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Featured Application: The findings of this study can be applied in monitoring of atmospheric
deposition of heavy metals and nitrogen on a local scale in order to better understand the pollu-
tion distribution in the surroundings of a local pollution source, especially in the context of the
interpretation of the results respecting the principle’s compositional data analyses.

Abstract: A biomonitoring study using terrestrial mosses was performed in the vicinity of an
Integrated Iron and Steel plant near the Czech—Polish border. Moss samples were collected in two
seasons (June, October) in order to embrace the effect of the heating season on the pollution levels.
The contents of metals (Al, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd, Pb, As, Sb and Hg) were determined
using the Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), Atomic Absorption
Spectroscopy (AAS) and contents of N, C, H via elemental analysis. The influence of the proximity
of the factory, the heating season and modelled concentrations of particulate matter <10 um (PM;)
on determined concentrations of elements were studied via multivariate statistical methods using
clr-transformed data. This approach led to the first-time demonstration that not only the distance
from the industrial source but also the sampling season and PM; concentrations significantly affect
the elemental content in mosses; the association of the emissions from the source and the determined
concentrations of elements in moss samples were more evident outside the heating season (October).
The analyses of transformed data revealed the association of Fe, Cr, V, As and Al with the coarse
particles and their dominant spatial distribution depending on the prevailing wind directions. The
spatial distribution of Mn, Zn and Cd, which are carried by fine particles, appears to depend more
on atmospheric dispersion and long-range transport, and, thus, these metals should be considered
weak markers of the pollution load in the close surroundings of an industrial source.

Keywords: air pollution; biomonitoring; moss; iron plant; steel plant; seasonal variation; composi-

tional data analysis; centered-log ratio transformation; Ttinec; Czechia

1. Introduction

Ambient air pollution remains one of the main global environmental concerns pre-
senting significant risks for both human health and vulnerable ecosystems [1-3]. The air
pollution in the Czech Republic (CR), especially in the north-eastern part of the country,
exceeds the legal limit values (LV) in the long term, and thus the region represents one of
the biggest air pollution hotspots in all of Europe [3-6].
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The main causes of this unfavourable situation are mostly historically connected
to emissions from coal-burning in domestic heating (in both Czechia and neighbouring
Poland) and significant industrial emissions associated with black coal mining and heavy
industry, represented by energetics, iron and steelmaking plants and coking plants [3,5,7].
Furthermore, emissions from these pollution sources with high stacks and significant
power contribute to the pollution of a much larger area due to long-range transport
and may present risks to ecosystems in other European regions [5,8]. Unsatisfying air
quality and legislation changes [9-11] led to the application of various measures aiming
at emission reduction and modernisation of the industry in the region, alongside with
extensive support of the modernisation of domestic boilers. Nevertheless, although the
overall air quality has improved substantially, the concentrations of particulate matter
(PM;9 and PM; 5), ground-level ozone (O3) and benzo[a]pyrene (BaP) still exceed the LV,
affecting the population and ecosystems in the area. The heavy industry represented by
iron and steel production remains one of the most important industrial sources of pollution
in the region.

An integrated steel production includes a large complex of technologies from trans-
porting raw materials, modification of their physical and chemical properties (coking and
sintering), iron making (blast furnace process), primary steel making (basic oxygen furnaces
or electric arc furnaces processes), secondary steelmaking (casting, forming and finishing)
to processing of the main metallurgical waste products such as slags and gases [12]. Large
amounts of raw materials and energy needed for iron and steelmaking processes result in a
substantial amount of waste products (solid, liquid and gaseous) with a negative environ-
mental impact, comprising mainly hazardous and solid wastes, wastewater contamination
and air emissions (such as carbon oxides (CO, CO;) [13], sulphur oxides (SOx), nitrogen
oxides (NOy), particulate matter (PM), heavy metals (HM) and polycyclic aromatic hydro-
carbons (PAH)) [14]. The air pollutants are deposited onto the surrounding landscape in
the form of dry or wet deposition, having adverse effects on both the ecosystem and human
health [2,15-17]. Pollution transport range depends on emitter characteristics, physical and
chemical properties of the pollutant and meteorological conditions [18-20]. While mineral
particles are deposited within the vicinity of the source, aerosols or gaseous emissions
can be transported on long distances [8,21]. Thus, heavy metals bound to and carried by
particulate matter [22-24] enter the environment closer or farther from their source, mainly
depending on the aerodynamic diameter of carriers [18,20].

The environmental load of heavy metals originating in air emissions can be moni-
tored through passive biomonitoring using moss since dense carpets of naturally growing
pleurocarpous species are effective traps of pollution present both in airborne particles
and precipitation [25,26]. Moreover, the biomonitoring technique was proven suitable for
a long-range pollution transport evaluation [27-30] as well as for local pollution source
assessment (for example: [31-40]).

