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Abstract: The present study analyzes the results of a biomonitoring campaign, carried out by means
of Hypnum cupressiforme Hedw. moss bags around an oil refinery, located in the southwestern part of
Sardinia island (Italy). This work focuses mainly on the effects of rainfall and distance from the source
of contamination on the content of 14 trace elements measured over 16 years. In addition, to point
out any increasing or decreasing trends, as well as any peak in presence of airborne pollutants in
the area, annual elements’ concentration values are plotted and discussed. Coefficients of variation
were also calculated on accumulation values in order to evaluate stability of measurements across the
years and to evaluate if similar exposure conditions, i.e., humidity and distance from contamination
source, resulted in more uniform accumulation values. In conclusion, (i) the vicinity of the source
of contamination as well as rainfall influenced element content in the biomonitor in the case study
differently, depending on the considered element and on the exposure condition, (ii) H. cupressiforme
moss bags provided relatively stable measurements during the 16-year time frame (observed variations
in elements content can be attributed to environmental inputs in the area), (iii) similar conditions of
exposure determined less variable accumulation values.
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1. Introduction

Biomonitoring, intended as the use of living organisms or biological tissues to measure a certain
ecological condition [1], is a simple, efficient and cost-effective way to characterize (qualitatively and
quantitatively) the presence of airborne pollutants, known to represent a threat to ecosystems and
human health [1–5]. Bryophytes and lichens, due to their structural and physiological features—they
lack a root system, therefore, their supply of nutrients relies mainly on wet and dry atmospheric
deposition [3]—are a commonly used taxa in the monitoring of air quality and deposition of airborne
pollutants. The systematic use of bryophytes in the biomonitoring of atmospheric pollutants started in
the 1950s, to characterize industrial emissions of fluorine [6], while from the 1980s they also began to be
considered as a valid tool to study the deposition of organic airborne pollutants [7]. Taxa belonging to
the bryophytes generally present an elevated surface to volume ratio, lack well-developed epidermis or
cuticle and possess high permeability to water and to elements dissolved in it [8], moreover, ion-binding
sites are abundant in bryophytes’ cell walls, so the adsorption capacity of their tissues is relevant [3].
The above-mentioned features enable bryophytes, and especially mosses, to accumulate airborne
pollutants coming in contact with them. Atmospheric pollutants could interact with mosses in three
forms: As aqueous solution, gas or solid particles and can adhere on cells’ surfaces, outer walls (via
ion exchange process) or be included into cells (via passive or active transport) [1,9]. Accumulation
of atmospheric pollutants can be influenced by the features of the particulate, of the biomonitor and
by ecological parameters. Particles’ size, as well as the chemical nature of the pollutants greatly
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influence their accumulation in tissues—generally, uptake efficiency follows the following order,
lead (Pb) > cobalt (Co), chromium (Cr) > copper (Cu), cadmium (Cd), molybdenum (Mo), nickel (Ni),
vanadium (V) > zinc (Zn) > arsenic (As) [3,10,11]. Surface structure (and its number and type of
cation exchange sites), cells’ pH, biomass productivity and age of the tissue are biomonitor-constitutive
factors also affecting bioaccumulation of particles. Finally, temperature, precipitations, aridity [12],
vegetal coverage [13], occurrence of exposed mineralization and presence of sea salt [10,14,15] and
acidic precipitations [16,17] are ecological factors that affect accumulation and concentration of elements
in mosses [9], and consequently their reliability in biomonitoring anthropogenic airborne pollutants.
Among the several moss-based biomonitoring approaches, the “moss bag technique” is one of the
most frequently used and it consists in exposing mesh bags containing moss samples (generally
grown in absence of contamination) to assess air quality and the presence of airborne pollutants in a
certain area [18].

