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Abstract: Recently, significant attention has been paid to air quality awareness and its impact on
human health, especially in urban agglomerations. Many types of dust samplers for air quality moni-
toring are used by governmental environmental monitoring agencies. However, these techniques are
associated with high costs; as a consequence, biological methods such as active moss biomonitoring
are being developed. The main disadvantages of such techniques are the lack of standardization
of the preparation procedures and the lack of reliable comparisons of results with data from in-
strumental analyses. Our study aimed to compare the results obtained from active biomonitoring
with the use of three moss species: Pleurozium schreberi, Sphagnum fallax and Dicranum polysetum.
Samples were exposed via the moss-bag technique to measure the concentrations of analytes (Mn,
Fe, Cu, Zn, Cd, Hg and Pb) which had accumulated among the total suspended particulates (TSP)
collected from the filters of a dust collector in the city of Opole (Opole voivodeship, Poland). With
regard to the physicochemical and biological traits of the mosses, their assessed lifetime and actual
photochemical efficiency (yield) following exposure were meagre, which may have been related to
the change of environment and their exposure to pollutants. When comparing the results obtained
by the two methods used to monitor air pollution, the biomonitoring method was found to be
incompletely consistent with the reference method. Biological monitoring using mosses must be
carefully considered depending on the monitoring objectives, the required level of sensitivity and
quality of measurement and the type of pollutant.

Keywords: mosses; total suspended particulate (TSP); heavy metals; biomonitoring

1. Introduction

Heavy metals in street dust originate from anthropogenic pollution [1]. This contam-
ination contributes to air pollution and increasing concentrations of various fractions
of particulate matter (PM) [2] as well as different levels of total suspended particles
(TSP) [3,4]. Air pollution in urban areas leads to adverse health effects [5], so the scale of
air quality research is increasing [6–8], leading to the growth and intensification of human
biomonitoring [9–11].

In addition to classical air quality assessments and monitoring methods [12–15], other
approaches are increasingly being used [16], with modeling, biota sampling and ecological
indicators or green infrastructure being the most widespread [17–20]. One example is
lichens [21] or mosses [22,23] for monitoring atmospheric aerosol quality. Plants are
used extensively in environmental biomonitoring of PM pollution [24,25], and tree leaves
have been employed in a national system for long-term biomonitoring of heavy metals
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in the air. The Romanian Ministry of Environment has implemented this system as a
complementary tool to the National Air Quality Monitoring Network [26]. The same
authors also incorporated the moss-bag technique into long-term monitoring of heavy
metals in the air to further develop the BioMonRo monitoring tool [27]. In turn, the
combined use of the moss-bag technique and emission inventories appears to be an effective
approach for quantifying pollutants, and could be a part of a project to develop and improve
air quality modelling [28].

In general, the number of studies in which biological methods are used to assess
air pollution is increasing, but the proper preparation of biological materials and the
measurement method should be taken into consideration [29]. Not many researches have
undertaken direct comparisons between the results from active moss biomonitoring with
those obtained from dust samplers [30] in order to integrate these methods in assessments
of the viability of the aforementioned bioindicators [31]. This is compatible with the
definition of biomonitoring and research in this field [32]. So far, comparisons have been
made for passive biomonitoring of TSP [33,34]. Therefore, in this research, the challenge
of comparing the results of active moss biomonitoring with instrumental measurements
was addressed. TSP was chosen because dust of different fractions can be deposited on
mosses [29,35].

In this work, for the first time to our knowledge, an attempt was made to correlate
biomonitoring results with results from air monitoring. We have tried to verify the research
hypothesis that concentrations of heavy metals accumulated in mosses are correlated
to those in TSP dust deposited in filters. We expect to provide evidence supporting
this hypothesis by several means, i.e., by: (I) evaluating metal concentration changes in
TSP and mosses during exposition; (II) comparing TSP and elemental moss composition
during exposition; (III) evaluating the relationships among metal concentrations; and (IV)
controlling moss survival during exposure.

2. Materials and Methods

The moss species used for this study were Pleurozium schreberi (Pl), Sphagnum fallax
(Sp) and Dicranum polysetum (Dp). They were collected in October 2020 from forests in the
Swietokrzyskie Voivodship in southeastern Poland.

