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Abstract: Interest in using lichens and mosses to monitor airborne microplastics is growing,
but few studies have thoroughly compared their effectiveness as biomonitors. Here, we
directly compare the ability of lichen and moss transplants collected from a rural area
to accumulate microfibers (MFs) and Potentially Toxic Elements (PTEs) under the same
deployment conditions. Transplants (n = 60; triplicates for both lichen and moss) were
co-deployed on tree branches across a range of urban exposure sites (e.g., commercial and
residential areas and urban parks) for 77 days in Siena, Italy. The results showed that both
biomonitors accumulated similar amounts of MFs, in terms of counts and on a mass basis,
but when expressed on a surface area basis, lichens showed significantly higher values.
Irrespective of the metric, lichen and moss MF accumulation data were strongly correlated.
In contrast, there was no correlation between MFs and PTEs, suggesting that their sources
were different. MFs accumulated by lichen and moss transplants were dominated by
polyethylene terephthalate (PET) and polypropylene polymers, suggesting that the main
source of airborne MFs is synthetic textiles. Our results suggest that both lichen and moss
transplants can be effectively used as low-cost monitors of atmospheric MFs in urban areas
in support of the sustainable development goal of clean air.

Keywords: air quality; atmosphere; biomonitoring; microplastics; potentially toxic elements

1. Introduction
The increasing prevalence of microplastics (MPs, plastic particles < 5 mm) in the

environment has led to global concern about their potential impacts [1–3]. MPs have been
detected in aquatic [4–8] and terrestrial [9,10] ecosystems, in the atmosphere [11–13], in
plant [14,15] and animal [16] tissue, and even in human blood [17,18]. In the atmosphere,
MPs have been detected in a variety of shapes (e.g., fibers, foams, fragments, and films) and
polymer compositions [19]. However, numerous studies have highlighted that microfibers
(MFs) are the most common shape of airborne MPs [13,20]. Furthermore, some of the most
common polymers found in the atmosphere include polyethylene (PE), polypropylene (PP),
polystyrene (PS), and the polyester family polymers such as polyethylene terephthalate
(PET) [21–23].
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Sensitive biological organisms, such as lichens and mosses, are commonly used as
biomonitors to detect airborne contaminants, e.g., potentially toxic elements (PTEs) [24–28],
PAH [29–31], or nitrogen [32–34]. Lichens and mosses have been widely used as biomoni-
tors of atmospheric deposition since the late 1960s because they have a high capacity to
trap and accumulate atmospheric particles [35,36]. Recently, mosses and lichens have also
been used to monitor the deposition of airborne MPs in rural areas of Ireland [19] and
Central Italy [37], as well as in urban areas, such as Toronto, Canada [38], Naples and Milan,
Italy [39,40], and around a landfill dumping site, Italy [41].

The ability of the moss Pseudoscleropodium purum and the lichen Evernia prunastri to
retain airborne MFs has been compared in natural environments, and the results suggested
that moss accumulated a higher number of MFs [37]. Nevertheless, this study concluded
that key factors such as the age of the organisms (i.e., a longer exposure time) and their
habitat position (horizontally on the soil for the moss and vertically on tree trunks for the
lichen) may have affected the results.

In the present study, the two biomonitors (P. purum and E. prunastri) were collected
from a rural area and co-exposed for 77 days inside cotton bags at ten urban sites in Siena,
Central Italy, to compare the ability of mosses and lichens to accumulate MFs under the
same exposure conditions. The study also analyzed the possible differential accumulation
of PTEs by the two biomonitors.

