Environ Geochem Health (2024) 46:244
https://doi.org/10.1007/s10653-024-01977-6

ORIGINAL PAPER

q

Check for
updates

Biomonitoring of airborne microplastics and microrubbers
in Shiraz, Iran, using lichens and moss

Nafiseh Khodabakhshloo - Sajjad Abbasi
Patryk Oleszczuk - Andrew Turner

Received: 9 January 2024 / Accepted: 2 April 2024

© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Highlights

e Microplastics (MPs) and microrubbers (MRs)
determined in lichens and mosses around Shiraz.

e In lichens, MPs mainly thin fibres up to 1 MP g~!;
MRs were < 0.1 MP g™,

e In mosses, abundances were similar but with a
greater fraction of larger, non-fibrous particles.

o Larger MPs and MRs decreased in abundance
with distance and elevation from Shiraz.

e Around Shiraz, the common moss, Grimmia cri-
tina, would be the most suitable biomonitor.

N. Khodabakhshloo - S. Abbasi
Centre for Environmental Studies and Emerging Pollutants
(ZISTANO), Shiraz University, Shiraz, Iran

S. Abbasi (IX)

Department of Earth Sciences, School of Science, Shiraz
University, Shiraz 71454, Iran

e-mail: sajjad.abbasi @shirazu.ac.ir;
sajjad.abbasi.h@gmail.com

P. Oleszczuk

Department of Radiochemistry and Environmental
Chemistry, Faculty of Chemistry, Maria Curie-Sktodowska
University, 20-031, Lublin, Poland

A. Turner

School of Geography, Earth and Environmental Sciences,
University of Plymouth, Plymouth PL4 8AA, UK

Published online: 08 June 2024

Abstract Lichens and mosses have been employed
as biomonitors of atmospheric particulate pollutants,
like metals and industrial solids, for many decades.
Here, we evaluated the potential of nine species of
crustose and foliose lichens and a widely distributed
moss (Grimmia critina) to act as biomonitors of air-
borne microplastics (MPs) and microrubbers (MRs).
About 200 lichens and 40 mosses were sampled
across different altitudinal transects in the vicinity of
Shiraz City, southwest Iran, and MPs and MRs were
quantified and characterised after sample peroxida-
tion. In most species of lichen, MP and MR abun-
dance overall was<1 g~! and<0.1 g~!, respectively,
and the majority of plastics were fibres of < 10 um in
diameter and < 1000 um in length. Respective weight
normalised abundances of MPs and MRs were simi-
lar in G. critina, but there were greater proportions
of both larger (> 1000 pm) and non-fibrous particles
among the MPs. In both lichens and moss, there was
a greater number of larger MPs and MRs at loca-
tions closest to and at the same elevation as Shiraz
than at more distant and elevated locations, sug-
gesting an inverse relationship between particle size
and distance travelled. Among the lichens, members
of the genus Acarospora, with their areolated form,
appeared to act as the most suitable biomonitors for
MPs and MRs. Overall, however, the wide distribu-
tion of the moss, G. crinita, and its ability to intercept
and accumulate a broader range of sizes and shapes
of MPs and MRs make this species a better choice, at
least in the type of environment studied.
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Introduction

Biomonitoring is the use of an organism to gain infor-
mation about the biosphere, and either from changes in
an organism’s behaviour or from the concentrations of
specific substances in its tissues. Mosses and lichens are
widely distributed and are among the most commonly
employed biomonitors of atmospheric pollution. This is
because their lack of roots ensures that their nutrients
are largely acquired from aerial sources and not the
substratum (Garty, 2001; Wolterbeek, 2002). With high
surface area to dry mass ratios that do not vary season-
ally, mosses and lichens passively take up gaseous pol-
lutants and intercept and accumulate airborne particu-
late matter over a period of years (Bargagli et al., 2002;
Szczepaniak & Biziuk, 2003). Consequently, they have
been used as general indicators of air quality and long-
term integrators of trace metals, radionuclides, persis-
tent organic pollutants, industrial particulates and mag-
netic particles (Augusto et al., 2013; Bargagli, 2016;
Branquinho et al., 2008; Gomez et al., 2021; Loppi &
Bonini, 2000; Sawidis et al., 1997).

