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Abstract

Thalli of Xanthoria parietina (L.) Th. Fr. lichen collected in locations featuring different pollutant deposit condi-
tions in the urban space of Kielce, including those with intense vehicle traffic, low emission and alkalization
from the nearby cement and limestone plant and the open-pit mine were subject to microscopic analyses.
The lichen surface had cellular structures with particles characteristic of respective pollutant sources of identi-
fied shape and chemical composition (SEM/EDS). The predominant type of particles in the city includes min-
eral dusts containing silicon and aluminium (natural mineral weathering) and soot with carbon, sulphur and
nitrogen (low emission and transport). Sharp-edged structures exceeding 20 tm made of calcium, magnesium
and sulphur (cement and lime particles) accompany much smaller, round particles with @ < 5 um containing
iron, aluminium and other heavy metals (industrial fossil fuel combustion). The micrographs taken were used
to build a model to create a self-learning pollutant identification system based on the activity of deep neural
networks (ResNet). The trained algorithm is able to detect individual items in new micrographs with 71% result.
Adding up areas of identified objects (using Euclidean equation) allows identifying their emission sources.
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by numerous works (Takano et al., 2024; Topal
etal, 2023). The lichen types used for biomon-

Introduction

Lichen belong to a group of popular organ-
isms with properties allowing to diagnose air
pollution (Hawksworth & Rose, 1970; De Wit,
1983; Conti & Cecchetti, 2001; Ahmadjian,
1993). Their physiological reactions to identi-
fied anthropogenic pressure were confirmed

itoring are analysed as pollution indicators in
situ (Vitali et al., 2019; Fortuna et al., 2020;
Dron et al,, 2021) and as transplanted from
non-polluted areas (woods, parks, reserves) to
degraded areas for specific exposure time to
observe organism reactions to pollution (Jia
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et al,, 2019; Jézwiak & JéZwiak, 2009). Szwed
et al, 2020; Monaci et al, 2022). Common
orange lichen Xanthoria parietina (L.) Th. Fr.
used for the studies is common lichen known
for its tolerance to air pollution, including
heavy metals. Its thallus is relatively large,
with diameter up to 10 cm, usually rosette-
shaped, with no soralia and isidia, loosely
attached to the substrate, orange and yellow
(or greenish and yellow in shaded places). It is
a photophilous, calciphile and nitrophilous
lichen, common on various substrates, includ-
ing on fertile deciduous tree and shrub bark.
It often grows in large quantities, overgrow-
ing the whole twigs, branches and trunks cov-
ered by dust containing calcium carbonate
and nitrogen compounds (Fattynowicz, 2020).
The metal-accumulating properties in thalli
of common orange lichen were an incentive
to use it for biomonitoring (Brunialti & Frati,
2007). It is classified as nitrophilous lichen
(Gaio-Oliveira et al., 2004), growing in pollut-
ed environment (Rhzaoui et al., 2015; Bilovd et
al,, 2019). According to the 7-point biological
scale for epiphyte lichen modified for Polish
conditions (Hawksworth & Rose 1970), Xan-
thoria parietina is classified as level 3 - inter-
nal zone of reduced vegetation (Kiszka, 1998).

This work demonstrates the opportunity
to use micrographs of thalli of Xanthoria pari-
etina (L) Th. Fr. as an input for building the
pollutant identification system based on deep
neural networks. The model trained based on
graphic analysis of pollutants visible in SEM
(Scanning Electron Microscope) images is
able to segment, convolute and predict them
in new images (output). The method employed
reduces the time required for comprehen-
sive air quality assessment significantly and
offers new opportunities to identify sources
of pollution using artificial intelligence. Micro-
graphs of lichen biota have never been uti-
lised before to assess the air pollution level
based on machine learning. The novel aspect
of this study is the integration of these two
approaches: SEM/EDS analysis of lichens as
a surface for particle accumulation and the
use of neural networks for automatic classifi-
cation of these particles.
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Materials and methods
Study area - city of Kielce