The present study is based on and discusses a subset of data resulting from a biomonitoring
activity which started in the 1990s and is currently ongoing. The biomonitor used in the survey is the
moss Hypnum cupressiforme Hedw., which is exposed in the form of subspherical moss bags, to monitor
air quality in the vicinities of an industrial plant (an oil refinery) located in the southwestern part of
Sardinia island (Italy). According to the sampling design, the moss bags were exposed for 9 weeks at
different distances from the contamination source (oil refinery) for three, non-consecutive times a year.
This sampling design was conceived following Castello et al. 1999 [19], in order to monitor airborne
pollutants in the area around the source of contamination—in the immediate vicinities and in more
remote areas—and to test if topography and meteorological condition of exposure (essentially rainfall)
affect moss uptake.

2. Materials and Methods

2.1. Study Area

The present study was carried out in Sardinia (Italy) (Figure 1a), the second largest island of the
Mediterranean Sea. Located in a central position in the sea basin, it presents a typical Mediterranean
climate: Warm summers (temperatures can easily exceed 40 ◦C) with high levels of humidity and
generally an absence of precipitation, mild winters (temperatures rarely drop below 0 ◦C), and rainfall
occurs mainly in autumn and spring, presenting annual mean values of about 400 mm. Dominant winds
in the island come from NW and E-SE. The monitored industrial area is located in the southeastern
portion of the island (Figure 1b), on magmatic (leucogranites) and metamorphic (schists) rocks,
surrounded by typical Mediterranean vegetation presenting Quercus suber L., Quercus ilex L., Juniperus
communis L., Phillyrea latifolia L., etc. [3]. The main industrial activities of the island are carried out in
the study area, where the oil refinery reaches 10 mln tons of products per year.

2.2. Moss Bags

Moss bags were prepared using the moss H. cupressiforme, collected using plastic gloves to avoid
contamination. The collection area is well-preserved, unpolluted and natural (coordinates 39◦17′9.87′’
N and 9◦23′12,87′’ E), and presents meteorological and geographical features similar to the investigated
area. Each subspherical bag contains 1.4 g of moss, carefully washed in distilled water (washings were
repeated until every residual debris in the moss was eliminated), air-dried under laboratory conditions,
and packed in a 15 × 15 cm nylon net (2 mm mesh size) [19].

2.3. Sampling Design

Bags were spatially distributed in the study area paying attention to avoid proximity to isolated
houses, urban areas and communication routes in order to minimize influences of sources of air
pollution other than the refinery in the final content of elements in moss bags [18]. Dominant winds
and geomorphology of the area were considered at the time of choosing the disposition of the bags,
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in fact bags were exposed downwind to the refinery, considering the dominant winds and avoiding the
interposition of relevant reliefs between the source of contamination and the exposure sites. Consistent
with these principles, a total of 6 sites of exposure were selected: 4 distant, about 15 kms from the
center of contamination (from now on identified as “far” sites), and 2 distantced less than 1 km from
the refinery (from now on identified as “near” sites of exposure). In each site, three bags were exposed
in order to obtain the elements’ measurements in triplicate.Atmosphere 2020, 11, 272 3 of 14 
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Each year, bags were exposed three, non-consecutives times, for 9 weeks (consistent with
Capozzi et al. [20], who suggested a period of exposure longer than 6 weeks), distributed throughout
the year: From March to May, from July to September and from October to December. In this way,
it was possible to obtain 189 days of monitoring (half a year) distributed evenly along the year with
the intention to better represent climatological variability of the region. In the present work, autumn
(from October to December) and spring (from March to May) were considered together and identified
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as “humid” conditions of exposure, as rainfall occurs mostly during these months in the region [21],
while summer (from July to September) was considered as a “dry” condition of exposure, due to the
aridity occurring in the region during this season. After each exposure, period bags were gathered and
the concentration of 14 elements As, Ca, Cd, Cr, Cu, Fe, Hg, K, Mg, Na, Ni, Pb, V, Zn assessed. During
each exposure, three period bags were kept unexposed in the laboratory, carefully preserved from any
kind of contamination by storing them in a sealed thermostat, in order to calculate background levels
of contamination moss. Background levels of contamination were subtracted from the final elements’
concentration values of the exposed bags, as in [3].