2. Materials and Methods
2.1. Experimental Design

In this study, the epigeic (soil inhabiting) moss P. purum (Hedw.) M. Fleisch. and the
epiphytic (tree inhabiting) lichen E. prunastri (L.) Ach. were collected from a rural area in
Central Italy (43◦17′41.39′′ N, 11◦11′03.45′′ E) that is far away from any local sources of
air pollution. All samples were cleaned, avoiding the use of plastic tools, and stored in
paper bags at room temperature until they were placed into cotton-knit bags with a mesh
size of 1 cm. A total of 60 bags (triplicate for both moss and lichen) were deployed on tree
branches at a height of 2–2.5 m from the ground at 10 urban sites across the city of Siena
(43◦18′29.52′′ N, 11◦19′45.48′′ E), Central Italy (Figure 1). The sites were selected to cover a
gradient in anthropogenic intensity, but they were also based on the availability of trees for
sample deployment, namely, commercial areas (S1, S2), urban parks (S3, S7), the city center
(S8, S9), botanical gardens (S4, S6), and residential areas (S5, S10). The exposure lasted
77 days, (from 26 October 2023 to 11 January 2024; a total of 4–12 weeks of exposure is
typically recommended for transplants [42,43]) between autumn and winter, typically the
most humid period of the year, in order to guarantee optimal survival conditions for both
species. Three unexposed bagged samples for each biomonitor were used as controls. Siena
has a population of about 55,000 inhabitants, but the number of residents is much higher
due to university students and tourist influx all year round. The area has a Mediterranean
climate, with an average annual temperature of 13.4 ◦C and an annual rainfall of 777 mm.
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Figure 1. (A) Location of the province of Siena, Central Italy. (B) Deployment sites (n = 10) for lichen 
and moss transplants across the city of Siena with coordinates (latitude and longitude in decimal 
degrees). 

2.2. Microplastic Extraction 

Following collection, all samples (1 g per sampling site) were air-dried to a constant 
weight (residual water < 10%) and digested using a wet peroxide oxidation method 
[19,37,40,41]. Samples were then vacuum-filtered onto cellulose filter papers (Whatman 
Grade 1,  Mainstone, UK, 1001-090, 11 µm) and placed into glass Petri dishes for storage. 
The filter papers were examined for MFs under a stereomicroscope (Eurotek 
OXTL101TUSB, Eurotek, Inc, Eatontown, NJ, USA) equipped with a digital camera 
(MDCE-5C, NINGBO YONGXIN OPTICS CO., LTD. Ningbo, China) using the standard 
five-criteria method. MFs were further verified using a hot needle test that was set at a 
temperature of 300 °C, which is higher than the melting point of the vast majority of plastic 
polymers; if a suspected MF melted upon contact with the hot needle, it was counted as a 
MP. All MFs were measured using the open-source image processing software ImageJ 
1.53t [44]. The five-criteria method included (a) unnatural color, (b) material homogeneity, 
(c) particle resiliency, (d) reflective surface, and (e) limited fraying [37,40,45]. The visual 
limit for particle detection is about 50 µm. Analytical blanks were routinely processed to 
check for potential laboratory contamination; no MFs were detected in the analytical 
blank. All glassware was rinsed three times with filtered deionized water before use, and 
aluminum foil was used to cover the glassware during MP extraction to prevent airborne 
contamination. Furthermore, surfaces were cleaned using paper towels and filtered de-
ionized water, and all personnel wore cotton clothing throughout the process. MF accu-
mulation, i.e., the difference between control and exposed samples, was expressed both 
on a mass basis (MF/g) and on a surface area basis (MF/m2). For the latter, mass data were 
converted into surface area (Equation (1)) using the values of 0.135 m2/g and 0.012 m2/g 
for the moss and lichen’s [40] specific surface area, respectively, measured following the 
method reported by [46]. 

MF accumulation (MF/m2) = MF (MF/g) / specific surface area (m2/g) (1)

2.3. Polymer Identification 

Figure 1. (A) Location of the province of Siena, Central Italy. (B) Deployment sites (n = 10) for
lichen and moss transplants across the city of Siena with coordinates (latitude and longitude in
decimal degrees).