Moss samples were taken and prepared before exposure as part of active biomonitoring
in accordance with the relevant guidelines [36]. According to a previously developed
methodology, mosses were prepared before exposure [37]. Moss samples (27 bags, 3 g
each) were hung on the viewing terrace of the building of the Institute of Environmental
Engineering and Biotechnology of the University of Opole (Opole, PL). During the winter
season, mosses were exposed for three months (27 October 2020–27 January 2021). After
each month of exposure, three bags of each species were collected (1 month = 9 samples). At
the same time, TSP were collected on QM-A quartz filters (Whatman, 47-mm diameter). The
sampling time was 24 h, from noon to noon of the next day. TSP filters were changed every
day for three months (i.e., a total of 81 filters). The airflow of the PNS3D15/LVS3D dust
collector was 2.3 m3/h, in accordance with the standard procedure [38]. The concentrations
of Mn, Fe, Cu, Zn, Cd, Hg and Pb in the filters before exposure were below the limit of
quantification of the analytical method used.

After exposure, each moss sample, with a dry mass (d.m.) of 1.000 ± 0.001 g, and
each filter were mineralized in a mixture of nitric acid and hydrogen peroxide using a
Speedwave Four microwave oven (Berghof, DE) to determine the heavy metal contents.
Anthropogenic emitters are the source of these analytes in the study area. The mineral-
ization process was carried out at a temperature of 180 ◦C. For filters, this process was
carried out at 220 ◦C, and was performed twice to ensure complete digestion of all dust
samples, according to a method described in [39]. Heavy metals were quantified using
an atomic absorption flame spectrometer type iCE 3500 (Thermo Scientific, Grand Island,
NY, USA). Concentrations of metals were evaluated in solution after mineralization and
filtration, and were diluted into volumetric flasks of 25 cm3. Calibration of the spectrometer
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was performed with standard solutions (ANALYTIKA Ltd., Prague, Czech Republic). The
values of the highest concentrations of the models used for calibration (10 mg/dm3 for
Fe, 7.5 mg/dm3 for Mn, 5 mg/dm3 for Cu, Zn, Pb, 2 mg/dm3 for Cd) were approved as
linear limits to signal dependence on concentration. The concentration of Hg in the samples
(0.04 g ± 0.001 g d.m.) was determined with an AMA 254 mercury analyzer (Altec Ltd.,
Prague, Czech Republic).

Table 1 presents the instrumental detection limits (IDL) and instrumental quantification
limits (IQL) of the iCE 3500 spectrometer. Table 2 shows the concentrations of heavy metals
in certified reference materials, i.e., BCR-482 lichen, produced at the Institute for Reference
Materials and Measurements, Belgium.

Table 1. The instrumental detection limits (IDL) and instrumental quantification limits (IQL) of the
iCE 3500 (mg/L) spectrometer [40].

Metal IDL IQL

Mn 0.0016 0.020
Fe 0.0043 0.050
Cu 0.0045 0.033
Zn 0.0033 0.010
Cd 0.0028 0.013
Pb 0.0130 0.070

Table 2. Comparison of measured and certified concentrations in BCR-482 lichen [41].

BCR-482 lichen AAS (n = 5) Dev. **

Metal Concentration Measurement
Uncertainty Average ±SD * of the

Concentrations

[mg/kg d.m.] [%]

Mn 33.0 0.50 31.7 0.68 −3.90

Fe 804 160 771 154 −4.10

Cu 7.03 0.19 6.63 0.17 −5.70

Zn 100.6 2.20 95.1 2.30 −5.50

Cd 0.56 0.02 0.53 0.03 −5.30

Pb 40.9 1.40 38.2 1.00 −6.60
* standard deviation. ** relative difference between the measured (cm) and certified (cc) concentration 100%
(cm − cc)/cc.

The chlorophyll fluorescence of photosystem II and actual photochemical efficiency
(yield) were measured using a modulated portable fluorometer (Opti-Sciences, Hudson,
NH, USA) under ambient light conditions [42].

