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Abstract

:

The atmosphere is an important pathway for microplastic (MP) transport; however, observations are limited, as traditional sampling methods are generally labor-intensive. Biological monitors (biomonitors) have been widely used as a simple alternative to determine the abundance or presence of anthropogenic pollutants. Here, we compared the effectiveness of co-located lichen and moss species as biomonitors of the atmospheric deposition of microplastics. Samples of the epiphytic lichen Evernia prunastri and the epigeic moss Pseudoscleropodium purum were collected from five remote areas of central Italy. A total of 154 MPs were found across all samples, 93.5% of which were fibers and 6.5% were fragments. The accumulation of MPs for lichens (range of 8–12 MP/g) was significantly lower than for mosses (12–17 MP/g), which might be related to their structural characteristics or habitat positions (epiphytic versus epigeic). Nonetheless, higher accumulation facilitates analytical determination and provides greater separation from the limit of detection, suggesting that mosses are preferred over lichens for studying the deposition of airborne MPs. This study further suggests that biomonitoring may be an effective tool to assess the spatial distribution of atmospheric microplastics, which is a key requirement for the development of waste mitigation policies.
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1. Introduction


Microplastics (MPs, plastic pieces < 5 mm) are generally produced as a consequence of photodegradation and biological, mechanical, thermo-oxidative, and hydrolytic degradations of plastic debris in the environment [1,2,3]. Microplastics have been found globally across all environmental compartments: aquatic [4,5,6], terrestrial [7,8,9], and atmospheric [10,11,12], as well as in plant [13,14] and animal [15,16,17] tissue, and even in human blood [18,19]. However, research has primarily focused on the marine environment, and studies on the presence of MPs in the atmosphere are scarce, despite the growing recognition of its importance as a transport pathway.



Microplastics in the atmosphere are mostly derived from fabric textiles [20,21,22], tire wear particles [23], and the construction industry [24]. MPs have been found in urban [10,25,26] and remote areas as a consequence of long-range atmospheric transport [12,24,27,28,29] and also at high atmospheric elevations [30]. Further, many studies have noted the dominance of plastic microfibers over fragments, especially in remote regions [25,27,28,29], suggesting preferential transport mechanisms.



This ubiquity of MPs in the atmosphere means that humans are potentially at risk. Humans can be exposed to MPs through inhalation, ingestion, and dermal contact, with potential consequences such as lung inflammation, immune and metabolic issues, DNA damage, and oxidative stress, causing issues in the respiratory, digestive, immune, reproductive, and nervous systems [31,32,33,34,35]. All of these health risks show the urgency of increasing our knowledge about the level of airborne MPs.



Lichens and mosses are well-established biomonitors of atmospheric pollution by potentially toxic elements (PTEs), nitrogen, persistent organic pollutants, and radionuclides, as they are cost-effective and are a simple alternative to instrument deposition monitoring [36,37]. Moreover, they possess a high capacity to effectively capture pollutants from the atmosphere, due to their structural (physical) characteristics. However, only a very few studies have used lichens [38,39] and mosses [40,41,42] to assess the deposition of airborne MPs. The aim of this study was to evaluate if co-located lichens and mosses have the same ability to accumulate MPs, specifically focusing on the epiphytic (tree-inhabiting) lichen Evernia prunastri (L.) Ach. and the epigeic (soil-inhabiting) pleurocarpous moss Pseudoscleropodium purum (Hedw.) M. Fleisch. Given that our aim was to compare the effectiveness of lichen and moss rather than the polymeric composition of atmospheric deposition, we focused our analysis on microplastic count only. To the best of our knowledge, this is the first study comparing the suitability of mosses and lichens for the assessment of the atmospheric deposition of anthropogenic MPs.




2. Materials and Methods


2.1. Study Area


The study was carried out at five remote sites in central Italy, three in Tuscany and two in Umbria (Figure 1). Site selection focused on remote areas (i.e., distance from urban centers) that received similar levels of regional background pollutant deposition. All study sites were based on prior studies that used similar background areas remote from local sources of pollution [43]. The elevation of the sites ranged from 440–1140 m asl. The climate was Mediterranean, with mild winters and warm, dry summers; mean annual temperature was 13–14 °C, and annual rainfall was 600–1000 mm [44].