2.2. Microplastic Extraction

Following collection, all samples (1 g per sampling site) were air-dried to a con-
stant weight (residual water < 10%) and digested using a wet peroxide oxidation
method [19,37,40,41]. Samples were then vacuum-filtered onto cellulose filter papers
(Whatman Grade 1, Mainstone, UK, 1001-090, 11 µm) and placed into glass Petri dishes
for storage. The filter papers were examined for MFs under a stereomicroscope (Eurotek
OXTL101TUSB, Eurotek, Inc, Eatontown, NJ, USA) equipped with a digital camera (MDCE-
5C, NINGBO YONGXIN OPTICS CO., LTD. Ningbo, China) using the standard five-criteria
method. MFs were further verified using a hot needle test that was set at a temperature
of 300 ◦C, which is higher than the melting point of the vast majority of plastic polymers;
if a suspected MF melted upon contact with the hot needle, it was counted as a MP. All
MFs were measured using the open-source image processing software ImageJ 1.53t [44].
The five-criteria method included (a) unnatural color, (b) material homogeneity, (c) particle
resiliency, (d) reflective surface, and (e) limited fraying [37,40,45]. The visual limit for
particle detection is about 50 µm. Analytical blanks were routinely processed to check
for potential laboratory contamination; no MFs were detected in the analytical blank. All
glassware was rinsed three times with filtered deionized water before use, and aluminum
foil was used to cover the glassware during MP extraction to prevent airborne contam-
ination. Furthermore, surfaces were cleaned using paper towels and filtered deionized
water, and all personnel wore cotton clothing throughout the process. MF accumulation,
i.e., the difference between control and exposed samples, was expressed both on a mass
basis (MF/g) and on a surface area basis (MF/m2). For the latter, mass data were converted
into surface area (Equation (1)) using the values of 0.135 m2/g and 0.012 m2/g for the
moss and lichen’s [40] specific surface area, respectively, measured following the method
reported by [46].

MF accumulation (MF/m2) = MF (MF/g)/specific surface area (m2/g) (1)
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2.3. Polymer Identification

The polymer type of the extracted MFs was determined using µ-FT-IR (LUMOS II,
Bruker Scientific LLC, Billerica, MA, USA) in attenuated total reflectance (ATR) mode. Glass
slides with double-sided tape were prepared, and the extracted MFs were adhered to the
tape. The glass slides were fixed to the FTIR stage, and a spectrum (with a spectral range of
400 cm−1 to 4000 cm−1 and 32 scans) was captured for each MF using the LUMOS II OPUS
(version 8.7.31) spectroscopy software. The ATR crystal was cleaned with an isopropyl-
dipped tissue before each MF identification to avoid cross-contamination between scans.
Finally, the spectra were analyzed for polymer type using the open-source software Open
Specy [47]. About 25% of the total MF found in both the moss and the lichen were analyzed
for their polymer type.

2.4. Chemical Analysis

Samples (250 mg) were mineralized with 3 mL of HNO3 (67–69%), 0.2 mL of HF
(47–51%), and 0.5 mL of H2O2 (30–32%) in a microwave digestion system (Ethos 900,
Milestone, Bergamo, Italy) and analyzed for 8 potentially toxic elements (PTEs), namely,
Al, Ba, Cd, Cr, Cu, Fe, Sb, and Zn (mg/kg dw) using inductively coupled plasma—mass
spectrometry (ICP-MS, NexION 350x, Perkin Elmer, Waltham, MA, USA). The analytical
quality was checked using blanks and the certified reference material IAEA-336 “Lichen”.
PTE accumulation was expressed as the ratio of the concentration in exposed samples to
that of unexposed ones (EU ratio) [42].

2.5. Statistical Analysis

To disentangle any differences in the biomonitoring of MF and PTE accumulation,
a linear mixed-effects model (LMEM) was fitted, with the organism as a fixed factor and
the site as a random factor. For model validation, scatterplots of the residuals against the
explanatory variable and the fitted values were used to check for linearity and homoscedas-
ticity, respectively, and normal probability (qqnorm) plots were used to check for normality
since there is evidence that graphical methods are more informative than formal tests [48].
Significance of the models was checked with type II Anova (analysis of deviance) using the
Wald chi-square test. Correlations between MFs and PTEs were checked with Spearman’s
test and significant differences were assessed using the Mann–Whitney test. All statistical
calculations were performed using the free R software 4.4.1 [49].