Comparisons of the metal concentrations in the mosses during the periods studied
with the TSP sample composition were carried out in a multistep process. The first required
adjustments of the time scales of the moss exposition and TSP collection. Since the moss
samples had been exposed for one, two and three months, their compositions could not
be compared with the metal contents in the daily TSP samples. To overcome this problem,
the masses of the relevant components were calculated for each measurement day. Given
the mass of the TSP sample and the metal concentrations, the mass of a given element was
calculated. A monthly sum of TSP and metal masses was used for cumulated composition
calculations.

The second problem was related to the incomparability of moss and TSP composi-
tions. Besides the determined metals, both types of materials also contained many other
components. The predominance of organic compounds in the mosses and mineral ones
in TSP was expected. To compare the metal contents in mosses and TSP, the appropriate
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subcompositions were considered [43,44]. Concentrations xd in a d subcomposition could
be derived from D compositions xD (D > d) using the formula:

xd =
xD

∑d
i=1 xD,i

(1)

where xD and xd are vectors of the concentrations, respectively, in terms of composition
and subcomposition. The components used in subcomposition formation were numbered
from 1 to d.

A problem related to numerous data being below the detection limit occurred. How-
ever, individual observations lower than the detection limit (BDL) would not affect con-
clusions resulting from the data elaboration. Nevertheless, plentiful BDLs might have
significantly affected the sum of the calculated metal abundances. To overcome this
problem, data imputation for BDLs was applied. For this purpose, computations were
conducted in R language version 4.1.0 [45]; the multLN function in the R language and the
zCompositions library were used [46].

The third problem arose from the discontinuity of the data collection. The TSP collec-
tion was corrupted by incidental breaks in sample collections (Figure 1). To supplement
the data, a temporary liner trend was considered. Since temporal changes in the metal
concentrations were low during the period studied, linear interpolation was sufficient to
describe concentration changes over time. The missing data for breaks were calculated
using the estimated course of concentration changes throughout the sampling period.
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Figure 1. Daily TSP mass changes during the first (blue triangles), second (yellow dots) and third
months (black squares) of sample collections in filters. The differences in the duration and daily
sampling of the TSP filters were due to breaks associated with the Christmas and New Year holidays
and a technical fault with the dust collector pump lasting 14 days.

The contents of elements Mn, Fe, Cu, Zn, Cd, Hg, and Pb in subcomposition (i = {1,...,
7}) for TSP and moss were calculated. In this way, metal concentrations in the material could
be determined independently of other component abundances, facilitating comparisons of
the results from TSP and moss.
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Despite different materials and collection periods, the procedures applied in the data
elaboration process enabled the comparison of moss and TSP compositions. As a result,
valid conclusions about the material compositions could be drawn.

3. Results

The daily mass increments of TSP in the filters are shown in Figure 1. As shown, there
was considerable variation in the amount of deposited dust over time, and there were
differences from one month to another. The average daily weight of TSP intake was 0.0016,
0.0020 and 0.0023 g for the first, second and third months, respectively.

The variable daily amount of dust deposited on the filters was also reflected in the
concentrations of heavy metals detected therein, as shown in Table 3.

Table 3. Monthly element abundances (ng m−3) detected in TSP filter samples.

Mn Fe Cu Zn Cd Hg Pb

1st month
min 64.1 6305 202 951 21.7 67.5 124

max 473 29,664 586 4433 21.7 88.8 6049
median 182 11,036 327 2091 21.7 81.6 2312
average 189 12,033 352 2215 21.7 79.3 2216

SD 81.8 4613 115 804 - 10.8 1442
n 31 31 31 31 1 3 31

2nd month
min 93.5 6335 182 1066 8.70 49.2 443

max 661 29,712 584 6545 207 69.2 5499
median 213 10,138 320 2240 117 68.7 1892
average 252 11,163 357 2634 103 62.4 2065

SD 117 4801 112 1454 57.8 11.4 1159
n 31 31 31 31 31 3 31

3rd month
min 8.70 3774 196 691 4.35 74.5 234

max 247 19,722 834 7184 59.8 81.0 8963
median 96.7 7575 358 1245 35.3 78.5 1011
average 110 8953 432 2453 34.4 78.0 1651

SD 82.7 3855 183 2003 20.4 3.29 2049
n 15 19 19 19 8 3 19

In general, the order of element abundances in TSP samples was: Fe > Pb > Zn > Cu >
Mn > Hg > Cd for first month; Fe > Zn > Pb > Cu > Mn > Cd > Hg for the second; and Fe >
Zn > Pb > Cu > Mn > Hg > Cd for the third.