Thalli of epiphyte Xanthoria parietina (L) Th.
Fr. were collected in September 2023 in the
urban zone of Kielce (20°38’E, 50°53’N) situ-
ated in south central Poland (Fig. 1). Samples
were taken from deciduous trees, mainly
maples (Acer sp.) and lindens (Tilia sp.), at
approximately 1.5 m above ground level, from
both trunks and branches. A control sample
was collected in Swietokrzyski National Park
(30 km from Kielce). The city with the area of
109.45 km? and 175 thousand inhabitants is
developed in 21.82% and the housing estates
comprise blocks of flats and single family
houses (City Hall of Kielce 2025). The mete-
orological conditions are measured in the sta-
tion of the Institute of Meteorology and Water
Management, National Research Institute,
(IMGW-PIB) Kielce-Sukéw. The hottest month
in 2023 was August (average temperature in
Kielce was 19.6°C), and the coldest one was
February (average temperature in Kielce was
0.6°C). The month with the highest tempera-
ture recorded for 24 hours, i.e. 26.3°C, was
July. It was 1.1°C higher than the standard
one for many years. The total precipitation in
2023 at Kielce-Sukéw station was 690.8 mm.
The highest total precipitation in Kielce was
recorded in August, amounting to 90.1 mm.
In 2023, the wind blew mostly from the west
(> 50% of time in a year). A public health haz-
ard in Kielce is the concentration of benzo(a)
pyrene (annual average is 2 ng/m?) included
in airborne dust PM10. Increased concentra-
tions of this pollutant were recorded in heat-
ing periods (January to March, October to
December), with 1 ng/m* considered to be
the permissible value (Annual assessment
of air quality in Swietokrzyskie Voivodeship.
Voivodeship Report for 2023).

Lichen sampling and preparation

Lichen thallus pieces were collected for analy-
sis from trees in selected locations up to 1.5 m
above land level. Next, they were transported
to the Laboratory of Environmental Studies at
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Figure 1. Location of measurement points in Kielce (based on GUGIK orthophotomap)

Jan Kochanowski University of Kielce and sub-
jected to microscopic analyses. The collected
material was stuck to @ 12 mm aluminium
tables by means of carbon discs. The tables
with the samples were placed in the Leica EM
SCO050 and then sputtered with 24 carat gold
in an argon atmosphere with layer thickness
control (10 nm) with a quartz crystal micro-
balance. After the sputtering was completed,
the samples were placed in the FEI Quanta
250 electron scanning microscope, and then
subjected to EDS (Energy Dispersive Spectros-
copy) chemical analysis using the EDAX Gene-
sis analyser (X-ray wavelength spectrometer).
The analysis of the surface of lichen from
selected locations allowed determining the
elemental composition (qualitative analysis)
and micronutrient percentage (quantitative
analysis) of the deposited particles.

Software and processing

The SEM micrographs in x500, x1,000, and
%x2,000 magnification were used to iden-
tify characteristic urban pollutants visible in

images. The selected items were coloured:
red (technogenic spherules), pink (soot), yel-
low (gypsum and cement particles) and blue
(mineral particles). The colourful layers in the
images (made in GIMP v. 2.10.38) were the
input for self-learning algorithm written in
Python. Neural networks using image convo-
lution captured the most important proper-
ties and then predicted them in new images
based on pixel associations.

