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Abstract: Mosses are one of the best bioindicators in the assessment of atmospheric aerosol pollution
by heavy metals. Studies using mosses allow both short- and long-term air quality monitoring. The
increasing contamination of the environment (including air) is causing a search for new, cheap and
effective methods of monitoring its condition. Once such method is the use of mosses in active
biomonitoring. The aim of the study was to assess the atmospheric aerosol pollution with selected
heavy metals (Ni, Cu, Zn, Cd, Hg and Pb) from the smoke of fireworks used during New Year’s
Eve in the years 2019/2020 and 2020/2021. In studies a biomonitoring moss-bag method with
moss Pleurozium schreberi (Willd. ex Brid.) Mitt. genus Pleurozium was used. The research was
conducted in the town Prészkow (5 km in south direction from Opole, opolskie voivodship, Poland).
The moss was exposed 14 days before 31 December (from 17 to 30 of December), on New Year’s
Eve (31 December and 1 January) and 2 weeks after the New Year (from 2-15 January). Higher
concentrations of analysed elements were determined in samples exposed during New Year’s Eve.
Increases in concentrations were demonstrated by analysis of the Relative Accumulation Factor
(RAF). The results indicate that the use of fireworks during New Year’s Eve causes an increase in
air pollution with heavy metals. In addition, it was shown that the COVID-19 induced restrictions
during New Year’s Eve 2020 resulted in a reduction of heavy metal content in moss samples and thus
in lower atmospheric aerosol pollution with these analytes. The study confirmed moss usefulness in
monitoring of atmospheric aerosol pollution from point sources.

Keywords: air pollution; moss monitoring; bioindicator; heavy metals; fireworks

1. Introduction

Air quality in Poland is one of the most important research topics concerning atmo-
spheric aerosol pollution [1-3]. Special attention is given to air pollution by heavy metals
and particulate matter (PM) in areas of high exposure and smog [4-8]. The main causes of
poor air quality in Poland include: quality of heating systems used in households [8-11]
and emissions generated by vehicular traffic [8,10,11].

Among the different types of pollutants involved in the overall atmospheric aerosol
contamination, short-lasting but active point sources of pollution should also be consid-
ered [12,13], which include fireworks shows [14]. This is one of the most unusual sources
of air pollution, which has been investigated quite frequently and on a large scale in the
literature [15-17] which allows the identification of specific pollutants related only to the
burning of fireworks [18,19]. Although the show associated with the New Year celebra-
tions only takes place once a year, it has a very significant impact on the air quality. The
environmental pollution burden is enormous in terms of sudden increases in pollution by
selected heavy metals, PM of various fractions and also negative health effects [18,20].

People’s activity related to celebrating the New Year in such a way causes that, along
with the increase of social awareness of the bad condition of the environment (including
the atmosphere), people "'run away”’ from polluted places and move, if only for a short
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time, to places where the air quality is better [21]. This choice is made possible by in-
creasingly better ways of predicting and forecasting air pollution, based for example on
various types of air pollution indices (APIs) [22]. Such methods are also used in the air
pollution mathematical model for comparison with moss biomonitoring results [23]. This
biological method of environmental assessment is becoming increasingly competitive with
instrumental methods for measuring environmental pollution [24], but due to its lack of
referenceability in relation to classical measurement methods, it is an object of continuous
standardisation and review [25], which does not prevent it from being included in the
national system for assessing environmental quality and monitoring pollution [26].

For active biomonitoring studies using mosses, however, it is crucial to use a biomoni-
tor whose (research) value matches its definition [27]. Moss as a biological indicator of air
quality is not only a chemical adsorbent [28], but above all a living organism [29], so it is
important to control and measure vital parameters during the experiment [30]. Research
to date indicates that moss as a biomonitor of air pollution, e.g., heavy metals, is most
often used for short exposure periods. Such studies were performed for a minimum of
one day [31], several days [32,33] or a week of time [34]. This is mainly related to the
fast feedback time about the air condition at the study site [25]. So far, only a laboratory
experiment was encountered in the literature [35], in which moss was used as a biomonitor
of air quality analytes from fireworks being fired. In the second case, the authors only
suspected contamination of the biomonitors due to fireworks being fired [36]. It was
used as a space to use in an environmental the use of a moss bioindicator to assess the
concentrations of pollutants emitted by fireworks as they are set off on New Year’s Eve
under field conditions.