One form of airborne contaminant that has been
gaining increasing attention over the past decade is
microplastics (MPs). Although MPs are convention-
ally defined as being<5 mm in size, in the atmos-
phere they are typically much smaller and are often
fibrous in nature (Dris et al., 2016; Liu et al., 2019;
Roblin et al., 2020). Their aerodynamic properties
also ensure that many of the finest MPs are subject
to long-range (100-1000 s of km) transport (Brahney
et al., 2020). Consequently, they have been detected
in the atmosphere or in atmospheric deposition in
regions remote from any direct sources, including
the Arctic, pristine mountain ranges and plains and
subtropical deserts (Abbasi et al., 2021; Allen et al.,
2019; Bergmann et al., 2019; Brahney et al., 2020;
Feng et al., 2020).

Recently, the concept of employing lichens and
mosses as biomonitors of MPs has been addressed.
Roblin and Aherne (2020) detected fibrous MPs in
the mountain fern moss, Hylocomium splendens, sam-
pled from three lake catchments in Ireland and used
the data to estimate the annual average atmospheric
deposition of plastic microfibres. Loppi et al. (2021)
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investigated the association of MPs with the common
greenshield foliose lichen, Flavoparmelia caperata,
in the immediate vicinity of an Italian landfill site
and concluded that lichens more generally have the
potential to monitor airborne MPs. A similar conclu-
sion was reached by Jafarova et al. (2022) after trans-
planting the epiphytic lichen, Everina prunastri, from
a remote area to urban and suburbanised areas of Italy
for a period of three months. Capozzi et al. (2023a)
transplanted the moss, Hypnum cupressiforme, and
the foliose lichen, Pseudevernia furfuracea, to rural
and urban environments of Campania for a period of
six weeks and found that the former was more effi-
cient at capturing microfibres because of its looser
and more articulated architecture. The same species
of moss was used in situ by Capozzi et al. (2023b)
to measure the accumulation of MPs throughout the
Campania region, with greater quantities and longer
fibres found closer to urbanised areas.

Clearly, mosses and lichens are able to intercept
and capture MPs but the limited number of studies to
date encompass only a few species and environmen-
tal variables and have not fully considered the effects
of particle characteristics. In the present study, we
provide a more comprehensive investigation into the
ability of a greater diversity of common crustose and
foliose lichens and a widely occurring moss to act as
biomonitors of both MPs and microrubbers (MRs) in
a semi-arid region. We hypothesise that the capture
of MPs and MRs might be affected by the distance
from and elevation above a large urbanised and indus-
trialised centre (Shiraz City, southwest Iran), and that
certain species of cryptogram might act as better bio-
monitors than others, or capture particles of specific
properties (e.g., size, shape, composition) depending
on factors like their habitat and morphology.

Methods
Sampling

Samples of epilithic lichens and moss were collected
from the Shiraz district of the Fars province in south-
west Iran between September and October 2021.
Shiraz City itself has a population of around 1.9 mil-
lion distributed over an area of about 240 km? and
is located at an altitude of about 1600 m above sea
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level (ASL) on a green plain at the foot of the Zagros
Mountains. The climate is moderate semi-arid, with
an annual average rainfall, humidity and tempera-
ture of 335 mm, 64% and 18 °C, respectively, and
the prevailing wind direction is from the northwest.
The average temperature in the adjacent mountains
is lower than in Shiraz but other climatic features are
similar.

Sampling took place during a dry period on foot
and by operators wearing cotton clothing and latex
gloves. Eight altitudinal transects were sampled (T1
to T8) through a mountainous area (Mount Baba
Koohi) immediately to the northeast of the city
(Fig. 1). T1-T3 are near to some small centres of
population and a large petrochemical unit, T4, to the
northwest, faces the prevailing wind, and T5-T8 are
within the urban area of Shiraz City. Transects began
at about 1600 m ASL at different locations around
the foot of the mountain and ended at about 1,900 to
2,100 m ASL, with lichen and moss sampled from
rocky, calcareous substrates at between three and
six elevations (or heights) in each transect. Samples
were also collected from two control sites along a
transect of Bamu Mountain, a further 10 km to the
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northeast that is more remote from urban and indus-
trial influence.