The objective of this study was to assess the spatial and seasonal variability of heavy
metals and other supplementary elements in the moss tissue of Brachythecium rutabulum
in the environment surrounding integrated steel mills—the Tfinec Iron and Steel Works
(Czechia). The concentrations of aluminium (Al), arsenic (As), cadmium (Cd), chromium
(Cr), copper (Cu), iron (Fe), mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), antimony
(Sb), vanadium (V), zinc (Zn) and nitrogen (N) were analysed (additionally carbon (C)
and hydrogen (H)). The survey was carried out following the European norm EN 16,414
Ambient air—Biomonitoring with mosses [41]. Additionally, the relationship between
the composition of the moss analysed and modelled seasonal atmospheric particulate
matter concentrations (PMjg) originating in anthropogenic sources were explored. We
hypothesised that the element concentrations in moss tissues would be influenced by the
heating season, would decrease with the distance from the factory along the prevailing
wind direction [33,42—44] and would be significantly correlated to the modelled PM;g
concentrations [45,46].
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2. Experiments
2.1. Study Area

The area of interest is situated in the Moravian-Silesian Region in the northeast of
Czechia, bordering Poland. It consists of the Tfinec Trough lying along the Olza River,
surrounded by the Silesian Beskids from the northeast (up to 700 m above sea level) and
the Moravian-Silesian Beskids from the southwest (up to 1000 m above sea level). In the
centre of the region, the town of Tfinec is situated (WGS84: 49.677892N, 18.670754E) with
a population of about 35,000 inhabitants (Czech Statistical Office, Czechia, 2020). See
Figure 1.
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Figure 1. Situation map of the area of interest (AQM—air quality monitoring).

According to the Kdppen climate classification [47,48], most of the area belongs to the
climate group Cfb—Temperate oceanic climate with the coldest month averaging temperature
above 0 °C, all months with average temperatures below 22 °C, and at least four months
averaging above 10 °C. There is no significant precipitation difference between seasons.
A small part of the area covering the Moravian-Silesian Beskids comes under the groups
Dfv—Warm-summer humid continental climate (with similar climate characteristics as Cfb)
and Dfc—Subarctic climate. According to the Czech Hydrometeorological Institute (CHMI),
the normal annual sum of precipitation (1981-2010) in the area ranges between 800 and
1000 mm, exceeding the Czech average significantly.

The modern history of Tfinec city is inseparably connected with iron and steelmaking.
The T¥inec Iron and Steel Works (WGS84: 49.6903064N, 18.6484139E) have operated since
1839, and, nowadays, it is the second-largest factory of its kind in Czechia, producing
about 2000 kt of pig iron and 2500 kt of crude steel per year [49]. Though PM emissions
associated with the production are in a long-term decline, the factory remains an important
source of pollution (see Figure 2).
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Figure 2. Emissions and production of the Tfinec Iron and Steel Works.

The T¥inec Iron and Steel Works and the surrounding area were chosen for the study
because they were found to correspond well with the main objectives. The factory is
situated in a narrow valley with clear prevailing wind directions, which enables the study
of the spatial distribution of pollution in a relatively closed area. The PM emissions of
the Tfinec Iron and Steel Works dropped to 15% of the original values in the last decade
(Figure 2), which should entail a considerably lower pollution load of the surrounding
environment. Moreover, within the distance of 5 km, the border of the protected area
of Beskids is located, representing a vulnerable environment that should be taken under
consideration, too.

The pollution in the area is measured by two air quality monitoring stations (AQM):
Ttinec-Kanada station (WGS84: 49.672402N, 18.643058E), monitoring NO, NO,, NOy, PM; 5
and PM; concentrations, and T¥inec-Kosmos station (WGS84: 49.668123N, 18.677791E),
monitoring O3, PM; 5 and PM; concentrations [50]. However, information on heavy metal
concentration is absent, which presents one of the motivations for performing this survey.
In 2017 (when the biomonitoring was performed), the daily PMj( concentrations surpassed
the tolerated number of exceedance (TE), and the annual average PM; 5 concentrations
surpassed the legal limit values of 20 pg.m 2 [3,51]. When the PM concentrations are
displayed in relation to wind direction (see Figure 3), it suggests that the most important
source of the pollutant is the nearby factory. Though the last published data from 2019
revealed that LVs for observed pollutants were met, according to the CHMI, it was mainly
due to exceptionally favourable meteorological conditions and an overall decrease of
emissions in the region [50].
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(a) (b)
Figure 3. PMj( pollution rose (a); PM; 5 pollution rose (b) at AQM T¥inec-Kanada in 2017 (data CHMI [52,53]).

2.2. Sampling

The design of a sampling network and sampling and sample treatment were completed
according to the European standard EN 16,414 [41] and respecting the Moss Sampling
Manual of the International Cooperative Programme on Effects of Air Pollution on Natural
Vegetation and Crops (ICP Vegetation) [30].