The results of the moss-bag technique showed increases in heavy metal concentrations
in three moss species depending on exposure time and element, as shown in Figure 2. The
values shown are the increases, i.e., the relative concentrations, which are the differences
between the concentrations measured in the moss after exposure (Caf) and those in the
control sample before exposure (Cbe): (Caf − Cbe).

The results shown in Figure 2 indicate changes in element concentrations over time.
Increases in these metals can be observed from month to month; for most elements and
moss species, the greatest increases in concentrations were observed after three months of
exposure (iron, copper, zinc, cadmium, mercury).
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Figure 2. Elemental concentrations (mg/kg d.m.) of (a) manganese, (b) iron, (c) copper, (d) zinc,
(e) cadmium, (f) mercury and (g) lead in the mosses after the first (white), second (white with stripes)
and third (black with dots) month of exposure. Elemental concentrations determined in mosses prior
to exposure are presented in Supplementary Materials, Table S1.

A linear model was constructed to describe changes in metal concentrations with
respect to exposition duration and moss species. The model is described by the symbolic
expression [47]:

log(c) ~ (moss species) ∗ (exposition duration) (2)

The values of structural parameters βi, their standard errors SEβ, and p-values for
the null hypothesis H0,i: βpop,i = 0 (βpop,i is the i-th (i = {0,1}) structural parameter in the
general data population) were calculated. For the β0 and β1 parameters and differences
β{0,1}({Pl,Sp}− β{0,1}(Dp)), the 95 % confidence intervals CI (in the range from 2.5% to 97.5%)
were calculated. The results are presented in Table S2 in the Supplementary Materials.

The computation results led to the following conclusions. For Mn, Fe and Hg, statis-
tically significant differences in the starting concentrations described by β0 in the moss
species were found. In comparison to D. polysetum, the Mn concentration was higher in
P. schreberi and lower in S. fallax. In P. schreberi and S. fallax, the Fe and Hg concentrations
were lower than in D. polysetum. For Cd and Pb, the differences between β0 parameters
for D. polysetum–P. schreberi and D. polysetum–S. fallax were statistically insignificant. The
difference in Cu concentration for D. polysetum and P. schreberi was statistically insignificant,
but the concentration in S. fallax was significantly lower than that in D. polysetum. A similar
effect as that for Cu was observed for Zn, but the concentration in S. fallax was higher than
in P. schreberi and D. polysetum.

Changes in the metal concentration over time are described by slope β1. Concerning
moss species, β1 indicates an increase in metal concentration during exposition (β1,pop > 0)
or no changes (β1,pop = 0). No rinse effect on the metal concentration (β1,pop < 0) was
noticed. No statistically significant changes in Mn and Pb concentrations during the study
period in the moss species were observed. The increase in Cu, Cd and Hg concentrations
was not related to the moss species. The difference in the accumulation rate of Fe and Zn in
D. polysetum and P. schreberi was statistically insignificant. In S. fallax, a smaller increase in
metal concentrations was observed.

The composition of metals accumulated in mosses and filters was compared in the next
step. For the subcomposition comprising Mn, Fe, Cu, Zn, and Pb, [43] the distances between
points representing the metal contents in the moss samples and TSP were calculated. In the
dendrogram (Figure 3), the structure of the distances is shown. To determine the structure
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of the clusters, a complete linkage method was used. Two main clusters representing moss
and TSP were observed. Within the moss cluster, three subclusters can be recognized. One
of them presents D. polysetum, independent of the exposure period. The remaining clusters
represent the other moss species, which were not uniquely assigned to groups.
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Figure 3. Cluster analysis of heavy metals in three moss species and in filter TSP.

