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1. Introduction

Over the past century, the world has been urbanised at an unparalleled rate. At
present, more than half the Earth's population lives in cities, and this share is
anticipated to reach 68% by 2050. Our (EEA, 2019). Given the current spatial
patterns of urbanisation, this leads to enhanced anthropogenic emissions of
gases, particles and vapours derived from various domestic heating, industrial
processes and construction sites, contributing to complex air pollution
mixtures that exert chronic  biochemical stress on  urban
vegetation(Evangelopoulos et al., 2020; Gao & Bukovsky, 2023; Tsai et al.,
2015; Zhang et al., 2022). As a result of this spatial concentration of emission
sources and variable urban morphology, pollutant levels can vary significantly
within just a few city blocks. Therefore, tree species on the same street may
experience substantially different air quality. Plants function as passive
biosensors, integrating airborne pollutants through gas exchange,
transpiration, direct surface deposition of particulate matter, and stomatal
uptake of gaseous contaminants, thereby accumulating a biochemical record
of their exposure to pollution in leaf tissue (Mulgrew & Williams, 2000;
Volkov & Ranatunga, 2006). Trees and other plants absorb pollutants and also
store and record the effects of air pollution exposure in their epigenetic
memory (He & Li, 2018). Polluting gases such as SOz, NO, and O3 enter tree
leaves through stomatal openings and the cuticle, where they can disrupt the
integrity of chloroplast membranes, leading to a loss of enzymatic balance and

increased production of reactive oxygen species (Khomenko et al., 2021).

Dust settles on leaf surfaces, lowering reflectance, covering stomata, reducing
stomatal area, and limiting the movement of gaseous pollutants into and out

of stomata, hindering photosynthesis efficiency and gas exchange. Pollutants



can also be physically deposited on leaf tissue and even move into leaf tissue
(defined as the apoplast of intercellular and sub-stomatal chambers and
mesophyll tissues), including particulates that contain trace amounts of metals,
organic pollutants, or other contaminants. Each of these acts transforms each
leaf into an uninterrupted recorder of the environmental conditions
surrounding the plant. Among plant characteristics, chlorophyll a and b
(photosynthetic pigments) can be considered both the most sensitive to and
the easiest to measure indicators of stress from air pollution. Chlorophyll a
and b absorb light energy for the purpose of carbon fixation, while carotenoids
help to disperse excess energy and reactive oxygen species (Qor-El-Aine et

al., 2022).

While anthocyanins provide an antioxidant buffer, the appearance of
pheophytins indicates chlorophyll’s irreversible degradation. Each air
pollutant has a specific biochemical signature. SO> and NOx inhibit
chlorophyll synthesis, while ozone accelerates bleaching, leading to an
increase in carotenoid concentration as a compensatory response. Particulate
dust contributes to a decrease in overall pigment due to the obstruction of
stomatal gas exchange (Han et al., 2024; Li et al., 2018; Mansfield, 1998). The
kinetics of pigment transformations exhibit high reproducibility over the time
frame of these changes; therefore, these changes can serve as mechanistic
indicators that convey the nature of the chemical process and its associated
biological costs to plants (Shah et al., 2019). The surface dust also contains
evidence of emissions from different sources, including transportation,
residential heating, and industrial activity. Thus, the differential response of
individual pigments to specific pollutants makes their combined analysis a
powerful diagnostic tool for assessing pollution type and intensity in urban

environments (Bierza & Bierza, 2024).



Leaves are among the most stress-sensitive organs in plants; when exposed to
environmental pollutants, they demonstrate the value of biomonitoring, as
biological responses work with chemical measurements to determine pollution
levels. They also slowly reflect fluctuations in atmospheric pollution levels,
and changes occur long before they can be observed by humans. Over time,
cumulative physiological responses create a living record of urban exposure
and reveal how urban environmental conditions leave plants with physical and
physiological symptoms of exposure (Ogunkunle et al., 2015). At the
moment, plant sensor technology is mostly composed of independent
observation techniques rather than a combined, comprehensive approach. For
example, the Air Pollution Tolerance Index (APTI) (Singh et al., 1991b)
integrates only four leaf parameters: ascorbic acid content, total chlorophyll,
relative water content, and leaf extract pH , which is insufficient to adequately

distinguish sensitive from tolerant plant species (Molnar et al., 2020a, 2020b).