Results of the studies

The micrographs taken confirmed significant
quantitative diversification of objects depos-
ited on lichen surface. The samples collected
from Swigtokrzyski National Park were char-
acterised by a much lower share of particles
when compared to the urban ones. Hence,
reference samples revealed a low share of
elements other than carbon and oxygen
(C - ca. 40%Wt, O - ca. 30%WHt) character-
istic of living organisms. The fine and coarser
mineral dusts, technogenic spherules and soot
particles, visible in photos of lichen from Kielce,
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were present in various proportions. Euclidean
equations allowed adding up areas of indi-
vidual colours ascribed to individual pollution
classes in photos processed by Artificial Intelli-
gence (Al) which facilitates interpretation of the
obtained results significantly. In micrographs
with clear prevalence of pink, soot particles
from transport and low emissions are clearly
prevalent. The lichen specimens with this pol-
lutant were collected at major traffic arteries
and single-family residential estates (city cen-
tre and suburbs). Yellow and red (cement and
limestone particles and technogenic spherules)
were present primarily in photos of lichen from
south-western part of the city. Fine mineral
particles (blue) were more scattered and were
present in all images, with the highest share
in the northern part. The SEM/EDS analyses
allowed classifying urban pollutants by shape,
size, and chemical composition (Fig. 2).
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In the pictures of lichen from Swietokrzyski
National Park (reference sample), low amount
of pollutants was found. The chemical com-
position of those samples was characteristic
of living organisms (with carbon and oxygen).
Apart from carbon and oxygen (ca. 40%WHt),
the tiny round particles (ca. 5 tm) contained
silicon and aluminium (ca. 40%Wt). The share
of other elements (including sodium, magne-
sium, potassium, calcium and iron) did not
exceed 3%Wt each. Ellipsoid soot particles
ca. 50 pm (C ca. 70%Wt, O ca. 10%Wt) con-
tained aluminium, silicon, sulphur and calcium
ca. 3%Wt each. Small mineral particles were
the most abundant, and their edges were
rounded, shape irregular and dimensions
highly diverse, from 2 to 60 um, mostly those
containing silicon (up to 50%Wst). Calcium
particles (50-60%Wt Ca) with magnesium,
manganese and iron had geometrical shapes.
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Figure 2. SEM/EDS analysis of the surface of lichens; 1-Lichen from Swigtokrzyski National Park (reference
sample), 2-Xanthoria parieting, city center (sample no.13), 3-Technogenic spherules (sample no.4), 4-Soot
particles (sample no.11), 5- Mineral particles (sample no.2), 6- Calcium particles (sample no.7)
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Figure 2. (cd) SEM/EDS analysis of the surface of lichens; 1-Lichen from Swigtokrzyski National Park
(reference sample), 2-Xanthoria parietina, city center (sample no.13), 3-Technogenic spherules (sample
no.4), 4-Soot particles (sample no.11), 5- Mineral particles (sample no.2), 6- Calcium particles (sample no.7)
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SEM images taken were analysed by
Al to discover properties taught during
the training of the developed algorithm.
The diagram of its operation is presented in
Figure 3. ResNet (Residual Neural Network)
is widely used in such tasks as image clas-
sification, object detection or segmentation
(He et al, 2016), but its use for pollutant
segmentation needs modifying. ResNet
introduces residual connections which allow
effective learning of very deep networks (Li
et al., 2024). A key component of ResNet is
residual blocks learning just the “difference”
(residuum) between input and output which
prevents gradient disappearance problem.
Standard ResNet was designed to classify
(e.g. to ascribe a single label to an image)
which means that it needs to be modified
in order to operate on pixels (segmentation).
The typical steps include removal of a fully
connected layer and addition of a decoder
(convolution). Similar to U-Net, ResNet uses
skip connections between encoder and
decoder layers for segmentation which
helps retain details at the pixel level (Liu et
al., 2024). ResNet acts as an encoder, sepa-
rating important image properties at vari-
ous levels of abstraction (edges, textures,
shapes). The outcome is a tensor of prop-
erties having low resolution, but high level

Mirostaw Szwed ¢ Dariusz Pasieka

of abstraction. The decoding (unsampling)
part restores image resolution by convert-
ing the tensor of properties into prediction
for every pixel.