2.4. Chemical Analysis

Elements’ content was measured as undertaken in [3], through the use of plasma optical emission
spectrometry (Thermo iCAP 6500 duo). Of each one of the three moss bag exposed in each site, 0.5
g of the content was air-dried using a homogenizer, and then digested for 45 min in a microwave
digester (MILESTONE ETHOS 1) with 7 mL of HNO3 65% (Sigma-Aldrich) and 1 mL of H2O2 30%
(Sigma-Aldrich) at 200 ◦C. The digested samples were then diluted with distilled water to a total
volume of 50 mL. To obtain calibration curves, a stock solution (Merck) containing 1.000 µg/mL of
each of the 13 elements of interest was used to prepare intermediate, multi-element standard solutions
with the following concentrations: 50, 20, 1, 0.1, 0.01, and 0.005 µg/mL. Quality control was performed
using the standard reference material, lichen-336 (IAEA). Elements’ deposition values of each site were
recorded. Obtained values were used in the statistical analysis.

2.5. Data Analysis

Analyses, in the present study, were conducted on a subset of data collected over the duration
of 16 consecutive years (from 2003 to 2018), in which the following trace elements were assessed:
As, Ca, Cd, Cr, Cu, Fe, Hg, K, Mg, Na, Ni, Pb, V, Zn. From now on, we will refer and report
element content values as the enrichment value of each element measured in bags (final content of
the element after the exposure period, minus the pre-exposure value for that element). Effects of
rainfall and distance from the source of contamination on the accumulation of elements were estimated,
calculating elements mean concentration values during the 16 years of monitoring campaign for
each exposure condition, and subsequently calculating statistical significance of differences among
compared sets of data by the Mann–Whitney U test. Data were plotted to represent year-by-year
fluctuation in pollutants’ accumulation values and their relation to rainfall and distance from the
contamination source. Mean accumulation values were calculated before and after 2010 (the year in
which the construction works of a great dam in the study area began) and significance of differences
among compared set of data was tested by Wilcoxon test. Finally, coefficients of variation (cv) were
calculated on concentration values, not considering differences in exposure conditions, and later
subsetting concentration values based on a similar condition of exposure. This procedure permitted to
evaluate if more uniform ecological parameters during the exposure period could reduce variation of
accumulation values. Calculating the cv of various sets of data (intended as the standard deviation to
mean ratio) permitted the comparison of values’ variation around mean values among the different
datasets considered. The explorative analysis of data (means, standard errors and coefficients of
variation) was carried out using the 1.2.1335 version of the RStudio software [22]. The same software
implemented with the ggplot2 package was also used to create graphs.

3. Results

3.1. Element Accumulation in Relation to Exposure Conditions

In Tables 1–3 elements concentration values (mg kg−1) are reported as the mean of the values
measured during the whole 16 years in the different exposure conditions (per year: n far = 12; n
near = 6; n humid = 12; n dry = 6). Elements can be divided on the basis of the magnitude of their
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concentration values: Elements reaching hundreds of mg per kg of moss (Na, Ca, Fe, Mg, K), reported
in Table 1, and elements with concentrations levels lower than 10 mg per kg of moss (Zn, Pb, Ni, Cu, V,
Cr, As, Cd, Hg), reported in Table 2. Statistical significance of differences among data are reported in
Table 3 as p-values obtained by the Mann–Whitney U test, with significance level alfa at 0.05.

Table 1. Element content (mg kg−1) in moss bags. Data reported as mean values +/− standard error.

Exposure
Condition [Na] +/−

SE [Ca] +/−
SE [Fe] +/−

SE [Mg] +/−
SE [K] +/−

SE

Near
Humid 2138.19 395.37 589.75 93.36 475.66 61.27 312.41 41.79 171.37 43.51

Dry 966.11 164.58 1518.07 302.07 405.37 67.29 340.52 67.97 148.04 51.62

Far
Humid 1362.78 229.02 707.44 91.05 420.45 50.38 287.94 34.31 222.95 43.52

Dry 550.42 67.97 1215.39 208.88 486.43 52.43 297.41 49.29 171.37 59.67

Table 2. Element content (mg kg−1) in moss bags. Data reported as mean values +/− standard error.