The proportionality of metal concentrations in the materials was studied. To assess
concentration covariabilty variance, logarithmized concentration ratio t was calculated.
The t parameter was calculated with the formula:

tjl = var
(

ln
cj

cl

)
(3)

The value of the t parameter was low, revealing a common trend in concentration
changes, i.e., an increase in cj was followed by an increase in cl. To estimate the co-
variability in the concentration of the metal pairs, tjl (j,l = {Mn, Fe, Cu, Zn, Pb}) were
calculated according to a method described in [48]. The results are presented in Table S3
in the Supplementary Materials. For Fe and Pb (first month of exposition), a low tjl value
indicating concentration change tendency was observed. For Pb and Zn concentrations in
the second and third months of exposition, a similar trend was observed. The standard
increase in Pb and Zn concentrations could be assigned to low emissions during the heating
season [49,50].

The influence of heavy metal pollution and environmental conditions causes signifi-
cant variability in the lifespan of mosses, as shown in Figure 4.
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The graph in Figure 4 indicates that all species are susceptible to environmental
change. Their vitality decreases dramatically when they experience unfavorable variable
meteorological-environmental conditions and air pollution in autumn and winter. During
the experiment, the exposed mosses significantly decreased their photosystem II activity.
The rate of accumulation of elements depends on environmental conditions [51]; in the same
way, the result of a photosynthetic activity measurement is dependent on the conditions
under which it is performed [52]. Sudden changes in environmental conditions and
(associated with it) stress cause the moss condition to deteriorate [53,54].

A multiple regression model was used to assess the effect of metal concentrations
and exposure time on the life span, as measured by POY (Table 3 SM). In this model, the
POY variable describes a specific metal concentration and exposure time. Calculations
were performed separately for each of the moss species studied. The results indicated
that the viability of the mosses decreased over successive months of exposure. This was
indicated by the negative value of the structural parameter describing changes in POY
during successive exposure periods (p < 0.05 is marked in yellow in Table 3 SM). With
exposure time, viability decreased for D. polysetum in terms of iron concentration. For S.
fallax, this trend was observed with Mn, Cd and Pb. For P. schreberi, on the other hand,
viability decreased over time in terms of Fe, Cu, Zn, Cd and Hg concentrations. When
considering separately the effect of changes in element concentrations over time after the
calculated coefficient of variation (mean of three months), the results indicated that low
concentration variation generally did not affect moss viability. Concentration variability
higher than 10% resulted in increased viability with increasing iron concentrations for
D. polysetum and increasing lead and mercury concentrations for P. schreberi.

4. Discussion

The sorption of pollutants by mosses has already been discussed many times [55,56],
but it is essential to take into account the mechanism of this process, especially when
considering active forms and bioaccumulation [57–62]. However, depending on the testing
method, their context and purpose must be taken into account [63]. The elemental concen-
trations shown in Figure 2 indicate a cumulative trend over time. This observation was
consistent with previous literature studies, in which the concentrations of some elements
(Fe, Zn, Cd and Hg) in Sphagnum girgensohnii increased continuously (linear accumulation
trend) with exposure time [64]. The concentration of elements in mosses was influenced
by the time of exposure; during the heating season, it was observed that moss samples
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were particularly enriched in Cu or Zn [65]. The moss-bag technique with Sphagnum
junghuhnianum also confirmed higher concentrations of elements in winter than in summer;
additionally, for Cu, Pb and Zn, it showed that the source was traffic pollution [66]. The
same sources can be attributed to the mosses exposed in this study. In the city center during
the winter, combined with the previously mentioned low emissions, an effect was noted on
the enrichment of heavy metals in mosses [50].

In our opinion, moss vitality measurements should not be excluded during experi-
ments [31]. Despite the high proportion of analyses using devitalized mosses [67–70], we
still believe that this approach is inadequate, according to the definition of biomonitor-
ing and bioindicators, i.e., living indicator organisms [71–74]. Otherwise, we treat moss
only as a chemical adsorbent, i.e., a natural sorbent [75–77] that has nothing to do with
biomonitoring.

