposition of As in 2010 calculated
throughout Germany by Schaap et al. [18] with the CL determined in this study.
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Table 9. Comparison of As deposition in 2010 (in g ha−1 a−1) with the CL (in g ha−1 a−1) of receptor
surfaces in Germany.

Deposition As 2010 Critical Loads

Schaap et al.
[18]

Schaap et al.
[18] CL(As)eco CL(As)eco CL(As)drink CL(As)drink

5. Perc. 95. Perc Min. 5.–95. Perc.
(Median) Min. 5.–95. Perc.

(Median)

0.28–0.6 (0.38) 1.03 115 181–711 (414) 2 6–56 (31)

Even in the worst case (maximum deposition meets minimum CL), the CL for the
protection of ecosystems and drinking water are clearly undercut. Even if the fertiliser
inputs in the maximum are added to the total atmospheric inputs in the maximum, the
CL for ecosystem or drinking water protection are not exceeded. If, in the critical load
calculation for ecosystem protection, the minimum threshold [46] used instead of the critical
concentration in the leachate according to Doyle et al. [47] (cited in: [48]), a minimum critical
load of 2.9 g ha−1 a−1 would be obtained. In the worst-case scenario, this minimum would
also not be exceeded by the maximum deposition. The same applies to the alternatively
calculated minimum critical load for drinking water protection.

3.5.5. Cu

The comparison of the grid maps of the total deposition of Cu in 2010 calculated by
Schaap et al. [18] throughout Germany with the CL determined in this paper is shown in
Table 10.

Table 10. Comparison of the 2010 Cu deposition (in g ha−1 a−1) with the critical loads (in g ha−1 a−1)
of the receptor surfaces in Germany.

Deposition Cu 2010 Critical Loads

Schaap et al.
[18]

Schaap et al.
[18] CL(Cu)eco CL(Cu)eco CL(Cu)drink CL(Cu)drink

5th Perc. 95th Perc Min 5–95 Perc.
(median) Min 5–95 Perc.

(median)

3.1–10.67 (5.89) 29.42 7 13–710 (74) 484 1070–11,268
(6172)

The maximum atmospheric deposition in 2010 [18] has exceeded the CL for ecosystem
protection on part of the areas. This means that there will be an unacceptable accumulation
of Cu in soil and/or groundwater as soon as the critical limits in soil are exceeded. When
the inputs from atmospheric deposition and fertilisation are determined summarily, there
is an exceedance risk for all arable land and grassland when maximum total inputs meet
high to average sensitive soils.

3.5.6. Zn

The comparison of the grid maps of the total deposition of Zn in 2010 calculated by
Schaap et al. [18] throughout Germany with the CL determined in this paper is shown in
Table 11.
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Table 11. Comparison of the Zn deposition 2010 (in g ha−1 a−1) with the critical loads (in g ha−1 a−1)
of the receptor surfaces in Germany.

Deposition Zn 2010 Critical Loads

Schaap et al.
[18]

Schaap et al.
[18] CL(Zn)eco CL(Zn)eco CL(Zn)drink CL(Zn)drink

5. Perc. 95. Perc. Min. 5.–95. Perc.
(Median) Min. 5.–95. Perc.

(Median)

11.89–33.38
(19.08) 76.63 81 189–1032

(565) 1234 2848–28,316
(15,628)

Even in the worst case (maximum deposition meets minimum CL), the CL for the
protection of ecosystems and drinking water are barely undershot. The minimum inputs
of Zn with fertilisers are already so high that there is a high risk of the CL for ecosystem
protection being exceeded for all arable land and grassland. Since limit concentrations for
Zn in drinking water are not specified, a critical load for drinking water protection cannot
be determined.

3.5.7. Cr

The comparison of the grid maps of the total deposition of Cr in 2010 calculated by
Schaap et al. [18] throughout Germany with the CL determined in this paper is shown in
Table 12.

Table 12. Comparison of Cr deposition 2010 (in g ha−1 a−1) and critical loads (in g ha−1 a−1) of
receptor areas in Germany.

Deposition 2010 Critical Loads

Schaap et al.
[18]

Schaap et al.
[18] CL(Cr)eco CL(Cr)eco CL(Cr)drink CL(Cr)drink

5. Perc. 95. Perc. Min. 5.–95. Perc.
(Median) Min. 5.–95. Perc.

(Median)

0.84–2.08
(1.22) 3.97 78 115–448 (263) 12 28–282 (156)

The maximum atmospheric deposition in 2010 may not have exceeded the CL for the
protection of ecosystems and drinking water in any area. This means that in the worst
case there is no unacceptable accumulation of Cr in soil and drinking water. If, in the
critical load calculation for ecosystem protection, instead of the critical concentration in the
leachate according to Crommentuijn et al. [49] (cited in: [48]), the minimum threshold [46]
was used as an alternative, a minimum critical load of 2.1 g ha−1 a−1 would be obtained.
In the worst case, however, this minimum would be exceeded by the maximum deposition.
The same applies to the alternatively calculated minimum critical load for drinking water
protection. There is also an exceedance risk for a part of the arable land in Germany when
the entries from atmospheric deposition and fertilisation are determined summarily, if
maximum total entries hit soils with high to average sensitivity.

3.5.8. Ni

Table 13 compares the grid maps of the total deposition of Ni in 2010 calculated by [18]
throughout Germany with the CL determined in this study.
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Table 13. Comparison of Ni deposition in 2010 (in g ha−1 a−1) with the critical loads (in g ha−1 a−1)
of receptor areas in Germany.

Deposition 2010 Critical Loads

Schaap et al. [18] Schaap et al. [18] CL(Ni)eco CL(Ni)eco

5. Perc. 95. Perc. Min. 5.–95. Perc. (Median)

1.98–3.92 (2.69) 7.11 37 109–3338 (518)

The maximum atmospheric deposition in 2010 may not have exceeded the CL for
ecosystem protection in any area. This means that in the worst case there is no unacceptable
accumulation of Ni in the soil. Since limit concentrations for Ni in drinking water are
not specified, a critical load for drinking water protection cannot be determined. There is
no risk that the CL for the protection of forest, arable and grassland ecosystems will be
exceeded when the inputs from atmospheric deposition and fertilisation are summarily
determined, even if maximum total inputs would occur on high to average sensitive soils.
If instead of the WHAM modelling results [50] for the critical concentration in leachate, the
critical load calculation for ecosystem protection were to alternatively use the minimum
threshold [46], a minimum critical load of 7.9 g ha−1 a−1 would be obtained. In the worst
case, this minimum would also not be exceeded by the maximum deposition. The same
applies to the alternatively calculated minimum critical load for drinking water protection.

3.5.9. Tl

CL for Tl for the protection of ecosystems cannot yet be determined, because there is
no valid database for the derivation of impact-based ecosystem critical limits. A provisional
rough estimate of the risk of Tl inputs into Germany’s receptor ecosystems can be based on
a calculated balance of inputs and outputs in the ranges typical for Germany (Table 14).

Table 14. Calculation of the acceptable Tl discharge in the typical German range (minimum and maximum).

Terms of the Balance Sheet Acre Grassland Forest

Yield minimum (t dry mass ha−1 a−1) 2.199 0.1 0.65

Yield maximum (t dry mass ha−1 a−1) 14.088 6.5 7.4

Tl withdrawal by biomass harvest Minimum (g ha−1 a−1) 0.11 0.005 0.033

Tl removal by biomass harvest maximum (g ha−1 a−1) 0.704 0.325 0.37

Leakage water rate minimum (m3 ha−1 a−1) 175 125 70

Seepage water rate maximum (m3 ha−1 a−1) 949 678 380

Acceptable Tl- washing rate minimum (g ha−1 a−1) 0.035 0.025 0.014

Acceptable Tl- washout rate maximum (g ha−1 a−1) 0.19 0.136 0.076

Acceptable total Tl discharge minimum (g ha−1 a−1) 0.145 0.03 0.046

Acceptable total Tl discharge maximum (g ha−1 a−1) 0.894 0.46 0.446

The average Tl content in vegetable biomass on unpolluted soils is 0.05 g t−1 dry
matter [51]. Thus, the range of Tl outputs with the biomass harvest is obtained by multi-
plying this typical concentration in plant stands of unpolluted soils by the minimum and
maximum yields in Germany. In leachate, the minimum threshold of 0.0002 g m−3 [46]
may be used as a critical limit. This threshold value is an ecotoxicologically determined
threshold value for a Tl limit concentration.

Since no nationwide deposition surveys are available, no assessment of the pollu-
tion situation can be made. However, a measuring station in Dortmund, for example,
recorded an annual average concentration in 2013, which converted into a deposition rate
of 0.15 g ha−1 a−1 [52]. This value is within the range for the acceptable discharge rate.
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Thus, a risk cannot be excluded that sensitive ecosystems could be overburdened in the
long term.

3.5.10. V

CL for V for the protection of ecosystems cannot yet be determined because there is no
valid database for the derivation of impact-based ecosystem-critical limits. A provisional
rough estimate of the risk of V inputs into Germany’s receptor ecosystems can be based on
a calculated balance of inputs and outputs in the ranges typical for Germany (Table 15).

Table 15. Calculation of the acceptable V discharge in the typical German range (minimum and
maximum).

Terms of the Balance Sheet Acre Grassland Wood

Yield minimum (t dry mass ha−1 a−1) 2.199 0.1 0.65

Yield maximum (t dry mass ha−1 a−1) 14.088 6.5 7.4

V extraction by biomass harvest minimum (g ha−1 a−1) 1.54 0.07 0.455

V extraction by biomass harvest maximum (g ha−1 a−1) 9.86 4.55 5.18

Leakage water rate minimum (m3 ha−1 a−1) 175 125 70

Seepage water rate maximum (m3 ha−1 a−1) 949 678 380

Acceptable V-washing rate minimum (g ha−1 a−1) 0.7 0.5 0.28

Acceptable V-washing rate minimum (g ha−1 a−1) 3.8 2.71 1.52

Acceptable total V discharge minimum (g ha−1 a−1) 2.24 0.57 0.735

Acceptable total V discharge minimum (g ha−1 a−1) 13.66 7.62 6.697

Biomass harvesting is one of acceptable cutting methods. The average V content in
vegetable biomass can be assumed to be 0.7 g t−1 dry matter [53]. The ranges of the V
outputs with the biomass harvest then result from multiplying this typical concentration in
plant stands of unpolluted soils with the minimum and maximum yields in Germany. Fur-
thermore, leaching with the seepage can be taken into account as an acceptable discharge,
whereby the critical concentration of the metal in the leachate can be assumed to be the
negligibility threshold of 0.004 g m−3 [46]. This human-toxic threshold value is lower than
the ecotoxicological threshold value for a V limit concentration.

The maximum deposition 2010 [18] for forest and grassland is slightly above the
minimum acceptable deposition. In the worst case (maximum deposition meets areas with
minimal cut-offs), a risk of impairment of ecosystem functions cannot be ruled out.

3.6. Comparison and Discussion of Assessment Values, Risk Assessment of Heavy Metal Inputs

When comparing the deposition calculated by Schaap et al. [18] as an area-wide
dataset for Germany with the assessment values, the differences between the calculation
results of the deposition (with EMEP model, LOTO-EUROS model, derived from mosses)
and between assessment values are of great importance. The dataset for MH deposition
calculated for Germany corresponds methodically roughly to the German dataset for the
total deposition of N, which is used for the assessment of environmental impacts of projects
and plants as the data basis for determining the background deposition. However, such an
application is not recommended for the datasets of the total heavy metal deposition due to
the high uncertainties [18]. However, it is in line with expectations that this background
deposition will not exceed assessment values for the assessment of the environmental
impacts of plants or projects.

3.6.1. Protection of Human Health

Comparing the assessment values based on human toxicological thresholds and
relating to the total general exposure with the corresponding airborne input rates (for Hg:
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EMEP deposition grid data for 2013; for all other metals deposition grid data for 2010
from Schaap et al. [18], then the following undercuttings and exceedances become obvious
(Table 16). A comparison of the plant-related assessment values for deposition according to
TA Luft [36] with the background loads does not provide any information on the currently
existing risks and is therefore not made in the following section. Alternatively, it is indicated
to what extent the background deposition already exhausts the values according to Table 6
or Table 8 of the TA Luft [36] or comparable assessment values.

Table 16. Assessment values for heavy metal (in g ha−1 a−1) fluxes for the protection of human health and their ex-
ceedance/undercutting by atmospheric deposition (for Hg: EMEP in 2013 [10,11]; for all others German dataset in 2010
from Schaap et al. [18]).

Metal

TALuft
Table 6

TALuft
Table 8

39th BImSchV
Coniferous/Deciduous

Forest/
Arable Land 1

EU-Position
Paper

Coniferous/Deciduous
Forest/

Arable Land 1

CL(M)Food CL(M)Drink

Emitter-Related General Load

Hg 4+ 110+ 0.3–13.8−−

Cd 7+ 9+ 7/4/2.5+ 9–18+ 1.9–19.2− 0.8–42.6-

Pb 365+ 675+ 716/420/250+ 3–142−−

As 15+ 4271+ 6/4/2.2+ 3–9/4–13/1.5–5+ 2–138+

Ni 55+ 28/17/10+ 8–42/14–72/5–25−

Cu 484–27,533+

Zn 1234–69,133+

Cr 12–688+

1 Converted into input rates using the mean deposition velocities in the various vegetation complexes. + Critical values for human health
are not exceeded. A risk can be excluded. − Critical values for human health are exceeded in worst cases. A risk cannot be excluded
regionally. − − Critical values for human health are exceeded. There is a regional risk.

Although the immission limit values and target values of the 39th Federal Immission
Control Ordinance [38] are in principle suitable as assessment values for endangering
human health, the concentrations stated are not directly comparable with the deposition
of the German dataset. If the concentrations are converted into input rates using the
mean deposition velocities in the various vegetation complexes, taking into account the
proportions of coarse and fine fractions in the dust, different permissible input rates are
obtained for coniferous and deciduous forest and for arable land.

The EU Position Paper [54] specifies immission target values (concentrations in the
particulate matter fraction PM10) for As, Cd, and Ni. For Cd, a deposition threshold
derived from concentration values is also proposed. These are proposals derived from
human toxicological data. These assessment values are therefore suitable for the risk
assessment of total entries for human health. The assessment concentrations for As and Ni
were converted into allowable input rates as indicated above. For the protection of drinking
water, the CL (CL(M)drink) for the atmospheric total heavy metal inputs for the German
receptor surfaces on a scale of 1:1 million were determined as assessment values for the
assessment of the CL(M)drink, in which the limit concentrations from the German Drinking
Water Ordinance [55] were included as critical threshold values. These are identical to
the corresponding limit concentrations of the WHO guideline [56]. The CL for drinking
water protection were determined taking into account the different leachate rates and
vegetation types. In this respect, they show a higher degree of differentiation than the
absolute assessment values of the 39th BImSchV [38] and the TA Luft [36]. Entries at the CL
level lead to an equilibrium between total input and unpolluted output and thus guarantee
the precautionary avoidance of an accumulation of HM in drinking water above the limit
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values. Thus, the following differentiated picture emerges with regard to the risk to human
health from inputs of the individual HM under consideration.

Hg

The 39th BImSchV [38] and the EU Position Paper [54] do not contain assessment
values for Hg. Based on the EMEP deposition grid map of Germany for the year 2013,
the CL for drinking water protection CL(Hg) drink were exceeded in the German dataset
2016 [34] with a focus on southeast Brandenburg, northeast Saxony, and southwest Saxony-
Anhalt. The maximum deposition exhausts the assessment value of TA Luft [36] (Table 6)
to 22% and the assessment value of TA Luft [36] (Table 8) to 0.8%.

Cd

For the protection of plant food (wheat grain), a critical load for Cd inputs on wheat
fields (CL(Cd)food) was determined as the assessment value, in which the Cd limit concen-
tration for wheat was included in accordance with the recommendation of the manual [8,57].
This is half of the limit value set in the EU regulation (EC No. 1881/2006). The CL(Cd)food
was not exceeded in 2010 by the atmospheric Cd deposition in the receptor surfaces of the
German CL dataset 2016 [34]. However, it should be noted that only a fraction of the heavy
metal load on agricultural soils results from the atmosphere. In particular, the comparison
of Cd inputs by fertilisation with CL(M)food shows the risk of harmful accumulation in
wheat fields. Since the current content of Cd in wheat correlates with the content in soil [44],
there is currently a risk potential for human health from the consumption of wheat products
of German origin. The CL for drinking water protection in the receptor areas of the German
dataset 2016 [34] are not exceeded by the atmospheric deposition in 2010 (Table 4). In the
German dataset 2016 [34], it may be possible that areas where maximum deposition rates
meet a very low critical load (<2.3 g ha−1 a−1) (worst case) may not be mapped due to
scale conditions. In these cases, the maximum atmospheric deposition in 2010 (Table 4)
may have exceeded the CL for the protection of drinking water and food. This means that
in the worst case, Cd may accumulate in drinking water and wheat products as long as the
deposition is above the respective critical load and the critical limits are exceeded.

The CL(Cd)drink and CL(Cd)food are predominantly in the range of the range from
the EU position paper [54], but also go deeper than this. The target value for the Cd
entry from the EU position paper is far below the atmospheric deposition 2010 [18]. The
maximum deposition exhausts the assessment value of TA Luft [36] (Table 6) at 27% and
the assessment value of TA Luft [36] (Table 8) at 21%. If the assessment value for the
concentration from the 39th BImSchV [38] were alternatively converted into a deposition,
this would result in assessment values of 2.5–7 g ha−1 a−1, which would not be exceeded
by the deposition in the German dataset or in the worst case. However, this is only an
auxiliary calculation for a rough comparison of the exceedance rates of CL(M)drink and
CL(M)food.