The aim of this study was to measure the concentrations of heavy metals accumulated
by the moss Pleurozium schreberi in a town during the fireworks show on New Year’s Eve at
the turn of 2 consecutive years. The moss species Pleurozium schreberi has also been shown
to be a sensitive biomonitor of point sources of pollution.

2. Materials and Methods
2.1. Materials

The species used for this study was the moss Pleurozium schreberi. It was collected in
December 2019 and December 2020 from forests in the Swietokrzyskie voivodship, PL.

2.2. Methods

Moss samples were taken and pretreated before exposure in accordance with the In-
ternational Cooperative Programme on Effects of Air Pollution on Natural Vegetation (ICP
Vegetation) program guidelines for moss species, field sampling and cleaning and storing
of moss samples [37]. Before exposure, the mosses were conditioned in demineralised
water in accordance with a previously-developed methodology specific for mosses [38].
Then 3 g of mosses (3 samples per period) were packed into nets and exposed at a height of
about 1.50-2.00 m from ground level. Mosses were exposed during several study periods:
2 weeks before New Year’s Eve (B) [from 17 to 30 of December], before New Year’s Eve
and during New Year’s Eve (B_LNYE) [from 17 to 1 January], only on New Year’s Eve
for 2 days (NYE) [31 December and 1st January], during New Year’s Eve and 2 weeks
after (NYE_Af) [from 31 December to 15 January], only 2 weeks after New Year’s Eve (Af)
[from 2-15 January], for the whole experimental period—1 month: from mid-December
to mid-January (Al) [from 17 December to 15 January]. The survey was conducted in
2019/2020 and 2020/2021 in the same periods. Mosses were exposed in the city town
of Proszkow (15 km south of Opole, opolskie voivodship, PL). Each time, samples were
collected and heavy metal concentrations were determined. Photographs of the mosses
and exposure site are shown in Figure 1.
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Figure 1. Photos of mosses: (a) Pleurozium schreberi close-up, (b) moss exposure.

To determine the heavy metals (Ni, Cu, Zn, Cd and Pb), each moss sample, with a mass
of 1.000 £ 0.001 g dry mass (d.m.), was mineralised in a mixture of HNO3 and H,O; using
a Speedwave Four microwave oven (Berghof, Eningen, Germany). The mineralisation
process was carried out at a temperature of 180 °C. Heavy metals (Ni, Cu, Zn, Cd and Pb)
were determined using an atomic absorption flame spectrometer (F-AAS) type iCE 3500
(Thermo Scientific, Grand Island, NY, USA). Concentrations of metals were determined
in solution after mineralisation and dilution and were filtered into volumetric flasks of
25 cm3. The results were converted into 1 kg of sample of dry mass (mg/kg d.m.). The
concentration of mercury in the samples (0.04 g & 0.001 g d.m.) was determined with AMA
254 mercury analyzer (Altec Ltd., Prague, Czech Republic). The results were in mg/kg d.m.
Measurements were made in 3-5 replicates (control, samples).

The RAF—Relative Accumulation Factor was used to determine increases of concen-
trations of the analytes in the exposed mosses samples [39].

Chlorophyll fluorescence of photosystem II (PSII) was also measured (but only in
the second year of the study) using the modulated portable fluorometer (Opti-Sciences,
Hudson, NH, USA). Actual photochemical efficiency (yield) was measured under am-
bient light [40]. Mosses were collected in the field after each term of exposure sepa-
rately. In 10 (control) and 15 replicates (samples) actual photochemical efficiency (yield)
were determined.