Despite significant damage to moss tissue and cell integrity after exposure, they
are able to efficiently accumulate airborne trace elements [78]. However, heavy metal
concentrations were not a determinant factor of moss vitality (Table S4) [79]. Suitable
sample preparation prior to exposure homogenizes the sample material, as indicated by
the low variability in metal concentrations (CV) [37]. In most cases, the small percentage of
variation in the concentrations of metallic elements accumulated by the moss (less than
10%) did not adversely affect its lifespan. In contrast, Pb and Hg values higher than those
observed (10%) represented a positive change in the vitality of P. schreberi, as did Fe values
for D. polysetum. This supports the conclusion that elemental concentrations in moss after
exposure are independent of the vitality of the organism [80]. Most elements (Fe, Cu, Zn,
Cd and Hg) showed a cumulative trend in the moss with the length of exposure for the
three species. Time of exposure (together with the accompanying variable environmental
conditions) negatively affected the vitality of the mosses according to our analyses [81]. We
recommended using a single species to monitor atmospheric pollution because different
species of mosses have different accumulation capacities [82]. We found D. polysetum to
have the highest accumulation capacity for regional monitoring of the atmosphere [83], but
our study did not confirm this. In the case of our study, P. schreberi, which is used for active
and passive biomonitoring studies, proved to be the best [84,85]. Other metals did not show
such a trend; this was attributed to the influence of precipitation, which may have washed
the metals away [86] (among other factors). The monthly rainfall was 35.6 mm, 18.6 mm
and 37.4 mm respectively, for the studied exposure months [87]. In previous studies, we
have shown how important it is to consider the influence of environmental conditions on
the accumulation of heavy metals by mosses [88,89].

The anatomical and structural features of the plant influence which and how much
PM they capture [90,91]. Although mosses capture mainly fine particles (<2.5 µm), the
results from Pseudoscleropodium purum moss indicated that particles entrapped by mosses
represent different fractions, and the amount of PM was strongly related to the concen-
tration of metallic elements [92]. Other studies have confirmed that Hypnum cupressiforme
entraps a prevalence of potentially inhalable or breathable particles (≤PM10), where the
smallest particle classes were predominant [93]. The need to compare biomonitoring results
with other methods is also stressed for TSP [35,94]. Hence, in our study, we decided to
investigate dust in the whole TSP fraction, and not only selected PM.

In the first case, a comparison of biomonitoring studies with an automatic device
using H. cupressiforme mosses and cellulose filters yielded different results: cellulose filters
showed the lowest accumulation ability [95]. The interception and accumulation of airborne
particles in exposed moss bags occur through different mechanisms than those involved in
the PM10 collection by automatic devices [96]. A correlation analysis between PM10 API
(Air Pollution Index) in the air and depositions of S, Pb, Cu, Zn in the moss bags showed
a significant correlation with the concentration of Cu [74]. In contrast, in an Austrian
experiment, toxic elements in mosses correlated well with data on overall air pollution
obtained by the Index of Atmospheric Purity (IAP) method [97]. Other studies in the field
of passive biomonitoring have indicated that bryophytes are suitable for the verification of
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air pollution in mathematical models of PM10 due to their ability to capture the long-term
deposition of pollutants [98]. In another case, it was shown that this moss bag technique
(using S girgensohnii) could be a valuable tool to verify model performance; both methods
showed the same trend [99]. However, in most of the works cited, studies referred to
PM10 in the dust as well as in moss [30]. We find it particularly difficult to understand
how, for the latter case, heavy metals were quantified only in PM10 in relation to mosses.
The authors concluded that there was no statistically significant difference between the
two methods (S. girgensohnii moss bags and PM10 samples); however, we cannot find any
statistical analysis confirming this [30].

The examples cited above indicate that different fractions of dust (mainly fine) are
deposited in plants. Comparing elemental concentrations in PM10 deposited on filters with
elemental concentrations in mosses where there are different fractions yielded inconsistent
results in terms of pollutants from different fractions. From our point of view, we think
this is the wrong approach, so we decided to collect TSP in filters (and quantify the
heavy metals therein), and we treated mosses the same way (they also collected different
fractions, including TSP). In the future, more attention should be paid to research on the
dust fractions that are deposited in mosses (depending on the species); only then should
they be compared to the corresponding PM fractions deposited on filters (this applies
to both biomonitoring methods). Therefore, biomonitoring studies should be compared
in-house, with considerable attention being paid to how contamination affects the viability
of the bioindicator. This method shows the form of accumulation of contaminants (in
our case, heavy metals) and their effects on mosses. We recommend continuing research
into this phenomenon and standardizing further procedures associated with the moss-bag
technique.

5. Conclusions

In our study, we tested three moss species, i.e., P. schreberi, S. fallax and D. polysetum,
with the objective of verifying the hypothesis that the concentrations of heavy metals
accumulated in mosses are proportional to those in TSP dust deposited in the filter.