For assessment of a local pollution source, the norm suggests locating sampling points
around a source in respect to the direction of the prevailing wind while at least three points
should be located on a straight line from a source in the direction of the prevailing wind;
two other points in the opposite direction and two leeward, in a greater distance, with
a minimal effect from a source. The sampling network was designed respecting these
guidelines and based on prevailing wind direction, topography and altitude in the area.
The network resulted in 14 sampling sites, as can be seen in Figure 4. The points were
located around the primary source of pollution, both in the direction (southeast direction)
and in the opposite direction (northwest) of the prevailing wind, but also at a higher
altitude (south-south-west—on the hillside of the Javorovy hill (748 m above sea level)
and in the opposing direction (leeward) on the Ostivka hill (400 m above sea level). Moss
samples were collected in the created network with respect to the presence of the moss; the
actual locations of sampling points were recorded using GPS.

The sampling took place in two seasons in order to investigate the influence of the
heating season on the concentrations of analysed elements. The samples supposedly under
the influence of sources connected to the heating season were collected in June (hereinafter
referred to as a summer sampling); the sampling of samples supposedly out of the influence
of the heating season was performed in October (referred to as an autumn sampling) [54].
Both samplings were performed within 1 day, namely, on 27 June 2017 and 26 October 2017.
If possible, moss was collected from tree stumps or dead wood to avoid contamination
by soil particles and out of a tree canopy [55-58]. Based on field investigation and species
occurrence, Brachythecium rutabulum (Hedw.) was chosen for the study.
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Figure 4. The sampling network and the wind rose.

Brachythecium rutabulum is a large pleurocarpous moss growing in lax, glossy, bright
green or yellowish-green tufts or patches. It is common in Europe and occurs in many
habitats, such as soil (both in woodland and non-forest vegetation), tree trunks, logs, stones
and rock walls [59]. This species has been previously successfully used in large scale
biomonitoring surveys, mainly in Poland and Southern Europe [36,60-62].

One of the basic preconditions for the selection of species for biomonitoring is their
absorption capacity. The water absorption ratio in bryophytes depends mainly on the
spatial structure of their cushions, which is considerably dense in Brachythecium rutabulum.
Thanks to this feature, it suits the performed research well. The absorption capacity of dry
B. rutabulum is 16.1:1, meaning that the dried plants can absorb an average of 20 g of water
with dissolved substances per 1 g of herb [63]. For comparison, this amount is about 75%
of the value the cushions of the genus Sphagnum (who are record holders in this respect)
can absorbed.

As Brachythecium rutabulum was not present on all sampling sites, one sample in each
season is covered by Hypnum cupressiforme. Detailed information on samples can be found
in Supplementary Materials Table S1.

2.3. Sample Analyses

Collected samples were transported to the laboratory, where they were dried at
constant ambient temperature (20 °C) for 24 h and immediately processed. All extraneous
material (plant and tree remains, visible particles) was manually removed, and green apical
segments (up to 2 cm in length) were cut from shoots. Prior to the chemical analyses,
samples were dried to a constant weight at 40 °C and pulverised using an agate mill
(>3 min, 350 rpm).

The prepared samples were subjected to the elemental analysis on Leco CHN628
following the Dumas method (combustion technique) [64]. Quality management was
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ensured using certified reference material (CRM), CHN coal, ethylenediaminetetraacetic
acid (EDTA) and/or phenylalanine (Phe) (Leco). The recovery from reference material was
above 90%. Samples were duplicated in order to examine the precision of the analysis. A
deviation below 7.1% was obtained for the first batch of samples collected in June and 9.4%
for the second batch collected in October.

The concentrations of Hg in samples were determined using the Advanced Mercury
Analyser AMA 254 based on thermal decomposition of samples and collection of originat-
ing Hg vapour on a gold amalgamator. The reference material used was gMETRANALOS,
Green algae (ANALYTIKA, LTD., Czechia). The recovery from reference material was
above 90%.

For further analyses, the pulverised moss samples were thermally decomposed with
an HF + HySO,4 + HNO; mixture of concentrated acids (analytical grade pure). Blank
samples were prepared simultaneously. The concentration of Al, V, Cr, Mn, Fe, Ni, Cu,
Zn, Cd and Pb were determined using atomic emission spectroscopy with inductively
coupled plasma (AES-ICP) SPECTRO Ciros Vision; an axial Ar/Ar plasma torch system; a
cross-flow nebuliser and a Scott spray chamber was used for determination. The intensity
in the 125-770 nm spectral range was measured simultaneously using CCD detectors. The
calibration solutions and standards were prepared from store solution standards for AES-
ICP (1 g.L~!, Merck). The complete information on the recovery of respective elements can
be found in Supplementary Materials Table S1. All control standards were analysed after
every 10 samples. Arsenic and antimony levels were determined using atomic absorption
spectrometry (AAS) Unicam Solar 989 QZ. The recovery for As was above 92% and for
Sb above 80%. Arsenic and antimony were detected only in 39% and 29% of samples,
respectively; other values were below detection. As values under the detection limit (UDL)
cause problems in multivariate statistical analysis, the missing values were imputed using
an algorithm (see below).

The complete results of chemical analyses can be found in Supplementary Materials
Table S1.