At each site, and within an open and exposed area
of about 1000 m? at a fixed altitude, the moss, Grim-
mia crinita, was collected, along with individuals or
multiple samples (composites) of all species of lichen
evident. The latter included one or more of the follow-
ing nine species (illustrated in Fig. 2 and described
in Seaward et al., 2004; Ghiyasi & Sohrabi, 2019;
Sohrabi et al., 2019): Acarospora sp. (A. bullata
and A. cervina), Anaptychia bryorum, Candelariella
rhodax Poelt & Vézda, Calogaya biatorina, Collema
polycarpon, Dermatocarpon miniatum, Lobothallia
sp., Placidium squamulosum (Ach.) Breuss, Squama-
rina lentigera.

Palm-sized samples of moss gametophytes and
lichen thalli were photographed and scaled with a
mme-interval ruler in situ before being removed from
the substrate, taking care to avoid material from the
substrate itself, with a pre-cleaned (in filtered, dis-
tilled water), stainless steel spatula and stainless
steel pocketknife. Using the spatula and a wooden
horse-hair brush, material was carefully transferred
on to a sheet of pre-cleaned aluminium foil that was
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Fig. 1 Location of the eight transects (T) and different sampling sites based on height (H) on Baba Koohi Mountain
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Fig. 2 Images of the different lichen species and moss sampled

subsequently wrapped around the sample, labelled
and stored in a metal box. The geometric surface
areas of the samples were subsequently estimated
from the photographs using Digimizer image analysis
software.

Sample processing

Subsequent processing of samples was undertaken
in a clean laboratory where working surfaces had
been wiped with ethanol, reagents had been filtered
through 2 um S&S blue band filters, glassware had
been cleaned with distilled water and was wrapped in
aluminium foil until use, and operators wore cotton
laboratory coats (Abbasi et al., 2019). Samples were
air-dried to constant weight at room temperature in a
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metallic cabinet for a few days before being weighed
(individuals or composites up to about 35 g for
lichens and 25 g for mosses) on an electronic analyti-
cal microbalance (Libror AEL-40SM; Shimadzu) and
transferred to a series of pre-cleaned, elongated 100
mL glass beakers. Twenty mL of 30% hydrogen per-
oxide (Arman Sina, Tehran) was added to each beaker
and the foil-wrapped contents were digested. Diges-
tion proceeded at room temperature for 4 d and then
at 40-50 °C for 3 d in an oven in order to evaporate
any remaining liquid. Fifty mL of saturated ZnCl,
solution (Arman Sina, Tehran; density 1.8 g cm™)
was then added to each sample before beakers were
wrapped in clean Al foil and agitated for 5 min at 350
rpm on a lateral shaker. After the contents had been
allowed to settle for 24 h, remaining supernatants
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were vacuum-filtered through 2 um and rinsed with
distilled water. Density separation and filtering was
repeated twice more through the same filters, with
filters subsequently dried at room temperature in a
metal cabinet for 48 h and transferred to individual
petri dishes for MP and MR identification.

Microplastic and microrubber identification and
quantification

Filters arising from the lichen and moss digests were
inspected using a stereo digital microscope (Sairan
DSM3000) at up to 200 x magnification. Commonly
employed visual sorting methods and criteria were
used to identify and characterise MPs and MRs
according to Hidalgo-Ruz et al. (2012) and Abbasi
et al. (2019). Thus, MPs were identified from their
form, hardness, gloss, uniform colour and reaction
to a hot needle (melting or curling) and lack of cel-
lular or organic structures, with fibres exhibiting
uniform thickness and no warping or twisting. MRs
were identified by their (usually) black and non-gloss
appearance, high elasticity and propensity to revers-
ibly deform. MPs and MRs were classified according
to colour as: white-transparent, yellow-orange, red-
pink, blue-green or black-grey; and by shape as: fibre
(with a length to diameter ratio> 10), film, fragment
or spherule. With the aid of a probe and Image] soft-
ware, MPs and MRs were classified by size in terms
of length or primary diameter, L, as: 50 <L <100 pm;
100 <L <250 pum; 250<L <500 um; 500 <L <1000
um; L>1000 pum; and, for fibres, by diameter, d, as
thin (d <10 um), medium (10 <d <20 ym) and thick
(d>20 um).