Pb

The CL for the protection of drinking water will be exceeded by atmospheric Pb
deposition in 2010 [18] on 2.41% of the receptor areas in Germany, predominantly in the
state of Brandenburg, in Leipzig and in the Ruhr area. This area proportion may be higher,
since the German dataset 2016 [34] may not include areas where maximum deposition rates
meet a very low critical load (worst case) (Table 8). The maximum deposition [18] exhausts
19% of the assessment value of the TA Luft [36] (Table 6) and 11% of the assessment value
of the TA Luft [36] (Table 8). If the assessment value for the concentration from the 39th
BImSchV [38] were alternatively converted into a deposition rate, this would result in
assessment values of 250−716 g ha−1 a−1, which are not exceeded by the deposition of the
German dataset [18] and also in the worst case.
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As

The CLs for drinking water protection are not exceeded in the receptor areas of the
German dataset 2016 [34] by the atmospheric deposition in 2010 [18]. Even in the worst
case (maximum deposition rates meet the lowest critical load), which does not occur in
the German dataset 2016 [34] but could occur on a larger scale, exceeding the CL for
drinking water protection is ruled out. Even if a critical load calculation for drinking water
protection is carried out alternatively on the basis of the minimum threshold value [46], the
resulting minimum critical load in the worst case would not be exceeded by the maximum
deposition. The Minority threshold [46] corresponds to the base value.

The maximum deposition exhausts 6% of the assessment value of the TA Luft [36]
(Table 6) and 0.02% of the assessment value of the TA Luft [36] (Table 8). If the assessment
value for the concentration from the 39th BImSchV [38] were alternatively converted into
a deposition, this would result in assessment values of 2.5–6 g ha−1 a−1, which are not
exceeded by the deposition of the German dataset and also in the worst case.

Cu

The CL for drinking water protection in the receptor areas of the German dataset
2016 [34] are not exceeded by the atmospheric deposition in 2010 [18]. Even in the worst
case (maximum deposition rates meet the lowest critical load), which does not occur in the
German dataset 2016 [34], but could occur on a larger scale, exceeding the CL for drinking
water protection is ruled out.

Zn

The CL for drinking water protection in the receptor areas of the German dataset
2016 [34] are not exceeded by the atmospheric deposition in 2010 [18]. Even in the worst
case (maximum deposition rates meet the lowest critical load), which does not occur in the
German dataset 2016 [34] but could occur on a larger scale, exceeding the CL for drinking
water protection is ruled out.

Cr

The CL for drinking water protection in the receptor areas of the German dataset
2016 [34] are not exceeded by the atmospheric deposition in 2010 [18]. Even in the worst
case (maximum deposition rates meet the lowest critical load), which does not occur in the
German dataset 2016 [34] but could occur on a larger scale, exceeding the CL for drinking
water protection is ruled out. However, if a critical load calculation for drinking water
protection was carried out alternatively on the basis of the minimum threshold value [46],
the resulting minimum critical load would be exceeded by the maximum deposition [18]
in the worst case.

Ni

The BTrinkwV [55] does not specify a limit concentration for Ni, therefore no critical
load for drinking water protection is calculated in this study. If a critical load calculation
for drinking water protection is carried out alternatively on the basis of the minimum
threshold value [46], the resulting minimum critical load in the worst case would not be
exceeded by the maximum deposition. The maximum deposition exhausts 12% of the TA
Luft [36] (Table 6) assessment value.

If the assessment value for the concentration from the 39th BImSchV [38] were alterna-
tively converted into a deposition, this would result in assessment values of 10–28 g ha−1 a−1,
which would not be exceeded by the deposition of the German dataset and also in the worst
case. If the target values of the EU position paper [54) are converted into deposition rates
(5–72 g ha−1 a−1), in the worst case (maximum deposition meets minimum permissible
input) there is an exceedance risk on arable land and grassland.

56



Atmosphere 2021, 12, 193

Tl

No limit concentration for Tl is specified in the BTrinkwV [55]. Therefore, no critical
load for the drinking water protection CL(Tl)drink was calculated in this study. A human
toxicological minimum threshold is also not available [46]. An exceedance of the immission
values for heavy metal deposition according to TA Luft [36] (Tables 6 and 8 ) by the diffuse
total pollution from the long-distance transport of the metal in the atmosphere cannot
be determined nationwide. However, the assessment values are far above, for example,
the annual average concentration measurement values 2013 of the LANUV NRW [52] in
Dortmund converted into deposition rates.

V

The BTrinkwV [55] does not specify a limit concentration for V. Therefore, no critical
load for the drinking water protection CL(Ni)drink is calculated in this study. A risk
assessment using an input/output balance based on a human toxicological minimum
threshold [46] shows that a health risk cannot be safely excluded by the inputs in 2010.

3.6.2. Protection of Terrestrial Ecosystems (in Particular Soils) from Harmful Changes

If one compares the assessment values with the corresponding aerial input rates (for
Hg: EMEP deposition grid data for 2013 [10,11]; for all other metals deposition grid data
for 2010 according to [18], the following under- and overruns result (Table 17). However,
the assessment of risks from airborne inputs on the basis of the assessment values from the
various statutory regulations and recommendations must be considered taking into account
different levels of protection, protection objectives, and impact thresholds. The assessment
values of the TA Luft [36], the 39th BImSchV [38], and the EU Position Paper [54] are based
on human toxicological threshold values but are also intended for the protection of plants
and the environment in general, whereby it is assumed that the ecosystem compartments
are not more sensitive than humans. After conversion of the permissible concentrations
from the 39th BImSchV [38] into permissible annual input rates, there are no exceedances in
2010 due to the atmospheric background deposition [18]. The assessment values from the
EU position paper [54] for Cd will not be exceeded in 2010, as will the assessment values
for As after conversion. The converted lowest assessment values for Ni are exceeded in the
worst case on fields and grassland.

Table 17. Assessment values for heavy metal fluxes to protect ecosystems and their exceedance/undercutting by atmospheric
deposition (for Hg: EMEP in 2013 [10,11]; for all others German dataset in 2010 [18]).

Assessment
Value (LUA

Brandenburg
2008)

TALuft
Table 6

TALuft
Table 8

BBodSchV
Permissible
Additional

Load

39th BImSchV
Coniferous/Deciduous
Forest/Arable Land 1

EU-Position
Paper

Coniferous/Deciduous
Forest/Arable Land 1)

CL(M)eco

Emittent-Related General Load

(g ha−1 100 a−1) (g ha−1 a−1)

Hg 2+ 4+ 110+ 1.5+ 0.1–1.1−−

Cd 5+ 7+ 9+ 6+ 7/4/2.5+ 9–18+ 1.5–127.6 −

Pb 768+ 365+ 675+ 400+ 716/420/250+ 2–2603−−

As 15+ 4271+ 6/4/2.2+ 3–9/4–13/1.5–5+ 115–1669+

Ni 154+ 55+ 100+ 28/17/10+ 8–42/14–72/5–25− 37–11,232+

Cu 360+ 7–3384−−

Zn 1200+ 81–2457+

Cr 300+ 78–1049+

1 Converted into input rates using the mean deposition velocities in the various vegetation complexes. + Critical values for ecosystems
are not exceeded. A risk can be excluded. − Critical values for ecosystems are exceeded in worst cases. A risk cannot be excluded
regionally. −− Critical values for ecosystems are exceeded. There is a regional risk.
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At the same time, a comparison of the plant-related assessment values for metal
inputs (assessment value according to LUA Brandenburg [58], TA Luft [36], permissible
additional load according to BBodSchV [37]) with the background loads does not provide
any information on the currently existing spatially widespread risks for ecosystems. The
comparison can only serve to roughly estimate to what extent the permissible total load
has already been exhausted by the background load. The uncertainties of the deposition
mapping and its small scale do not permit concrete spatial statements for individual sites.
It was therefore to be expected that the atmospheric entries for 2010 would not exceed the
plant-related assessment values.

In the following, only the risks of terrestrial ecosystems, including soil, are discussed
on the basis of assessment values based on ecotoxicological thresholds, i.e., from the BBod-
SchV [37], the Brandenburg enforcement aid for the FFH-habitats impact assessment [58]
and the CL for ecosystem protection identified in Schröder et al. [34]. As the pathways of
action of HM to all compartments of a terrestrial ecosystem usually run across the soil, the
assessment values for the protection of soil functions can at the same time be regarded as
relevant assessment values for the protection of ecosystems.

The CL for ecosystem protection [34] for the heavy metal inputs of Hg, Cd, Pb, As,
Cu, Zn, Cr, and Ni (CL(M)eco) are differentiated by ecosystem type. The input values are
determined soil- and vegetation-specifically. The critical threshold values (critical concen-
tration in the soil for the maintenance of microbial functions, for the protection of plants,
invertebrates, and soil microorganisms) are comparable with the criteria for determining
the precautionary values in the Federal Soil Protection Ordinance [37]. However, the
precautionary values of the BBodSchV [37] are stated as concentrations and are therefore
not directly comparable with the flow rates of the CL.

According to current knowledge, compliance with CL(M)eco with the inclusion of all
input paths permanently (for all time) excludes the possibility of risks arising, provided
that the critical limits (critical concentrations in the indicators considered) have not yet
been exceeded. If they have already been exceeded, compliance with the critical load leads
to a long-term, gradual reduction up to the critical limits.

The assessment values of the ´Brandenburgische FFH-Vollzugshilfe´ [58] are given
as maximum permissible concentrations in the soil. In addition, plant-related irrelevance
thresholds can be calculated. A comparison of the permissible enrichment rate in 100 years
with background deposition therefore also does not lead to a real risk assessment. In the
following, therefore, only the extent to which the total permissible positions calculated in
this way are already exhausted by the entries at background level is given.

In the following, an assessment of the risk of harmful changes in terrestrial ecosystems
based on the current 2010 and 2013 HM deposition under consideration is nevertheless to
be carried out, taking into account the limited comparability of the assessment values.

Hg

On the basis of the EMEP deposition grid map of Germany for 2013 [10], the CLs
for ecosystem protection in the German dataset 2016 [34] are exceeded, with a focus
on North Rhine-Westphalia, southeast Brandenburg, north-east Saxony, and southwest
Saxony-Anhalt.

In addition, further diffuse Hg entries may have to be taken into account, which
aggravates the situation. However, due to the high buffering capacity of the soils for Hg, it
cannot be concluded from a CL(Hg)eco exceedance that there is an immediate risk.

The permissible annual additional load of Hg according to BBodSchV [37] in the
amount of 1.5 g ha−1 a−1, if the precautionary value of the Hg concentration in the
soil according to BBodSchV [37] has already been reached or exceeded, is far above the
maximum of the EMEP deposition in 2013 [10,11]. Fifty-eight percent of the maximum
atmospheric background deposition uses this value, but the permissible additional load
also applies to all other input paths in total. The irrelevant plant-related additional load
extrapolated from the irrelevance threshold according to LUA Bbg [58] using the example of
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a cambisol to 100 years is already 44% exhausted by the maximum atmospheric background
deposition in 2013 [18].

Cd

The CL for ecosystem protection in the receptor areas of the German dataset 2016 [34]
are not exceeded by the atmospheric deposition 2010 [18]. In the German dataset 2016 [34],
it may be possible that areas where maximum deposition rates meet a very low critical load
(<2.3 g ha−1 a−1) (worst case) may not be depicted due to scale. In these cases, the maximum
atmospheric deposition in 2010 may have exceeded the CL for ecosystem protection. The
permissible annual Cd input rate according to BBodSchV [37] of 6 g ha−1 a−1), if the
precautionary value (Cd concentration in soil) according to BBodSchV [37] has already
been reached or exceeded, is far above the maximum of the EMEP deposition in 2013 [10,11].
Thirty-nine percent of the maximum atmospheric background deposition uses this value,
but the permissible additional load applies to all input paths.

The irrelevant plant-related additional load extrapolated from the irrelevance thresh-
old according to LUA Bbg [58] using the example of a cambisol to 100 years is already 47%
exhausted by the maximum atmospheric background deposition in 2010 [18].

Pb

The CL for Pb inputs for the protection of ecosystems are exceeded by the atmospheric
deposition in 2010 [18] on 14.11% of the receptor areas in Germany, predominantly in
the Leipzig and Thuringian bight, in the Harz foreland and in the Ruhr area. This area
share may be higher, since the German dataset 2016 [34] may not include areas where
maximum deposition rates meet a very low critical load (worst case). The permissible
annual Pb input rate under the BBodSchV [37] of 400 g ha−1 a−1, if the precautionary
value has already been reached or exceeded, is well above the maximum of the 2010
deposition [18]. The maximum atmospheric background deposition exhausts 22% of this
value, but the permissible additional load applies to all entry paths. The irrelevant plant-
related additional load extrapolated from the irrelevance threshold according to LUA
Bbg [58] using the example of a cambisol to 100 years is used up by 11% by the maximum
atmospheric background deposition in 2010 [18].

As

The CL for ecosystem protection in the receptor areas of the German dataset 2016 [34]
are not exceeded by the atmospheric deposition 2010 [18]. Even in the worst case (maximum
deposition rates meet the lowest critical load), which does not occur in the German dataset
2016 [34] but could occur on a larger scale, exceeding the CL for ecosystem protection
is ruled out. Even if a critical load calculation for ecosystem protection was carried out
alternatively on the basis of the minimum threshold value [46], the resulting minimum
critical load in the worst case would not be exceeded by the maximum deposition [18]. A
permissible additional annual input rate of As according to BBodSchV [37] is not specified.

Cu

In 2010 [18], the Cu deposits exceeded the CL(Cu)eco on 1.16% of the receptor areas in
Germany, predominantly in the Berlin environs and the Ruhr area. This area proportion
may be higher, since the German CL dataset 2016 [34] may not reflect areas where maximum
deposition rates meet a very low critical load (worst case). The permissible annual input
rate of Cu according to BBodSchV [37] of 360 g ha−1 a−1, if the permissible Cu concentration
in the soil according to BBodSchV [37] has already been reached or exceeded, is far above
the maximum of the deposition 2010 [18]. The maximum background deposition exhausts
this value to 8%, but the permissible additional load applies to all input paths.
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Zn

The CL for ecosystem protection in the receptor areas of the German data set 2016 [34]
are not exceeded by the atmospheric deposition 2010 [18]. Even in the worst case (maximum
deposition rates meet the lowest critical load), which does not occur in the German data
set 2016 [34] but could occur on a larger scale, exceeding the CL for ecosystem protection
is ruled out. The permissible annual input rate of Zn according to BBodSchV [37] of
1200 g ha−1 a−1, if the permissible Zn concentration in the soil according to BBodSchV [37]
has already been reached or exceeded, is far above the maximum of the deposition in
2010 [18]. The maximum background deposition exhausts this value by 6%, but the
permissible additional load applies to all input paths.

Cr

The CL for ecosystem protection in the receptor areas of the German dataset 2016 [34]
are not exceeded by the atmospheric deposition 2010 [18]. Even in the worst case (maxi-
mum deposition rates meet the lowest critical load), which does not occur in the German
CL dataset 2016 [34] but could occur on a larger scale, exceeding the CL for ecosystem
protection is ruled out. However, if a critical load calculation for ecosystem protection was
carried out alternatively on the basis of the minimum threshold value [46], the resulting
minimum critical load would be exceeded by the maximum deposition in the worst case.
The permissible annual input rate of Cr according to BBodSchV [37] of 300 g ha−1 a−1, if
the permissible Cr concentration in the soil according to BBodSchV [37] has already been
reached or exceeded, is far above the maximum of the deposition in 2010 [18]. The maxi-
mum background deposition exhausts this value by 1.3%, but the permissible additional
load applies to all input paths.

Ni

The CL for ecosystem protection in the receptor areas of the German CL dataset 2016 [34]
are not exceeded by the atmospheric deposition 2010 [18]. Even in the worst case (maximum
deposition rates meet the lowest critical load), which does not occur in the German CL dataset
2016 [34], but could occur on a larger scale, exceeding the CL for ecosystem protection is ruled
out. Even if a critical load calculation for ecosystem protection was carried out alternatively
on the basis of the minimum threshold value [46], the resulting minimum critical load would
not be exceeded by the maximum deposition [18] in the worst case. The permissible annual Ni
input rate according to BBodSchV [37] of 100 g ha−1 a−1, if the permissible Ni concentration
in the soil according to BBodSchV [37] has already been reached or exceeded, is far above the
maximum of the deposition in 2010 [18]. The maximum background deposition exhausts this
value by 7%, but the permissible additional load applies to all input paths.

The maximum atmospheric background deposition in 2010 [18] exploits 4.6% of the
irrelevance threshold according to LUA Bbg [58] extrapolated from the example of a
cambisol to 100 years of irrelevant plant-related additional pollution.

Tl

Since no nationwide deposition surveys are available, no assessment of the pollu-
tion situation can be made. However, a measuring station in Dortmund, for example,
recorded an annual average concentration in 2013, which converted to a deposition rate of
0.15 g ha−1 a−1 [52]. A risk assessment by means of an input/output balance based on an
ecotoxicological minimum threshold [46] shows that a risk cannot be safely excluded, at
least in the Ruhr region. Tl is a highly toxic element for living organisms, comparable to
the effect of Hg [59]. Tl is hardly transported in the soil and is thus strongly enriched in
the rooted topsoil during prolonged input [59,60] states that 80% of anthropogenic Tl is
stored in humus-rich topsoil. This results in an obviously neglected need for research. The
impact-based derivation of assessment values and at the same time the inventory of the
current deposition in Germany are urgently required.
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V

A risk assessment by means of an input/output balance based on a human toxicologi-
cal minimum threshold [46], which is lower than the ecotoxicological threshold determined,
results in a health risk from the inputs in 2010 in the worst case. For example, the maximum
deposition in 2010 [18] (Table 4) for forest and grassland is slightly above the minimum
acceptable deposition. In the worst case (maximum deposition meets areas with minimal
outcropping), a long-term risk of impairment of ecosystem functions cannot be ruled out.
Assessment values for V are not given in the BbodSchV [37].