3. Results
Control (unexposed) samples had 1 ± 1 MF/g for the moss and 1.3 ± 0.7 MF/g for

the lichen, corresponding to 10 ± 5 MF/m2 for the moss and 83 ± 83 MF/m2 for the lichen.
In samples retrieved after 77 days of exposure in the urban area of Siena (Table 1),

in total, 145 MFs were detected (Figure 2), with an average per site of 8.3 ± 1.2 MFs in moss
and 6.1 ± 1.1 MFs in lichen samples. On a mass basis, moss accumulated 2.8 ± 0.4 MF/g
and the lichen 2.0 ± 0.4 MF/g, while on a surface basis, moss accumulated 20 ± 3 MF/m2

and lichen 169 ± 31 MF/m2. The MF length ranged 114–4530 µm in moss and 64–4470 µm
in lichen, with a mean value of 1240 ± 100 µm and 1326 ± 122 µm, respectively. Statistically
significant differences between the moss and lichen data emerged only for surface-based
data, with higher values for the lichen (Mann–Whitney test: z = 3.60 p < 0.05). Irrespective
of the metric, the moss and lichen data were strongly correlated (Spearman’s test: r = 0.85
p < 0.05; Figure 3).
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Table 1. Total amount of microfibers (count), microfibers by mass (mean ± standard error), microfibers
by surface area (mean ± standard error), minimum (min) and maximum (max) microfiber length of
moss and lichen samples exposed for 77 days at 10 urban sites in Siena, Central Italy.

Site
Count Mass

(MF/g ± SE)
Surface Area
(MF/g ± SE)

Fiber Length
(µm)

Moss Lichen Moss Lichen Moss Lichen Moss Lichen

S1 6 2 2.0 ± 0.8 0.7 ± 0.7 15 ± 6 56 ± 56 114–966 1082–1923
S2 8 7 2.7 ± 0.9 2.3 ± 1.3 20 ± 7 194 ± 111 551–2340 430–3500
S3 6 6 2.0 ± 0.6 2.0 ± 0.2 15 ± 4 167 ± 17 581–3671 426–1156
S4 10 8 3.3 ± 1.2 2.7 ± 0.7 25 ± 9 222 ± 56 665–4530 393–2070
S5 4 5 1.3 ± 0.7 1.7 ± 1.7 10 ± 5 139 ± 139 461–2740 722–3800
S6 8 7 2.7 ± 1.3 2.3 ± 0.9 20 ± 10 194 ± 73 404–2870 533–2017
S7 12 6 4.0 ± 2.0 2.0 ± 1.2 30 ± 15 167 ± 96 290–2200 562–4067
S8 9 5 3.0 ± 1.5 1.7 ± 1.2 22 ± 11 139 ± 100 253–2294 462–2866
S9 16 14 5.3 ± 0.9 4.7 ± 1.7 40 ± 7 389 ± 139 285–3526 320–4470

S10 2 1 0.7 ± 0.3 0.3 ± 0.3 5 ± 2 28 ± 28 394–1240 1427
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and moss at the 10 study sites (Table 1).

The polymer types identified in MFs accumulated by the moss samples included
47% PET, 18% PP, 12% PE, 6% polyamide (PA), 6% high density polyethylene (HDPE), 6%
polyvinyl chloride (PVC), and 6% polyurethane (PU), while MFs in lichen samples included
65% PET, 17% PP, 6% PE, 6% PS, and 6% polyacrylonitrile (PAN) (Figure 4). The difference
in the number of polymer types accumulated by the moss and lichen may reflect their
specific surface area, but it more likely reflects intersite variation in transplant exposures.
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(B) samples.