2.2. Sample Collection


The epiphytic lichen Evernia prunastri and the epigeic moss Pseudoscleropodium purum (Figure 2) were selected as study species, as they have been widely used in biomonitoring studies to assess the atmospheric deposition of airborne pollutants [39,45]. They are widely distributed, easily identified, and were both present at all five study sites. From June–August 2022, lichen thalli were randomly collected from tree (Quercus cerris) branches as composites from a minimum of three trees, and moss samples were randomly collected in nearby open areas (50 m by 50 m), at least 3 m away from tree canopies, as composites from a minimum of five points. All samples were placed into paper bags, which were tightly closed to avoid contamination, and stored in a dry place until analysis. Five subsamples from the individual lichen and moss composite samples at each study site were subsequently analyzed for microplastics.




2.3. Microplastic Analysis


In the laboratory, air-dried (residual water < 10%) whole lichen thalli and the green parts of moss samples (roughly corresponding to the last 2–3 years of growth) were digested using the wet peroxide oxidation method [38,40]. Samples were then vacuum-filtered onto cellulose filter papers (Whatman Grade 1, Maidstone, UK, 1001-090, 11 µm) and placed into glass petri dishes for storage. The filter papers were examined for MPs under a stereomicroscope (Eurotek OXTL101TUSB, Eurotek, Inc, Eatontown, NJ, USA) equipped with a digital camera (MDCE-5C, NINGBO YONGXIN OPTICS CO., LTD. Ningbo, China), following a five-criteria method [38,39,40]. Microplastics were further verified using a hot needle test; if a particle melted or curled under the presence of a hot needle, it was counted as a microplastic. All MPs were classified (fiber or fragment) and measured using the open-source image-processing software ImageJ. In general, visual analysis was limited to particles >50 µm. Overall, 50 subsamples (25 lichens and 25 mosses; two species each at five sites, with five replicates) were analyzed.



Strict quality-control procedures were followed to ensure that contamination was minimized during sampling and analysis. Laboratory contamination was routinely controlled using analytical process blanks. All solutions were vacuum-filtered prior to use in the extraction process. All laboratory glassware used during digesting and filtering were covered with aluminum foil to prevent airborne contamination, and all glassware were rinsed in triplicate with filtered, deionized water. Surfaces were wiped down with paper towels and deionized water between the digestion of each sample. Digestion (process) blanks were vacuum-filtered using filtered, deionized water in place of sample media and analyzed for microplastic contamination. Finally, cotton clothing was worn during the collection of the moss and lichen samples and the laboratory extraction of microplastics.




2.4. Statistical Analysis


A linear mixed-effect model (LMEM) was fitted to check the differences between moss and lichen samples, with the type of biomonitor (i.e., lichen or moss) as the fixed factor and the site as the random factor. The significance of the LMEM (p < 0.05) was checked with the analysis of deviance (type II Wald chi-square). For model validation, scatterplots of the residual and fitted values were used to check for homoscedasticity (see Supplementary Materials Figure S1), and the Shapiro–Wilk test was used to check for data normality. All calculations were run with the R software [46].





3. Results


Overall, a total of 154 MPs were found across all subsamples (n = 50) from the five study sites; 62 MPs were found in lichens, and 92 MPs were found in mosses. The vast majority (93.5%) of MPs were classified as fibers, and only 6.5% were classified as fragments (see Supplementary Materials Figure S2). In mosses, the MP proportion consisted of 90% fibers and 10% fragments, while in lichens, it was 98% fibers and 2% fragments (Figure 3).



Across all of the five study sites, the mean MP concentrations (per gram of dry mass) ranged from 7.9–12.5 in lichens and 12.5–21.2 in mosses; fibers ranged from 7.9–11.7 in lichens and 9.5–19.6 in mosses; fragments ranged from 0–0.8 in lichens and 0–4.0 in mosses. The mean concentration of MPs across all sites was ~50% higher for moss (14.5 MP/g), compared to lichen (9.7 MP/g). Further variability (relative standard deviation) between sites was higher for moss (26%), compared with lichen (18%), suggesting that lichens had a lower capacity to trap MPs (Table 1). Mean MP concentrations at the Tuscan sites (lichen: 8.7 MP/g, moss: 12.6 MP/g; sites 1–3) were slightly lower than Umbria (lichen: 11.4 MP/g, moss: 17.4 MP/g; sites 4 and 5); however, there was no significant difference among the sites.