The output is probability maps where
every pixel is ascribed to one class. The final
layer (sigmoid) ascribes a class to every pixel
based on maximum probability. The input for
the created model was the training images
with colours (masks) imposed for individual
pollutants (classes). The expected output
was a mask with every pixel classification.
The loU (Intersection over Union) cost func-
tions were used for every class. The trained
model is able to scale and normalize new
photos (pre-processing), find characteristic
properties and recreate new masks antici-
pating a class for every pixel. To analyse
a percentage share of colours in the image,
image processing methods based on RGB
(Red, Green, Blue) value analysis were used.
The number of pixels corresponding to every
colour class was calculated based on Euclid-
ean distance (Nda et al. 2016) between the
RGB value of a given pixel and the target
value for the colour, considering pre-set toler-
ance ranges (maximum permissible distance
between the pixel and the target colour).
The result was the total of pixels ascribed to
every colour in the mask (Fig. 4).

Sequence of actions performed by Al

FEATURE DETECTION

H OUTPUT

CONNECTED

CONVOLUTION || DIMENSION REDUCTION || CONVOLUTION |

LAYER

Figure 3. The operation diagram of neural networks for pollutant identification in SEM images of

Xanthoria parietina
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Figure 4. Graphic outcome of the machine algorithm operation 1 - Sample no. 2 (blue: 10.41%, yellow:
5.98%, red: 4.32%, pink: 0.00%), 2 - Sample no. 7 (blue: 10.47%, yellow: 33.63%, red: 1.13%, pink:
0.00%), 3 - Sample from point no. 12 (blue: 3.32%, yellow: 3.76%, red: 2.60%, pink: 15.04%)
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Discussion