4. Future Research

The German Moss Monitoring 2020 does not continue the monitoring network 2015
and the range of measured elements except for POPs. This is a cause for concern, because
in that way it is not possible to detect a trend reversal like for Cr, Sb, Zn, and standstill of
concentrations of Al, As, Cd, Cu, Hg, Ni, V between 2000 and 2005. The Moss Survey 2025
should therefore again focus on the internationally agreed measurement spectrum (Al, As,
Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, V, Zn; N; POP). From a political and ecological point of view,
not only increases in concentrations are worth reporting, but also standstills and (further)
declines.
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Abstract: The moss biomonitoring technique was used for assessment of air pollution in the central
part of Georgia, Caucasus, in the framework of the UNECE ICP Vegetation. A total of 35 major and
trace elements were determined by two complementary analytical techniques, epithermal neutron
activation analysis (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Se, B, Rb, Sr, Zr, Mo, Sb, I,
Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Hf, Ta, W, Th, and U) and atomic absorption spectrometry (Cu,
Cd, and Pb) in the moss samples collected in 2019. Principal Component Analyses was applied to
show the association between the elements in the study area. Four factors were determined, of which
two are of geogenic origin (Factor 1 including Na, Al, Sc, Ti, V, Cr, Fe, Co, Ni, Th, and U and Factor
3 with As, Sb, and W), mixed geogenic–anthropogenic (Factor 2 with Cl, K, Zn, Se, Br, I, and Cu)
and anthropogenic (Factor 4 comprising Ca, Cd, Pb, and Br). Geographic information system (GIS)
technologies were used to construct distributions maps of factor scores over the investigated territory.
Comparison of the median values with the analogous data of moss biomonitoring in countries with
similar climatic conditions was carried out.

Keywords: moss biomonitoring; trace elements; atmospheric deposition; neutron activation analysis;
atomic absorption spectrometry; multivariate statistics

1. Introduction

At present air pollution is recognized as the fifth largest threat to human health [1].
Air pollution and the associated problems are not confined by any geopolitical bound-
aries. The European Directives on air quality related to particulate matter (PM), heavy
metals, and polycyclic aromatic hydrocarbons in ambient air [2,3], define target and limit
values in the monitoring and further control of the pollutants. During the last several
decades, biomonitoring surveys considering the use of an organism as a monitor of environ-
mental pollution [4] have become a valuable complement to instrumental measurements.
Widespread species that reliably reflect air pollution represent a simple and cost-effective
alternative for instrumental measurements, thus enabling measurements with much higher
spatial resolution. Mosses are recognized as good biomonitors of air pollution due to their
specific morpho-physiological features: the lack of a root system, large surface area, and
a high cation-exchange capacity of cell membranes, which represent their adaptations
to nutrition from the air. Mosses are ubiquitous species and they have been extensively
used in large-scale studies for biomonitoring of trans-boundary air pollution [5] known as
passive moss biomonitoring [4]. The moss biomonitoring method, in combination with
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nuclear and related analytical techniques, has been regularly used for the last 25 years in
Western European countries to study atmospheric deposition of heavy metals (HM). Over
the past 15 years it has spread to Eastern Europe [5]. The first moss survey in Georgia
was undertaken in 2014 [6] and the results included in the Report on the European Moss
survey 2015–2016 [5] along with data obtained in the next surveys [7,8]. Rocks of different
composition, age and stability are spread on the territory of Georgia. The high degree of
the relief-dissection is due to strong tectonic movement and intense erosion processes in
the Caucasus region. At certain locations of Georgia the depths of erosion-cuts exceeds
2000 m [9].

There is a need to investigate whether mosses sampled in this region can be used as
biomonitors of atmospheric heavy metal deposition given the rather high contribution of
mineral particles to the metal concentration in mosses. The present research was carried
out by the Georgian and Russian teams aimed to cover white spots in the map of this
territory of Caucasus.

2. Experimental
2.1. Study Area

The study area is located in Georgia between coordinates: 42◦40′ N latitude and 43◦17′

E longitude for the North, 41◦22′ N latitude and 43◦46′ E longitude for the South, 42◦35′ N
latitude and 43◦13′ E longitude for the West, and 41◦40′ N latitude and 44◦41′ E longitude
for the East. Elevation ranges from 651 to 2132 m a.s.l.

The South Caucasus region is highly prone to natural disasters, and its mountainous
regions are particularly high risk areas. Natural phenomena common in the region include
landslides and mudflows, floods, flash floods, droughts, avalanches, rainstorms, and
earthquakes. The countries are located in a region of moderate to very high seismic
activity and are therefore particularly prone to earthquakes, which can have devastating
consequences for lives, buildings and infrastructure. This seismic activity can also trigger
secondary events such as landslides, avalanches and flash floods in mountainous areas [10].

The mountainous regions of the South Caucasus have a wide range of climatic zones,
from cold temperate alpine peaks to temperate, humid and arid landscapes.

The relief of Georgia is characterized by complex hypsometric and morphographic
features: heavily dissected mountain slopes, deep erosive gorges, intermountain depres-
sions, flat lowlands, plains, plateaus, and uplands. The most important landforms found
in the territory of Georgia are erosive, volcanic, karst, gravitational, and old glacial land-
forms [11,12].

The climate in the high-mountains contributes to the formation of eternal snows and
glaciers. Mountain meadow soils prevail in the highlands, and brown forest soils on the
plains. Landscape and ecosystems of each sampling site differ considerably and depend on
wind direction. Study area is located outside industrial zones; however, it may experience
a long-range transport of pollutants due to resuspension of soil particles.

During the summer season, the main source of air pollution is traffic. It should be
noted that as of 2018, 45.5% of vehicles were over 20 years old. Diesel fuel quality and
requirements remain a particularly problematic issue in the country [13].

The main industrial activities taking place in the mountainous regions of Central
Caucasus are related to the extraction and processing of natural resources. Mining activities
alter the structure of the landscape, which can have severe consequences. Mining and
processing activities often create toxic waste, which can have adverse impacts on the
surrounding environment. In the Ambrolauri region, near village Uravi arsenic mining
sites are situated. When the mining sites were abandoned in 1992, approximately 100,000
tons of wastes containing arsenic were left in surface areas. These sites are situated in the
basins of the Rioni river, and there was an existing high risk of arsenic leakage [14,15].
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2.2. Moss Sampling

Passive moss biomonitoring was performed in compliance with the guidelines of the
Convention on Long-Range Transboundary Air Pollution (CLRTAP) and International
Cooperative Program on Effects of Air Pollution on Natural Vegetation and Crops moni-
toring manual Moss Manual 2020 [16]. The following regions are represented: Racha-
Lechkhumi and Kvemo Svaneti, Shida Kartli, Mtskheta-Mtianeti, Kvemo Kartli, and
Samtskhe-Javakheti. Overall, thirty-five moss samples (Hylocomium splendens (Hedw.)
Schimp. (4), Hypnum cupressiforme Hedw. (12)), Pleurozium schreberi (Brid.) Mitt (5), and Abi-
etinella abietina (Hedw.) M. Fleisch) (14) were collected during summer 2019. (The number
of samples of each type is given in brackets). Three first moss species are recommended for
biomonitoring purposes in the Moss Manual-2020 [15], However in some sampling sited
the only available species was Abietinella abietina (Hedw.) M. Fleisch) which was considered
suitable for sampling due to the closeness of its morphological properties with the mosses
listed in the Moss Manual. The sampling map is given in Figure 1. From a map Ecosystems
of South Caucasus (Figure 2) one can obviously see the variety of ecosystems and climatic
zones of the sampled areas.

 

Figure 1. Sampling map.

Samples were collected at least 300 m from the main roads and settlements and at
least 100 m away from the side roads, mainly from open areas to avoid the impact of higher
vegetation. Longitude, latitude, and elevation were noted for every sampling location
using the global positioning system.

67



Atmosphere 2021, 12, 317

 

Figure 2. Ecosystems of South Caucasus [15].

Samples were collected at least 300 m from the main roads and settlements and at
least 100 m away from the side roads, mainly from open areas to avoid the impact of higher
vegetation. Longitude, latitude, and elevation were noted for every sampling location
using the global positioning system.

For each sampling site, details (date of the sampling, weather condition, nearby
vegetation, topography, and land use) were noted. Five to ten sub-samples were collected
within an area of 50 m × 50 m and mixed in one composite sample. Samples were stored
and transported in tightly closed paper bags. To prevent any contamination of the samples,
sampling, and sample handling in the field and in the laboratory were performed using
disposable polyethylene gloves (without talc) for each sample.

2.3. Sample Preparation and Elemental Analysis

Each sample was cleaned from extraneous materials in a chemical laboratory. Only
green and green-brown shoots were taken and dried to a constant weight at 30–40 ◦C for
48 h. The elemental analysis of each sample was performed using instrumental neutron
activation analysis (INAA) and atomic absorption spectrometry (AAS). The procedure of
moss preparation for INAA and AAS is described in our previous study [8].

Moss samples were subjected to INAA at the neutron activation analysis facility
REGATA of the IBR-2 reactor of the FLNP, JINR (Dubna, Russia). To determine elements
with short lived isotopes (Mg, Al, Cl, Ca, Ti, V, Mn, I) samples were irradiated for 3 min
and measured for 20 min. To determine elements with long lived isotopes (Na, K, Sc, Cr,
Fe, Co, Ni, Zn, As, Se, Br, Rb, Sr, Zr, Mo, Sn, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Hf,
Ta, W, Au, Th and U) samples were irradiated for 3 days, re-packed, and measured twice
using HPGe detectors after 4 and 20 days of decay, respectively. The calculation of element
concentrations was performed using software developed at FLNP JINR [17].

The AAS was used to determine amounts of Cu, Cd, and Pb in the moss samples
using the iCE 3300 AAS atomic absorption spectrometer with electrothermal (graphite
furnace) atomization (Thermo Fisher Scientific, Waltham, MA, USA).

The calibration solutions were prepared from a 1 g/L stock solution (AAS standard
solution; Merck, DE).
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2.4. Quality Control of ENAA and AAS

In order to evaluate the precision and accuracy of the results, the certified reference
materials and standards were used, namely NIST SRM 1575a—Trace Elements in Pine
Needles, NIST SRM 1547—Peach Leaves, NIST SRM 1633b—Constituent Elements in
Coal Fly Ash, NIST SRM 1632c—Trace Elements in Coal (Bituminous), IRMM SRM 667—
Estuarine Sediment, NIST SRM 2711—Montana Soil, NIST SRM 2710—Montana Soil.

Table 1 shows the differences between certified and calculated values of concentrations,
where “SRM” were used as standards for calculations of concentrations for SRMs in the
column “Sample”. Most differences between certified and obtained values are lower than 2
σ. There are no such data for elements Mo, Sn, W, and Au because their certified values are
in the irradiated SRM only.

Table 1. Epithermal Neutron Activation Analysis (ENAA): obtained and certified values of reference materials, mg/kg.

SRM Sample Element Obtained Certified SRM Sample Element Obtained Certified

2709a FFA1 Na 21,647 ± 1602 21,900 ± 811 FFA1 2709a Rb 100.4 ± 16.6 99.00 ± 2.97
1547 1575a Mg 1086.5 ± 59.8 1060 ± 170 FFA1 2709a Sr 239.8 ± 21.1 239.00 ±

5.98
1632c 1633c Al 133,841 ±

4016
132,800 ±

6109 2709a 1632c Zr 18.31 ± 4.86 16.0 ± 4.8
1549 1632c Cl 1120 ± 77 1139 ± 41 2709a FFA1 Sb 17.92 ± 3.79 17.6 ± 2.5
2709a FFA1 K 22,498 ± 1373 22,000 ± 6600 1549 1547 I 0.394 ±

0.099 0.30 ± 0.09
1633c 2709a Ca 19,711 ± 1814 19,100 ± 898 2709a 667 Cs 7.9 ± 0.3 7.80 ± 0.71
2709a 667 Sc 13.82 ± 0.35 13.7 ± 0.7 2709a 1632c Ba 41.83 ± 6.03 41.1 ± 1.61
1633c 2710a Ti 2928 ± 205 3110 ± 72 667 2709a La 21.26 ± 1.13 21.7 ± 0.4
1633c 1632c V 22.79 ± 1.03 23.72 ± 0.53 667 2709a Ce 42.26 ± 2.79 42.00 ± 1.01
FFA1 667 Cr 181.6 ± 11.9 178 ± 16 667 FFA1 Nd 51.44 ± 6.49 56.8 ± 3.7
1575a 1547 Mn 97.83 ± 5.97 98 ± 3 667 1632c Sm 1.021 ±

0.092
1.078 ±

0.029
FFA1 2709a Fe 34,306 ± 1784 33,600 ± 706 667 2709a Eu 0.833 ±

0.067 0.83 ± 0.02

2709a FFA1 Co 39.87 ± 1.36 39.8 ± 1.7 667 FFA1 Tb 1.285 ±
0.047 1.38 ± 0.14

2709a 1632c Ni 9.56 ± 0.76 9.32 ± 0.52 FFA1 667 Yb 2.49 ± 0.23 2.200 ±
0.091

2709a 667 Zn 177.11 ± 9.04 175 ± 13 FFA1 1632c Hf 0.508 ±
0.047

0.585 ±
0.011

FFA1 1632c As 6.07 ± 0.36 6.18 ± 0.28 667 FFA1 Ta 1.774 ±
0.055 2.11 ± 0.17

1632c 2709a Se 1.02 ± 0.18 1.5 ± 0.45 FFA1 2709a Th 10.95 ± 0.43 10.9 ± 0.2
667 1632c Br 21.08 ± 0.85 18.7 ± 0.4 2709a 1632c U 0.51 ± 0.03 0.52 ± 0.02

A comparison of heavy metal concentrations obtained using the AAS with the stan-
dard values are presented in Table 2. The difference between the certified and measured
elements contents of the certified material varied between 1% and 5%.

Table 2. Comparison of the atomic absorption spectrometry (AAS)-obtained heavy metal concentra-
tions with the standard values, mg/kg.

Element Certified Obtained

Cd 0.54 ± 0.02 0.54 ± 0.01
Cu 5.0 ± 0.10 4.6 ± 0.3
Pb 0.20 ± 0.06 0.18 ± 0.01

2.5. Data Analysis Using PCA

Principle Component Analysis (PCA) is a special case of factor analysis, which trans-
forms the original set of intercorrelated variables into a set of uncorrelated variables that
are linear combinations of the original variables. The first principal component is the linear
combination of the variables that accounts for a maximum of the total variability of the data
set. The second principal component explains a maximum of the variability not accounted
for by the first component, and so on. The objective is to find a minimum number of princi-
pal components that explain most of the variance in the data set. The principal components
are statistically independent and, typically, the first few components explain almost all
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the variability of the whole data set. The minor principal components, which explain
only a minor part of the data, can be eliminated, thus simplifying the analysis. Further,
these minor components contain most of the random error, so eliminating them tends to
remove extraneous variability from the analysis. A wide range in concentrations makes
normalization of the data necessary if all the elements are to be given equal weight in the
analysis. The values used in the PCA are made dimensionless by this transformation [18]).

2.6. Construction of GIS Maps

The ArcGis 10.6 software (Esri, Redlands, California, USA) was used to build distribu-
tion maps of factor scores over the study area. We are using the OpenLayers library and a
few backgrounds like “Oceans”, “Gray”, “World”, “OSM”, etc., to generate maps.

3. Results and Discussion

A summary of the results from the 2019 moss sampling over the study area is presented
in Table 3 along with similar data obtained in previous surveys in Georgia in 2014–2017 [8],
North Macedonia [19], Bulgaria [20], and pristine country Norway [21]. Data from North
Macedonia and Bulgaria were obtained by INAA in Dubna, at the IBR-2 reactor of FLNP
JINR using the same hard- and software, whereas Norwegian data is a result of ICP-MS.
The Table 3 contains the medians and the lower and upper concentration quartiles of all
components. Variability of elemental concentrations is reflected by the total range, which
often spans approximately two to three orders of magnitude. Direct comparison of the
medians does not show great difference in the elemental concentrations for Georgia and the
Balkan countries, whereas maximal values of such element as As and Mo, both in 2014–2017
and 2019, exceed those for North Macedonia and Bulgaria, and it is five times higher than
the maximum in Norway. This phenomenon is easily explained by mining and processing
of arsenic and the presence of polymetallic ores abundant in the Caucasian Mountains.
To demonstrate special behavior of As, the Summary Results for arsenic, iron, zinc, and
nickel are presented in Figure 3 from which a strong local As contamination is evident,
whereas Fe shows normal distribution, and the others are close to normal. In comparison
with Norway, a country with fewer anthropogenic influences, Georgia has higher median
values for the elemental content in mosses for almost all air pollution elements (As, Cd, Co,
Cr, Cu, Hg, Ni, and Pb) [21].

 
  

  
 

Figure 3. Summary Report for As and some selected elements created byMinitab® 19.
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Table 3. Comparison of the results obtained in present study with the countries allocated in relatively the same geographical
belt. Norway chosen as a pristine area. Concentration is in mg/kg.