The fiber length distributions ranged from 147–4461 µm in lichens and 139–4075 µm in mosses (Table 1; Figure 4). The fragment length distributions ranged from 500–653 µm in lichens and 292–592 µm in mosses (Figure 5).



All of the above features (concentrations of MPs, fibers, and fragments and fragment lengths) were significantly different (p < 0.05) between lichen and moss (higher in moss, except for fragment length), with the only exception being fiber length.




4. Discussion


Our results suggested that the moss P. purum accumulated a higher number of airborne MPs than the lichen E. prunastri. There are several possible explanations for this outcome, including the limitations in our study design. First of all, the study lichen was epiphytic, meaning that it was, at least partially, sheltered by the tree canopy from spring to autumn (however, the tree canopy could increase the scavenging of atmospheric MPs [47], potentially leading to higher concentrations in lichens), while the moss was epigeic and was collected in open areas at least 3 m from the nearest tree canopy. Second, the structural characteristics of the two cryptogams might play an important role. The pleurocarpous branched stems with leaflets, the wider growth of mosses on the substrate, and its higher surface-to-mass ratio might make it more efficient at intercepting and retaining airborne MPs.



A study comparing the capacity of bioaccumulation of PTEs in epigeic mosses and epiphytic lichens showed higher concentrations of elements (subjected to long-range atmospheric transport) in moss [48]. Similar studies showed higher contents of PTEs and polycyclic aromatic hydrocarbons in mosses [49,50]. Adamo et al. [51] emphasized the role of the higher surface area of a moss species, compared to a lichen species, to explain the higher concentrations of trace elements in mosses. Nevertheless, despite these differences in the ability to accumulate airborne pollutants, all these studies clearly showed that both mosses and lichens can be used to monitor their atmospheric deposition. Our study fell within this case: irrespective of absolute values, both organisms clearly indicated that the remote areas investigated were subjected to the deposition of atmospheric MPs.



Another important parameter to consider is the age of the biomonitor. Although the growth rate can be influenced by a wide array of factors, including species-specific differences, which we have not assessed experimentally, we can assume that the lichen was older than the analyzed moss portion. However, this should imply a higher accumulation, since longer and slower growth means longer exposure to wind, rainfall, biomass loss, MPs, etc. In order to overcome this problem, we suggest the use of lichen and moss bags, i.e., samples taken from a remote/background site and transplanted to the study area, referring the final values to the starting conditions [52].



Only a few studies have used lichens and mosses to evaluate the deposition of atmospheric microplastics. A study at a landfill dumping site in central Italy showed an average accumulation of 79 MP/g in the foliose epiphytic lichen Flavoparmelia caperata (L.) Hale. However, at greater distances from the landfill (i.e., at remote sites), the concentration dropped to 7–13 MP/g [38]. In a remote area of northern Italy, lichen bags of E. prunastri exposed for 3 months showed 12–24 MP/g [39]. Roblin and Aherne [40] found 15–30 MP/g in mosses collected from remote areas of Ireland, while Bertrim and Aherne [41] reported an average of 3 MP/g in moss from a remote area of Ontario, Canada. Capozzi et al. [42] found an average of 53–87 MPs in moss samples collected at rural sites in southern Italy, close to the city of Naples. Our results were largely consistent with or at the lower end of the range for studies in background regions in Europe [38,39,40], with lichen concentrations at 7.9–12.5 MP/g and moss at 12.5–21.2 MP/g (Table 1).