2.3. Quality Control

Table 1 presents the instrumental detection limits (IDL) and instrumental quantifi-
cation limits (IQL) of the iCE 3500 spectrometer which was used for heavy metals (Ni,
Cu, Zn, Cd and Pb) detection. Calibration of the spectrometer was performed with a
standard solution (ANALYTIKA Ltd., Prague, Czech Republic). The values of the highest
concentrations of the models used for calibration (2 mg/dm3 for Cd, 5 mg/dm? for Ni,
Cu, Zn and Pb) were approved as linear limits to signal dependence on concentration. For
mercury, the instrumental detection limits (IDL) and instrumental quantification limits
(IQL) of the apparatus are 0.003 ng (0.03 ng Hg/ dm?) and 0.01 ng (0.1 ug Hg/ dm?®) in the
test sample, respectively. Calibration of the apparatus was performed with a standard
solution (ANALYTIKA Ltd., Prague, Czech Republic) [41].

Table 2 shows the concentrations of heavy metals in certified reference materials
BCR-482 lichen, produced at the Institute for Reference Materials and Measurements,
Belgium [42].

Table 1. The instrumental detection limits (IDL) and instrumental quantification limits (IQL) for the
iCE 3500 (mg/dm3) spectrometer [43].

Metal IDL 1QL
Ni 0.0043 0.050
Cu 0.0045 0.033
Zn 0.0033 0.010
cd 0.0028 0.013

Pb 0.0130 0.070
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Table 2. Comparison of measured and certified concentrations in BCR-482 lichen [42].

BCR-482 Lichen AAS (n=5) Dev. **
Metal Concentration %?:;,ﬁ?:\i;t Average Cirfcl)e;tgittil(;f\s
[mg/kg dm] [%]

Ni 2.47 0.07 2.16 0.32 —13.0
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 (cn,) and certified (c.) concentration 100%
(cm — cc)/cc-
2.4. Statistical Analysis of Data

For metals’ deposition intensity comparison Kruskal-Wallis and pairwise Wilcoxon
tests were used [44]. Computations were carried out in R language version 4.1.0 [45].

3. Results

Table 3 shows the statistical parameters of heavy metal concentrations in moss samples.

Table 3. Statistical parameters of metals’ concentration (mg/kg dm) pooled for all periods of moss
exposition. min minimal concentration, g; lower quartile, ME median, mean arithmetic mean, g,
upper quartile, max maximum, SD standard deviation, and n number of moss samples.

Ni Cu Zn Cd Pb Hg
min <1.25 5.48 38.2 <0.325 2.50 0.0201
q <1.25 7.13 48.6 <0.325 3.04 0.0357
ME <1.25 7.66 50.5 <0.325 3.50 0.0406
mean 1.45 10.9 57.7 0.390 7.09 0.0394
Ju <1.25 11.8 58.5 0.473 9.80 0.0443
max 4.62 25.0 118 0.608 23.4 0.0561
SD 0.71 5.92 16.9 0.110 6.06 0.0081

n 39 43 43 43 43 43

At least up to the upper quartile Ni content in moss samples was lower than the
instrumental quantification limit. Similarly, in most of the samples Cd concentration was
lower than the IQL.

The presented metal concentrations in mosses are comparable to those obtained in the
woods of Turawa commune in opolskie voivodship [46], although they are low in relation
to industrial sites of Upper Silesia [47].

Figure 2a—-d shows a comparison of heavy metal concentrations accumulated by
mosses over two exposure periods: mid December 2019/mid January 2020 and mid
December 2020/mid January 2021. The mean concentrations of determined heavy metals
(mg/kg dm) naturally accumulated in mosses exposed during the first year of the study
were for: Ni—<1.25, Cu—>5.85, Zn—53.5, Cd—<0.325, Hg—0.038, Pb—7.85. and in mosses
exposed in the second year of the study were respectively: Ni—<1.25, Cu—6.42, Zn—42.8,
Cd—<0.325, Hg—0.019, Pb—2.12.