Three controls that were subject to digestion,
separation, filtration and drying as above but in the
absence of sample material returned a total of one
fibre. As positive controls, triplicate samples of moss
(G. crinita) spiked with 50 MPs of distinctive col-
ours, shapes and polymer types were subjected to the
same protocols of processing and MP identification.
Recovery varied among colours and polymer types
but averaged 95.4%.

In order to verify that particles identified as MPs
were of plastic construction, the polymeric compo-
sition of fifteen fibres and five fragments of various
colours and sizes and isolated from G. crinita from
different locations was determined by micro-Raman
spectrometry. Specifically, we used a LabRAM HR

(Horiba, Japan) with a laser of 785 nm, Raman shift
of 400-1800 cm™! and acquisition times between 20
and 30 s, and compared Raman spectra with online,
open access data hosted at Open Specy (https://opena
nalysis.org/openspecy/) (Cowger et al., 2021). Results
revealed that all particles were thermoplastics and the
dominant polymers were polyethylene terephthalate,
nylon and polypropylene.

Statistics

Minitab v19 was employed for inferential statistics.
Specifically, differences in median MP or MR abun-
dances between transect groups were determined by
signed Mann-Whitney U-tests having established
non-normal data distributions (Anderson—Dar-
ling). An a-value of 0.05 was defined for statistical
significance.

Results
Distribution and characteristics of lichens and moss

A total of 37 sites were sampled from the nine
altitudinal transects (eight on Baba Koohi Moun-
tain and one control). The distribution and number
of epilithic lichens (or composites) sampled along
each transect, and totalling 166, are shown as a
function of increasing elevation in Table 1. By spe-
cies, the most abundant lichen was Acarospora sp.
(n=063) and the least abundant was D. miniatum
(n=2). Transects T4 and the control exhibited the
greatest diversity of lichens (all species present)
while T6 was least diverse (four species present).

The mean and median dry masses of individual
or composite lichens sampled were 3.72 g and 2.52
g, respectively, with a range from 0.19 to 34.33 g,
and by species, median masses ranged from 0.9
g for C. biatorina to 109 g for P. squamulosum.
Regarding geometric surface area, mean and median
values for all samples were 51.4 cm? and 32.7 cm?,
respectively, with a range from 4.1 to 337.7 cm?,
and by species, medians ranged from 9.4 cm? for C.
rhodax to 73.1 cm? for S. lentigera.

The epilithic moss, G. crinata, was sampled at
each site (n=237), with a mean and median dry mass
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of 11.6 and 12.3 g, respectively, and a mass range
from 2.0 to 25.2 g. Mean and median geometric sur-
face areas were 28.9 cm? and 22.5 cm?, respectively,
with a range from 5.3 to 95.0 cm?.

MPs and MRs in lichen samples

Table 1 also shows the numbers of MPs and MRs asso-
ciated with the lichen samples identified. Overall, 203
MPs and 15 MRs were detected that were heterogene-
ously distributed among the transects, site elevations
and different species. Between the transects, MPs and
MRs were most abundant within T4 and T5 and least
abundant (and with no MPs or MRs detected) at the
control location. No significant differences in MP num-
bers (encompassing all heights) between transects of
different land uses (urbanised versus more remote, or
T5 to T8 versus T1 to T4) were established.

Table 2 summarises the number of lichens by
species for the transects on Mount Baba Koohi (T1
to T8) along with the numbers of MPs and MRs for
each species and numbers normalised for lichen mass
and geometric surface area. Per individual or com-
posite, MPs were most abundant and widespread in
A. bryorum, D. miniatum and S. lentigera and were
least abundant (and void of MRs) in C. rhodax and
C. biatorina. On a dry mass basis, the summed num-
ber of MPs and MRs was <0.5 g~! for six species but
exceeded 2 g~! for Lobothallia sp. and D. miniatum.
On a geometric surface area basis, the number of MPs
and MRs ranged more widely among the different
species and from about 0.005 cm™~2 for C. biatorina to
1.15 cm™2 for D. miniatum.