The accumulation of PTEs, expressed as EU ratios, was found to be significantly
(Mann–Whitney test: p < 0.05) higher in mosses compared to lichens, with the only excep-
tion of Cd, which was higher in lichens (Table 2).

Table 2. Accumulation (EU) ratios (mean ± standard error) of potentially toxic elements in the moss
and lichen samples co-exposed for 77 days at 10 urban sites in Siena, Central Italy.

Al Ba Cd Cr Cu Fe Sb Zn

Lichen 0.80 ± 0.04 0.90 ± 0.02 1.23 ± 0.07 0.94 ± 0.03 1.08 ± 0.04 0.91 ± 0.80 0.44 ± 0.09 1.04 ± 0.04
Moss 2.03 ± 0.19 2.07 ± 0.06 0.90 ± 0.05 2.14 ± 0.07 1.91 ± 0.08 2.10 ± 0.07 1.47 ± 0.33 1.72 ± 0.07

Microfibers showed no statistically significant correlation with PTEs for either mosses
or lichens.

4. Discussion
In a study conducted in rural areas of Central Italy with in situ samples (i.e., not

transplants), mosses showed significantly higher MF concentrations than lichens, with
14.5 MF/g and 9.7 MF/g, respectively, and we concluded that these differences could be
due to the influence of natural positioning (horizontal soil vs. vertical tree trunks) and
possibly also age, i.e., exposure time [37]. To evaluate the real efficacy of mosses and lichens
as biomonitors for the deposition of airborne MFs, a transplant experiment was conducted
in this study, exposing both organisms inside cotton bags side by side for 77 days across
10 urban sites, reflecting a range in anthropogenic intensity. The results showed that the
total net accumulation of MFs after accounting for MFs present in unexposed samples
was similar (83 vs. 70 MFs). In concert, a study in Naples (Southern Italy) found 102 ± 24
and 87 ± 17 MFs accumulated by moss and lichen transplants, respectively, exposed for
six weeks [39]. Similarly in the study in Naples, although a higher amount of MFs was
found on moss, the difference was not statistically significant. As such, we can argue that in
absolute MFs terms, all factors being equal, the ability of mosses and lichens to accumulate
airborne MFs is similar. Furthermore, we reached the same conclusion expressing MF data
on a mass basis. However, results were different when MF data were expressed on a surface
area basis since the surface/mass ratio of moss is much higher (i.e., the same biomass has
a higher surface), leading to a lower MF content per unit surface area in the moss group.
Since accumulated MFs are essentially MFs that are intercepted and retained by the moss
or the lichen, it may be suggested that while the ability to retain MFs may depend upon
a wide array of factors such as habitus, structure, external layer, etc., the surface that can
intercept airborne MFs plays a fundamental role; thus, the expression of the data on a
surface area basis is recommended. Irrespective of the metric used to represent the data,
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the strong correlation found between the moss and lichen data is a good indication that
both biomonitors work well and provide the same qualitative information.

It is noteworthy that the mass/surface ratio of the moss Hypnum cupressiforme
(0.135 g/m2) reported by [46] is identical to that of P. purum calculated here; this is probably
due to the almost identical habitus of the two species. The mass/surface ratio of the lichen
E. prunastri calculated by us (0.012 g/m2), despite a similar habitus, is about half of that
of the lichen Pseudevernia furfuracea (0.026 g/m2) reported by [46]; however, to check the
quality of our measure, we also calculated the mass/surface ratio for P. furfuracea, and we
obtained a values of 0.023 g/m2, which is consistent with the value reported by [46].