Element Georgia, 2019
Present Study

Georgia,
2014–2017 [8]

North Macedonia,
2015 [19]

Bulgaria,
2015/16 [20]

Norway,
2015 [21]

n—number
of samples n = 35 n = 120 n = 72 n = 115 n = 229

Element Median Range Median Range Median Range Median Range Median Range

Na 482 169–1350 581 101–3000 190 140–380 225 79–1560 210 60–800
Mg 2640 1910–

4420 3060 1220–
11600 1900 1200–

3800 2080 514–8550 1350 470–3280

Al 2770 1610–
9680 4295 759–

24,500 2100 750–7400 2310 569–
10,900 460 100–3050

Cl 132 56–635 185 57.3–
1080 ND ND 78.8 16.6–861 ND ND

K 5930 3970–
8860 5935 2030–

15,000 6000 3100–
14,000 5670 3250–

14,200 3560 1770–
6400

Ca 8400 5490–
12,400 8255 4620–

17,100 6900 3500–
13,000 6630 606–

14,200 3030 1820–
7230

Sc 0.8 0.36–2.1 1.11 0.17–6.58 ND ND 0.41 0.10–3.13 0.09 0.02–1.4
Ti 238 129–596 349.5 68.6–

2100 ND ND 143 46.4–764 24 6–152
V 6.5 3.85–16.2 9.4 1.71–54 3.3 0.47–11 3.89 1.3–22.7 1.2 0.3–14
Cr 6.6 3.14–15.5 7.75 14,337 5.7 11,536.00 2.73 0.219–25 0.7 0.2–17
Mn 142 64–377 141 230,306 160 33–510 180 39–551 400 40–1660
Fe 2410 1150–

6110 2725 404–
14,100 1700 510–4600 1190 376–7240 310 78–8125

Co 1 0.36–2.6 1.43 0.23–8.12 0.6 0.16–2 0.59 0.197–
3.29 0.2 0.06–23

Ni 4.9 1.6–10.8 5.56 1.92–24.2 3.5 0.68–63 2.1 0.45–13.5 1.1 0.4–550
Cu * 8.93 6.58–13.7 5.54 0.13–143 4.6 3.0–8.3 7.36 3.2–46.88 4.2 1.8–370
Zn 32 20–54 28.85 7.15–75.2 30 .66 28 9–101 31 8–409
As 0.58 0.27–27.6 1.05 0.18–83.3 0.54 0.13–1.4 0.45 0.20–3.57 0.13 0.04–4.72
Se 0.18 0.09–0.37 0.23 0.068–

0.65 ND ND 0.2 0.008–
0.67 0.3 0.009–2

Br 4.4 1.84–8.1 6.31 2.33–25.2 ND ND 2.8 1.2–9.4 ND ND
Rb 7.2 4.1–16.4 10.55 2.92–34.2 5.3 02.02.2028 7.38 2.24–50.7 12.4 1.4–81
Sr 37.6 24–68 43.85 17.2–157 25 6.5-220 25 11.3–122 13.6 3.8–60
Zr 9.4 3.5–25 10.55 1.19–67.9 ND ND ND ND ND ND
Mo 0.57 0.37–6.3 0.35 0.14–2.1 0.17 0.08–0.51 ND ND ND ND

Element Median Range Median Range Median Range Median Range Median Range

Cd * 0.12 0.058–
0.35 5.57 0.01–0.58 0.23 0.018–

0.88 0.1 0.02–1.56 0.08 0.02–1.33

Sb 0.13 0.07–0.72 0.15 0.049–
1.36 ND ND 0.11 0.04–0.51 0.07 0.007–

0.38
I 2.04 1.14–4.35 0.16 0.58–11.8 ND ND 1.28 0.48–2.99 ND ND

Cs 0.263 0.16–0.97 2.48 0.036–
2.67 ND ND 0.207 0.0716–

1.8 0.16 0.02–1.63
Ba 37 17–100 0.42 4.98–365 42 9.7–180 46 14.2–309 25 5.3–130
La 1.57 0.82–6.2 51.3 0.34–12 ND ND 1.35 0.39–22.6 0.32 0.07–3.5
Ce 2.97 1.38–9.2 2.15 0.31–21.7 ND ND 2.4 0.5–29.2 0.61 0.10–4.78
Nd 1.73 0.87–7.6 3.75 0.45–10.7 ND ND 1.3 0.2–24.1 0.23 0.01–2.24
Sm 0.26 0.12–1.17 2.04 0.031–2.7 ND ND ND ND 0.05 0.004–

0.38
Eu 0.054 0.02–0.22 0.34 0.023–

0.52 ND ND 0.07 0.009–
0.92 0.04 0.01–0.19

Tb 0.04 0.02–0.15 0.1 0.011–
0.31 ND ND 0.03 0.005–

0.42 0.01 <0.001–
0.09

Yb 0.15 0.054–
0.51 0.05 0.022–0.8 ND ND 0.1 0.03–1.08 0.003 <0.001–

0.016
Hf 0.24 0.11–0.76 0.15 0.041–

1.81 ND ND 0.16 0.04–1.44 ND ND

Ta 0.046 0.02–0.13 0.27 0.0069–
0.28 ND ND 0.04 0.009–

0.28 ND ND

W 0.14 0.04–0.41 0.06 0.026–
0.67 ND ND 0.1 0.02–1.44 ND ND

Pb * 4.33 2.34–8.21 0.11 0.18–9.1 4.9 2.2–14 10.7 3.72–
102.8 0.05 0.001–0.4

Th 0.45 0.18–1.57 0.51 0.063–2.9 ND ND 0.39 0.09–2.8 0.03 0.007–1.5
U 0.12 0.06–0.34 0.16 0.021–

1.25 ND ND 0.12 0.03–3.2 0.006 0.002–
0.08

* Elements determined by AAS marked with asterisks.
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It is also clearly confirmed by principal component analysis (PCA) used to classify the
elements with respect to contribution sources.

PCA was carried out by using the Statistical Package STATISTICA 13.0 Results of
factor analysis are presented in Table 4. Communality values close to 1 suggest that the
extracted factors explain much of the variance of the individual variable.

Table 4. Rotated factor loadings for the Central Georgia data set (36 samples). Varimax normalized.
Extraction: Principal components (Marked loadings are > 0.6).

Variable Factor 1 Factor 2 Factor 3 Factor 4 Communality

Na 0.72 0.21 0.53 0.21 0.98

Al 0.82 −0.16 −0.15 −0.43 1.00

Cl −0.10 0.83 0.04 0.19 0.92

K −0.08 0.87 0.18 −0.06 0.81

Ca 0.27 0.03 -0.05 −0.80 0.80

Sc 0.93 0.07 0.19 0.14 1.00

Ti 0.93 −0.07 0.21 −0.12 0.98

V 0.86 −0.07 −0.07 −0.30 0.99

Cr 0.90 0.14 0.18 0.19 0.99

Fe 0.94 0.05 0.20 0.11 1.00

Co 0.69 0.01 0.38 0.28 0.94

Ni 0.67 0.34 0.32 0.40 0.97

Zn 0.10 0.78 0.20 −0.12 0.83

As 0.30 0.07 0.89 −0.12 0.97

Se 0.07 0.69 −0.09 0.54 0.92

Br 0.19 0.65 0.00 0.65 0.94

Sb 0.34 0.24 0.85 0.00 0.98

I 0.18 0.74 −0.08 0.54 0.96

Th 0.90 −0.05 0.29 0.06 0.89

U 0.85 0.05 0.41 0.15 1.00

Cd 0.27 0.49 0.10 0.64 1.00

Pb 0.19 0.26 0.12 0.71 0.91

Cu −0.07 0.80 0.06 0.27 0.92

W 0.26 0.03 0.72 0.32 0.84

Expl.Var 8.39 4.75 3.10 3.49 19.72

Prp.Totl 0.35 0.20 0.13 0.15 0.82

The data set analyzed includes results for 24 trace elements and major components.
The PCA indicates four factors, which explain 82% of the total variance.

To visualize the results obtained, the graph on Factor Loadings was built (see Figure 4).
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Figure 4. Factor Loadings, Factor 1 vs. Factor 2 vs. Factor 3. Rotation: Varimax normalized.
Extraction: Principal components.

The results of factor scores are presented in the form of distribution geographic
information system (GIS) maps. See Figure 4.

Factor 1 is loaded with Na, Al, Sc, Ti, V, Cr, Fe, Co, Ni, Th, and U, and represents
mainly a combination of light and heavy crust component elements in the form of soil dust.
It has almost 35% of the total variability and is the strongest factor (Figure 5). The contents
of these elements in the moss samples are significantly influenced by the mineral particles
that are carried into the atmosphere by winds, and their spatial distribution mainly depends
on urban activities that are not related to industrial activities. High contents of elements
of this geochemical association have been found in samples taken from the sampling
points 28–29 (Racha-Lechkhumi and Kvemo Svaneti region, Ambrolauri municipality); 4
(Racha-Lechkhumi and Kvemo Svaneti region, Oni municipality); 10 (Mtskheta-Mtianeti
region, Akhalgori municipality); 13 (Mtskheta-Mtianeti region, Akhalgori municipality);
22–23 (Kvemo Kartli region, Tetritskaro municipality); and 26 (Samtskhe-Javakheti region,
Ninotsminda municipality).

Factor 2 contains Cl, K, Zn, Se, Br, I, and Cu and represents a combination of two
sub-factors, a marine one: halogens Cl, Br, I and Se [22], and the second one possibly is
due of some local agricultural activity. Zinc, potassium and copper are essential elements
for several biochemical processes in plants [23]. The concentrations of heavy metals such
as zinc and copper in the environment are currently increasing, due mainly to human
activities. Copper is still used for protecting purposes in agriculture: it prevents and cure
diseases, which can have adverse effects on crop yields and quality. Factor 3 includes As
(0.89), Sb (0.85), and W (0.72) which are characteristic for ores used for arsenic extraction.
In particular, in the village of Uravi (Ambrolaur region, Western Georgia) a mining and
chemical factory functioned during the Soviet era. Arsenic has been mined and processed
there for almost 60 years.
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Figure 5. Factor Scores.

Factor 4 is represented by Ca (0,80) Cd (0.64), Pb (0.64), and Br (0.65) of local anthro-
pogenic origin due to closeness to urban areas. Lead and cadmium enter the environment in
the form of impurities in fertilizers, halides and oxides of these metals, as well as bromides
which are contained in the exhaust gases of cars, as part of the waste generated during the
extraction and processing of used batteries [24]. The highest contents of these elements are
found in the moss samples collected from the sampling points 28–33 (Racha-Lechkhumi
and Kvemo Svaneti region, Ambrolauri municipality); 17–18 (Samtskhe-Javakheti region,
Borjomi municipality); 27 (Samtskhe-Javakheti region, Akhalkalaki municipality); 22–23
(Kvemo Kartli region, Tetritskaro municipality); 24–25 (Kvemo Kartli region, Tsalka munic-
ipality); 9 (Mtskheta-Mtianeti region, Akhalgori municipality); and 35 (Mtskheta-Mtianeti
region, Dusheti municipality).

4. Conclusions

For the first time atmospheric deposition of trace elements using moss biomonitoring
technique was studied in Central Georgia in 2019. By the comparison of the obtained
values for a broad set of elements (Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn,
Mo, Ni, Na, Pb, Rb, Sr, V, Zn, Th, and U) with the data from previous surveys in other
parts of Georgia and in the countries of the similar climatic conditions (North Macedonia
and Bulgaria) it was shown that air pollution in Central Georgia does not exceed mean
values for these European countries, whereas data for potentially toxic elements such as
As, Cd, Co, Cr, Cu, Ni, Pb, and Zn exceed the ones in Norway used as an example of a
pristine country of Europe. Of the four factors, determined by PCA one factor (F4) is purely
anthropogenic (Ca, Cd, Pb, and Br) and it is explained by the relevant high factor scores
in the urban areas where they may come from fertilizers, halides, and oxides as well as
bromides of these metals, which are contained in the exhaust gases of cars, as part of the
waste generated during the extraction and processing of used batteries, etc. High As and
W loadings if factor 3 are explained by intense mining activity for more than 60 years of As
extraction from ores rich in this element and accompanying elements such as antimony
and tungsten. A strong marine component (Cl, Br, I, and Se) in factor 2 is provided by
the location of Georgia between two seas—the Black and the Caspian ones. In this factor
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2 elements of marine component are mixed with Zn, K, and Cu due to most probably
agricultural activity. Factor 1 represents mainly a combination of light and heavy crust
component elements in the form of soil dust.
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Abstract: Although the use of moss as biomonitor of air pollution is relatively simple, the interpre-
tation of the data needs reference values. Background values for Cd, Cu, Pb, and Zn accumulated
in moss samples from Switzerland, collected every five years from 1995 to 2015 in the framework
of the European Moss Survey, were statistically estimated. These background values can be used
as reference for the assessment of spatial and temporal trends, to be expressed in terms of bioaccu-
mulation ratios with actual values. The use of annual background values is of great importance to
identify spatial trends, while period-wide background values identify temporal trends. The latter are
consistent with those reported in other comprehensive similar biomonitoring studies in Europe and
are required to be updated in time, possibly every five years. The use of cutoff values to be used as
benchmark for bioaccumulation ratios is invaluable in having a scale for assessing ecological quality.

Keywords: biomonitors; PTE; temporal change; atmospheric pollution; deposition; heavy metal

1. Introduction

The term “heavy metal”, although widely used in the literature, is now deprecated and
it has been suggested to replace it with the term of potentially toxic element (PTE), especially
in the case of environmental studies [1]. Having a wide variety of emission sources such as
motor vehicles, heating systems, industrial plants, etc., PTEs are an important component
of air pollution and have a great epidemiological concern because of their persistence in
the environment and the negative effects on human health [2].

Since about 80% of the EU population lives in urban areas, urban air pollution affects
the quality of life of most citizens. Consequently, urban air pollution has largely been
investigated (see, e.g., [3]) and many urban areas have an air quality monitoring network
to monitor whether the set environmental standards are met or not. However, studies on
atmospheric deposition at remote areas to evaluate the impact of PTEs on ecosystems are
less common [4,5] and an evaluation on background pollution in pristine areas is only
very rarely accessed. This is often due to economic constraints related to the establishment
and maintenance of sophisticated and costly equipment. In such cases, the use of living
organisms may be very useful to complement the data obtained by physico-chemical
measurements. Since any change taking place in the environment has a significant effect on
the biota, biological monitoring (biomonitoring) is a very effective early warning system to
detect environmental changes [6].

Carpet-forming moss species are among the most valuable biomonitors of atmospheric
pollution as they are highly dependent on wet and dry atmospheric deposition for nutri-
ents and lack a waxy cuticle and stomata, allowing the absorbance of contaminants over
the whole moss surface [7]. Additionally, mosses can accumulate persistent pollutants,
such as PTEs and are used to measure the amounts of pollutants in the ecosystem that
are biologically available [8]. The abundance of these moss species in Scandinavia gave
rise to the beginning of the moss monitoring survey making it possible to monitor PTE
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pollution on a multicountry-wide scale [9]. Thanks to the standardized method and the
relatively low costs as well as the ease of collection of samples, this well-established tech-
nique of moss monitoring has been adopted also in other European countries coordinated
by an International Cooperative Program on Effects of Air Pollution on Natural Vegetation
and Crops (ICP Vegetation) under the United Nations Economic Commission for Europe
(UNECE) Geneva Air Convention. Through this program, mosses have been used to
evaluate atmospheric deposition of PTEs at several European countries every five years
since 1990 [10]. This enabled not only the comparison of spatial patterns of PTE deposition,
but also the detection of temporal trends. Presently, also other pollutants have been added
to the survey such as nitrogen, persistent organic pollutants (POPs), and, more recently,
also microplastics. Although outside of Europe mosses have been sometimes used as
biomonitors of air pollution, the wide use of the moss monitoring technique is mainly
restricted to Europe, where ca. 80% of the studies have been performed [11].

Switzerland has been participating in the moss monitoring project since 1990 and
the Swiss outcomes showed a general decline in element concentrations in time [12],
likely determined by the closure of several small industries, mostly metallurgic, as well as
improved abatement technology of waste incinerators, the ban of leaded fuel, and the wide
use of catalytic converters in cars. This hypothesis is corroborated by the consistency of the
temporal trends in moss with those of emission data for some elements [12]. The main aim
of the European Moss Survey is to determine spatial differences and temporal changes in
the atmospheric deposition of PTEs, estimated by their concentrations in moss. Therefore,
it is of paramount importance that these concentrations are properly evaluated in terms
of deviation from reference conditions, i.e., that the magnitude of pollution phenomena
can be clearly depicted. As environmental quality standards (EQSs) set by legislation for
the concentration of PTEs in biomonitors are missing, the interpretation of PTEs’ contents
in moss requires the estimation of deviation from an unaltered reference (background)
condition. Therefore, the first step in any biomonitoring survey should be the definition of
appropriate background values to be used as reference. In a second step, this reference can
be used to calculate the extent of the deviation from this background condition.

In this paper we aimed to estimate background values for some PTEs, namely Cd, Cu,
Pb, and Zn accumulated in moss collected at remote sites of Switzerland in the framework
of the European Moss Survey. These background values could be used as reference for the
assessment of spatial and temporal pollution phenomena. Bioaccumulation differences
between moss species, although sometimes reported as important [13], being also still
unclear if this variation is species- or habit-specific, were outside the scope of this paper
and were not considered.

2. Materials and Methods
2.1. Selection of Background Sites and Moss Sampling

Sampling sites for the European Moss Survey were evenly distributed across the five
biogeographic regions of Switzerland: Jura, Plateau, and Northern, Central, and Southern
Alps, which differ in elevation, geology, and meteorological conditions as well as in flora,
fauna, and population density (Figure 1). Ten remote sites were selected as pristine areas in
order to estimate the background deposition. All these sites were situated in alpine regions
and were under the influence of only a very modest human activity. Therefore, these sites
can be regarded as representative of the “natural” situation of Switzerland.
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Monitoring protocol [15]. At each site five subsamples were collected. Sampling took place 
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the same period of the year (from April to October). According to the five-year cycle, the 
2020 moss monitoring survey is currently ongoing, with samples being prepared for 
analysis and preliminary results expected by the end of 2021. 