The majority of MPs detected in the lichens
(n=200) were fibres and their distributions by colour
and size are shown in Fig. 3. Thus, more than one-
half of the fibres were black-grey and only two were
yellow-orange, and while about 60% were <100 um
in length, all other size classifications were present.
The majority of fibres detected in the largest length
category (> 1000 um) were associated with four spe-
cies: A. bryorum, C. polycarpon, S. lentigera and D.
miniatum; and comprised about 25% of the total num-
ber of MPs in A. bryorum and D. miniatum. About
one-half of the largest MPs were also encountered
along T4, the transect that faced the prevailing wind
direction. About 80% of fibres detected were in the
thinnest category (d< 10 pm) and about 3% were rel-
atively thick (d>20 um).
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The three non-fibrous MPs present were all blue-
green and <500 um in size; specifically, a fragment
in Acarospora sp. from T5, a film in S. lentigera from
T1, and a film in Acarospora sp. from T3. Regard-
ing the MRs, all particles were black-grey and frag-
mented and were encountered across all size catego-
ries but with the greatest abundance (n=7) in the
finest fraction.

MPs and MRs in moss samples

The numbers of MPs and MRs detected in the indi-
vidual samples of moss, G. crinita, from each site
(n=37) are shown in Table 3, along with the total
number for each transect normalised to both dry mass
and geometric surface area. A total of 225 MPs and
22 MRs were found, and there was a greater number
of both particle types at the lowest altitude (n=91 and
18 for MPs and MRs, respectively) than the highest
three altitudes combined (n=43 and 0, respectively).
Regarding individual samples, MPs were undetected
in only three cases and the maximum number was 29.

Among the transects, and consistent with the
lichen data, MPs and MRs were most abundant within
T5 and least abundant (and with no MRs detected) at
the control location. Significant differences in MP
numbers (encompassing all heights) were identified
statistically between transects of different land uses
and aspects. Specifically, abundance was higher in T5
to T8 (urbanised) and T4 (facing the prevailing wind)
than T1 to T3 (more remote regions).

On Mount Baba Koohi and Mount Bamu, the total
numbers of MPs normalised to total dry mass of moss
were about 0.5 g~! and 0.1 g~!, respectively, and nor-
malised to total geometric surface area of moss were
about 0.2 cm~2 and 0.03 cm™2, respectively. Overall,
maximum individual values normalised to weight and
surface area were about 4.0 g~! and 1.7 cm™2, respec-
tively, for MPs, and about 1.6 g_l and 0.8 cm™2,
respectively, for MRs.

In contrast to the lichens, there was a significant
proportion (33%) of non-fibrous particles among the
MPs captured by the moss samples, with the size and
colour distribution of both fibrous and non-fibrous
forms shown in Fig. 4. Compared with the lichens,
there was a greater abundance and more uniform dis-
tribution of fibres in size categories above 100 um,
but with similar distributions of colour (and a domi-
nance of black-grey particles) and thickness (about
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Table 2 Total numbers of the different lichens sampled from Mount Baba Koohi (i.e., excluding the control location) and total num-
bers of MPs and (in parentheses) MRs by species and after normalisation to total dry sample mass and sample surface area

Species No No. MP(+MR) MP(+MR)/g MP(+ MR)/cm?
Acarospora sp. 57 65(5) 0.28(0.30) 0.017(0.019)

A. bryorum 9 33%(2) 0.97(1.03) 0.086(0.091)

C. rhodax 11 5 0.23 0.031

C. biatorina 25 7 0.31 0.0054

C. polycarpon 25 25(2) 0.39(0.42) 0.034(0.036)
D. miniatum 1 15%(2) 4.57(5.18) 1.01(1.15)
Lobothallia sp. 3 3(2) 1.86(2.31) 0.12(0.15)

P. squamulosum 5 13(1) 0.29(0.31) 0.078(0.084)

S. lentigera 12 32%(1) 0.24(0.25) 0.037(0.038)

Asterisks denote the presence of MPs in all individuals or composites of that species

Fig. 3 Distribution of 140
fibrous MPs in the epilithic
lichens by colour and size
(L) in pm 120 white/transp.
yellow/orange
100 ® red/pink
m black/grey
80 M blue/green
<