One study, focusing on the biomonitors’ ability to accumulate MFs and performed in
Naples, found that the bag enclosing the moss (H. cupressiforme) and lichen (P. furfuracea)
samples trapped a large amount of MFs, and the naked samples roughly accumulated a
similar total of MFs accumulated by the biomonitors plus the net [39]. This result is logical
since MF deposition is, at least largely, a merely passive process. However, it should be
noted that the mesh size of the bagging net used by [39] was 2 mm, while our bags had
a much wider mesh size of 1 cm. Nevertheless, also in our study, MF interception by the
bag is likely since the amount of MFs detected in the exposed samples was modest. In
fact, a study conducted in urban parks in Siena using tree leaves [45] reported an average
MF deposition of 7.1 ± 0.6 MF/g, corresponding to 600 ± 53 MF/m2, which is higher
than the values observed in our study (on average 2.3–2.8 MF/g and 20–194 MF/m2).
Moreover, in our study, the deployment of samples below the tree canopy may have caused
a shielding effect that could have affected the deposition of MFs since plant canopy can
affect air circulation around the biomonitor’s surface [41], and the leaves may have acted
as biomonitors themselves, collecting MPs [45], with dynamic fluctuations contributing
to the process [50]. As a last issue for consideration, since the length of MFs accumulated
was not different between the two biomonitors, as already observed for the same species in
their natural environment [37]; considering that the longest fiber measured in our samples
was about 4.5 mm, the mesh size of 1 cm was large enough to allow MFs to be deposited
on the samples without being necessarily intercepted by the bagging net. However, this
issue has not been approached experimentally and cannot be evaluated properly.

Contrary to MFs, the moss and lichen showed a differential accumulation of PTEs, with
the moss presenting higher levels for all elements but Cd (see Supplementary Materials).
It should be noted that using the same metric, i.e., the EU ratio, for MFs, the moss also
showed a statistically significant higher accumulation. However, the use of this metric for
MFs may be questionable since MFs are xenobiotics, i.e., artificial substances foreign to
living organisms, and a “natural” background for MFs is not reasonable.

Interestingly, none of the investigated PTEs showed any significant correlation with
MFs, suggesting that their sources are different. Given the lack of industrial areas in Siena,
the only known local sources of air pollution by PTEs are from heating systems and vehicle
traffic. It is important to remark that since our focus was on MFs with a visual detection
limit of about 50 µm in this study, we did not identify traffic-related microplastics such as
tire wear particles or nanoplastics, with the former reported in Siena [45].

We suggest that in our study, the source of MFs was related to the use of synthetic
clothes and plastic materials by people. This is confirmed also by the fact that the predomi-
nant polymer type of MFs was PET, also known as polyester, accounting for 47% in mosses
and 65% in lichens, since PET is the most commonly used thermoplastic polymer in the
textile industry and food packaging [51]. This is consistent with the study in Siena that
used tree leaves as biomonitors of airborne MPs [45], which also showed that PET was the
main plastic polymer.
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5. Conclusions
This study compared the ability of the moss P. purum and the lichen E. prunastri

to accumulate MFs under the same exposure conditions when transplanted across sites
reflecting a range in anthropogenic intensity. The results showed similar amounts of MFs
accumulated by both biomonitors, both as counts and on a mass basis, but when expressed
on a surface area basis, the data showed much higher values for lichens. Based on the
strong correlation between the moss and lichen data, it can thus be concluded that although
the metric determines the outcome, both biomonitors work quantitatively well, but lichens
should be preferred since a higher sensitivity is a valuable feature. Moreover, surface-based
data, given a known exposure time, are ideal to estimate deposition rates. MFs accumulated
by the both moss and lichen samples were dominated by PET and PP polymers, suggesting
that the main source of airborne MFs is related to the use of synthetic textiles and single-
use plastic materials. No association at all emerged between MFs and PTEs, suggesting
that their sources are different. Overall, our results suggest that both lichen and moss
transplants can be effectively used as low-cost monitoring tools for atmospheric MFs in
urban areas, thus supporting the sustainable development goal of clean air.

Supplementary Materials: The following supporting information can be downloaded at the fol-
lowing website: https://www.mdpi.com/article/10.3390/su17020537/s1, Table S1: Trace elements
concentration (mg/kg) for control and exposed (S1–S10) moss transplants; Table S2: Trace elements
concentration (mg/kg) for control and exposed (S1–S10) lichen transplants.
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