These indices will identify symptoms of poor air quality, but they do not
explain why these symptoms are present (Rai, 2016). These indices are flawed
because they rely solely on individual measurements, making it impossible to
determine how much pollution a plant experiences or whether it has
physiologically adjusted to the stress of pollution over time (Banerjee et al.,
2021). Real-time data on air quality do not provide much insight into whether
a plant is impacted by air quality with regard to biologically based indicators,
such as pigment loss or changes in pH, as these represent separate and distinct
physiological processes. Stressors that are important for stomatal activity, such
as dust accumulation, are commonly overlooked despite their extreme impact
on stomatal activity, pigment balance, and leaf temperature in urban

ecosystems (Rai, 2016).

10



Indices suffer from a lack of portability because species-specific baselines are
used in APTI and the other systems; thus, their interpretation varies across
locations and over time. For example, trees that are deemed “tolerant” in one
geographical area may be interpreted as “sensitive” in another area. This is not
due to changes in pollutant levels, but to changes in the physiology of those
trees. Recent changes in pigmentation and hydration are reported by Tripathi
& Nema (2023) and Varela et al. (2023). When a common baseline is provided,
it may yield inconsistent output data, making it difficult to obtain an accurate
set of regional biomonitoring data. In addition to the lack of a common
method, the use of species-specific indices also breaks methodological
continuity across studies, making it difficult to compare biomonitoring results
across regions or time periods. The indices do not relate the effects of air
pollution on leaf structure, nor do they show the degree of pollutant stress as

a constant measure across the landscape scale.

Dust is considered one of many urban stressors and among the most
significant; however, it is not addressed within APTI, despite its immense
impact on stomatal function, temperature, and pigmentation stability. The
realisation of these effects is supported by the volume of recent investigations
across Europe, which continuously demonstrate the need for a standardised
methodological framework that explicitly links chemical exposure, particulate

load, and biological response (Stefanut et al., 2021).

The current limitations of indices highlight the need for an index that
distinguishes between general plant stress and specifies the plant physiological
processes/phenomena that drive the stress response to external stimuli. The
following index recognises that various plant stress signals, such as pollutant
exposure, dust accumulation, and pigment degradation, are interrelated and do

not act independently. Pigment integrity-to-Dust Ratio (PIDR), developed as
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part of this doctoral research is an example of how we can measure internal
plant processes (pigment degradation) with external stress (a build-up of dust
particles) in order to provide a new way to utilize biological indicators for
biomonitoring of plant stress responses and also to support monitoring of
changes in stimulation/biochemical activity related to changes in
environmental stressors. Linking atmospheric science with plant physiology
into a single spatially portable bioindicator framework that is proposed here

as complementary to, not a replacement for, APTI.
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2. Aims and hypotheses

This thesis reported urban air quality and plant-based biomonitoring from
complementary perspectives, beginning with atmospheric pollution dynamics
and progressing to plant physiological responses and the development of

improved bioindicator approaches.

The effect of reduced mobility on air quality during the COVID-19 period was
analysed in Debrecen, Hungary, from 2018 to 2022. Our study aims to
investigate the effect of COVID-19 on the air quality of 2018-2022 in
Debrecen city (Hungary) during the three periods, i.e., the pre-pandemic,
pandemic, and post-pandemic periods, based on the concentration of PMij.
We studied the effect of lockdown on PMo concentrations, and analysed the
effects of meteorological conditions (wind speed and wind direction) on air

pollutant concentrations.
The hypotheses were the following:

HI1.1. We hypothesised that PMio concentrations were significantly lower
during the pandemic and post-pandemic periods than in the pre-pandemic

period.

H1.2. Our second hypothesis was that lockdowns had a positive effect on PM
concentrations; thus, PMio concentrations were significantly lower during

lockdown months than before and after the lockdown.

H1.3. We also hypothesised that weather conditions, such as wind speed and

direction, significantly affect PM1o concentrations.

The seasonal dynamics of photosynthetic pigment concentrations were

investigated in G. biloba leaves during the vegetation period from July to

13



October in an urban environment in Debrecen City, Hungary, to evaluate their
suitability for urban air pollution biomonitoring. The first aim of this study
was to determine how the physiological and bioindicator responses of these
trees changed after planting, thereby establishing an important baseline for

future urban biomonitoring efforts.
The hypotheses were:

H2.1. Our hypothesis suggests that these pigments exhibit pronounced
seasonal variation, with a peak in chlorophyll concentration expected in mid-
summer (July and August), and a subsequent decline in autumn (September

and October).