Exposure
Condition [Zn] +/−SE [Pb] +/−SE [Ni] +/−SE [Cu] +/−SE [V] +/−

SE [Cr] +/−SE [As] +/−SE [Cd] +/−SE [Hg] +/−SE

Near
Humid 12.25 1.66 3.23 0.47 2.32 1.31 1.97 0.41 1.71 0.16 0.88 0.11 0.13 0.02 0.05 0.01 0.04 0.02

Dry 16.58 3.68 3.43 0.99 5.05 3.09 2.66 0.66 2.24 0.40 1.39 0.45 0.15 0.03 0.08 0.02 0.01 0.003

Far
Humid 5.40 0.61 4.26 0.76 0.91 0.10 1.69 0.27 1.11 0.11 1.01 0.14 0.10 0.03 0.06 0.01 0.06 0.03

Dry 6.60 1.00 1.63 0.25 4.88 1.63 1.81 0.36 1.72 0.31 0.82 0.25 0.13 0.02 0.05 0.01 0.03 0.01

Table 3. Statistical significance between compared sets of values assessed by Mann–Whitney U test.
Data reported as p-values (significance level alfa at 0.05).

Na Ca Fe Mg K Zn Pb Ni Cu V Cr As Cd Hg

Near humid vs. Near dry 0.008 0.14 0.45 0.32 0.82 0.5 0.72 0.36 0.55 0.57 0.9 0.7 0.13 0.07

Far humid vs. Far dry 0.009 0.84 0.06 0.68 0.26 0.96 0.05 0.49 0.85 0.28 0.04 0.06 0.08 0.8

Near humid vs. Far humid 0.003 0.33 0.2 0.34 0.63 >0.0010.99 0.21 0.32 0.003 0.97 0.14 0.9 0.67

Near dry vs. Far dry 0.06 0.84 0.23 0.8 0.15 0.003 0.23 0.27 0.33 0.08 0.23 0.93 0.95 0.08

3.2. Temporal Fluctuations in Pollutant Content

Graphs describe fluctuation of accumulation values year by year, summarizing differences in
pollutants content measured near and far from the source of contamination (Figure 2a–d), as well as in
dry and humid exposure conditions (Figure 2e–j). In Table 4, mean accumulation values are reported
for the most representative elements, before and after the start of the construction works of a great
dam (year 2010) in the vicinity of the study area.
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Figure 2. In graphs 2(a)–(d), values measured near and far the source of contamination are represented
by a black-dashed line and by a grey-continuous line, respectively. In graphs 2(e)–(j), values measured
in the dry and in the humid exposure conditions are represented by a black-dashed line and by a
grey-continuous line, respectively. Statistical significance of differences between compared sets of data
(Wilcoxon test p-values, significance level alfa at 0.05) are reported as asterisks. (*, p-value less than
0.05; **, p-value less than 0.01; ***, p-value less than 0.001)

Table 4. Accumulation data (mg kg−1) measured before and after the start of the construction works
(2010). Data are reported as mean values. Statistical significance of differences between compared sets
of data are reported as Wilcoxon test p-values (significance level alfa at 0.05).

Na +/− SE Ca +/− SE Pb +/− SE Ni +/− SE

Before 2010 842.38 83.59 811.46 107.80 2.23 0.58 1.12 3.66

After 2010 1691.11 231.42 929.90 100.83 4.08 0.21 3.66 1.12

p-value 0.10 0.93 0.35 0.01

3.3. Dispersion of Accumulation Data

In Table 5, coefficients of variation of accumulation data of each element are reported, calculated
without subsetting data on the basis of exposure conditions of bags (cv total), and calculated on
accumulation data measured in bags exposed to the same ecological conditions.

Table 5. Coefficients of variation calculated on the totality of accumulation data (cv total) and on data
measured in same condition of exposure (humid, dry, near, far).