In Figure 2, it can be seen that heavy metal accumulation by mosses was observed
during both study periods. Elemental concentrations from 2019/2020 are higher than for
the second study period. For copper, zinc, lead and mercury the values for the “NYE” in
2019/2020 period only were 20.9, 90.7, 19.2, 0.04 mg/kg d.m., respectively, though during
the same period in 2020/2021 they were half as high. For nickel and cadmium, depending
on the survey year and exposure period, the concentration of these metals in some moss
samples was below the limit of quantification of the analytical method used. Additionally,
the values for Cu, Zn and Pb for 2019/2020 reach their highest values only during the 2-day
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“NYE” exposure [31 December and 1 January]. In the following year, the concentrations of
these elements are more homogeneous across the different periods of moss exposure.
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Figure 2. Heavy metal concentrations in moss samples (mg/kg dm): (a) Cu, Zn, and Pb concentrations in 2019/2020; (b) Cu,
Zn, and Pb concentrations in 2020/2021; (c) Ni, Cd, and Hg concentrations in 2019/2020; (d) Ni, Cd, and Hg concentrations

in 2020/2021. “X” in the bar represents the mean value connected by a line an

u

represents the median, “whiskers” at

the bottom and top represent min-max values, “circles” represent extreme values.

The effect of meteo conditions on heavy metal concentrations in moss samples was also
analyzed. The source of data was the Institute of Meteorology and Water Management [48].
During 1st half of both exposure periods an irregular decrease in mean air temperature
T was observed. Starting from NYE the mean temperatures did not exhibit a clear trend
of changes. At NYE 2019/2020 and 2020/2021 the difference in T was 5.1 °C. It should
be noticed that T at 2019/2020 was positive, and negative at 2020/2021. Time patterns of
relative air humidity H, changes were different during exposure periods. The humidity
difference at the first and second NYE was 23.5%. In a period from 30 December to
2 January no precipitation was observed at both NYE. Additionally, a few days before and
after this period precipitation was poor. During exposure periods wind speed v was in the
range 1.0-5.8 m/s. At the two NYE the wind speed difference was 2.6 m/s. In Figure S1 in
the supplementary material parameters describing weather conditions during the moss
samples exposure are presented. For moss samples duration of deposition was different.
To estimate an intensity of the deposition, a ratio c; of chemical elements’ concentration
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and the deposition time t was calculated. In Figure 3. boxplots of the calculated c; are
presented. For the metals studied, clear differences in deposition intensities are observed.
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Figure 3. Concentrations of heavy metals in mosses samples (mg l<g*1 /day): (a) Ni, (b) Cu, (¢) Zn, (d) Cd, (e) Hg and (f) Pb
depending on the exposure time (y1, y2—period 2019/2020 and 2020/2021 respectively).
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To test uniformity of central values in the grouped c; the Kruskal-Wallis test was used.
In calculations the group data were pooled over years 2019-2020. The p-values calculated
were 6.4 x 107 (Ni), 4.8 x 107° (Cu), 4.9 x 107° (Zn), 1.0 x 1073 (Cd), 1.7 x 1073 (Pb),
and 2.7 x 1075 (Hg). For comparisons of median ¢; in pairs of individual periods the
pairwise Wilcoxon test was used. For p-values multiple testing Bonferroni correction was
applied. A critical p-value = 0.05 was applied in the test result interpretation.

In Table 4 the p-values calculated in Wilcoxon test for intensity of Ni deposition during
the periods studied are presented. Numerous IQL results disables comparison of some

groups. Pairs of groups which cannot be compared are marked using “x” symbol. For Cu,
Zn, Cd, Pd and Hg, results are included in Tables S1-S5 in the supplementary material).

Table 4. The p-values calculated in Wilcoxon test for intensity of Ni deposition during the peri-
ods studied.

B B_NYE NYE NYE_Af Af
B_NYE X - — — —
NYE X X — — -
NYE_Af 0.093 0.093 0.093 - -
Af X X X 0.146 —
Al 0.093 0.093 0.093 1.000 0.146
X — pairs of groups which cannot be compared. — —no comparison.

In all pairs of the periods the null hypothesis cannot be rejected. This conclusion is
apparently inconsistent with observation on Figure 3a where ¢; for NYE_Af and y1 clearly
dominates all other periods. But in contrast, ¢; in NYE_Af and y2 is considerably lower
than that during y1, and as a result an effect of NYE_Af become statistically insignificant.

For Cu, Zn, Cd, Pb and Hg deposition intensity in group NYE and deposititions in
the remaining groups all p-values were lower than the critical one. This result indicates
statistically significant difference between metal deposition intensities during NYE and
during the other periods.