We found that the most abundant elemental components in the collected TSP particles
were Fe, Pb and Zn, whereas lower concentrations of Mn, Hg and Cd were detected.

Concentration changes over time were related to the moss species and the element
in question. Excluding Cd and Pb, the initial metal concentrations were related to the
moss species.

No prevailing rinse phenomenon was observed. No statistically significant changes
in Mn and Pb concentrations by moss species were observed. An increase in Cu, Cd, and
Hg concentrations was not related to the moss species. In S. fallax, a smaller increase in the
metal concentrations was revealed.

Moss species are sensitive to environmental changes. Their vitality decreased when
exposed to unfavorable meteorological and environmental conditions or air pollution.
Despite the significantly decreased activity in photosystem II, the exposed moss was still
able to accumulate TSP components from its surroundings.

The clusters observed in dendrograms for moss composition were distinct from TSP
composition clusters. This observation led us to conclude that the elemental compositions
of moss and TSP are significantly different. One factor influencing the biological activity of
the moss is its affinity for chemical compounds; this brought about differences between
TSP and moss composition.

A common trend in terms of changes in Pb and Zn concentrations indicated low
emission sources as the main origin of these metals in the TSP.

The present research indicates that the results obtained by the two methods (active
biomonitoring and deposited dust on the filter) have different applications. Mosses ac-
cumulate bioavailable forms of metals and are affected by many external factors during
exposure (thus changing their degree of vitality); therefore, the results were different from
those obtained with an automatic device.
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Director of ATMOSERVICE Sp. z o.o. in Poznań, for lending a PNS3D15/LVS3D dust collector for
the research and for his technical contribution.

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

References
1. Li, H.H.; Chen, L.J.; Yu, L.; Guo, Z.B.; Shan, C.Q.; Lin, J.Q.; Gu, Y.G.; Yang, Z.B.; Yang, Y.X.; Shao, J.R.; et al. Pollution characteristics

and risk assessment of human exposure to oral bioaccessibility of heavy metals via urban street dusts from different functional
areas in Chengdu, China. Sci. Total Environ. 2017, 586, 1076–1084. [CrossRef] [PubMed]

2. Chen, S.; Jiang, N.; Huang, J.; Zang, Z.; Guan, X.; Ma, X.; Luo, Y.; Li, J.; Zhang, X.; Zhang, Y. Estimations of indirect and direct
anthropogenic dust emission at the global scale. Atmos. Environ. 2019, 200, 50–60. [CrossRef]

3. Arditsoglou, A.; Samara, C. Levels of total suspended particulate matter and major trace elements in Kosovo: A source
identification and apportionment study. Chemosphere 2005, 59, 669–678. [CrossRef] [PubMed]

4. Després, V.R.; Nowoisky, J.F.; Klose, M.; Conrad, R.; Andreae, M.O.; Pöschl, U. Characterization of primary biogenic aerosol
particles in urban, rural, and high-alpine air by DNA sequence and restriction fragment analysis of ribosomal RNA genes.
Biogeosciences 2007, 4, 1127–1141. [CrossRef]

5. Bakolis, I.; Hammoud, R.; Stewart, R.; Beevers, S.; Dajnak, D.; MacCrimmon, S.; Broadbent, M.; Pritchard, M.; Shiode, N.; Fecht,
D.; et al. Mental health consequences of urban air pollution: Prospective population-based longitudinal survey. Soc. Psychiatry
Psychiatr. Epidemiol. 2021, 56, 1587–1599. [CrossRef]

6. Ma, J.; Ding, Y.; Cheng, J.C.P.; Jiang, F.; Tan, Y.; Gan, V.J.L.; Wan, Z. Identification of high impact factors of air quality on a national
scale using big data and machine learning techniques. J. Clean. Prod. 2020, 244, 118955. [CrossRef]

7. Kim, J.; Jeong, U.; Ahn, M.H.; Kim, J.H.; Park, R.J.; Lee, H.; Song, C.H.; Choi, Y.S.; Lee, K.H.; Yoo, J.M.; et al. New era of air quality
monitoring from space: Geostationary environment monitoring spectrometer (GEMS). Bull. Am. Meteorol. Soc. 2020, 101, E1–E22.
[CrossRef]