2.4. Statistical Analyses and Visualisation

Pearson correlations calculation, Principal Component Analysis (PCA) and the visuali-
sations of the results were performed in the R environment [65], packages compositions [66],
robCompositions [67,68], FactoMineR [69,70] corrplot [71] and OpenAir [72]; maps were cre-
ated by ESRI ArcGIS Desktop, version 10.5.0.6491, using open source basemaps provided by
ESRI (World Imagery [73], World Topographic Map [74]).

Because the multivariate analysis has to be performed on complete datasets and
zero values or fractions of detection limits are inappropriate [75], measurements under
the detection limit were imputed using expectation-maximisation-based replacement by
the ImpRZilr algorithm. Prior to the PCA, the data were transformed according to the
Compositional data analysis (CoDa) principles [76,77] using the centred log-ratio (clr)
transformation, the approach that was proven to be appropriate recently [45,78,79]. Only
the clr-transformed elemental concentration data were used for the construction of the
model. The information on the season, the distance of a sampling site from the dominant
source and its orientation to it (downwind/other), together with modelled PMjq values for
the individual sites, were added as supplementary variables. Original—untransformed—
data were also projected on the PCA results to facilitate interpretation of the dimensions in
terms of recorded element concentrations.

For the individual seasons, the PCA on clr-transformed data was also performed, this
time with no supplementary variables. On its results, Hierarchical Clustering on Principal
Components was performed to reveal the similarities in sampling points.

2.5. Modelling of PM Concentrations

Measured concentrations of respective elements in a moss tissue are supposed to be
the function of their atmospheric deposition; they are usually correlated with the Euro-
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pean Monitoring and Evaluation Programme (EMEP) deposition modelling results [80-83].
However, the annual average EMEP data on atmospheric deposition have the resolu-
tion of a 0.1° x 0.1° longitude-latitude grid, which is not sufficient for such a local
study and—as it was proven previously—the particulate matter concentrations orig-
inating from anthropogenic sources are reflected in moss [45,46]; modelling of PMjg
concentrations was performed. The Czech reference methodology SYMOS'97 [84,85] based
on Sutton’s theory of turbulent diffusion [71] was used for modelling. Season-specific
airborne PMj( concentrations were modelled as the pollution in the area can be signifi-
cantly influenced by domestic heating during the winter period [3,86]. Thus, air pollution
modelling was run to obtain average winter season PM;( concentrations and average
summer season PM;( concentrations on receptors located at the moss sampling sites. The
seasonal data on respective sources (industry, transport, households) and meteorolog-
ical data were used. The input data for the modelling were acquired from the CHMI
databases (emissions, meteorological conditions, air quality monitoring data) or/and open
source databases (transport, geographical data) [7]. Modelling results were calibrated to
the pollution monitoring data [87,88]. The resulting PM;o concentrations can be seen in
Supplementary Materials Table S1.

3. Results

The complete information on concentrations of each element determined at each
sampling site is available in Supplementary Materials Table S1; synoptic data are shown
in Table 1. Respecting the fact that the arithmetic mean should not be directly applied to
compositional data because it relies on Euclidean geometry and depends on all of the data,
including extreme values, and thus not representative of the centre for skewed data [89],
the median values are taken for further discussion, and subsequently, the clr-transformed
data are used for analyses.

Table 1. Synoptic table of minimum (Min), maximum (Max) value, mean, median, median absolute deviation (MAD),
skewness and kurtosis of elements content (ug-gfl) and (wt.%) for Al, Fe and N.

Variable Min Mean Median Max MAD Skewness Kurtosis
June Al 0.05 0.36 0.18 1.20 0.097 15 0.4
October Al 0.07 0.21 0.17 0.70 0.069 2.3 6.2
June V 1.4 77 4.7 24.1 2.6 1.3 0.3
October V 2.1 6.2 5.0 19.3 2.5 1.7 2.7
June Cr 2.9 15.6 14.3 39.4 6.2 1.0 0.9
October Cr 4.1 18.9 14.8 87.4 8.9 2.8 8.9
June Mn 122.0 334.7 327.5 718.0 108.0 1.1 1.7
October Mn 93.3 320.6 259.0 843.0 58.0 1.9 49
June Fe 0.12 0.70 0.70 1.20 0.423 -0.1 -1.8
October Fe 0.2 1.0 0.6 2.5 0.393 0.8 —-0.8
June Ni 2.4 6.0 4.8 13.1 19 1.0 —0.03
October Ni 1.9 3.5 3.3 6.5 0.9 0.9 —0.01
June Cu 5.1 15.3 9.1 99.7 1.7 3.7 13.7
October Cu 4.7 7.9 7.1 16.9 1.8 1.9 5.1
June Zn 734 116.7 112.5 159.0 17.5 0.1 -0.5
October Zn 69.9 108.2 102.8 156.0 26.2 0.4 -1.2
June As <1.0 2.7 0.5 14.6 0.5 1.8 24
October As <1.0 1.0 5.1 1.9 2.4
June Cd 1.0 15 14 3.0 0.33 1.7 3.0
October Cd 0.6 1.7 1.5 4.5 0.35 1.9 4.2
June Sb <1.0 1.0 1.2 2.7 0.97 0.3 -1.1
June Hg 0.041 0.075 0.074 0.108 0.016 0.01 -1.2
October Hg 0.067 0.102 0.087 0.168 0.014 1.0 —-0.2
June Pb 4.62 19.11 124 70.1 4.75 2.1 44
October Pb 10.8 33.2 24.85 79.8 13.05 0.9 —0.5
June N 1.6 2.1 2.1 2.7 0.159 0.4 1.3