H2.2. Concurrently, we expect an increase in pheophytin levels, which serve

as indicators of chlorophyll degradation.

H2.3. We hypothesised that initial exposure to air pollutants would negatively
impact chlorophyll and carotenoid production as a short-term stress response,
with prolonged exposure leading to additional pigment loss and reduced

tolerance to air pollution.

This study examines spatial and temporal changes in photosynthetic pigments
in G. biloba leaves and introduces the Pigment Integrity-to-Dust Ratio (PIDR)
as a new bioindicator of urban air pollution stress in Budapest, Hungary. PIDR
incorporates (i) the chlorophyll to pheophytin ratio and (i1) dust deposition on
leaves. We present PIDR as a conceptual framework and pilot case study for
Budapest, applying it to G. biloba leaves from three sites in Budapest in 2023
and 2024.

The hypotheses were:

14



H3.1. We hypothesised that PIDR showed higher spatial contrast in stress than
APTL

H3.2. We hypothesised that PIDR indicated patterns of changes in

physiological condition.
H3.3. We hypothesised that PIDR reflected pollutant-specific patterns.

We investigated the relationship between urban air pollution and vegetation
by examining leaf dust deposition and physiological traits in the common
Hedera helix L. Research on dust and pollution tolerance in Hedera helix sp.
exists, but little addresses seasonal physiological responses in urban Central
Europe, especially in Debrecen. Integrated assessments of physiological

parameters and dust in green wall contexts remain largely unexplored.
The hypotheses were the following:

H4.1. We hypothesised that dust deposition on leaf surfaces would be higher

in areas with higher traffic intensity than at a less-polluted control site.

H4.2. In addition, pigment content and APTI values were expected to reflect

spatial variation in air pollution levels.

H4.3. Measurable leaf parameters were assumed to correlate with distance

from the city centre.

H4.4. These relationships were expected to reflect spatial differences in the

intensity of urban air pollution.
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3. Literature Review

3.1 Main air pollutants

Factors contributing to air quality in Central and Eastern European cities
include air circulation patterns, climate zones, transportation systems, and
energy systems. From 2015 to 2025, cities throughout central and Eastern
Europe, not limited to Budapest, Warsaw, Krakow, Bucharest, Prague, Cluj-
Napoca, and Bratislava, generally had high levels of several air pollutants.
These include PMa.s and PMio, NO2, SOz, CO, and Os (Almeida et al., 2020;
Bodor et al., 2020; Juda-Rezler et al., 2020). To understand their complex
movement, it is necessary to examine their sources, seasonality, and
atmospheric circulation. Winter home heating is a major reason why PMa.s
levels are higher and chemically distinct during the cold season in many parts
of Central and Eastern Europe, including Poland, Hungary, Romania,
Slovakia, and parts of the Czech Republic (Almeida et al., 2020; Ferenczi,
2013; Juda-Rezler et al., 2020). These winter heating activities increase PMa.s
levels because burning fuels releases organic carbon and elemental carbon
particles. Some of these particles were formed in the combustion process
itself, while others were created by physical and chemical processes later in
the smoke plume and in the atmosphere. In winter, residential heating is an
important source; in urban areas, traffic is a year-round source. NO: and CO
emissions from vehicles are greatest during the morning and evening rush
hour, when traffic is the heaviest. Traffic volume is not the only factor
influencing levels of pollution. Similar to urban morphology's influence on

urban ventilation and dilutions, urban morphology can also affect
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concentrations to be higher at the location of emission source rather than be
diluted, such as in the historical centers of Budapest and Bucharest where the
dense urban fabric can lead to higher vehicle emission concentrations (Salma
et al., 2020; Tsai et al., 2015). Not all pollutants have the same temporal
behavior; for example, the pattern of a winter peak is still observed for SO: in
Central and Eastern Europe, where coal is used for heating or industries
(Almeida et al., 2020; Choi et al., 2015). For pollutants such as PM, NO-, CO,
and SO, it is usually easier to understand their sources, as they are closely
linked to specific emission sources and seasonal anthropogenic activities. But
in the case of Os, it is not discharged into the atmosphere; it is formed through
chemical reactions involving NOx, VOCs and atmospheric temperature
(Huszar et al., 2015, 2020). Oz levels are typically higher in spring and summer

because of increased sunlight and heat increase their formation.