Exposure
Condition [Na] [Ca] [Fe] [Mg] [K] [Zn] [Pb] [Ni] [Cu] [V] [Cr] [As] [Cd] [Hg]

cv total 189.84 146.38 116.32 125.86 210.02 151.23 191.52 427.49 176.30 120.09 182.31 212.27 159.32 610.67

Near
Humid 169.47 141.59 118.06 119.63 227.09 124.19 134.40 516.71 190.47 85.75 118.21 190.79 115.12 487.03

Dry 110.40 125.85 107.58 126.25 220.52 144.06 187.43 396.48 160.59 117.07 209.87 146.62 205.47 324.13

Far
Humid 187.89 140.39 133.96 129.98 212.93 125.95 200.60 125.97 177.69 107.01 160.27 297.24 141.73 596.59

Dry 98.79 133.13 86.23 128.37 198.97 121.40 121.32 266.89 159.67 146.41 239.93 143.14 154.08 289.70

4. Discussion

Data resulting from the biomonitoring activity have been analyzed in the present study.
The resulting analyses show that the two considered parameters—rainfall and distance from the source
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of contamination—influenced element accumulation in bags in different ways, and that differences
in accumulation values between different exposure conditions are rarely significative. Nevertheless,
elements accumulation seemed to have been influenced by anthropic activities carried out in the study
area during the analyzed time frame, as well as by ecological features of the area, such as vicinity of
the sea and exposed lithology. Therefore, analysis of the data presented in this study, enable several
considerations on the features of airborne pollutants present in the study area, and on how the use of
H. cupressiforme as a biomonitor permitted the characterization of atmospheric pollution in the vicinity
of the oil refinery.

Among the assessed elements, as reported in [20], As, Cd, Hg, Ni and Pb are included in EU
directives for air quality, Al, Cr, Cu, V and Zn are identified as indicators of industrial emissions
and Ca, Fe, K, Mg, and Na are elements whose presence is mainly linked to the lithology of the area,
in particular to granite and metamorphic rocks, and to the immediate vicinity of the sea. In the next
paragraphs we will discuss the presence of these elements in the study area.