October N 1.8 2.5 25 3.0 0.357 —0.3 v1.0
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3.1. Elements Content

The determined heavy metals and additional elements concentrations were compared
with the last Czech state-wide survey [27,90] and data from similar surveys in Spain (Zu-
marraga, Azkoitia) [37] and Turkey (Eregli) [35]—see Table 2. While comparing the data
with these studies, it should be noted that the Czech state-wide survey was realised in
2010, the Turkish in 2008 and the Spanish in 2007, and since then, the industrial emission
has decreased due to various adopted measures [4,10] (see Figure 2). Moreover, the pre-
dominant moss species within the Czech survey were Pleurozium schreberi and Scleropodium
purum, while the Spanish and Turkish studies were based on the collection of Hypnum cu-
pressiforme (Hedw.). Though it is supposed that elements concentrations in moss tissue are
species-dependent [56,91,92], the information on the interspecies calibration for concerned
moss species is still lacking; thus, it could not be performed.

Table 2. Median values of element contents in moss specimens (ug- g_l) and (wt.%) for Al, Fe and N compared to levels
reported in relevant studies in Czechia [27,90], Spain (Zumarraga, Azkoitia) and Turkey (Eregli) [35].

Variable Al A" Cr Mn Fe Ni Cu Zn As Cd Sb Hg Pb N
T;EE‘ 1770 470 143 328 6960 48 91 1125 050 14 12 0074 124 20,872
Tg?fc 1730 500 148 259 6330 33 71 1028 15 0.087 249 25110
CZ[‘;BI]‘“ 440 118 10 449 349 12 59 339 026 018 01 0041 29 1182

cZe[th;]a In. 218 18 589 16 62 377 042 020 0.055 39 15667
Z““[‘;;]raga 790 261 80 331 3040 1.00 0.82 013 86,0

Az[l;‘;iﬁa 499 137 149 177 2500 125 041 007 407

Er[egg;]i ' 5.1 3361 50 38 0.90 244

! Hypnum cupressiforme.

The comparison presented in Table 2 shows that levels of all elements recorded in
Tiinec were significantly higher in both June and October than in the Czech state-wide data,
with the exception of Mn. The most important difference was in the case of Cr, Sb (June)
and Cd (an order of magnitude difference), and subsequently, it decreased in the order Ni
> Al >V > Zn > Fe > As > Hg > Cu. Increased concentrations of the listed elements were
also stated for the region in previous biomonitoring studies [93,94]. The median value of
elements concentration decreased across the sampling area in the order Fe > Al > Mn >
Zn>Cr>Pb>Cu>Ni>V>Cd>Sb> As and Hg in June and Fe > Al > Mn > Zn > Pb
>C>Cu>V>Ni>Cd and Hg in October. Within the Czech state-wide survey, it was
Fe>Mn > Al>Zn>Cu>Pb>V>Ni>Cr>As>Cd>Sb and Hg. On the other hand,
the medians in T¥inec do not reach the values of the Spanish study (except for Hg). The
concentrations of Fe, Cr and Cu in Tfinec are about twice higher than the concentrations
recorded in Turkey; those of Ni and Pb are rather comparable.

From Table 2, it is also apparent that June concentrations across the area were higher
in the case of Al, Mn, Fe, Ni, Cu, Zn, As and Sb; October concentrations were higher for V,
Cr, Cd, Hg, Pb and N. This can be attributed to wet deposition as snowfalls in the area are
acidic, thus increasing the accessibility of metals for plants, and to the different emission
load related to heating during the winter season.

3.2. Elements Correlations

While studying the relationship of the respective elements (transformed data), a signif-
icant correlation was revealed between Al, V, Cr (June) and As, the first three representing
lithophile elements [95]. Though it can be noted that the concentrations of these elements
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are increased in June samples collected from the ground (TR1-11/13/21), the same rela-
tionship was observed in both seasons. Another significant correlation presented in both
samplings is between Zn and Cd (chalcophile elements) [96]. These are also negatively
correlated to the previous group of Al (June), V, Cr and As. It can imply that they are
deposited and/or absorb differently and, thus, originate in different sources.

Additionally, a moderate correlation was found between As and Fe (both months), Cr
and Fe (October) and Cd, Hg and Zn (June). Nitrogen was significantly correlated with
Zn, Cd and Hg in June and Zn and Hg in October (also stated in [37]). This indicates that
the nitrogen pollution in the area can be associated with industrial sources, influenced
by combustion during winter (Cd) [97]. For a more detailed relationship assessment, see
Figure 5.
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Figure 5. Correlation plot June (a) and October (b). Size of the point indicates the strength of the correlation, blue—positive,

red—negative correlation; crossed points indicate non-significant correlations.