In Figure 3, it can be seen that metal concentrations vary considerably between the
study periods when relating them to exposure time (number of days). For Cu, Zn, Hg and
Pb, concentrations in 2019/2020 for the NYE period significantly exceed the corresponding
period in the following year. In the next step of the analysis of the results, the increments
in the concentrations of heavy metals accumulated in the mosses were determined. Table 5
shows a summary of the RAF values for both study periods for each element separately.

Table 5. Mean RAF values for the metals analysed (n.d.: no data).

2019/2020 2020/2021
B B_NYE NYE NYE_Af Af Al B B_NYE NYE NYE_Af Af Al

Ni n.d. n.d. n.d. 1.78 n.d. 0.30 n.d. n.d. n.d. n.d. nd. nd.
Cu 0.21 0.90 2.57 0.25 0.01 259 0.21 0.20 0.13 0.36 0.18 0.48
Zn 0.19 0.48 0.70 0.43 028 0.60 0.15 0.20 0.13 0.14 0.12 0.16
Cd n.d. n.d. n.d. 0.03 0.05 0.14 nd. n.d. n.d. 0.78 nd. 0.68
Hg 0.19 0.24 0.11 0.01 0.05 0.06 027 0.23 0.16 0.85 099 137
Pb 1.09 0.64 1.44 0.62 093 0.08 0.32 0.37 0.50 0.78 046 1.77

Metal

Due to the fact that in some of the moss samples the concentration of nickel and
cadmium was below the limit of quantification of the analytical method used, no RAF
increments were noted (n.d.). For the other elements, high RAF values were observed for
copper, zinc and lead, especially during the 2019/2020 period. In the ‘NYE’ period itself,
RAF values are higher or comparable to other periods where exposure has been longer.
The exceptions are cadmium and mercury, where increases are higher after New Year’s
Eve and in 2020/2021.

To assess the condition of the mosses during the exposure period, chlorophyll fluores-
cence was measured (Table 6).
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Table 6. Chlorophyll fluorescence of mosses samples [-].
Parameter Fs Fms YD Ft
Exposure Period Average £+ SD
control 113 +27.7 158 +49.1 0.273 + 0.07 107 +26.1
B 125 +25.0 144 + 30.7 0.125 4+ 0.03 124 +24.9
B_NYE 128 + 16.8 264 £96.3 0.509 £+ 0.11 117 + 16.1
NYE 137 +28.8 214 £779 0.332 £ 0.11 133 +25.5
NYE_Af 107 + 10.4 139 + 14.0 0.224 +0.08 105 £ 10.1
Af 112 +20.2 138 £ 26.8 0.184 + 0.07 110 +19.9
Al 115 +39.1 161 £ 74.5 0.257 +0.11 115 + 36.3

Fs: Fluorescence under steady state; Fms: Maximum fluorescence at steady state; Y(II): Quantum Photosynthetic
Yield of Photo System (II); Ft: Instantaneous fluorescence.

The chlorophyll fluorescence values varied between the study periods. The lowest
value was measured in the period before New Year’s Eve and the highest value was
observed during the “B_NYE"” exposure. Since this period the Photosynthetic Yield of
Photo System (II) has decreased by about 64% to “Af”. The sample exposed for the whole
time was not statistically significantly different from the control.

4. Discussion

Concentrations of the heavy metals Ni, Cu, Zn, Cd, Pb and Hg, accumulated by
Pleurozium schreberi mosses samples differ from each other within and between study
periods of a given year. The concentration of individual elements is influenced by the
moss species used and their accumulation capacity, exposure time and other environmental
factors (interactions among elements, temperature, humidity) [49-51]. The changes in
concentrations between the two study periods are also due to the global lockdown situation
caused by the coronavirus pandemic restrictions. In the literature, one can find results
indicating that air pollution has decreased significantly in this period in comparison to the
values previously reported [52,53]. The impact of the pandemic on air pollution in terms
of biological monitoring has so far been described by only one known publication, where
is indicated that concentrations of selected metals accumulated by the moss Pleurozium
schreberi, as part of passive biomonitoring studies, decreased by lockdown [54]. Our
study confirms the above statements that heavy metal concentrations during the “NYE”
period and in 2020/2021 were lower compared to the same period a year earlier (see
Figure 3). This was influenced by national restrictions related to the limited possibility
of overcrowding and participation in mass events celebrating the New Year, which had
an impact on the reduced emissions from fireworks fired. According to the literature, air
concentrations of heavy metals such as Cu, Zn and Pb are related to their emission during
the fireworks burning [17,18,20,55-57] as was also confirmed by this research. During moss
exposure for only 2 days (NYE period) [31 December and 1 January], concentrations of
these elements were characterised by values comparable or higher to periods of longer
exposure to moss contamination with these analytes (see also Figure 3). In our opinion, the
results presented here represent the first environmental experiment using the moss-bag
technique to determine the concentrations of heavy metals accumulated by mosses during
New Year’s Eve (due to fireworks burning), together with the impact of the pandemic on
air pollution at this time using active moss biomonitoring.