60

40

20

0 - I
<100 100-250 250-500 500-1000 >1000
L

80% <10 um in diameter). Non-fibrous MPs, how- Moss samples also captured a greater diversity
ever, were most abundant in the largest size category of MRs. Specifically, while all particles were black,
(>1000 pm) and blue-green and white-transparent there was a roughly two to one split between numbers
were the dominant colours overall. For reference, of fragments and fibres (although spherules were not
the single MP detected at the control site was a large detected), with the former represented by each size
(> 1000 um) white-transparent fibre. category and the latter always <500 um in length.
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Table 3 Number of MPs and, in parentheses, number of MRs detected in the moss, Grimmia crinita, sampled from each transect

and at different heights ASL

Transect/height H1 H2 H3 H4 H5 H6 Total Total/g Total/cm?
T1 2(1) 5 4 12 1 24(1) 0.39(0.41) 0.14(0.15)
T2 5 2 3 10 0.23(0.23) 0.15(0.15)
T3 4(2) 3(1) 2 3 13(3) 0.22(0.27) 0.13(0.16)
T4 16(2) 3(1) 2 2 8 0 31(3) 0.36(0.40) 0.10(0.11)
T5 29(6) 5(1) 5 3 42(7) 0.79(0.92) 0.39(0.45)
T6 6(4) 5(1) 15 8 34(5) 0.85(0.97) 0.31(0.35)
T7 7(3) 11 6 0 24(3) 0.42(0.47) 0.22(0.24)
T8 22 8 12 5 47 1.55(1.55) 0.62(0.62)
Control 1 0 1 0.10(0.10) 0.03(0.03)

Increasing height number denotes increasing elevation with 1 about 1650-1750 m ASL (except for the control=1850 m) and the
highest number about 1900-2100 m ASL. Also shown are the total number of MPs (and in parentheses, plus MRs) for each transect

normalised to dry mass and geometric surface area

Distribution of largest MPs and MRs

A closer inspection of the data revealed a striking dif-
ference in the distribution of the largest (> 1000 pm)
MPs and MRs between the lowest and highest eleva-
tions captured by both lichens and moss (Table 4).
Thus, overall there were more large MP fibres
detected in lichens at about 1600 m ASL (n=15) than
in those located above 1900 m ASL (n=2), with the
highest number encountered over T4. Regarding G.
crinita, at the lowest elevation there was an array of
particle shapes and types with a total of 65 MPs and
MRs detected, but at the highest elevation only one
MP fragment was found.

A similar distribution was also found for fibrous
MPs based on thickness. Thus, of the four MP fibres
captured by lichens whose diameters exceeded 30 pum,
three were sampled from the lowest elevations of two
transects, while all six fibres in this category captured
by G. crinita were sampled from the lowest elevations
of five transects.

Discussion

In our study, maximum MP (and MR) abundance
was about 5 g=! for D. miniatum but was<1 g~! for
most other species. Here, transects were not close to
any specific, direct sources, with many sampling sites
several km from and significantly elevated relative to
more diffuse inputs associated with centres of urbani-
sation. By contrast, Loppi et al. (2021) report MP

concentrations between about 7 and 80 g~! in a sin-
gle, foliose species of lichen, Flavoparmelia caper-
ata, in the vicinity of a landfill dumping site in Italy,
with the lowest concentration and highest proportion
of fibres (mainly <1000 um in length) and smaller
fragments found at the most distant location. Jafarova
et al. (2022) transplanted the epiphytic lichen, Eve-
rina prunastri, from a remote area of Tuscany to
urban and suburban Milan, Italy, and measured MP
accumulation after a period of three months. Plastics,
of unknown polymeric composition, were dominated
by fibres and total concentrations, ranging from about
20 to 60 g~!, were used to estimate the net urban dep-
osition of airborne MPs.