2.2. Chemical Analysis 
In the laboratory, the samples were cleaned from dead or extraneous material such 

as litter, needles, soil, insects, etc., and only the green shoots roughly corresponding to the 
last three years of growth were cut for the chemical analyses. An equal amount of moss 
biomass was taken from each subsample and combined to form a single composite 
sample, taken as representative of the site following the Moss Monitoring protocol [15,16]. 
Samples were then dried at 40 °C. The chemical analyses were performed immediately 
after complete collection. Due to the time laps, the analyses were performed in different 
laboratories using the following analytical methods. Prior to the mineralization, each 
sample was pulverized in liquid nitrogen. Approximately 200 mg of moss powder was 
then mineralized in a microwave digestion system (Milestone Ethos 1) with 7 mL of HNO3 
and 3 mL of H2O2, using hermetic Teflon vessels at 130 °C and high pressure (100 bar). 
The mineralized and diluted solutions (up to 50 mL) were analyzed by inductively 
coupled plasma mass spectrometry (ICP-MS Perkin Elmer—Sciex, Elan 6100). The results 
are expressed on a dry weight basis (µg g−1 dw). Analytical quality was checked by 
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(Pleurozium schreberi [17,18]), BCR 61 (Platihypnidium rapariodides) and BCR 62 (Olea 
europea) [19], and LMS 2 (a laboratory internal moss reference material, [20]). 
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are used to construct the confidence intervals) by bootstrapping [22]. For each element, 
the significance of differences between years was evaluated by means of a pairwise 

Figure 1. The five biogeographic regions of Switzerland: Jura (J), Plateau (P), Northern Alps (NA),
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The moss species Hypnum cupressiforme Hedw. and Pleurozium schreberi (Willd. Ex
Brid) Mitt. were sampled, the former mostly at lowland sites and the latter mostly at
Alpine sites. The moss samples were collected from tree trunks, in open areas such as
forest clearings, at least 3 m away from the edge of the tree canopy, following the Moss
Monitoring protocol [15]. At each site five subsamples were collected. Sampling took place
every five years, namely 1990, 1995, 2000, 2005, 2010, and 2015, at the same sites and in the
same period of the year (from April to October). According to the five-year cycle, the 2020
moss monitoring survey is currently ongoing, with samples being prepared for analysis
and preliminary results expected by the end of 2021.

2.2. Chemical Analysis

In the laboratory, the samples were cleaned from dead or extraneous material such as
litter, needles, soil, insects, etc., and only the green shoots roughly corresponding to the last
three years of growth were cut for the chemical analyses. An equal amount of moss biomass
was taken from each subsample and combined to form a single composite sample, taken as
representative of the site following the Moss Monitoring protocol [15,16]. Samples were
then dried at 40 ◦C. The chemical analyses were performed immediately after complete
collection. Due to the time laps, the analyses were performed in different laboratories using
the following analytical methods. Prior to the mineralization, each sample was pulverized
in liquid nitrogen. Approximately 200 mg of moss powder was then mineralized in a
microwave digestion system (Milestone Ethos 1) with 7 mL of HNO3 and 3 mL of H2O2,
using hermetic Teflon vessels at 130 ◦C and high pressure (100 bar). The mineralized
and diluted solutions (up to 50 mL) were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS Perkin Elmer—Sciex, Elan 6100). The results are expressed on a dry
weight basis (µg g−1 dw). Analytical quality was checked by analyzing several Standard
Reference Materials: the moss standards M2 and M3 (Pleurozium schreberi [17,18]), BCR
61 (Platihypnidium rapariodides) and BCR 62 (Olea europea) [19], and LMS 2 (a laboratory
internal moss reference material, [20]).

2.3. Statistical Analysis

For each element, the background data set was first checked for outliers using the
Tukey test; in case an outlier emerged, its value was replaced by the median value of
the remaining data set [21]. Based on this data set, for each element and for each year,
median values and confidence limits were estimated (note that the confidence limits are not
necessarily symmetric around the sample estimate, as is the case when standard errors are
used to construct the confidence intervals) by bootstrapping [22]. For each element, the sig-
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nificance of differences between years was evaluated by means of a pairwise permutation
test [23], correcting for multiple testing according to Benjamini and Hochberg [24].

3. Results and Discussion

Based on our estimates of background concentrations (Table 1), very different trends
emerged for the four elements investigated. The background value of Cd showed a con-
tinuous and constant decrease, with differences requiring 10 years (two moss monitoring
project sampling campaigns) to become significant. Lead showed a sharp decrease in the
first two periods and from the year 2000 differences became insignificant. Copper, although
with some higher values, did not show any temporal trend. Values for Zn, although
decreased from 1990 to 2010, remained, overall, quite constant, without any significant
difference through years.

Table 1. Median and 95% confidence limits (c.l.) of Cd, Cu, Pb, and Zn concentrations (µg g−1 dw) in moss at background
sites of Switzerland. Different letters in a column indicate statistically significant (p < 0.05) differences.

Cd Cu Pb Zn

Median c.l. Median c.l. Median c.l. Median c.l.

1990 0.20 a 0.13–0.36 4.5 ad 3.7–6.4 14.4 a 9.5–22.2 34.6 22.1–38.1
1995 0.18 a 0.12–0.28 4.8 a 4.0–6.4 5.6 b 3.2–7.3 30.9 23.0–48.6
2000 0.12 bc 0.09–0.14 7.5 bc 5.3–9.6 1.7 c 1.3–1.8 29.9 23.5–38.6
2005 0.10 cd 0.07–0.15 5.9 abcd 4.8–7.1 1.7 c 0.9–1.8 31.4 25.6–36.6
2010 0.08 de 0.06–0.10 6.4 cd 5.4–7.1 1.3 c 0.8–1.5 22.8 19.9–30.4
2015 0.07 e 0.04–0.10 4.9 ad 4.1–6.5 1.2 c 0.7–1.9 23.2 19.8–32.4

whole period 0.11 0.09–0.13 5.6 5.0–6.4 1.7 1.5–2.6 25.6 24.3–32

An important consequence of this methodological approach for estimating back-
ground element concentrations in moss is that, in addition to a proper selection of back-
ground sites, background values may change in time due to efforts to reduce emissions.
Also, legal reference values for environmental pollutants measured instrumentally are
updated in time, with the progress of measurement techniques, increase of knowledge,
and decreasing environmental concentrations. In this light, the assessment of background
values of PTEs should be intended as a dynamic process, with periodically updating with
the most recent data.

To detect a significant accumulation for a given PTE, values must be significantly
different from those measured at background areas. A commonly adopted approach in this
sense (see, e.g., [25]) is to use the upper limit of the confidence interval as threshold. After
having assessed this background threshold, a very simple and reliable method to estimate
the degree of deviation from background conditions is to calculate the ratio between the
concentration of a given element to its background value. This approach has the great
advantage of allowing element- and species-specific differences to be overcome, thus per-
mitting the use of a single interpretative scale in any circumstance. This method has been
implemented, e.g., in the European Water Framework Directive (WFD), using so-called eco-
logical quality ratios (EQRs), and is now successfully used is many studies [26]. Following
this approach, Cecconi et al. [27] suggested an interpretative scale for Italian foliose lichens
based on bioaccumulation ratios (B ratios), i.e., ratios of actual values to background values,
established according to the 25th, 75th, 90th, and 95th percentiles of the frequency distri-
butions as follows: <1 no bioaccumulation, 1–2.1 low bioaccumulation, 2.1–3.4 moderate
bioaccumulation, 3.4–4.9 high bioaccumulation, >4.9 severe bioaccumulation.

On the basis of this scale, we compared the background values estimated for each
period with those measured at the remaining 65 sites [12] distributed among the five Swiss
biogeographic regions sampled in the corresponding year (Table 2). This comparison
shows an overall absence of bioaccumulation or low bioaccumulation for all elements at
all regions, with the notable exception of Pb at the Southern Alps, which showed values
up to severe bioaccumulation. On an average basis, the Southern Alps were always the
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region with the highest bioaccumulation. However, maximum values of B ratios (data
not shown) indicated a very wide array of variation, with some values reaching severe
bioaccumulation for all the four investigated elements. The Southern Alps are exposed
to winds from the South and, therefore, also to pollution coming from that direction (e.g.,
from the Po Plain, a nearby and highly polluted area of Italy), and at the same time they
act as a barrier to air pollutants for the other Swiss regions.

Table 2. Bioaccumulation ratios (median values) at the five Swiss biogeographic regions during the
six European moss surveys, using annual background values and the remaining 65 sampling sites.
See Figure 1 for explanation of regions.

PTE Region 1990 1995 2000 2005 2010 2015

J 1.0 0.9 1.5 1.0 1.3 1.2
P 0.9 0.9 1.6 1.2 1.3 1.4

Cd NA 0.9 0.9 1.0 1.0 1.2 1.0
CA 0.6 0.5 0.6 0.6 0.6 0.7
SA 1.6 1.4 1.6 1.7 1.8 1.4

J 0.7 0.7 0.4 0.7 0.6 0.7
P 0.6 0.6 0.4 0.6 0.5 0.7

Cu NA 0.6 0.6 0.6 0.9 0.7 0.7
CA 0.7 0.8 0.5 0.7 0.8 0.7
SA 1.4 1.2 0.8 1.1 0.8 1.0

J 0.7 0.8 1.6 1.8 1.6 1.2
P 0.7 0.8 2.0 1.9 1.3 1.3

Pb NA 0.7 0.9 1.3 1.3 1.7 1.0
CA 0.7 0.7 1.0 1.0 0.8 0.6
SA 2.0 3.7 5.0 5.1 2.9 2.1

J 0.8 0.5 0.7 0.7 0.8 0.7
P 0.9 0.6 0.6 1.0 0.7 0.9

Zn NA 0.8 0.7 0.8 0.9 0.8 0.7
CA 0.9 0.6 0.6 0.8 0.8 0.8
SA 1.8 1.2 1.2 1.5 1.3 1.2

Estimated element background values in moss for the whole period 1990–2015 (Table 1)
are consistent with those estimated for the lichen Flavoparmelia capera (a species with
ecological requirements similar to those of H. cupressiforme and P. schreberi) from Italy
(Cecconi et al. 2019): Cd = 0.18 µg g−1 dw, Cu = 6.2 µg g−1 dw, Pb = 2.4 µg g−1 dw,
and Zn = 35.3 µg g−1 dw. Additionally, these data also match background values esti-
mated with a Bayesian approach in the lichen Evernia prunastri from Tuscany, Italy [28]:
Cd = 0.13 µg g−1 dw, Cu = 5.1 µg g−1 dw, Pb = 2.4 µg g−1 dw, and Zn = 22.5 µg g−1 dw.
Overall background values are also in line with the lowest values of the scales adopted
to map element bioaccumulation in the European moss surveys [10]: Cd = 0.1 µg g−1 dw,
Cu = 4 µg g−1 dw, Pb = 2 µg g−1 dw, and Zn = 20 µg g−1 dw.

Using these whole-period background values (upper limit of 95% confidence limits),
ratios with values measured at the five Swiss biogeographic regions during the six surveys
(Table 3) are indicative of temporal changes. At all regions, a gradual decrease can be seen
for Cd and a marked drop for Pb; values of Zn also indicated a modest decreasing trend
from 1995 to 2015, while Cu values remained quite constant. Also, in the case of temporal
changes, the Southern Alps were the Swiss region with the highest bioaccumulation ratios.
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Table 3. Bioaccumulation ratios (median values) at the five Swiss biogeographic regions during the
six European moss surveys, using whole-period background values. See Figure 1 for explanation
of regions.

PTE Region 1990 1995 2000 2005 2010 2015

J 1.7 1.0 0.8 0.7 0.5 0.5
P 2.6 1.8 1.8 1.4 1.0 1.1

Cd NA 2.6 1.9 1.1 1.1 0.9 0.8
CA 1.7 1.0 0.7 0.7 0.5 0.5
SA 4.4 2.9 1.8 1.9 1.4 1.1

J 0.7 0.7 0.6 0.8 0.7 0.7
P 0.6 0.6 0.6 0.7 0.6 0.7

Cu NA 0.6 0.6 0.9 1.0 0.8 0.7
CA 0.7 0.8 0.8 0.8 0.8 0.7
SA 1.4 1.2 1.2 1.3 0.9 1.0

J 6.2 2.3 1.1 1.2 0.9 0.8
P 5.7 2.3 1.4 1.3 0.8 0.9

Pb NA 5.8 2.5 0.9 0.9 1.0 0.7
CA 5.7 2.1 0.7 0.7 0.5 0.4
SA 17.3 10.3 3.5 3.5 1.7 1.5

J 0.9 0.8 0.8 0.7 0.8 0.7
P 1.1 0.9 0.8 1.2 0.6 0.9

Zn NA 1.0 1.0 0.9 1.0 0.7 0.7
CA 1.1 0.8 0.8 0.9 0.7 0.8
SA 2.1 1.9 1.4 1.7 1.3 1.3

The concentrations of trace elements (Cel) accumulated by biomonitors can be con-
verted into estimates of PTE deposition rates (D) [3–5,29] according to the formula:

D = Cel·R·t−1 (1)

where R is the weight/area ratio and is the time period the sample is covering. Assuming
that the final concentrations in moss represent an average equilibrium of three years with
the environmental conditions at the site and knowing that pleurocarpous moss species
have a weight/area ratio of 175 g m−2 [30], we were able to estimate annual element
depositions rates at background Swiss sites as follows: Cd = 8 g km−2 y−1, Cu = 0.4 kg
km−2 y−1, Pb = 0.2 kg km−2 y−1, and Zn = 1.9 kg km−2 y−1. Estimated values of Cd and
Pb were consistent with the lowest annual total deposition of these elements modeled
for Switzerland (Cd < 10 g km−2 y−1, Pb < 0.28 kg km−2 y−1) in the framework of the
EMEP (European Monitoring and Evaluation Program) project, a co-operative program for
monitoring and evaluation of the long-range transmission of air pollutants in Europe [31].

According to Aboal et al. [32], estimation of bulk atmospheric deposition from moss
data is possible only for some PTEs such as Cd and Pb, because these elements are almost
exclusively of atmospheric origin. However, for other elements this relationship is more
labile since element concentrations in moss represent a steady state of non-equilibrium
with the surrounding environment, rather than a time-integrated measure of element
deposition [33]. Nevertheless, despite these limitations, which are intrinsic of a biological
surrogate method, moss monitoring remains a very useful and efficient way of determining
spatial and temporal patterns of PTEs, allowing the detection of relevant element sources
and temporal trends. From this perspective, small- as well as large-scale biomonitoring
surveys have, thus, their own value in regional, national, and international projects aiming
at evaluating biological effects of airborne PTEs.

4. Conclusions

We statistically estimated background values for Cd, Cu, Pb, and Zn accumulated in
moss from Switzerland using 10 remote sites. Our data showed that background values
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change over time and can be used as reference, when assessing spatial and temporal
trends expressed in terms of bioaccumulation ratios with values at other sites. The use
of annual background values is of great importance to identify spatial trends, while the
background value over all sampling periods helps to identify temporal trends. The latter
are consistent with those reported in other comprehensive, similar biomonitoring studies
and require to be updated in time, possibly every five years. The use of cutoff values to be
used as benchmark for bioaccumulation ratios is invaluable in having a scale for assessing
ecological quality.

Author Contributions: S.L. conceived and designed the study; M.M. provided the data; Z.K. man-
aged and reprocessed the raw data; S.L. and Z.K. analyzed the data; S.L. wrote the paper; Z.K.
and M.M. supervised the text. All authors have read and agreed to the published version of the
manuscript.

Funding: The moss collection and chemical analyses were funded by the Swiss Federal Office for the
Environment. (FOEN).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data on moss data can be found in the publication FOEN: Bern,
Switzerland, 2018.

Acknowledgments: We would like to thank the Swiss Federal Office for the Environment (FOEN)
for funding the moss study in the context of the ICP Vegetation European Moss. We are grateful to
the various Institutes for analyzing the moss samples: WSL, Birmensdorf, Switzerland (1990); BGR,
Hannover, Germany (1995); LUFA, Hamlen, Germany (2000); VAR Tervuren, Belgium (2005, 2010);
and SJI Ljublijana, Slovenia (2015). Our gratitude also goes to all the field and laboratory assistants of
the various institutions for analyzing the samples and to the people who collected the mosses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pourret, O.; Hursthouse, A. It’s time to replace the term “heavy metals” with “potentially toxic elements” when reporting

environmental research. Int. J. Environ. Res. Public Health 2019, 16, 4446. [CrossRef]
2. Valko, M.; Morris, H.; Cronin, M.T.D. Metals, Toxicity and Oxidative Stress. Curr. Med. Chem. 2005, 12, 1161–1208. [CrossRef]
3. Loppi, S.; Corsini, A.; Paoli, L. Estimating environmental contamination and element deposition at an urban area of Central Italy.

Urban Sci. 2019, 3, 76. [CrossRef]
4. Loppi, S. Lichens as sentinels for air pollution at remote alpine areas (Italy). Environ. Sci. Pollut. Res. 2014, 21, 2563–2571.
5. Loppi, S.; Pirintsos, S.A. Epiphytic lichens as sentinels for heavy metal pollution at forest ecosystems (central Italy). Environ. Pollut.

2003, 121, 327–332. [CrossRef]
6. Keddy, P.A. Biological monitoring and ecological prediction: From nature reserve management to national state of the environment

indicators. In Monitoring for Conservation and Ecology; Goldsmith, F.B., Ed.; Chapman & Hall: London, UK, 1991; pp. 249–267.
7. Rühling, A.; Tyler, G. An ecological approach to the lead problem. Bot. Not. 1968, 121, 321–342.
8. Beeby, A. What do sentinels stand for? Environ. Pollut. 2001, 112, 285–298. [CrossRef]
9. Rühling, A. Atmospheric Heavy Metal Deposition in Europe—Estimation Based on Moss Analysis; NORD 1994:9; Nordic Council of

Ministers: Copenhagen, Denmark, 1994.
10. Harmens, H.; Mills, G.; Norris, D.A.; Sharps, K. Twenty eight years of ICP Vegetation: An overview of its activities. Ann. Bot.