3.2 Seasonal variation of air pollutants

As pollution levels in cities change with the seasons, measuring and
understanding urban air pollution becomes difficult. Long-term studies in
Central and Eastern Europe (CEE) indicate that winter levels of pollutants
such as PMz.s, PMio, NO2, SOz, and CO are mostly driven by increases in
heating emissions, temperature inversions, shallow boundary layers and
inadequate atmospheric mixing. Weekly, daily and seasonal patterns also
influence different temporal cycles, which led to this chemical mixture
(Almeida et al., 2020; Bodor et al., 2020; Ziernicka-Wojtaszek et al., 2024).
The atmosphere has a significant impact on whether these emissions are short-
lived or persist for a long time. When stable, high-pressure conditions prevail,
pollutants generally accumulate closer to the surface, often exceeding WHO

recommendations. During summer, despite improved atmospheric dispersion
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caused by strong vertical mixing and increased boundary layers, especially
during heatwaves and stagnant weather, ozone levels rise due to high solar
radiation. Pollution does not only vary by season but also changes throughout
the week. PM concentrations can be higher on weekends than on weekdays if
wind speeds are low. This is probably due to changes in human activities, such
as variations in traffic flow, leisure activities, weekend construction, and road
maintenance context, which can cause dust resuspension (Bodor et al., 2020).
In general, people and human activities (such as traffic, heating, and industry)
determine how much pollution is released. But weather conditions determine
how serious a pollution event is and whether it becomes a severe episode.
These conditions include atmospheric mixing, dilution, and chemical
reactions, all of which play a substantial role. In other words, meteorology
mostly controls the intensity and timing of pollution events rather than human
activities. The most significant meteorological parameter, e.g., temperature,
influences both emission rates and atmospheric reactions, whereas relative
humidity is an important factor in secondary aerosol formation, particularly
sulfate and nitrate in winter PM> s (Ziernicka-Wojtaszek et al., 2024). Further,
wind speed and direction influence the dispersion and stagnation of pollutants,
which are closely associated with pollution intensity in CEE cities (Bodor et
al., 2020; Zargba & Danek, 2022). The dynamics of the atmospheric boundary
layer are among the most critical determinants of urban pollutant
accumulation, as a shallow boundary layer restricts vertical dispersion, leading
to surface-level concentration peaks. This controls the volume of near-surface
accumulation of pollutants (Foskinis et al., 2024; Huszar et al., 2020). Also,
precipitation can quickly reduce PM concentrations by removing particles

from the atmosphere.

Sometimes pollution is not locally generated. In spring and summer, dust

storms from the Sahara can temporarily degrade air quality in cities by
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carrying large amounts of coarse dust particles, leading to elevated PM o levels
often above normal levels (Loskot et al., 2024). When the Sahara dust arrives,
the types of particles in the air change from fine urban particles to larger
mineral-rich particles containing elements like calcium, silicon, and iron
(Achilleos et al., 2016; Evgenieva et al., 2024) while decreasing the PM 2 5/PM
10 ratio. Since this dust originates outside the region and does not come from
local sources, it is difficult to determine whether changes in pollution levels
are caused by local emissions or by natural long-range transport. Transport of
matter over long distances, such as in Saharan dust episodes, may complicate
measurements of air quality, and impact atmospheric stability and temperature
(Foskinis et al., 2024). In places with persistent air pollution problems, such
as parts of Poland, Romania and Hungary (and most strongly in the winter
months), there are settlement, construction and financial reasons. Houses,
flats and other buildings are heated with coal and solid fuels (lignite, wood
and other solid biomass materials or derived from the agricultural sector) .
Another factor is the old vehicle flow, and because of the city's morphology,

the pollutants are not dispersed as easily.