3.3. Spatial Distribution of Elements

The highest concentrations were recorded in the sampling points closest to the factory
for Fe, Cr, Cu, Hg and Pb in the SE direction (downwind) and in October. See Figure 6 and
in Appendix A: Figure Al. A clear decreasing concentration gradient in both prevailing
wind directions (SE, NW) with increasing distance from the factory was detected for Al,
As, Cr, Cu, Fe, Hg, Pb, V and N. Moreover, it seems that the correlation of Al, As and V
is reflected in their spatial distribution (compare Figure 5 with Figures 6 and Al). The
elements concentrations were affected by sampling from the ground (TR1-11/13/21), and
we suppose that the gradient disruption in June can be connected to the contamination
of samples by soil particles. An unclear or increasing gradient was recorded for Mn,
Zn, Cd and Ni (similarly as in [43]); Zn and Cd had a comparable spatial distribution
which reflected the correlation once again (Figure 5). Though Mn is present in emissions
of steelmaking processes in significant amounts, the spatial behaviour of Mn stays un-
clear and the steelmaking-associated gradient was not confirmed by biomonitoring so
far [33,35,39,90,98]. This can be connected to the solubility and mobility of Mn. Mn is in
the form best accessible to plants while in an acid environment with low redox potential,
and therefore its intake is significantly higher in spring and coniferous woods, which can
explain its variance in surroundings.
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Figure 6. Gradients of concentrations of the assessed elements in terrestrial mosses collected in the

surroundings of the T¥inec Iron and Steel Works.

Moreover, Zn, Cd and Ni are pollutants inevitably present in emissions from both
primary and secondary metallurgy carried by fine particles (<PMj5) [12,14,99]. Conse-
quently, they are significantly more influenced by the immediate atmospheric dispersion
situations and, thus, by different meteorological conditions in winter (not only wind speed
and direction). Gradient charts of these elements in Figures 6 and Al (in Appendix A)
show that following the summer (in October), the downwind decreasing gradient is more
evident, considerably in the case of Ni. This can also refer to the fact that more pollution
sources are emitting these elements in winter.
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The sampling design also covered two leeward sites (N, SSW direction) and three
sites on the hillside (SSW direction) expected to be affected by the factory minimally
(Figure 4). However, this assumption was confirmed only for the sampling sites at the
Javorovy hill (except for concentrations of Mn, which were already discussed above). The
results showed that the site on the north was directly influenced by sintering processes
(highest concentrations of Pb and Cu), while the site on the south by the slug dump (highest
concentrations of Mn and Cr).

3.4. Principal Component Analysis (PCA)

The relations among elements in collected moss, sampling season, modelled PM
and site orientation were further investigated using PCA. According to the results, the
first two dimensions express 63.07% of the total inertia, which is a significantly greater
amount of inertia than the reference value of 32.89% obtained by the 0.95-quantile of inertia
percentages distribution (simulation of 940 normal-distribution data tables of similar size).
Thus, the description is focused on the first two dimensions. Individual sampling sites
orientation in the first factor plane is presented in Figure 7 together with the supplementary
qualitative variables and distance from the predominant source. The correlation circle of
the active quantitative variables is presented in Figure 8.
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Figure 7. PCA results, first factor plane. Season, prevailing wind relative to the factory and distance
from the factory are plotted as supplementary variables.
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Figure 8. PCA results, first factor plane. Correlation circle of the (clr-transformed) concentrations of
elements (in black) and untransformed data (in blue).

The first dimension is positively correlated with the clr-transformed concentrations of
C(r=0.91),H(r=0.91), N (r=0.86), Zn (r = 0.86), Cd (r = 0.76) and one quantitative sup-
plementary variable—distance from the factory (r = 0.74). It is negatively correlated with
clr-transformed concentrations of V (r = -0.86), As (r = —0.82), Cr (r = —0.81), Al (r = —0.78),
Fe (r = —0.68) and two quantitative supplementary variables—modelled concentrations of
PMjg in winter (r = —0.58) and modelled concentrations of PM;( in summer (R = —0.55).
Wilks test also indicates association of the axis with wind direction (p = 0.018), with the
sites downwind tending to have negative scores on this axis while those not downwind
tending to have positive scores.

This suggests that the first dimension grouped elements exhibiting a spatial gradient
with decreasing PM concentration and increasing distance from the factory (V, As, Cr,
Al, Fe)—negative correlation, and those with opposite spatial distribution (Zn, Cd, N)
with positive correlation. Pollutants in the respective groups also most likely originate
in a different type of source. While the negatively correlated group of elements suggests
metallurgical processes, the opposing group seems to be associated with coal combus-
tion [99-102]. A positive correlation of C and H in this group can indicate the change of the
environment with increasing distance from the source toward a more natural landscape
and thus more favourable conditions for growing.