Our results were further consistent with all other similar studies [38,39,40,41,42], as fibers dominated over fragments. This was likely caused by the differences in the settling velocity of MP types, due to their weight, with fibers having a low mass-to-surface ratio and, consequently, being more easily transported over longer distances or more easily attached and retained by biomonitors, compared to fragments. This outcome was further supported by investigations using methods other than biomonitors, which yielded comparable results. For example, Ding et al. [53] demonstrated that 88–100% of the MPs in the atmosphere over the northwestern Pacific Ocean were fibers; the study took place on a cruise ship, with an offshore distance of 400 km. Another study that investigated MPs in Antarctic snow found that 60% were fibers [29]. The use of synthetic textiles was shown to be a major contributor to airborne microfibers (MFs), which were among the dominant types of MPs found at or close to inhabited regions, as shown for Ross Island (Antarctica), where the research facility and its field equipment constituted the primary origin of MFs [29].



According to our findings, MFs with a length < 500 µm were prevalent in both lichens and mosses, emphasizing their potential as indicators of long-distance MF transport. As MFs decrease in size, they become and remain airborne more easily, and thus, they are more likely to be transported over greater distances. This suggests that shorter MFs may be widespread in remote regions.




5. Conclusions


Our study shows that both lichen and moss species are effective biomonitors of the deposition of airborne microplastics. Our results further suggest that epigeic mosses may serve as a more effective indicator of atmospheric microplastic contamination, compared with epiphytic lichens, due to their more favorable structure and their open habitat position. However, we note our caution in identifying an optimum species for biomonitoring of atmospheric microplastics, given the limitations of comparing an epiphytic lichen to an epigeic moss. To shed further light on the effectiveness of using lichens and mosses, we recommend that future research compare a parallel exposure of transplants of both organisms.
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Figure 1. Study area in central Italy showing the (A) map of Italy with the Tuscan and Umbria regions highlighted; (B) sampling zones in Tuscany—SZ1, with three sampling sites (N 43.64353° E 011.97958°; N 43.34555° E 11.15181°; N 43.337333° E 11.171333°), and in Umbria—SZ2, with two sampling sites (N 42.4844759° E 12.707810°; N 42.4846855° E 12.707860°); and (C) an image of a sampling site. 
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Figure 2. Epiphytic lichen species Evernia prunastri (L.) Ach. (A) and epigeic pleurocarpous moss species Pseudoscleropodium purum (Hedw.) M. Fleisch (B). 
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Figure 3. Proportions of fibers and fragments in moss and lichen samples from the five study sites. 
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Figure 4. Frequency distributions of microfiber lengths (n = 144). 
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Figure 5. Frequency distributions of fragment lengths (n = 10). 






Figure 5. Frequency distributions of fragment lengths (n = 10).



[image: Atmosphere 14 01007 g005]







[image: Table] 





Table 1. Mean (±standard error) numbers of MPs, fibers, and fragments accumulated (per gram of dry matter) by the fruticose lichen Evernia prunastri (L) and the moss Pseudoscleropodium purum (M), along with fiber lengths (µm) at five remote sites of Central Italy (Tuscany 1–3; Umbria 4 and 5).
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Site

	
Microplastics

	
Fibers

	
Fragments

	
Fiber Length (µm)




	
L

	
M

	
L

	
M

	
L

	
M

	
L

	
M






	
1

	
8.6 ± 3.8

	
12.5 ± 5.6

	
8.6 ± 3.8

	
12.5 ± 5.6

	
0 ± 0

	
0 ± 0

	
2286 ± 660

	
1822 ± 470




	
2

	
7.9 ± 3.5

	
12.7 ± 5.6

	
7.9 ± 3.5

	
11.8 ± 5.3

	
0 ± 0

	
0.8 ± 0.4

	
1129 ± 357

	
469 ± 130




	
3

	
9.5 ± 4.2

	
12.6 ± 5.6

	
9.5 ± 4.2

	
11.8 ± 5.3

	
0 ± 0

	
0.8 ± 0.4

	
2844 ± 821

	
1272 ± 446




	
4

	
12.5 ± 5.6

	
13.5 ± 6.1

	
11.7 ± 5.2

	
9.5 ± 4.2

	
0.8 ± 0.4

	
4.0 ± 1.8

	
2157 ± 557

	
2033 ± 564




	
5

	
10.2 ± 4.6

	
21.2 ± 9.5

	
10.2 ± 4.6

	
19.6 ± 8.8

	
0 ± 0

	
1.6 ± 0.7

	
2025 ± 569

	
1631 ± 340
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