4.1. Air Quality and Industrial Emissions

As regards the analysis of elements’ accumulation values in bags, the distinction between macro-
and trace elements appears clearly in Tables 1–3 in all the exposure conditions: Presence of Na, Ca,
Fe, Mg and K reaches, in fact, thousands of mg per kg of moss, while trace elements such as Zn, Pb,
Ni, Cu, V, Cr, As, Cd and Hg accumulation values range between 16.00 (Zn) and 0.01 (Hg) mg per
kg of moss. Results of this study were compared with results of similar works, assessing airborne
pollutants via moss bags. Ares et al. [23], studied a polluted area in the vicinities of an oil refinery
in the city of Santa Cruz de Tenerife (Spain), exposing transplants of the moss Pseudoscleropodium
purum (Hewd.) M. Fleisch for two months. After-exposure, element concentration values (of Na,
Fe, Pb, Ni, V, Cr, As, Cd and Hg) results were higher than those measured in this study, except for
Na. In [24], accumulation values of several elements (Fe, Pb, Cu, Cr and As) are reported, measured
via H. cupressiforme moss bags in urban and industrial areas in Turkey and in different regions of
Europe (Czech Republic, Finland, Germany, Hungary, Netherlands, Norway, Poland and Spain). As a
result, accumulation values measured in the study area in Turkey were always higher than those
measured in the study area of the present work, as well as the majority of values measured around
Europe, except for Ni values. Ni values in the present study are higher than those reported in [24]
for Czech Republic, Finland, Germany, Hungary, Netherlands, Norway and Poland; Fe values in the
present study exceeded those reported in [24] for Czech Republic and Finland; Cu values exceeded
values measured in Finland and Galicia (Spain); and Pb values exceeded values assessed in Finland.
As it regards trace elements, their presence in bags is obviously lower if compared with the macro
elements, nevertheless as they are known to have a negative impact on human and environmental
health [1,3,5], assessing their presence in the atmosphere is crucial in air quality studies. In the 2019
report on air quality by the European Environment Agency (EEA) [25], southwestern Sardinia was
enlisted with those areas in which As and Ni presence is very low and does not exceed the 1 and 5 ng
m−3 threshold values, respectively, while Pb and Cd atmospheric concentration values were reported
to be quite high ranging between the 0.10 and the 0.50 µg m−3 and the 5 and 8 ng m−3, respectively [25].
Concentration values measured in the present study (Tables 1–3) partially confirm evaluations made
in the EEA report for southwestern Sardinia, in fact, As and Cd are among the least present in bags,
ranging between 0.15 and 0.10 mg kg−1, and 0.05 and 0.08 mg kg−1 (depending on exposure condition),
respectively, while Pb and Ni present mid-range values, ranging between the 1.63 and the 4.63 mg
kg−1 for Pb, and the 0.91 and the 5.05 mg kg−1 (depending on the exposure condition) for Ni. As this
study was concerned with the influence of seasonality and distance from the source of contamination
on accumulation of elements in bags, both macro- and trace elements present in moss bags seem, in a
certain way, to be influenced by these two parameters (Tables 1 and 2). Nevertheless, the influence
of the two parameters could be more or less pronounced and differences between accumulation
values measured at different exposure conditions are rarely significative (Table 3). In what follows,
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accumulation values of the most representative elements will be discussed. Concentration of Na in
bags increases in the humid condition of exposure, both near and far from the source of contamination,
while its content increases near the source of contamination, and in both cases differences between
values are significative. Presence of this element is generally not linked to industrial activity, but rather
to the lithology of the area and sea spray [26,27], so that its higher concentration values in the vicinities
of the refinery in the present case study could be explained by the scarce vegetal coverage around the
industrial plant and by the proximity of the sea. Concentration values of Mg, Zn, Ni, Cu, V and As
increase near the refinery showing higher concentration values in the dry condition of exposure. As it
concerns the origin of these elements (except Mg, a macro-element whose presence is linked to the
influence of the sea [23]), it could be attributed to dry deposition of anthropogenic airborne pollutants,
generally linked to industrial activity [20], that is intensively carried out in the monitored refinery
and in similar industrial plants in the study area. As it concerns the year-by-year analysis of data
(Figure 2a–j), this does not seem to point out any increasing or decreasing general trend in pollutants’
content during the analyzed time frame in the study area (only Fe content appears to decrease in
the most recent years). The absence of any appreciable decreasing trend in accumulation data of the
present study does not respect the decreasing trend depicted in the 2019 report on air quality by the
EEA for As, Cd, Hg, Pb and Ni, though the EEA report refers to rural background measurements.
Reported line charts also provide additional information about the influence of rainfall and distance
on the accumulation of elements by H. cupressiforme moss bags. Finally, Table 5 shows how similar
exposure condition (as it concerns rainfall and distance from the source of contamination) reduced
dispersion of accumulation values in some of the analyzed elements. Coefficient of variation is a
dimensionless measure of dispersion of data around the mean value, and in the present case study, it is
possible to notice how similar ecological condition of exposure reduced dispersion of accumulation
values of Na, Ca, Zn and Hg. This suggests that H. cupressiforme moss bags are more sensitive to the
influence of the two parameters considered in the present study, as it concerns the accumulation of
these elements, allowing for more accurate estimations of their presence if the ecological conditions of
exposure are more uniform.