The second dimension is positively correlated with the clr-transformed concentrations
of Pb (r = 0.93), and, to a lesser extent, Fe (r = 0.51) and Hg (r = 0.48) while negatively
correlated with clr-transformed concentrations of Ni (r = —0.68) and Sb (r = —0.56). Wilks
test result indicates a strong association of the axis with the season (p = 0.001), with the
October samplings having positive scores on the axis and those sampled in June having
negative scores.

The second dimension grouped elements with a strong association to the season—Pb
and Ni—suggesting, once again, a different origin of pollution; probably sintering for the
positively correlated elements and steelmaking for negatively correlated ones [99-101].

Original, untransformed, concentration data of selected elements were plotted over
the PCA results to illustrate their relationship to the two first dimensions and, thus, to
wind and distance from the factory—associated with the first axis—and season—associated
with the second axis (Figure 9). The only elements correlated with the first axis alongside
the gradient of distance (positive correlation) were C (r = 0.75) and H (r = 0.73), which
tended to have higher concentrations in samples the furthest from the predominant source.
Negatively correlated were concentrations of V (r = —0.85), Al (r = —0.72), Cr (r = —0.69),
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Fe (r=—0.68), Ni (r = —0.63), As (r = —0.61), Pb (r = —0.44) and Hg (r = —0.41); con-
centrations of these element tended to decrease downwind with increasing distance to

the factory.
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Figure 9. Untransformed concentrations of selected elements plotted over the PCA results.
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Elements associated with the second axis characterized by the factor of season were
Pb (r =0.72), N (r = 0.54), Hg (r = 0.53) and Fe (r = 0.46) which were correlated positively
and Ni (r = —0.56) and Al (r = —0.40) showing negative correlation to the axis. The
positively correlated elements were found in higher concentrations in the moss material
sampled in October, while those sampled in June tended to have higher concentrations of
the negatively correlated elements.

3.5. Hierarchical Clustering on Principal Components

For better understanding similarities in collected biomonitoring data, hierarchical
clustering was used to identify respective groups of corresponding sites. Hierarchical
Clustering on Principal Component (HCPC) performed on the results of the June sample
collections (clr-transformed concentrations) revealed four clusters of sampling sites which
were plotted in the map (Figure 10a). Cluster 1 was characterised by higher values of
Al and V and lower values of H, C and N in comparison to the dataset means. Cluster
2 was not distinct by any lower or higher values. Cluster 3 was distinct by higher H, N,
Mn, Zn, Cd and C values while having lower values of Fe, Cr, V, As and Al. Cluster 3
was characterised by higher values of Pb and Cu. According to the characterisation and
location of respective sites, it can be assumed that Cluster 1 gathered sites influenced by
soil particles; Cluster 2 sites had dominant pollution from the factory; the site representing
Cluster 3 was directly affected by sintering plant, and the last cluster comprised sites in a
more natural environment with a lower impact of the factory.
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Figure 10. Clusters resulting from HCPC: (a) June sampling, (b) October sampling.
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In the case of October samplings, HCPC revealed three clusters (Figure 10b). Cluster 1
was characterised by higher values of As, Al, V, Pb and Cr and lower values of C, H, N, Sb
and Zn. Cluster 2 was distinct only by the lower values of Mn, while Cluster 3 was distinct
by higher values of C, Sb, Zn, H, Mn and N and lower values of Fe, Al, V, Cr and As. The
clustering of sampling point in October can suggest the similar origin of the pollution
for Clusters 2 and 3 as in June, except that Cluster 2 comprises the site of June Cluster
4. Samples grouped in Cluster 1 for this season had no direct connection to possible soil
contamination and thus also represented the pollution from the factory.

Visualisation of the correlation matrix of the clr-transformed concentrations of both
the June and October samplings are presented in Figure 11a,b, respectively. In both cases,
modelled PM;g concentrations of the previous season (winter for June and summer for
October sampling) were also assessed. As is apparent, the modelled PM;y concentrations
were, in both campaigns, closely positively correlated with recorded Fe concentrations,
and in the case of the October sampling with the concentrations of As. This confirms Fe as
the strongest biomonitoring marker for assessing the impact of metallurgical processes on
the environment as it is predominantly carried by the coarse particles and consequently
deposited closer to the facility [23,25,27,28,30]. On the other hand, a significant negative
correlation was found for Mn and Cd concentrations in the case of June samplings, while
in the October samplings, the modelled PMyg negatively correlated with the concentra-
tions of Zn, C, H and N. This can suggest that Mn, Zn and Cd are not good markers
to study the pollution load in the vicinity of an industrial source as they are carried by
fine particles and their spatial distribution depends more on atmospheric dispersion and
long-range transport.
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Figure 11. Correlation plot of June sampling (a) and October sampling (b). Size of the point indicates the strength of the
correlation, blue—positive, red—negative correlation; crossed points indicate the non-significant correlations.