Roblin and Aherne (2020) determined the abun-
dance of microfibres in the moss, Hylocomium splen-
dens, sampled from three remote lake catchments and
away from tree canopies in Ireland. An average of
about 24 microfibres per g of dry moss was reported,
with most<800 pum in length, but only 13-27% of
fibres were assumed to be plastic based on various
identification criteria employed. Applying this range
of corrections results in a MP abundance in H. splen-
dens from about 3 to 6.5 g~!, or an order of magni-
tude greater than equivalent values for most of the
samples of G. crinita analysed in the present study
(Table 3). Capozzi et al. (2023b) determined fibrous
MP concentrations in the moss, Hypnum cupressi-
forme, sampled across rural and semi-natural areas of
Campania, Italy, and found even higher mean concen-
trations (ranging from 53 to 87 g71).
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Fig. 4 Distribution of a
fibrous MPs and b film
and fragment MPs in the
epilithic moss samples by
colour and size (L) in um

While the aforementioned studies demonstrate
the general potential of using organisms to moni-
tor the atmospheric deposition of MPs, significant,
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quantitative discrepancies with the present study are
evident. These could be related to the consideration
of different species of differing morphologies and
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Table 4 Number of MP fibres, MP fragments and films, and MRs that were above 1000 um in size in the epilithic lichens and moss

(G. crinita) sampled at the lowest elevation (H1; about 1600 m ASL) and highest elevation (H

over 1900 m ASL) of each transect

max?

Lichens, H1 Lichens, H,,,, Moss, H1 Moss, H, .«
Transect MP fibres MP fibres MP fibres MP frags/ MRs MP MP MRs
films fibres frags/
films
T1 0 0 0 2 1 0 0 0
T2 0 1 0 3 0 0 0 0
T3 1 0 0 4 0 0 0 0
T4 8 0 2 9 0 0 0 0
T5 3 0 3 9 6 0 0 0
T6 0 1 0 0 5 0 0 0
T7 0 0 2 3 3 0 0 0
T8 3 0 7 5 0 0 1 0
Control 0 0 0 1 0 0 0 0
total 15 2 14 36 15 0 1 0

habitats, sampling from different climates, or the
impacts of using different sampling, processing and
identification techniques. For example, we note that
F. caperata sampled by Loppi et al. (2021) were tree-
inhabiting and particle capture by the lichen may have
been enhanced by stemflow washing down the trunk
(Sawidis et al., 1997).

Aside from these differences, also lacking in ear-
lier studies is an investigation into the mechanisms
by which cryptogams are able to capture and retain
MPs and an evaluation of whether epilithic lichens
and mosses satisfy accepted criteria as biomoni-
tors. An understanding of the mechanisms by which
lichens and mosses accumulate MPs and MRs can be
gained from the extensive literature dealing with the
capture of other microscopic solids, including soils,
dusts, vehicular and industrial particulates, magnetic
particles and pollen (Bargagli et al., 1999; Bera et al.,
2012; Goémez et al., 2021; Linskens et al., 1993;
Rola, 2020; Rola et al., 2016; Tretiach et al., 2011;
Wau et al., 2020). Thus, lichens and mosses are likely
to intercept MPs and MRs of various shapes and
sizes at their surfaces both directly through atmos-
pheric deposition and indirectly via resuspended,
wind-blown dust (Abbasi et al., 2022), with the sig-
nificance of each route dependent on local environ-
mental conditions and the elevation (with respect
to ground level) and inclination of the individual.
Some loosely adhered material may be transient but
still detected because samples were not washed in

the present study, but the majority of particles will
represent longer-term accumulation (Garty & Garty-
Spitz, 2015). Inter-species variations are presumably
the result of differences in physiology, ecological
characteristics and morphology, with additional intra-
species variability resulting from the heterogeneous
distribution and deposition of particles and ecologi-
cal variations like orientation on the substrate (Lippo
et al., 1995).