While weather conditions have a strong effect on the dispersion of air
pollution, social and structural conditions may also play a role in the level of
air pollution in Central and Eastern Europe. Many homes in Poland, Romania,
and Hungary burn coal and other solid fuels, contributing to air pollution.
Outdated vehicles also generate CEE air pollution. The morphology and
ventilation of the city can influence the way such pollutants are transported
and dispersed. This is especially true for the industrial regions of south
Poland, north Romania, east Slovakia, and north Hungary, with localized
pollution hotspots. Especially in border regions, transboundary transport of
traffic — derived pollutants, principally NO,, CO, and PMjio from a

neighbouring country can be an issue, as shown during the COVID-19
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lockdowns (Georgieva et al., 2021; Z. Shi et al., 2021). Though Traffic and
NO: levels decreased in general, but pollution was not completely eliminated

due to residual heating, which continues to produce pollution.

With reduced traffic during lockdowns, researchers observed a decrease in
NO: concentrations across cities in the CEE region, with the largest reduction
in Budapest. This supports the idea that vehicular sources are the primary
contributors to NO: levels. Salma et al. (2020) claimed that although human
activities do not elicit a unified response to air pollutants, some combinations
of pollutants were associated with greater physiological stress in plants than
others. This research thesis will investigate the role of pigment-based

biomonitoring in understanding these combinations and their impact on plant

physiology.

3.3 Bioindicators in Urban Air Quality Monitoring

Fixed real-time atmospheric monitoring instruments can measure pollutant
levels at discrete points, but they cannot reflect total exposure or cumulative
effects on a living organism over weeks, months, or even years. Instead,
biomonitoring uses plants as sensors to identify pollutant exposure based on
damage caused by cumulative exposure, rather than ambient pollution levels
(Chaudhuri & Roy, 2024; Contardo et al., 2020; Mota et al., 2025). Plant
selection for biomonitoring varies depending on the specific pollutants and the
nature of their biological effects. Lichens and mosses are suitable for
accumulating heavy metals (e.g., Hg, Pb, Cd) and nitrogen compounds
because they directly extract contaminants from the air or from deposition.
These organisms lack a cuticle and a root system, leading to direct interaction
with air pollutants. (Abas et al., 2022; Bahinskyi et al., 2025; Niepsch et al.,
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2023). For airborne particulate matter (PMio and PMo..s), species such as
broadleaved trees (e.g., Platanus, Tilia, Quercus) with rough or hairy leaves
and conifers (e.g., pines and spruce) have been investigated for particle
accumulation. (Corada et al., 2021; Mukhopadhyay et al., 2024). In the case
of gas-phase pollutants like ozone, sensitive plants, such as the tobacco variety
Nicotiana tabacum cv. Bel-W3 or poplars are used to diagnose oxidative stress
via leaf symptomology, including chlorotic stipples, necrotic flecks,
interveinal bleached streaks and premature senescence. (Heggestad, 1991).
Broadleaved trees are recommended biomonitors for particulate matter
accumulation because their large leaf surfaces effectively intercept particles
from the atmosphere, can absorb gaseous pollutants through their stomata and
exhibit distinct physiological, biochemical and structural responses to airborne
pollution. Some plant responses include chlorophyll and carotenoid pigment
degradation, altered activity of antioxidant enzymes (superoxide dismutase
and glutathione reductase), and reduced water content, which allows linking
pollution levels to quantifiable internal damage. (Cavazzin et al., 2024;
Mukhopadhyay et al., 2024; Perri et al., 2024). Beyond vascular plant
communities, microbes, including airborne bacterial and fungal species, have
also been used as biomonitors of environmental chemical pollution, reflecting

broader ecosystem health. (Pozdniakova et al., 2025).

Methods of biomonitoring have been distinguished as either passive or active.
Passive biomonitoring uses organisms naturally present in a habitat over time
to document pollution accumulated from local, long-term exposure
(Chaudhuri & Roy, 2024; Gallego-Cartagena et al., 2021; Piazzetta et al.,
2019). Examples may include molluscs present along stream banks, lichens
growing on trees, or even grass blades exposed to street emissions. Active

biomonitoring methods involve using transplanted living mosses, transplanted
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potted plants, or other indicator species within sites being evaluated under
similar controlled conditions (Grifoni et al., 2025; Swistowski et al., 2022,
2024). Through this process, direct comparisons between sites are possible,
even though these organisms were not native to the environments examined.
Passive methods provide valid estimates of genuine environmental
concentrations at an individual location. Active methods provide the best
spatial consistency among compared sites (Gerdol et al., 2014; Niepsch et al.,
2023).