4. Discussion

The assessed integrated Iron and Steel Works (Tfinec, Czechia) meet all the legal
requirements and comply with the best available techniques (BAT), which guarantee
minimising emissions and adverse impacts on the environment [11]. However, the analysed
samples of Brachythecium rutabulum (Hedw.) in the surroundings of the factory revealed
significantly elevated concentrations of all studied elements (except for Mn) in comparison
to the last Czech state-wide survey in 2010. The observed difference ratio decreased in
the order Cr > Sb > Cd > Ni > Al > V > Zn > Fe > As > Hg and Cu, while the first three
elements reached the order of magnitude difference.
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To prove that the elevated concentrations of analysed elements are associated with
the emissions from the factory, PCA and HCPC were applied. Prior to the investigation,
the data were transformed according to the principles of compositional data analysis.
While examining the biomonitoring data, this procedure is often omitted, and data are
treated in such a way that they are seldom published. Statistical treatment is usually
applied directly to the untransformed dataset, ignoring the compositional character of
the data and, thus, the relativity of obtained information. Consequently, such results are
inappropriately assessed. The approach applied in this study proved the legitimacy of the
data transformation and the applicability of compositional data analysis principles to the
biomonitoring assessment of a local pollution source.

Thus, concentration gradients relative to the distance from the factory in the prevailing
wind directions and the whole area were established, confirming the initial hypothesis of
the study. The most significant trends were observed for V, As, Cr, Al, Fe (ordered by the
significance), while V, As, Al and Cr (in June) also showed strong correlations to each other.
These elements exhibited decreasing concentration with the increasing distance to the
factory, significant association to the modelled PM;( concentrations and clear gradient in
the prevailing wind directions. The strongest correlation of modelled PM;( concentrations
was found with concentrations of Fe for both seasons. These facts point to the emission
source in the facility and to the bonding of the metal to relatively coarse particles. An
opposite trend was found for Zn, Cd and N, which also showed strong mutual correlations.

Further examination implies the association of these pollutants to the fine PM fraction
and, thus, a different dispersion mechanism than the previously mentioned group of ele-
ments. When investigating the similarity of sampling localities by hierarchical clustering,
the same groups of elements were decisive for assigning a site a respective cluster. The
clusters connecting the first group of elements comprised the closest sites directly influ-
enced by the source emissions, whereas the cluster connecting the second group included
the most distant, outlying sites.

The association of the pollution with the carrying particles (coarse or fine) was demon-
strated for the first time in such a study and was possible because of the application of the
data transformation. The same statement is relevant for the revelation of the importance of
the season chosen for sampling.

Though further analysis showed the significance of the sampling season to the de-
termined concentrations of elements, the most substantial relationship was found for
Pb, Fe and Hg (June), and Ni and Sb (October); the results suggest that the proper data
transformation can compensate this effect to a certain extent. This compensation clearly
refers to the bound of the investigated pollutant to the respective PM fraction, and it is the
most important factor for the pollution distribution in the area. Still, while assessing an
individual pollution source in the climate of Central Europe, it seems more appropriate to
perform the biomonitoring following summer to avoid interferences with other pollution
sources associated with the heating season.

While assessing the aforementioned facts, the limitations of the case study should be
taken into consideration. The studied area is situated in the temperate zone of a continental
climate with a long-term tradition of using black coal for heating during the cold part
of the year, presenting a specific type of pollution source, which must be embraced in
such studies. Moreover, the area has a specific topography (a narrow valley bordered
by relatively high mountains) determining particular meteorological conditions (clear
prevailing wind directions influenced by anabatic and katabatic winds). Therefore, the
studied factory is comparatively isolated from the neighbouring regions, and its pollution
dominates over the local emission sources (such as domestic boilers and transport). For
further verification of the revealed facts, a more extensive study should be performed,
covering analyses of the airborne PM pollution, the distribution of the elements within PM
fractions and performed on a more extensive area.

Within the last decade, the Iron and Steel Works in T¥inec realised extensive envi-
ronmental measures and technological improvements, leading to an important reduc-
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tion of emissions (TSP emission decreased by 85%). However, this study proved that
it is still the most significant pollution source in the area; the emissions from the fac-
tory increase levels of heavy metals in its vicinity and have a substantial impact on the
surrounding environment.

5. Conclusions

Small-scale moss biomonitoring in the vicinity of an industrial source (integrated
iron and steelworks) was performed for the first time while following the principles of
compositional data analysis (CoDa). The centred-log ratio transformation of the data prior
to the multivariate analyses allowed the distinction of elements determined in mosses
associated with coarse and fine PM fractions, thus, the applicability of the proper data
treatment even in small-scale surveys. Furthermore, the relationship between the modelled
PM;j concentrations and the elemental composition of moss samples was also observed
for the first time in such a study.

Moreover, the suitability of moss biomonitoring of the single-source industrial pol-
lution even in an enclosed region and short time frame was demonstrated. However, in
accordance with the results of this study, sampling following the warm season is hereby
encouraged in order to avoid skewing the results due to the influence of other sources
connected to heating.

Nevertheless, the applicability of the results of this case study should be assessed by
replicating the study in different industrial, geographical and climate settings since the
novel aspects of this study prevent a direct comparison at the moment.
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analyses results and assigned modelled PM;, concentrations.
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