RAF values higher than 1.00 indicate significant elemental enrichment [58]. Such
values were recorded for copper and lead in 2019/2020 and the impact of increases in
these elements was related to the fireworks being fired. In contrast, high increments for
nickel and mercury may be related to other air pollutants sources such as local, low level
emissions [59].

The actual quantum efficiency of PSII photochemistry in the light measures the frac-
tion of the absorbed light energy that is actually being used to drive photochemistry at
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PSII [60]. Its value is influenced by a number of factors, such as a change in metal concen-
tration [61,62] and a positive effect on the increase in fluorescence yield over the course
of the experiment may have been due to variable hydration [63]. The dependence of
chlorophyll fluorescence yield variability on water content has been reported previously
for Pleurozium moss [64] and our actual quantum yield values of PSII photochemistry were
comparable with the results obtained by other authors for this species [65,66]. Due to the
association of chlorophyll fluorescence with other vital parameters (chlorophyll content,
osmotic indices, antioxidant enzyme activities) [67], we know that biomonitoring studies
have been conducted on a living air quality bioindicator [68].

5. Conclusions

The results of the biomonitoring study indicate a variable air quality in the town
of Proszkéw during New Year’s Eve on the example of a two-year study. Increased
concentrations of copper, zinc and lead only during the 2-day “NYE” exposure confirm
the effect of fired fireworks on the accumulation of these elements in the moss Pleurozium
schreberi. This demonstrates the good accumulation capacity of this species for use during
short periods of exposure to air pollution. Further research should focus on finding the
best moss species for the determination of heavy metals in air from fireworks smoke.

Deposition of metals on moss during and after fireworks show could be affected by
weather conditions. During the periods studied, the temperature, humidity, and wind
speed were similar but not the same. A common feature at both NYE was no precipitation.

Actually the results of our research did not provide feasible information to estimate
an influence of weather conditions on metals’ deposition after fireworks show. Valid con-
clusions could be drawn from repeated observations. This assertion implies continuation
of the research with extension to other than NYE celebrations.

In the literature, the use of classical methods for determination of metals concentration
in the air during fireworks show has been already described, but our study confirms the
possibility of using bioindicators in air quality monitoring as a complementary method.
Biomonitoring studies using the moss-bag method for the determination of other pollutants
from fireworks shows should be continued.

In addition, the positive impact of the 2020/2021 lockdown on air pollution from
emissions of fireworks launched was demonstrated, which was confirmed by determining
lower concentrations of selected heavy metals accumulated by mosses. The practice of
welcoming the New Year should change the accepted way of celebrating to one that does
not cause deterioration of air quality and further pollution emissions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12080975/s1, Figure S1: The parameters describing weather conditions during the moss
samples exposure. The parameters are daily means of temperature T (in subplot a), relative humidity
H, (subplot b), precipitation /1 (subplot c) and wind speed v (subplot d), Table S1: The p-values
calculated in Wilcoxon test for intensity of Cu deposition during the periods studied, Table S2:
The p-values calculated in Wilcoxon test for intensity of Zn deposition during the periods studied,
Table S3: The p-values calculated in Wilcoxon test for intensity of Cd deposition during the periods
studied, Table S4: The p-values calculated in Wilcoxon test for intensity of Pb deposition during the
periods studied, Table S5: The p-values calculated in Wilcoxon test for intensity of Hg deposition
during the periods studied.
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