4.2. Ecological Factors Influencing Biomonitoring Results

H. cupressiforme is a moss commonly used as biomonitor [3,28–33], in the present study H.
cupressiforme moss bags proved to be a very sensitive biomonitor to ecological features of the monitored
area. The role of ecological conditions of exposure in the accumulation of airborne pollutants will be
briefly discussed. High accumulation values of macro-elements (Table 1) must be attributed to the
vicinity of the sea and to the lithology of the area. More precisely, high levels of Na and Mg could be
explained by the deposition of sea salt and marine aerosol [23] transported inland from the sea (moss
bags distance from the sea ranges from ~1 to ~15 kms) by the S-E-wind dominant in the area. Ca, Fe,
K and Na are very common elements in Earth’s crust, so they can easily accumulate in moss bags
via dry deposition of soil particulate matter. This form of deposition strongly contributes to the total
concentration of elements in mosses, in fact elements originating from the soil readily accumulate in
mosses [24], especially in arid regions with sparse vegetal coverage and exposed lithology [25], as is
the study area. Reduced distances of bags by the source of contamination increase accumulation of
pollutants in bags [1,9,26]. Tables 1 and 2 also show that in the present case study, vicinity of the source
of contamination causes an increase in concentration of the anthropogenic elements Zn, Ni, Cu, V and
As, while background areas seem to be less concerned by the presence of these elements [20]. K and
Hg accumulation values are not in line with this trend, showing higher concentration levels in bags
positioned far from the industrial plant. Nevertheless, the reason for this could lie in the vicinity of the
sea and in sea-salt cations, transported by marine aerosol competing with K and Hg [1,10,14] or in
unexpected sources of contamination, increasing the content of these elements in bags positioned far
from the refinery. Regarding the influence of precipitation in elements’ accumulation, Tables 1 and 2
show how, in humid conditions of exposure (corresponding to autumn and spring in the studied area),
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concentration of Na, K and Hg in bags increase when compared to the dry conditions of exposure
(summer). This was expected as wet deposition is highly responsible for the accumulation of pollutants
in mosses [9] and in several studies pollutants’ accumulation in moss bags increased during humid
conditions of exposure [18]. Exceptions to this general rule emerge in the present study in Ca, Mg,
Zn, Ni, Cu, V and As. In fact, these elements reached higher accumulation values in the biomonitor
during the dry period of the year, likely via dry deposition, though differences between accumulation
values measured in dry and humid periods of the year are rarely significative. As this study concerns
the influence of anthropic activity on airborne pollutants present in the area, element contents in
bags appear to be influenced not only by the activity of the refinery, but also by construction works.
More precisely, line charts point out a peak in dry deposition after 2010 in almost all the monitored trace
elements. The explanation for this peak in pollutant content after 2010 could be the start of construction
works of a great dam in the vicinity of the study area, that probably led to the mobilization of a great
amount of particulate, that likely influenced trace elements’ content in bags. Table 4 quantifies the
variation in accumulation values before and after 2010 in some of the most representative elements.
In this case study, H. cupressiforme moss bags provided stable accumulation values during the analyzed
time frame, as cv values reported in Table 5 appear to be sufficiently low, considering the feature
of the study. In Table 5, it is also possible to observe that values measured in similar conditions of
exposure are less dispersed, showing the influence of ecological parameters in the features of pollutants
accumulation values in the biomonitor [1,9,18]. This study analyses a subset of data resulting from an
ongoing technical survey, in which the moss bag technique has been normally used since the early
1990s as a tool to assess air quality in the surroundings of an oil refinery. The application of this
approach, also in a technical, industrial field, confirms the validity of this biomonitoring technique as
it is cost-effective and permits prolonged and highly spatially and temporally detailed assessments.
Nevertheless, the influences of ecological parameters such as rainfall, lithology and the proximity of
the sea emerge clearly from the analysis of bag element content, underlining how this approach in
biomonitoring of airborne pollutants needs a carefully planned experimental design and a critical
evaluation of results on the basis of the ecological context.

5. Conclusions

The moss bag technique is known to be a valid biomonitoring approach, in this case study,
the reliability of this approach in the long-term monitoring of airborne pollutants has been proven by
the low level of variation of accumulation values measured in the monitored time frame. Nevertheless,
analysis of data demonstrate that bags were able to register environmental episodes that occurred
during the biomonitoring campaign (e.g., construction works in the study area), and that accumulation
values are affected by ecological factors such as the presence of the sea, underlining the importance of
a critical approach in interpreting accumulation data, and their relation with ecological conditions
of exposure. With that said, it is possible to consider the integration of the moss bag technique in
the quantitative and qualitative characterization of airborne pollutants presence in contexts strongly
influenced by human activity, such as industrial plants, cities, airports and similar, in order to guarantee
time and spatial extensive, and low-priced monitoring of the presence of pollutants and the impacts on
nature, in combination with other measurements achieved by more high-tech monitoring devices.
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