The results of this study indicate significant
differences in the chemical composition of
dust deposited on lichens in various parts of
the city. Observed mineral particles rich in sili-
con and aluminum may originate from natural
rock weathering processes as well as open-pit
mining activities. The dominance of techno-
genic spherules and soot particles in areas
with high traffic and the presence of lime par-
ticles near industrial plants confirm the effec-
tiveness of the applied method for identifying
emission sources. Urban dust, i.e., air pollution
originating from road traffic, industry, build-
ing heating, and other urban sources, can be
transported over various distances depending
on its size, composition, and atmospheric con-
ditions. Larger dust particles (> 10 um, PM10),
originating from sources such as roads, tire
wear, and brake pad abrasion, settle relatively
quickly (Thorpe & Harrison, 2008). Finer parti-
cles (PM2.5, PM1), which are produced by the
combustion of fuels (e.g., coal, gasoline, die-
sel), can remain in the atmosphere for days or
weeks (Seinfeld & Pandis, 2016). They are typi-
cally carried far from the emission source over
regional distances (Péschl, 2005). Ultrafine
particles (nanoparticles, soot, sulfate, and
nitrate aerosols) remain in the atmosphere the
longest and can be transported between con-
tinents (Zhang et al, 2015). Academic works
describing a biomonitoring use of lichenbiota
in areas with diverse anthropogenic pressure
focus on the identification of the condition and
the chemical composition of individual speci-
mens. Because of the significant geographi-
cal distribution of common orange lichen, it
was used in many parts of the world. Stable
carbon and nitrogen isotopes were analysed
in thalli of Xanthoria parietina and Physcia
spp. in Manchester (Niepsch et al, 2023).
The authors proved that the recorded loads
of carbon, nitrogen and sulphur in lichen and
associated signatures of stable isotopes allow
identifying urban areas with inferior quality of
air. Carbon combustion, road transport and
metallurgical industry resulted in higher con-
centration of lead and iron in common orange
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lichen in Morocco (Rhzaoui et al, 2015).
The analysis of physiological processes in cells
of Xanthoria parietina in Zemplinsky Branc
(eastern Slovakia) provided information on the
possibility to absorb and defend from copper
as a result of the secondary metabolite called
parietin (Bilovd et al, 2019). Physiological
parameters (chlorophyll A fluorescence and
integrity, content of soluble proteins, ergos-
terol level) were changed by a higher Cu dose
during long-term experiment. In studies car-
ried out in Lublin (Poland), parietin properties
relating to protection from cadmium in pho-
tobiont cells were analysed (Kalinowska et al,,
2015). In thalli of X. parietina with no parietin,
Cd ions were more toxic in much lower doses
of Cd than in intact thalli. The comparison of
absorption properties of two species of Hypo-
gymnia physodes and X. parietina near Tver
(Russia) found out that both species absorbed
significant amounts of Zn, Mn, Cu, Cd, V and
Pb, and that X. parietina was highly specific
for Sn and Cr absorption, while H. physodes
for Ni and Co (Meysurova & Notov, 2020).
The reach of point emission sources based on
the following elements accumulated in thalli
of X. parietina, i.e. As, Cr, Cu, Fe, Se, V and
Zn was reported near Manisa in Turkey (Gir
& Yaprak, 2011). Areas polluted with those
elements were situated close to a coal-fired
power station Soma in spots corresponding to
the prevailing direction of wind. X. parietina
in UAquila in Italy recorded even earthquake
and rebuilding works (Di Biase et al., 2022).
Biomonitoring studies in Kielce using
transplanted  Hypogymnia physodes Nyl.
lichen revealed varied anthropogenic pres-
sure in the city depending on the season of
the year, with the cold six months character-
ised by much higher share of heavy metals
(Pb, Cd, Cu and Zn) in lichen thalli which was
explained by increased emission of harm-
ful gases and dusts in a heating season.
The scanning microscopy allowed identifying
also lime particles from the carbonate min-
ing and processing plant to the south west of
Kielce on lichen surface (Szwed et al., 2020).
The existing works concerning machine
learning application have been based primarily
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on the analysis of historical data concerning
pollutant concentration and meteorological
conditions used to anticipate future pollution
(Ayus et al, 2023; Lei et al,, 2024). Based on
the analysis of available data, neural networks
are able to calculate pollution level which will
occur soon (Czernecki et al., 2021). There are
also known automated methods to identify
lichen based on photos (Presta et al. 2020) or
segmentation of cellular image micrographs
(Abdallah et al.,, 2020). The application of neu-
ral networks to identify pollutants on Pinus
sylvestris L. needles was described in papers
(Szwed & Pasieka, 2024; Szwed et al., 2024). In
the presented method, the lichen micrographs
serve not only to detect pollutants but also to
identify sources of pollution by calculating the
total percentage share of a given colour in the
generated images. The adopted solutions are
highly effective (71%) and their effectiveness
can be improved. If the predominant colour
in the generated image is yellow (the highest
percentage share calculated using Euclidean
equation), the dust is emitted primarily by the
cement and limestone plant. If it is pink, i.e.
when the predominant particles in the gen-
erated image of lichen collected near traffic
routes and single-family housing estates are
soot ones, they are emitted by combustion
engines and fossil fuel burning. Small mineral
particles (blue) observed in the northern part
of the city may come not only from natural
weathering of aluminosilicates but also from
the open-pit mine of quartz sandstone in
nearby Wisniéwka (Migaszewski et al., 2007).
Compared to previous studies (Niepsch et al.,
2023; Meysurova & Notov, 2020), the method
used in this study allows not only for deter-
mining chemical composition but also for the
rapid processing of large image datasets and
automatic pollutant identification. The inte-
gration of SEM/EDS with Al enables potential
use in monitoring seasonal changes in dust
deposition. A crucial question remains wheth-
er this method is relevant only on a local scale
or can be adapted to other areas with similar
pollution characteristics. In this context, pre-
liminary studies on dust characteristics for
each examined area may be necessary.

Summary

In urban space, there are diverse dust pollut-
ants and their sources to be found. Identifica-
tion of harmful particles using Artificial Intel-
ligence and SEM/EDS micrograph analysis
on the surface of a popular bicindicator is an
alternative to automatic metering stations.
The integration of SEM/EDS and machine
learning methods contributes to the advance-
ment of Al-driven air quality assessment
using lichens as bioindicators. The presented
method of detecting the pre-trained objects is
a universal tool and will surely be developed.
Its basic advantage is a low analysis cost and
high effectiveness. Another advantage is the
possibility to identify pollutant sources by
adding up shares of individual classes on the
surface of images generated by Al.
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