2015, 5, 31–43.
11. Boquete, M.T.; Aboal, J.R.; Carballeira, A.; Fernandez, J.A. Do mosses exist outside Europe? A biomonitoring reflection. Sci. Total

Environ. 2017, 593–594, 567–570.
12. FOEN—Federal Office for the Environment. Deposition of Atmospheric Pollutants in Switzerland; FOEN: Bern, Switzerland, 2018.
13. Carballeira, A.; Couto, J.A.; Fernandez, J.A. Estimation of background levels of various elements in terrestrial mosses from

GAlicia (NW Spain). Water Air Soil Pollut. 2002, 133, 235–252. [CrossRef]
14. Gutersohn, H. Naturräumliche Gliederung. In Atlas Der Schweiz; Eidg. Landestopographie: Wabern-Bern, Switzerland, 1973.
15. ICP Vegetation. Heavy Metals, Nitrogen and POPs in European Mosses: 2015 Survey. Monitoring Manual. 2015. Available online:

http://icpvegetation.ceh.ac.uk (accessed on 27 July 2015).
16. Pennock, D.J.; Appleby, P.G. Site selection and sampling design. In Handbook for the Assessment of Soil Erosion and Sedimentation

Using Environmental Radionuclides; Zapata, F., Ed.; Springer: Dordrecht, The Netherlands, 2002. [CrossRef]

83



Atmosphere 2021, 12, 177

17. Harmens, H.; Norris, D.A.; Steinnes, E.; Kubin, E.; Piispanen, J.; Alber, R.; Aleksiayenak, Y.; Blum, O.; Coşkun, M.; Dam, M.; et al.
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Abstract: The purpose of the study was the analysis of spatial data gained by biomonitoring with
the use of mosses. A partial goal was set to characterize the regional atmospheric deposition of
pollutants in the air based on the results of the analyses and simultaneously verify the suitability
of using mosses as an alternative for monitoring air quality in smaller industrial areas. In total,
93 samples of moss were collected and examined from the area of the Moravian–Silesian Region in the
Czech Republic and the area of the Silesian Voivodship in Poland. The samples were analyzed using
instrumental neutron activation analysis. Based on the analyses performed, 38 elements, which had
been evaluated using principal component analysis, hierarchical clustering on principal components,
factor analysis, correlation analysis, contamination factor, geoaccumulation index, enrichment factor,
and pollution load index, were determined. The analyses resulted in a division of elements into
a group with its concentrations close to the level of the values of the natural background and the
second group of elements identified as emission likely originating from anthropogenic activity
(Sm, W, U, Tb, and Th). The likely dominant source of emissions for the studied area was identified.
Simultaneously, the results pointed to sources of local importance. The area of interest was divided
into clusters according to the prevailing type of pollution and long-distance transmission of pollutants
was confirmed.

Keywords: biomonitoring; bryophytes; atmospheric deposition; heavy metals; neutron activation analysis

1. Introduction

The environment as a complex and interconnected system consists of natural, artificial, and social
components. Over the years, there has been observed an overall imbalance in the environment.
In practice, monitoring especially of anthropogenic pollutants is a complex process. First, the sources
and emissions are identified; then the risks are assessed. Critical emissions are controlled and economic
aspects are integrated at the same time. Technical field measurements require equipment and are
associated with high costs. Among the wide range approaches that make it possible to assess the
state of the atmosphere, biological monitoring, i.e., biomonitoring, is increasingly coming to the fore.
The complexity and at the same time the relative simplicity of its application make it an ideal tool
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for the given purpose. Compared to technical monitoring methods, it is inexpensive. Among the
organisms used to monitor the state of the atmosphere, bryophytes are one of the most widely used.
Mosses do not have a cuticle and root system and thus obtain nutrients in particles or solution directly
from atmospheric deposition. They have good bioaccumulation ability, the concentration in the insole
reflects the deposition from the atmosphere without being affected by soil concentrations [1].

Currently, the most problematic air pollutants in the urban environment are fine dust particles
(Particulate matter). Particulate matter is the result of complex reactions of chemicals such as
sulfur dioxide and nitrogen oxides, which are pollutants emitted from power plants, industries,
and automobiles. They are compounds from trace elements such as Cd, Co, Cr, Cu, Fe, Mn, Pb,
Sb and Zn [2] or Al, Sb, As, Cd, Fe, Mn, Ni, Pb, Cu, V, Zn according to [3]. According to the European
Environment Agency (EEA) map representing the average annual concentrations of PM10 in 2016
(Figure 1), the areas with the highest airborne dust loads are Poland, within the Czech Republic,
the Moravian–Silesian Region. Further north Italy, Bulgaria, Macedonia, Greece and Turkey.

Figure 1. Annual mean concentration of PM10 [4].

Air quality in the Moravian–Silesian Region, especially in the Ostrava and Karviná regions,
has been unsatisfactory for a long time. This fact is also evidenced by the map of average annual
concentrations of PM10 for the Czech Republic in 2018 (Figure 2). This is mainly due to the high
concentration of industry in a densely populated area, but transport and heating of households also
have an impact.
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Figure 2. Annual mean concentration of PM10 in the Czech Republic [5].

The territory of the city of Ostrava belongs into the area of the Ostrava Basin, which is a slightly
warm area with southwest and northeast wind directions. The landscape is open to the north and
northeast, which causes a negative effect of northern winds in winter, but also in summer. The territory
of Ostrava belongs into a moderately warm climatic region, but differs with certain peculiarities caused
by a high concentration of industry, dense construction and specific conditions of the Ostrava Basin.

According to the database of the Register of Emissions and Air Polution Sources (REZZO), it is
evident that primary emissions of solid pollutants are from large industrial sources, as well as local
heating plants with a share of about 30%. A large share is not attributed to emissions of solids
from transport. Total emissions in the Ostrava–Karviná agglomeration are approximately five times
higher than in the Prague agglomeration and eight times higher than in the Brno agglomeration [6].
The Moravian–Silesian Region is characterized by the highest concentrations of PM2.5 and PM10 and,
compared to other regions, high values of benzo(a)pyrene appear. Directly in Ostrava, the limit value
for benzene and arsenic is also repeatedly exceeded.

The aim of the paper is the analysis of spatial data obtained by biomonitoring using mosses.
Furthermore, on the basis of the performed analyzes, characterization of the regional atmospheric
deposition of pollutants in the air on the Czech–Polish border and verification of the suitability of
the use of bryophytes as alternative monitors of air quality in small industrial areas. The another
aims are identification of the significance of individual groups of sources of pollutant emissions and
determination of the extent and location of polluted areas. The study evaluates the measured data and
determines whether the elements contained in the samples are of natural origin, i.e., if they are part
of the natural background, or whether they are of anthropogenic origin and determines whether the
resulting values are of local origin or come from long-distance transmission.

The research was carried out in frame of the dissertation thesis [7].

2. Materials and Methods

2.1. Study Area

In 2015, a sampling area was selected and a network of sampling points was created on the
Czech–Polish border (Figure 3), areas with the highest airborne dust loads in Europe, using GIS
technologies. More species of moss were also collected from one locality for the possibility of comparing
sorption capacity of different species. The assessment of the difference between the individual
species is not the subject of this article. The network was also extended to locations where pollution
was not expected.
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Figure 3. Map of sampling area.

2.2. Sampling and Sample Preparation

A total of 44 samples were taken from 41 sampling sites in a regular network on an area
of 1600 km2 (40 × 40 km). In 2016, the network was expanded by another 44 sampling points,
where a total of 50 moss samples were taken (Figure 4). All sampling was performed according
to the Monitoring Manual issued by the International Cooperative Programme (ICP) Vegetation
program [8]. Sampling was performed in a square network with a side size of 60 km, with an area
of 3600 km2, where the points are a maximum of 10 km apart. A total of 85 localities were sampled,
94 moss samples were taken. According to the sampling manual, it is recommended for national
monitoring to collect 1.5 samples of moss per 1000 km2, if this is not possible, two samples in the area of
50 km × 50 km could be collected. For this research, it was sampled in a non-standard dense network,
to characterize the regional atmospheric deposition of pollutants in the air. In the first campaign in
2015, the species Hypnum cupressiforme, Brachythecium rutabulum, Hylocomium splendens, Cirriphyllum
piliferum, Calliergonella cuspidata, Rhytidiadelphus squarrosus, Atrichum undulatum, Eurhinchium hians
were collected. In 2016, only Pleurozium schreberi, Hypnum cupressiforme, and Brachythecium rutabulum
were collected. The necessity to use species different from recommended in the manual, is due to the
dense sampling network, which extends to areas unfavorable for the growth of the recommended
species, for example in city centers.

Each sampling site was selected at least 3 m from the involved treetop, preferably on the ground
or surface of decaying trunks. Coarse dirt was removed in the field. According to the methodology,
sampling points should be located outside urban areas, at least 300 m from main roads, villages,
and industry and at least 100 m from smaller roads and houses, but these conditions could not always
be met. One composite sample was prepared from each site from five to ten samples collected on an
area of 50 m × 50 m. Only one species of moss was present in the composite sample. The collection
was carried out in paper or plastic breathable bags. The amount of moss from one locality was one
liter. Powder-free gloves were used during collection.

Samples cleaned of coarse impurities were dried in the laboratory at room temperature (20–25 ◦C).
When handling the samples, it was necessary to avoid the use of metal aids to not contaminate the
samples. The moss was cleaned of all remnants of forest bedding. Only the green parts, which represent
the most frequent increments over the last three years, were taken from the sample for analysis.
A sample of 6 g was weighed from the thus treated material, which was then sealed in polyethylene
bags and taken to the Joint Institute for Nuclear Research (JINR) in Dubna, Russian Federation.
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Figure 4. Map of sampling sites.

2.3. Neutron Activation Analysis

At the JINR, the sample was processed in a chemical laboratory, where 2 × 0.3 g of each sample
was weighed. With the help of a compression piston, these two samples were compressed into
sampling tablets. One was then wrapped in a polyethylene bag to determine elements with short lived
isotopes (SLI) and the other in an aluminum film to determine long lived isotope (LLI). Irradiation
of the sample for SLI analysis lasted 3 min and the subsequent measurement of emitted γ-radiation
took place for 15 min. Irradiation of samples intended for LLI analysis lasted 3–4 days and subsequent
measurement of emitted γ-radiation was performed twice, after 3 days and after 21 days for 30 and
90 min, respectively. Semiconductor high pure germanium (HPGe) detectors from CANBERRA were
used for the measurement. The GENIE 2000 program was used to process γ spectra. The quality control
of Neutron activation analysis (NAA) results was ensured by simultaneous analysis of the examined
samples and standard reference materials (SRM) of National Institute of Standards and Technology
(NIST) and Institute for Reference Materials and Measurements (IRMM): NIST SRM 1515-Apple
Leaves, NIST SRM 1547-Peach Leaves, NIST SRM 1575a-Pine Needles, NIST SRM 1633b-Coal Fly Ash,
NIST SRM 1633c-Coal Fly Ash, NIST SRM 1632c-Coal (Bituminous), NIST SRM 2709-San Joaquin
Soil, NIST SRM 2710-Montana Soil, NIST SRM 2711-Montana Soil, SRM 2891-Copper Sand, IRMM
BCR 667-Estuarine Sediment.

2.4. Statistical Data Processing

Results of NAA are in mass concentrations. Concentrations are in the form of composition
data, which are defined as vectors with positive components. Components quantitatively describe
parts of an entity carrying only relative information [9]. Most statistical methods are constructed
assuming Euclidean geometry [10]. The special character of compositional data, different sample
space, and geometry requires a different approach than standard multidimensional data, where the
data are absolute. The first comprehensive approach was introduced by John Aitchison, namely
log-ratio analysis [11]. Unlike other transformation methods, the identification of individual variables
is impossible because it is reduced by one variable. However, to express the overall similarity between
the elements measured at each site, isometric transformation is most appropriate. The basic idea is to
express the composition using a suitably chosen class of transformations as real vectors and subsequent
data processing is possible by common statistical methods [12].

Environmental pollution indices [13], namely Contamination factor (CF), Geoaccumulation index
(Igeo), Enrichment factor (EF), and Pollution load index (PLI), make it possible to distinguish elements
whose concentrations correspond to the natural background and elements whose concentrations
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indicate pollution on a spatial scale. The combination of these factors was used, for example, for the
assessment of heavy metals levels in the sediment of the Jazmurian playa region in southeastern Iran
by Shirani et al. [13] or Jiang et al. [14] in the characterization of pollution and identification of heavy
metals in soil. Individual factors were used in studies of atmospheric deposition using bryophytes„
e.g., [15–19].

Statistical data processing was performed in the R studio version 3.6.1 and the statistical software
STATISTICA 10. R is a freely available programming language and software environment for statistical
calculations and graphics. R was created by Ross Ihaka and Robert Gentleman at the University of
Auckland, New Zealand, and is developed by the R Development Core Team [20]. R contains many
functions for data manipulation, calculations, and graphical outputs. Many other features are included
in support packages.

To allow relative multidimensional data analysis, which requires data with Euclidean
geometry, the data were transformed according to the principle of compositional data analysis.
Specifically, the Isometric log-ratio transformation was used for the transformation, which allows
expressing the composition in an orthonormal coordinate system. The “robComposition” package was
used for transformation [21]. Exploitation analysis of data, extraction, and visualization of Principal
Component Analysis (PCA) and Hierarchical Clustering on Principal Components (HCPC) were
performed using the “factoextra” and “FactoMineR” packages [22]. The “corrplot” package was
used to create a correlation matrix with a correlogram [23]. Factor analysis was performed in the
STATISTICA program. It is a comprehensive system containing tools for data management, analysis,
visualization, and development of user applications, originally developed by StatSoft, which was gain
by Dell in March 2014 [24]. Before the calculation of the factor analysis itself, the data were rotated.
Varimax type rotation was performed. It is an orthogonal rotation that minimizes the number of
variables that have high loads with each factor in common. It is calculated by the sum of the variances
of the factor load squares in the individual columns.

2.4.1. Principal Component Analysis

The main goal is to simplify the description of a group of mutually linear dependent,
i.e., correlated features. The motivation is to replace a large number of input variables with a much
smaller number of new variables, so-called components, without much loss of essential information
about the input data. It is a method of a linear transformation of the original characters into new,
uncorrelated variables, called main components. Each main component represents a linear combination
of the original features, the basic characteristic of each of them is its degree of variability, i.e., variance.
The principal component method is one of the basic multi-elemental analysis used in the evaluation of
atmospheric deposition using biomonitoring [25,26].

2.4.2. Factor Analysis

Factor analysis (FA) is a widely used method in evaluating the resulting concentrations from
biomonitoring using bryophytes, e.g., [27–30]. Factor analysis is a multidimensional statistical
method, explaining the variance of observed variables using a smaller number of potential
variables—the factors. Its essence is the analysis of the structure of mutual variables based on
the assumption that these dependencies are the result of a certain smaller number of background
immeasurable factors. These factors are called common factors. The goal is to reduce the number
of variables and reveal the structure of the relationship between variables. Factor analysis can to
some extent be considered an extension of the principal component method (PCA), but unlike PCA,
it is based on an attempt to explain the relationship between variables. The shortcomings of PCA
include that it is dependent on changes in the scale of variables. The factor analysis approach makes it
possible to eliminate this shortcoming. The weaknesses of factor analysis lie in the ambiguity of the
estimation of factor parameters (i.e., the dependence of the FA result on the rotation used) and in the
need to specify the number of common factors before performing the analysis. The advantages of FA
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are greater economy and generality. Like PCA, the problem is the interpretation of the factor if the
variables do not have a multidimensional normal distribution. The main goal of PCA is to explain
the maximum variability of data, the main goal of FA is to explain the covariance between variables.
The basis of factor analysis is the assumption that the observed covariances between variables are
the result of the action of common factors and not the relationship between variables. Thus, the FA
assumes that variables are a linear combination of hypothetical variables-factors [31–33].

2.4.3. Contamination Factor

Contamination factor was first used by Hakanson [34] to study the pollution of reservoirs and
to determine which ones need more attention in terms of potential environmental risk. To evaluate
the degree of contamination of bryophytes used for air biomonitoring, the use of CF for the first
time described by Fernandez et al. [35]. According to these authors, a scale was used to categorize
individual sampling points. The contamination factor evaluates the degree of contamination for
individual elements, but also the degree of contamination for individual sampling points. This allows
you to compare data from different regions. It is calculated as the ratio of the concentration of the
element in the moss and the background value of the element in the studied area.

CF =

concentration
background

(1)

2.4.4. Geoaccumulation Index

The Geoaccumulation Index (Igeo) was originally introduced by Müller [36] to determine and define
metal contamination in sediments by comparing current concentrations with pre-industrial values. It is
calculated according to the formula [37]:

Igeo = log2

[

cn

1.5Bn

]

(2)

cn concentration in moss sample n,
Bn background value for moss sample n,
a factor of 1.5 is used due to possible variability in background values.

2.4.5. Enrichment Factor

Given that some authors, e.g., Covelli and Fontolan [38] criticize the use of Igeo to assess the
degree of contamination and suggest the use of normalized values, the present article also used
a method of comparing the ratio of individual metals to a reference element that is probably of
geogenic origin, and the impact of metals on the environment. The degree of pollution was determined
using the Enrichment factor (EF). EF is a standardized method proposed by Sinex and Helz [39] to
assess metal concentrations. The concentration of metals is usually normalized as a ratio to another
component of the sediment. Rubio et al. [40] stated that there is no general agreement on the most
suitable sediment component to be used for normalization. The most usable are Al, Fe, total organic
carbon, and sediment grain size. However, an important criterion is the non-anthropogenic origin
of the element. The component chosen for this purpose should not be variable depending on
anthropogenic activity [41]. For this reason, the use of the given elements as comparative elements
was excluded, as their occurrence in the examined area may be influenced by the presence of the
metallurgical industry. Therefore, the scandium element was selected for comparison, which has a
relatively small application in industry, and although it reached high values in the calculation of the
contamination and geoaccumulation factor, this was probably due to swirling dust and contamination
of samples with soil particles. The crustal origin of scandium is confirmed by the results of a
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biomonitoring study such as Olise et al. [42]. Several studies have been performed using scandium as
a reference element [43,44]. The formula for calculating EF is:

EF =

(

metal
Sc

)

sample
(

metal
Sc

)

background
(3)

where
(

metal
Sc

)

sample is the ratio of metal to concentration of Sc in the sample and
(

metal
Sc

)

background is
the ratio of metal to concentration of Sc in the reference samples.