Morphology is a critical characteristic that deter-
mines the ability of lichens and mosses to entrap MPs
and MRs. Regarding lichens, during the formation of
the cortex particles may be entrapped by the devel-
oping thallus because the upper surface is largely
unsheltered (Garty & Delarea, 1987). More generally,
however, the ability of lichens to entrap particles is
determined by the absolute surface area (and not nec-
essarily the measured, geometric surface area) to dry
weight ratio, thallus thickness, aspect or orientation,
division and extent and nature of any polygonal areo-
lation, the development of the cortex, the incidence
of surface features like cilia, pits and isidia, the abil-
ity to retain water for extended periods, and the pro-
pensity to swell and contract during wet-dry cycles
(Garty, 2001; Richardson, 1995). Fine particles may
also accumulate, ultimately, within the medulla where
extracellular space occurs if hyphae are loosely inter-
woven (Dohi et al., 2021). Cushions of mosses have a
very high surface area to dry mass ratio with a highly
dissected surface comprising hundreds of small thin
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leaflets on which particles can be trapped by vari-
ous physical and electrostatic interactions (Di Palma
et al., 2017; Tretiach et al., 2011). As a consequence,
and more generally, mosses appear to be more effec-
tive accumulators and indicators of particulate con-
tamination (Basile et al., 2008; Garty & Garty-Spitz,
2015), including that arising from MPs (Capozzi
et al., 2023a).

Our results regarding MPs and MRs are largely
consistent with the observations and characteristics
of other pollutants above in terms of heterogeneity
and inter-species differences. With respect to epilithic
lichens, the foliose D. miniatum, consisting of almost
circular, leathery lobes with ragged edges, is the most
effective at accumulating MPs and MRs but its low
regional abundance is not compatible with one of the
key criteria for successful biomonitoring (Bendell
et al., 2020). To this end, a more suitable biomoni-
tor might be saxicolous members of the genus Aca-
rospora, crustose lichens with an areolated and sub-
squamulous form. Overall, however, the abundance
of the moss, G. crinita, and its propensity to capture
a wider range of sizes and shapes of MPs and MRs
make this type of bryophyte a more robust choice in
the environment and climate considered. The pre-
cise ages of the organisms sampled are unknown but
the literature suggests a lifespan of moss carpets and
individual lichens of several years (Seaward, 2015;
Wolterbeek, 2002). The integrative accumulation of
MPs and MRs may, therefore, take place over a simi-
lar timescale.

Although G. crinita and most species of lichens
exhibit the greatest accumulations of MPs and, where
detected, MRs close to an urbanised district and the
lowest concentrations at a control site, perhaps the
most significant finding is a reduction in the num-
ber and proportion of large (>1000 um) MPs and
MRs and the thickest fibres with increasing eleva-
tion or distance from potential regional sources. This
effect has also been reported for cryptogams captur-
ing anthropogenic dusts derived from specific indus-
tries (Branquinho et al., 2008; Garty, 2001) and MPs
derived from a landfill site (Loppi et al., 2021) and
is related to an inverse relationship between size and
distance carried in the atmosphere. In the present
study, this general relationship may be confounded
by differences in particle shape and density, but it
would be reasonable to assume that the largest fibrous
and non-fibrous MPs and more dense MRs have
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local sources (for example, various industries, waste
disposal, vehicle tyres) and that a large proportion
of the finest (and most aerodynamic) fibres have a
more distal origin. Further studies involving electron
microscopy and polymer identification, for example,
would be required to verify this assertion. Further
research would also be required to determine if very
small (<10 um) MPs are able to enter the intracel-
lular environment of lichens and mosses, as has been
established for fine soil and dust particles (Dohi et al.,
2021), and whether intracellular accumulation could
exert any adverse effects.

Conclusions

MPs and MRs have been detected among the nine
species of crustose and foliose lichens and single spe-
cies of moss (G. crinita) sampled from altitudinal
transects in the vicinity of Shiraz City, Iran. Particles
captured by lichens (up to about 5 g~!) were mainly
MP fibres and fragments of MR, with heterogeneity
evident among species, transects and different alti-
tudes. Particles captured by moss (up to about 1.5
g™1) were more varied in terms of size and shape,
and included non-fibrous MPs (films and fragments).
Higher quantities of both MPs and MRs in the largest
size category considered (> 1000 pm) were captured
by lichens and moss at locations and transects closest
to Shiraz and to ground level, suggesting some par-
ticle fractionation as a function of distance from the
principal, urban source.

Among the lichens, those of relatively high abun-
dance and an areolated and sub-squamulous form
(Acarospora sp.) appear to act as the most suitable
biomonitors for airborne MPs and MRs, at least in
the region and climate under study. Overall, however,
the wide distribution and ability to capture a greater
diversity of MP and MR shapes and sizes makes G.
crinita the most preferrable biomonitor.
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