8. Sheikh, A. Improving air quality needs to be a policy priority for governments globally. PLoS Med. 2020, 17, 10–12. [CrossRef]
9. Vodonos, A.; Kloog, I.; Boehm, L.; Novack, V. The impact of exposure to particulate air pollution from non-Anthropogenic sources

on hospital admissions due to pneumonia. Eur. Respir. J. 2016, 48, 1791–1794. [CrossRef]
10. Kermani, M.; Jonidi Jafari, A.; Gholami, M.; Arfaeinia, H.; Shahsavani, A.; Fanaei, F. Characterization, possible sources and health

risk assessment of PM2.5-bound Heavy Metals in the most industrial city of Iran. J. Environ. Heal. Sci. Eng. 2021, 19, 151–163.
[CrossRef]

11. Silva da Silva, C.; Rossato, J.M.; Vaz Rocha, J.A.; Vargas, V.M.F. Characterization of an area of reference for inhalable particulate
matter (PM2.5) associated with genetic biomonitoring in children. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2015, 778, 44–55.
[CrossRef] [PubMed]

12. Liu, C.; Zhang, Y. Relations between indoor and outdoor PM2.5 and constituent concentrations. Front. Environ. Sci. Eng. 2019, 13,
1–20. [CrossRef]

13. Wilson, W.E.; Chow, J.C.; Claiborn, C.; Fusheng, W.; Engelbrecht, J.; Watson, J.G. Monitoring of particulate matter outdoors.
Chemosphere 2002, 49, 1009–1043. [CrossRef]

14. Ali, M.; Athar, M. Air pollution due to traffic, air quality monitoring along three sections of National Highway N-5, Pakistan.
Environ. Monit. Assess. 2008, 136, 219–226. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijerph19084706/s1
https://www.mdpi.com/article/10.3390/ijerph19084706/s1
http://doi.org/10.1016/j.scitotenv.2017.02.092
http://www.ncbi.nlm.nih.gov/pubmed/28236483
http://doi.org/10.1016/j.atmosenv.2018.11.063
http://doi.org/10.1016/j.chemosphere.2004.10.056
http://www.ncbi.nlm.nih.gov/pubmed/15792664
http://doi.org/10.5194/bg-4-1127-2007
http://doi.org/10.1007/s00127-020-01966-x
http://doi.org/10.1016/j.jclepro.2019.118955
http://doi.org/10.1175/BAMS-D-18-0013.1
http://doi.org/10.1371/journal.pmed.1003041
http://doi.org/10.1183/13993003.01104-2016
http://doi.org/10.1007/s40201-020-00589-3
http://doi.org/10.1016/j.mrgentox.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25726147
http://doi.org/10.1007/s11783-019-1089-4
http://doi.org/10.1016/S0045-6535(02)00270-9
http://doi.org/10.1007/s10661-007-9677-3
http://www.ncbi.nlm.nih.gov/pubmed/17385053


Int. J. Environ. Res. Public Health 2022, 19, 4706 13 of 16

15. Schroeder, W.H.; Dobson, M.; Kane, D.M.; Johnson, N.D. Toxic Trace Elements Associated With Airborne Pariacnlaie Matter: A
Review. J. Air Pollut. Control Assoc. 1987, 37, 1267–1285.
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54. Romańska, M. Impact of water stress on physiological processes of moss Polytrichum piliferum Hedw. Ann. Univ. Paedagog.
Cracoviensis Stud. Naturae 2020, 129–141. [CrossRef]

55. Bargagli, R. Moss and lichen biomonitoring of atmospheric mercury: A review. Sci. Total Environ. 2016, 572, 216–231. [CrossRef]
56. Diener, A.; Mudu, P. How can vegetation protect us from air pollution? A critical review on green spaces’ mitigation abilities for

air-borne particles from a public health perspective—With implications for urban planning. Sci. Total Environ. 2021, 796, 148605.
[CrossRef]

57. González, A.G.; Pokrovsky, O.S. Metal adsorption on mosses: Toward a universal adsorption model. J. Colloid Interface Sci. 2014,
415, 169–178. [CrossRef]
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