2.4.6. Pollution Load Index

The Pollution Load Index (PLI) was designed and tested to assess the heavy metal pollution of
estuaries. Tomlinson [45] stated that although there are many indicators to facilitate the detection of
heavy metal pollution, there are significant problems in evaluating the heavy metal load on rivers.
The interpretation of the results is complicated by differences in the composition of species and
conditions in different places, differences in the period of sampling, or the age of organisms and
methods of storing metals in the bodies of organisms. For the biomonitoring of air pollutants using
mosses and lichens, PLI was used, for example, by Salo [46], who studied the relationship between the
concentration of anthropogenic magnetic particles and heavy metals and compared the correlations
between magnetic sensitivity and PLI. The Tomlinson contamination index [47] indicates the extent to
which a sample exceeds the concentrations of heavy metals in the natural environment and indicates
the overall state of toxicity for the sample [46]. PLI is defined as the square root of the product of the
contamination factors for a given sample:

PLI = n
√

CF1 × CF2 × CF3 × ...CFn (4)

where CF indicates contamination factors for a single site sample.

3. Results

In 2015, a total of 44 samples were taken from 41 sites. In 2016, another 50 samples were taken
from 44 localities. Concentrations of 38 elements were obtained for samples from 2015, and 47 elements
were evaluated in 2016. Due to incomplete data, given the uncertainties in the neutron activation
analysis, the elements, Yb, Lu, Hg, Cu, Zr, In, Eu, Gd, and Dy, were removed from further processing.
The sampling point CZT-15-13-01 was also removed, as it was collected and analyzed separately and
the resulting concentrations and composition of the elements are different from other sampling points.
93 samples were entered into statistical analyzes and 38 variables (elements) were evaluated. The basic
numerical characteristics of the analyzed data are given in the (Table 1).

The values of the coefficient of variation express the inhomogeneous character of the data set.
The skewness coefficient for some elements (e.g., Cr, Fe, Zn, As, Cd, W, and Au) indicates a positive
skewness of the data set, this fact is also evidenced by higher values of averages than the median
values. Based on the results of the sharpness coefficient, it can be concluded that the distribution
is more pointed than normal. These facts are also confirmed by frequency histograms. It is evident
from the histograms that the data for most elements do not have a normal or Gaussian distribution
according to the author Carl Friedrich Gauss.

To allow relative multivariate data analysis, which requires Euclidean geometry data, a nonlinear
data transformation was performed according to the principle of compositional data analysis.
Specifically, the Isometric log-ratio transformation was used for the transformation.
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Table 1. Descriptive statistics of measurement, n = 93.

Min Max Mean Median std.dev var var. koef. Skew kurt.
[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]2 / / /

Na 84.9 1150 276 224 173 29,869 0.6 2 9.1
Mg 789 4790 2525 2340 1009 1,017,205 0.4 0.3 2.1
Al 305 11,000 2530 1830 2119 4,488,235 0.8 1.4 4.9
Cl 69.3 2240 502 389 394 154,875 0.8 1.9 7.7
K 4660 20,200 11,024 11,100 3104 9,634,437 0.3 0.1 3
Ca 1540 10,600 5941 5940 2411 5,811,460 0.4 0 2
Sc 0.053 1.86 0.51 0.41 0.384 0.147 0.8 1.1 3.8
Ti 22.3 923 202 133 177 31,182 0.9 1.5 5.2
V 0.551 14.9 4 2.88 3.13 9.78 0.8 1.2 4.1
Cr 1.1 34.1 6.84 5.41 5.56 30.96 0.8 2.1 8.9
Mn 45.7 767 230 195 153 23,449 0.7 1.5 5
Fe 338 18,700 2203 1680 2258 5,099,947 1 4.5 31.9
Co 0.119 2.13 0.76 0.63 0.483 0.233 0.6 1.1 3.6
Ni 0.711 8.26 2.98 2.69 1.465 2.15 0.5 1.2 4.8
Zn 30.6 587 111 85.4 106 11,295 1 3.3 13.6
As 0.286 3.75 1.07 0.97 0.518 0.269 0.5 2.1 10
Se 0.06 2.39 0.64 0.39 0.537 0.289 0.8 1.4 3.8
Br 1.65 7.73 3.54 3.27 1.31 1.72 0.4 1 3.9
Rb 5.94 63.8 17.2 13.3 11.5 132 0.7 1.9 6.8
Sr 5.65 69.2 27.4 26.6 13.3 177 0.5 0.5 3
Mo 0.016 1 0.39 0.34 0.245 0.06 0.6 0.6 2.3
Cd 0.02 7.09 1.18 0.57 1.719 2.95 1.5 2.2 6.8
Sb 0.049 1.31 0.34 0.28 0.226 0.051 0.7 2 7.8
I 0.349 4.08 1.41 1.31 0.724 0.525 0.5 1 4.2
Cs 0.078 1.74 0.41 0.33 0.282 0.079 0.7 1.7 7.4
Ba 13.1 209 63.1 55.8 33.8 1145 0.5 1.3 5.8
La 0.194 6.13 1.6 1.24 1.211 1.47 0.8 1.2 4.1
Ce 0.011 15.6 3.23 2.43 2.682 7.19 0.8 1.6 6.6
Nd 0.249 6.82 1.91 1.74 1.333 1.78 0.7 1 4.1
Sm 0.026 1.03 0.26 0.2 0.201 0.04 0.8 1.3 4.5
Tb 0.003 0.16 0.04 0.03 0.03 0.001 0.8 1.3 4.5
Tm 0.002 0.08 0.02 0.02 0.017 0 0.7 1.2 4.2
Hf 0.025 1.56 0.39 0.27 0.34 0.115 0.9 1.2 3.9
Ta 0.004 0.21 0.05 0.04 0.041 0.002 0.8 1.3 4.4
W 0.03 1.38 0.27 0.23 0.233 0.054 0.9 2.2 9.9
Au 0 0.07 0 0 0.008 0 4.4 7.4 59.4
Th 0.049 1.92 0.49 0.38 0.4 0.16 0.8 1.3 4.5
U 0.021 0.56 0.18 0.14 0.14 0.02 0.8 1 3.3

3.1. Principal Component Analysis

Scree graph analysis, i.e., a bar graph of eigenvalues, was used to identify the number of
major components, where the break point from rapid descent to gradual determines the number
of “useful” components. The useful components are thus separated by a distinct break point, and the x
coordinate of this break is the index value sought. In this case, two. The biplot is a natural consequence
of the singular value decomposition of a matrix [48]. The Scatterplot (Figure 5) shows the component
weights for the two main components and allows to compare the distances between the variables.
Short distance means a strong correlation. Sampling points located far from the origin of coordinates
are extremes (CZT15-11-01, CZT15-03-01, PLS16-45-01, PLS16-83-01), the closest, on the other hand,
are the most typical. The sites located in the diagram close to each other are similar, far from each
other are different. Sites located clearly in one cluster are similar, yet dissimilar to objects in other
clusters. Isolated sites (PLS16-83-01) may be strongly dissimilar to others unless there is an apparent
inhomogeneity due to skewed data. The color scale distinguishes the quality of the data representation
in the graph.
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Figure 5. Scatterplot of the component score of individual sampling sites.

The Plot Components Weight (Figure 6) shows the component weights for the first two main
components. The distances between the variables are compared, shorter means a strong correlation.
Variables close to the origin are of little importance (Au). Variables with an angle of 0◦ between their
guides are completely positively correlated. The group of elements U, Sc, Ta, Al, Co, Sm, Ce, La, V, Th,
Tm, Tb have a strong correlation with each other. Also the elements Fe, Cr, Na, Sr, Nd, Ni, Sb and Cs
are correlated with the mentioned group, but they are no longer of such significance. Variables with an
angle of 90◦ are completely uncorrelated and variables with an angle of 180◦ are negatively correlated,
for example Au, Cl, K to Rb, Cd, Se, Mn. The color scale indicates the level of contribution of the
element to the main component.

A principal component analysis was performed for the three major components.
Subsequently, hierarchical clustering was performed on these three components. The individual
sites are visualized on the graph of the main components (Figure 7) and the individual clusters are
color-coded. The map shows a better division of the sampling points into clusters (Figure 8).
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Figure 6. Plot Components Weigh of individual elements.

Figure 7. Graph of main components with clusters.
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Figure 8. The result of hierarchical clustering on three components.

3.2. Factor Analysis

Factor analysis was performed in the software STATISTICA. The optimal number of factors to be
retained was determined by plotting line rubble-Scree plot [49] eigenvalues of all factors. The ideal
number of factors can be determined at the point in the graph where the highest decrease in eigenvalues
is between the two factors. The biggest break is between one and two factors and another only between
the fifth and sixth factors, so the factor analysis was performed for five factors.

Prior to the analysis itself, the data were rotated to clearly distinguish the load pattern, i.e.,
to differentiate the factors indicated by the high load for some variables and low load for others.
Namely, Varimax normalized rotation was used. As a result, those variables (elements) whose load
was greater than 0.6 for a given factor were selected (Table 2, highlighted in red).

Table 2. Factor loads of individual elements, n = 93.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Na 0.79 0.16 0.16 0.07 0.13
Mg 0.76 0.07 0.37 0.05 0.39
Al 0.94 0.04 0.13 −0.06 0.07
Cl 0.11 −0.02 0.12 0.08 0.82
K 0.25 0.07 0.00 0.22 0.79
Ca 0.37 0.01 0.72 0.03 0.42
Sc 0.96 0.11 0.19 0.01 0.03
Ti 0.92 0.03 0.08 −0.09 0.11
V 0.91 0.08 0.25 −0.07 0.03
Cr 0.56 0.13 0.62 0.03 −0.13
Mn −0.08 0.61 −0.12 −0.33 −0.03
Fe 0.38 0.19 0.65 0.09 −0.17
Co 0.85 0.26 0.30 −0.01 −0.04
Ni 0.67 0.39 0.18 0.19 −0.08
Zn 0.07 0.81 0.00 0.13 0.10
As 0.65 0.62 0.00 0.03 −0.13
Se −0.08 0.09 −0.17 −0.74 −0.37
Br 0.20 0.63 −0.14 −0.45 0.11
Rb −0.12 0.41 −0.55 0.17 −0.26
Sr 0.58 0.22 0.48 −0.03 0.35
Mo 0.36 0.17 0.70 0.29 0.13
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Table 2. Cont.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Cd −0.09 0.09 −0.16 −0.82 −0.01
Sb 0.36 0.55 0.48 0.10 −0.13
I 0.28 0.58 0.39 −0.33 −0.05
Cs 0.47 0.36 0.09 0.24 −0.33
Ba 0.61 0.59 0.05 −0.13 0.17
La 0.95 0.18 0.12 −0.06 0.10
Ce 0.96 0.13 0.11 −0.04 0.06
Nd 0.83 −0.08 0.19 −0.05 0.12
Sm 0.96 0.09 0.10 −0.10 0.07
Tb 0.97 0.10 0.15 0.00 0.07
Tm 0.89 0.14 0.05 0.12 0.08
Hf 0.91 0.12 0.13 0.03 0.15
Ta 0.96 0.09 0.14 −0.01 0.05
W 0.45 0.02 0.27 −0.62 −0.08
Au −0.05 −0.14 0.30 0.04 0.02
Th 0.96 0.11 0.17 0.03 0.05
U 0.87 0.21 0.32 0.05 0.07
Expl.Var 17.06 3.71 3.70 2.42 2.34
Prp.Totl 0.45 0.10 0.10 0.06 0.06

3.3. Correlations Analysis

A correlation matrix was created to assess the strength of the linear relationship between the
quantities (Figure 9). Positive correlations are shown in blue and negative correlations in red. The color
intensity and brand size are directly proportional to correlation coefficients. The color legend on the
right shows the correlation coefficients and their corresponding color.

Figure 9. Correlation matrix.

The correlation matrix shows a high correlation between the elements Na, Co, U, Tm, Hf, Sm,
La, Ce, Ta, Th, Sc, Tb, Nd, Mg, Ti, Al, and V. A weaker positive correlation is observed for Ca, Sr,
Mo, Cr, Fe, Ni, As and Ba. Negative correlation with most elements is recorded for Se, Cd, and Rb,
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they are positively correlated with each other. Other elements do not show significant correlations.
Based on the results of the correlation matrix, clustering took place. A cluster is a group of objects
whose distance is less than the distance with objects that do not belong to the cluster. Clustering was
performed according to Wald’s criterion, where the principle is to minimize cluster heterogeneity
according to the criterion of minimum increment of intragroup sums of deviations of objects from the
center of gravity of clusters [50]. The result is a dendrogram (Figure 10). When dividing the elements
into three clusters, Rb, Se, Cd, Mn, Zn, Br, Au, Cl, and K appear in the first group. The second cluster
contains V, Al, Ti, Co, U, Hf, Sm, La, Ce, Ta, Th, Sc, and Tb, and the third cluster Nd, Na, Tm, Mg, Sr,
Ca, Mo, Cr, Fe, Ni, As, Ba, W, Cs, Sb and I.

Figure 10. Hierarchical clustering based on a correlation matrix.

3.4. Contamination Factor

The Fernández and Carballeira [35] scale was used to assess contamination by the contamination
factor (CF), which allows the categorization of sampling points for each element (Table 3). The proposed
scale includes six categories, from a contamination factor value less than 1 (no contamination) to values
greater than 27 (extreme contamination). Data from moss collections in 2015 and 2016, but also from
the biomonitoring campaign in 2017 (a total of 337 samples) were used to calculate background values.
The concentrations of the individual elements were sorted from the smallest to the largest, and each
sampling point was assigned an order for each element. The sum of the order of the individual elements
was summed for each sampling point and the resulting sums were sorted again. The arithmetic mean
of the first 5% points (17 values) was used as the background value.

CF =

Med(concentration)
background

(5)
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Table 3. Classification of elements according to the degree of contamination.

No Contamination Suspected Slight Moderate

Mn As Al Sm
Cd Cr W
Ni Fe U
Sb V Tb
Ba Zn Th
Sr Co Sc
Se Mo
Ca Ce
K Na

Mg Cs
Rb Nd
Ba Ti
Au Cl

3.5. Geoaccumulation Index

The resulting values of the geoaccumulation index (Igeo) were classified by Muller [36] as shown
in the following Table 4.

Table 4. Degree of metal pollution in terms of seven classes.

Igeo Class IgeoValue Classification

0 <0 uncontaminated
1 0–1 uncontaminated to moderately contaminated
2 1–2 moderately contaminated
3 2–3 moderately to strongly contaminated
4 3–4 strongly contaminated
5 4–5 strongly to extremely contaminated
6 >5 extremely contaminated

The resulting Igeo element distribution is shown in the table (Table 5).

Table 5. Classification of elements according to the degree of contamination.

Uncontaminated Uncontaminated to Moderately Contaminated Moderately Contaminated

Ni As Al
Mn Cd Fe
Se Cr Ce
Ca Sb Sm
Rb V W
Au Zn U
Br Ba Nd
I Sr Tb

Co Th
Mo Sc
K

Mg
Na
Cs
Ba
Cl
Ti
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3.6. Enrichment Factor

Due to the different scales reported in different publications [51,52] and due to the use of Sc
as a normalizing element, the elements were divided into categories according to value. According
to Kłos et al. [44], elements with an enrichment factor (EF) value < 1 indicate elements originating
from the natural background and elements with an EF value > 1 elements affected by anthropogenic
activity (Table 6).

Table 6. Classification of elements according to the degree of contamination.

EF < 1 EF > 1

Mn Sr La
Rb Zn Hf
Se Na Fe
Au Cs Th
Ca Co Ta
Ni Mo Tb
Br Tm Sm
K Ti U
I Cr W

As Cl
Mg V
Ba Nd
Cd Ce
Sb Al

3.7. Pollution Load Index

Tomlinson et al. [45] proposed a scale for evaluating the results, where zero means a perfectly
clean site, a value of one means the presence of pollutants at the baseline level and concentrations
above one, show a gradual deterioration in the quality of the investigated environment. Thus, it can be
stated that a value of PLI < 1 defines elemental pollution close to the background value, while values
of PLI > 1 indicate pollution of a given locality. Since almost the entire study area shows PLI values
greater than one, a map was created to better present the results, dividing the resulting values into
6 categories (Figure 11).

Figure 11. Pollution load index.
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4. Discussion

The findings about potential sources in terms of elemental composition, presence of potential
emission sources, but also climactic and geomorphologic conditions, which allow the transmission
of pollution from its source to the place of deposition, were included in the evaluation.
The result of the principal components analysis is represented by the dispersion diagram of the
component score (Figure 5). Based on the rules explaining the dispersion diagram, a map (Figure 12)
of mutually correlated areas was created.

Figure 12. The result of the principal components analysis.

The points included in groups 1 and 2 are found in locations least affected by anthropogenic
activity from the studied location. The sampling sites in category 3 are influenced by industrial activity
and also local domestic heating and emissions from transportation, whereas the points in group 5 are
not affected by emissions from industrial areas to such an extent. According to the analysis, the sites
in group 6 are the most different from other sites. These points are located on the Polish side in an
area of mining, engineering, and metallurgical industry. At the same time, one point is found near
the town Frýdek-Místek where the metallurgical and machine-building industry is well-developed.
According to the dispersion diagram, the points in category 12 are the closest to the origin and as such
the most typical for the studied area; in this category, there are two points located near the village
Kunčičky in the Ostrava region and close to Třinec. Metallurgical companies can be found in both of
these localities.

Based on the hierarchical clustering on principal components analysis (HCPC), the sample points
were divided into three clusters (Figure 8). From the clusters, we can identify areas affected by
the industry, areas not significantly affected by the industry but containing a large concentration of
domestic heating, and areas least affected by anthropogenic activity.

The division of elements into five factors according to the factor analysis and also the spatial
distribution of the factor loadings of individual factors can be explained by the following description.
Factor 1 is composed of a large number of elements (Na, Mg, Al, Sc, Ti, V, Co, Ni, As, Ba, La, Ce, Nd,
Sm, Tb, Tm, Hf, Ta, Th, and U). Elements of natural origin can be influenced by the deposition from
industrial sources based on the localization of the highest values of the load factor. Another source
could be dust/soil particles. As described by Shetekauri et al. [28], V and Ni are the dominant
elements in areas with metallurgical and mining industries. Simultaneously, the aforementioned
authors attribute the natural crustal origin of elements to factor 1, which in their case also contains Ti,
V, Ni, Co, As, Th, and U. Zinicovscaia et al. [27] states a combination of geogenic and anthropogenic
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associations in relation to Co and U as elements belonging to factor 1. Apparently, the measured results
may have been affected by soil particles.

The most prominent elements in factor 2 are represented by Mn, Zn, As, and Br. Identical elements
were also identified in one of the factors in the study of Olise et al. [42]. The authors note that coal
impurities emitted at high temperatures contain As, Rb, As, Br, Mn, and Cr. This fact is also confirmed
by other authors [53–55].

According to the graph of component weights (Figure 6), the element I can also be added to
this group. All above-mentioned elements except for As do not show mutual correlations with other
elements (Figure 9). In the calculation of all factors, manganese came out as the element least affected by
anthropogenic activity. Both iodine and bromine have negative values of the geoaccumulation factor; as
such, they can be considered elements of natural origin. Due to its origin, arsenic stands apart from the
group as it enters the air practically only due to human activity, particularly by burning fossil fuels and
wood conserved with arsenic-containing products. According to the Korzekwa et al. [29] who utilize
the method of biomonitoring using mosses in Poland, another source of As besides burning fossil
fuels can be represented by pesticides or products used for wood curing; this is because in their case,
higher concentrations of As were found in forests or close to agricultural areas. Metallurgical companies
processing copper, lead, and other metals containing arsenic in their ore are considered to be a source,
too. However, the values of the contamination factor of arsenic reach the “moderate” category at
maximum, and they only do so in two points (Figure 13).

Figure 13. The distribution of values of the contamination factor for As.

One point is located in a part of Ostrava called Polanka nad Odrou where the moss was collected
in a place with the following activity: Buyout and processing of alloy steel waste, processing of
construction materials, selling of solid fuels and metallurgical materials, and manufacturing of asphalt
mixes. The second point with its contamination factor in the “moderate” category is located in the
town of Wodzisław Śląski where there are long-term issues with emissions originating from fuel
burning in home boilers, undesirable technical conditions, and energetic efficiency. Other issues
are also represented by the low quality of fuel burned and the burning of waste. Higher values
of the contamination factor, up to the category “severe”, are displayed by four points in the
case of zinc. The points described can be found in the area around the municipalities Strahovice,
Pszów, Marklowice, and Żory. Significant anthropogenic sources of zinc are represented by mining,
zinc, lead, and cadmium refining, steelmaking, burning of coal and other organic fuels, ore mining
and processing, and utilization of zinc-containing fertilizers. Zinc is utilized to a large extent (up to
40% of production) as an anti-corrosive protective material for iron and its alloys.
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According to the graph of component weights (Figure 6), Ca and Mo are more correlated with
each other when compared to the pair of Cr and Fe. Based on the values of the contamination factor,
calcium appears as an element included in the natural background; similarly, molybdenum belongs to
the essential microelements necessary for plant development. However, Korzekwa et al. [29] states
the origin of molybdenum to be the metallurgical plant. In line with this statement, higher values of
the contamination factor of molybdenum correspond with the distribution of residences, pointing to
anthropogenic sources such as fossil fuels burning, metallurgy, but also mining and the electrotechnical
industry. In the case of Ca, the drawing of the element can occur from soil substrate according to a
number of sources [42,56–59].

Higher concentrations of chromium can be found in the regions of Ostrava, Třinec, and the
surrounding areas of the town Wodzisław Śląski where the mining, metallurgical, and engineering
industries are well-developed. A contamination factor of the “moderate” category is also spread around
smaller residencies and this reality can be caused by the burning of fossil fuels (in the form of Cr3+).
Other sources can be represented by cement plants, communal waste incinerators, exhaust gases
from automobiles with a catalyst, emissions from air-conditioning cooling towers using compounds
of chromium as corrosion inhibitors, and flying asbestos from automobile brakes. High values of
the contamination factor of Cr and Fe are also apparent on the north side of the Beskids Protected
Landscape Area near the municipalities Řeka, Vyšní Lhoty, and Komorní Lhotka where the industry
concentration is not so dense but where the massive of the Moravian–Silesian Beskids begins.
Therefore, pollution is likely brought by the blowing wind from the north and its fallout and
capture take place on the windy side of the massive. Iron and chromium interfere and their main
sources are found in the agglomeration of Ostrava/Karviná/Frýdek Místek and in the vicinity of iron
foundries. A particular affinity to absorption and accumulation of dust particles was also confirmed by
Pandey et al. [60] and Olise et al. [42], who also confirms Fe as the dominant element in moss samples
in the vicinity of iron and steel plants.

Factor 4 is made up of elements Se, Cd, and W. On one hand, according to the geoaccumulation
factor, selenium can be considered an element of geogenic origin. This is also indicated by the scatter of
its higher concentrations in the regions of the Beskids Protected Landscape Area on both the Czech and
the Polish sides, the Poodří Protected Landscape Area, Oderské vrchy Natural Park, and the Cysterskie
Kompozycje Krajobrazowe Rud Wielkich Protected Landscape Area. On the other hand, according
to the contamination factor, selenium is “suspected of contamination”, which corresponds with the
higher concentrations in the vicinity of the towns Rydyłtowy and Rybnik where the main emission
sources of selenium are thermal power plants and plants of metallurgical and chemical industry.
In the case of cadmium, the situation is questionable. The scatter of higher concentrations and higher
levels of contamination factor of cadmium is particularly apparent in the peripheral parts of the studied
area where clean locations without industry or dense settlement are found. Based on The Integrated
pollution register [61], the anthropogenic emissions of cadmium are approximately eight times higher
than the emissions from natural sources. One of the explanations of such scatter of concentrations
is the long-distance transmission of emissions; in areas of immediate proximity of emission sources,
the deposition of other substances prevails and cadmium is transported into more distant locations.
Higher concentration could be caused also by transport. The points located in agricultural areas can
be affected by using phosphate fertilizers with cadmium ingredients and loading waste treatment
plant sewage into the fields. In the case of cadmium, it is necessary to admit an error in the analysis of
the samples using the neutron activation analysis. It is evident that higher values occur only in the
samples collected in the year 2016. Therefore, differences between the results from the years 2015 and
2016 can be counted on.

The differences between the elements from factor 4 and 5 and the elements from other factors are
also confirmed by the results of the PCA depicted in the graph of components weights (Figure 6) where
Cd, Se, Mn, and Rb show an obvious positive mutual correlation paired with a negative correlation
towards Cl and K. In the case of K, intake from soil substrate can occur [56–59]. According to the PCA

103



Atmosphere 2020, 11, 1237

result, none of these elements correlates with other examined elements. This fact is confirmed by the
results of the correlation matrix (Figure 9) where the elements Au, Cl, K, W, Se, Cd, Rb, Cs, Zn, Sb,
Mn, Br, and I do not correlate with a greater group of other examined elements. The last element of
the group, tungsten, came out to be in the category among the elements meaning contamination in all
factors (CF, Igeo, EF) and as such coming from anthropogenic activity. The contamination factor of W
belongs to the “moderate” and “severe” categories across the entire studied area except for peripheral
areas where protected landscape areas are found. Tungsten is a part of coal and given its high density
and difficult melting properties, it is widely used in a number of industrial sectors. For example, it is
used in the production of lightbulb threads and W electrodes, the utilization as an ingredient in alloys
to increase the hardness and mechanical and heat resistance (fast speed steel), and the production
of penetration projectiles or materials for radiation shielding [62]. The contamination factor in the
“moderate” category appears almost everywhere across the inhabited area. This fact can be caused by
domestic heating where coal burning takes place. Higher concentrations are located in the vicinity
of Třinec, Český Těšín and Cieszyna, Ostrava, Rybnik, Rydułtowy, and Wodzisław Śląski where the
metallurgical industry is well-developed.

Factor 5 is made of elements Cl and K. The highest values appeared particularly in agricultural areas.
Based on the result of Igeo, CF, and EF, potassium is a part of the natural background; it is a biogenic
element and therefore, a vegetal origin can be expected. For instance, Olise et al. [42] identified crustal/soil
dust as a source. In the case of CF, chlorine is classified into the slight contaminated category. By comparing
the distribution of its concentrations with the distribution of the corresponding CF values, locations where
high values are a part of the natural background are eliminated (Figure 14).

Figure 14. The distribution of concentrations of Cl and the values of the contamination factor for Cl.

Most of the locations with higher CF values are found in the vicinity of agricultural areas and
an influence through the use of potassium fertilizers, whose basic component is potassium chloride
(KCl) or potassium sulfate (K2SO4), can be assumed. Higher values in the areas surrounding Ostrava,
Frýdek Místek, and the Polish city Skoczów can originate from chlorine and hydrogen chloride leaks
from the industry, specifically from their production and processing, the burning of chloride-containing
fuels such as coal, or the leakage of hydrochloric acid during steel processing.

Regarding the rate of excessive of the concentration of heavy metals in the natural environment
calculated using the Tomlinson Pollution Load Index (PLI) based on the division of values into
categories greater or less than one, expressing if given concentrations in a given location are nearing
the value of the background or indicating pollution, the results identified nearly the entire studied
area (except for six points in the southern mountainous part) as affected by anthropogenic activity.
Similar results were also reached by Shirani et al. [13]. For that reason, a map with PLI values
divided into six categories (Figure 11) was created. Higher PLI values correspond with the distribution
of industrial centers on both the Czech and the Polish side. High values are also located to the
west and south-west of the cities Frýdek-Místek and Paskov, reaching into the Poodří Protected
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Landscape Area where higher concentration of industry is not found. This reality can be caused by
the north-east drift from industrial areas or domestic heating together with transportation emissions.
In this location, an airport can also be found. However, none of the performed statistical analyses
determined the link between higher concentrations of individual heavy metals and the vicinity of
the airport. Moderately elevated PLI values are observed on the north windy side of the Beskids.
Except for typical industrial areas in the studied location, high PLI values are also found in the area
surrounding Dolní Benešov where the engineering industry and a foundry are located. A high index
also appears in the north part of the Opava region in the Sudice-Třebom promontory. Despite the
absence of heavy industry, high concentrations of a number of elements (As, Br, Mn, Zn, Ca, Cr, Fe, Mo,
Cd, W, Sc, and Cl) can be found there. This fact can be affected by the surface gypsum mine located in
the land registry of the municipality Koběřice where the subsequent processing of natural gypsum also
takes place. Another influence in this area can come from domestic heating, particularly in the town
Třebom where according to the results of the 2011 census of persons, houses, and flats [63], heating with
solid fuels, particularly with coal, coke, or coal briquettes, prevails. Additionally, transmission of
emissions to this area from the Polish side probably takes place.

5. Conclusions

During the years 2015, 2016, 99 samples of moss were collected, the results of which were
processed as part of the presented work. After eliminating unsuitable samples, 93 samples were
included in the analyses. The samples were analyzed using the instrumental neutron activation
analysis. The result was represented by 38 variables, the chemical elements.

A partial goal of this work was to evaluate the measured data and determine if the elements
contained in the samples were of natural or anthropogenic origin. To reach this goal, multi-criteria
analysis of data was used. Hierarchical clustering on principal components and factor analysis
were conducted. Through the principal component analysis, locations most typical for the studied
area were determined; these were the locations in the immediate vicinity of metallurgical plants.
From the results of this partial goal, it can be assumed that the dominant polluter of the area of interest
likely is the metallurgical industry. By hierarchical clustering, the area was divided, according to the
type of pollution, into three groups composed of an industry-influenced group, a group with prevailing
emissions from domestic heating and also industrial emissions from long-distance transmission, and a
so-called clean group.

The distinction between elements with their concentrations near the natural background and
elements which can indicate pollution was performed using a number of factors, namely the
contamination, geoaccumulation, and enrichment factor and the pollution load index. An intersection
of a set of elements Sm, W, U, Tb, and Th, which were determined to be the elements causing pollution
and whose concentrations do not near the natural background of the studied locations, took place
in all factors. The elements are emitted among others by the metallurgical industry. Sm and Th are
applied in a number of chemical industries. Tb is used moreover by electronic industry. W and U are
substantial compound of coal. High concentrations in samples coming from areas with no local sources
of pollution can be associated with a climactic standpoint, particularly for the prevailing direction of
the wind, and long-distance transmission of pollute.

Moss sampling in the study was carried out in an exceptional dense network of sampling sites.
Based on the results of the paper, it is possible to propose a dense sampling of the entire region of the
Czech Republic as biomonitoring with the use of mosses gives us the ability to detect regional sources
of air pollution in a sufficiently dense network yet at acceptable costs.

Author Contributions: Data curation, A.S.K. and V.S.; Formal analysis, A.S.K. and K.V.; Funding acquisition, P.J.;
Visualization, V.S.; Writing—original draft, A.S.K.; Writing—review & editing, I.Z. All authors have read and
agreed to the published version of the manuscript.

105



Atmosphere 2020, 11, 1237

Funding: This research was funded by project solved in cooperation of Czech republic with the JINR (3 + 3 project)
“Air pollution characterization in Moravian Silesian region using nuclear and related analytical techniques and
GIS Technology”, 2015—2017, No. 03-4-1128, main investigators P. Jančík, M. Frontasyeva and was supported in
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Abbreviations

The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute
DOAJ Directory of open access journals
TLA Three letter acronym
LD linear dichroism
i.e., id est
EEA The European Environment Agency
PM Particulate matter
REZZO Register of Emissions and Air Polution Sources
GIS Geographic information system
ICP International Cooperative Programme
JINR Joint Institute for Nuclear Research
SLI short lived isotope
LLI long lived isotope
HPGe high pure germanium
NAA Neutron activation analysis
CRM Certified reference material
NIST National Institute of Standards and Technology
SRM Standard Reference Materials
CF Contamination factor
Igeo Geoaccumulation index
PLI Pollution load index
EF Enrichment factor
PCA Principal Component Analysis
HCPC Hierarchical Clustering on Principal Components
e.g., exempli gratia
FA Factor analysis
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18. Aničić Urošević, M.; Frontasyeva, M.; Tomasevic, M.; Popovic, A. Assessment of Atmospheric Deposition
of Heavy Metals and Other Elements in Belgrade Using the Moss Biomonitoring Technique and Neutron
Activation Analysis. Environ. Monit. Assess. 2007, 129, 207–219. [CrossRef] [PubMed]

19. Vergel, K.; Zinicovscaia, I.; Yushin, N.; Frontasyeva, M. Heavy Metal Atmospheric Deposition Study in
Moscow Region, Russia. Bull. Environ. Contam. Toxicol. 2019, 103. [CrossRef]

20. Thieme, N. R generation. Significance 2018, 15, 14–19. [CrossRef]
21. Templ, M.; Hron, K.; Filzmoser, P. robCompositions: An R-Package for Robust Statistical Analysis of

Compositional Data. In Compositional Data Analysis: Theory and Applications; John Wiley and Sons, Ltd.:
Chichester, UK, 2011; pp. 341–345.

22. Lê, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. Artic.

2008, 25, 1–18. [CrossRef]
23. Wei, T.; Simko, V. R Package “Corrplot”: Visualization of a Correlation Matrix, Version 0.84. 2017. Available

online: https://github.com/taiyun/corrplot/ (accessed on 26 May 2020).
24. StatSoft CR s.r.o. TIBCO Statistica. Available online: http://www.statsoft.cz/ (accessed on 26 May 2020).
25. Barandovski, L.; Frontasyeva, M.; Stafilov, T.; Sajn, R.; Ostrovnaya, T. Multi-element atmospheric deposition

in Macedonia studied by the moss biomonitoring technique. Environ. Sci. Pollut. Res. 2015, [CrossRef]
[PubMed]

26. Bajraktari, N.; Morina, I.; Demaku, S. Assessing the Presence of Heavy Metals in the Area of Glloogoc
(Kosovo) by Using Mosses as a Bioindicator for Heavy Metals. J. Ecol. Eng. 2019, 20, 135–140. [CrossRef]
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32. Hebák, P. Vícerozměrné Statistické Metody; Informatorium: Praha, Czech Republic, 2007.
33. Legendre, P.; Legendre, L. Numerical Ecology, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2012.
34. Håkanson, L. An Ecological Risk Index for Aquatic Pollution Control—A Sedimentological Approach.

Water Res. 1980, 14, 975–1001. [CrossRef]
35. Fernández, J.; Rey, A.; Carballeira, A. An extended study of heavy metal deposition in Galicia (NW Spain)

based on moss analysis. Sci. Total Environ. 2000, 254, 31–44. [CrossRef]
36. Muller, G. Index of Geoaccumulation in Sediments of the Rhine River. Geojournal 1969, 2, 109–118.
37. Turekian, K.; Wedepohl, K. Distribution of the Elements in Some Major Units of the Earth’s Crust. Geol. Soc.

Am. Bull. 1961, 72. [CrossRef]
38. Covelli, S.; Fontolan, G. Application of a normalization procedure in determining regional geochemical

baselines. Environ. Geol. 1997, 30, 34–45. [CrossRef]
39. Sinex, S.; Helz, G. Regional geochemistry of trace elements in Chesapeake Bay sediments. Environ. Geol.

1981, 3, 315–323. [CrossRef]
40. Rubio, B.; Nombela, M.; Vilas, F. Geochemistry of Major and Trace Elements in Sediments of the Ria de Vigo

(NW Spain): An Assessment of Metal Pollution. Mar. Pollut. Bull. 2000, 40, 968–980. [CrossRef]
41. Ackermann, F. A procedure for correcting the grain size effect in heavy metal analyses of estuarine and

coastal sediments. Environ. Technol. Lett. 2008, 1. [CrossRef]
42. Olise, F.; Lasun Tunde, O.; Olajire, M.; Owoade, O.; Oloyede, F.; Fawole, O.G.; Ezeh, G. Biomonitoring of

environmental pollution in the vicinity of iron and steel smelters in southwestern Nigeria using transplanted
lichens and mosses. Environ. Monit. Assess. 2019, 191. [CrossRef]
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