Biomonitoring techniques evolved alongside advances in pollution analysis
and plant ecophysiology. Thus, whereas early work relied solely on
identifying indicator species in polluted zones versus reference sites and on
estimating pollutant accumulation, more recent research measures sensitive
physiological (pigment damage), biochemical stress (antioxidant activity,
photosynthetic efficiency, activity of antioxidant enzyme) and DNA damage
responses that unveil more deeply the kind of stress induced and the pollution
level at which such damage is induced (Campos et al., 2024; GoOmez-
Ensastegui et al., 2025; Mota et al., 2025; Mukhopadhyay et al., 2024). The
techniques have more recently been expanded through remote sensing, other
georeferencing technologies, and citizen science (Abecasis et al., 2022;
Gamelas et al., 2024).

Nevertheless, numerous methodological shortcomings prevent easy
comparison between studies, including differences in species, exposure
durations, sampling methods, and dependent variables (Chaudhuri & Roy,
2024; Gerdol et al., 2014; Swistowski et al., 2022). Several environmental
factors mask the biological effects of different pollutants, including varying
micrometeorological patterns across the canopy and in the litter layer, specific

past land-use of forest sites, soil variables such as nutrient levels or pH, and
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varying past pollution exposure at each sampling site. The interactions among
these different types of variables make it difficult to determine a true
relationship between specific air pollutants and an organism's response
(Campos et al., 2024; Gerdol et al., 2014; Niepsch et al., 2023; Sfetsas et al.,
2025). Therefore, biomonitoring schemes will ideally incorporate atmospheric
deposition, particle fallout and plant response within a clearly linked chain of

evidence to address this difficulty.

3.4 Dust and pigments as bioindicators

Leaves are ideal for this, as they sit between the air and plant physiology,
trapping particles, absorbing gases over time, and reflecting cumulative
exposure rather than a single moment (Abriha-Molnar et al., 2024; J. Zhu &
Xu, 2021; Molnar et al, 2020b). Among leaf-based indicators, the
determination of dust deposition on leaf surfaces and leaf pigments is
particularly important. The former shows external exposure, while the latter
responds to physiological and internal stress (Bierza & Bierza, 2024; Molnar
et al., 2020b; Talebzadeh & Valeo, 2022). Analysing dust deposition on leaf
surfaces is a low-cost, practical way to estimate particulate exposure,
especially for trees near a traffic site (Abriha-Molnér et al., 2024; Castanheiro
et al., 2020; Molnar et al., 2020b). Trees with rough or hairy foliage trap more
large particles easily. Though retention of particulate matter depends on leaf
traits and weather, as traffic can resuspend dust while precipitation can wash
accumulated dust away (Chiam et al., 2019; Corada et al., 2021; Lyu et al.,
2023; J. Zhu & Xu, 2021). Dust can cause leaf shading, block stomata, and
affect photosynthesis and gaseous exchange (Bierza & Bierza, 2024; J. Zhu &
Xu, 2021). However, dust alone cannot show internal strain, so it is important

to capture the physiological impact of trees through pigment changes.
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Pigments help us understand what is happening inside the leaf. Pollution often
lowers the concentrations of chlorophyll (a, b, and total) by damaging
chloroplast function, while carotenoids and anthocyanins act as protective
pigments, defending the leaves only up to mild stress, but they decrease under
severe stress (Bessonova et al., 2020; Bierza & Bierza, 2024; Talebzadeh &
Valeo, 2022). The breakdown of chlorophyll, followed by the increase in
phaeophytin level, signifies that the leaf is strongly damaged. Because
pigment levels change non-linearly, pigments may temporarily increase
slightly under moderate stress, which is why they should be interpreted in
relation to dust or pollutant exposure (Abriha-Molnar et al., 2024; Borowiak
et al., 2018; Molnér et al., 2020b). Generally, pigment loss is mainly caused
by oxidative stress in chloroplasts triggered by pollution. Dust can partially
block stomata, limiting CO: entry into the leaf. Under strong light, this
imbalance increases the production of harmful reactive oxygen species (ROS).
Further gases, such as Os and nitrogen oxides (NOy), enter through stomata,
increasing ROS and RNS levels and leading to stress (Bierza & Bierza, 2024;
J. Zhu et al., 2021; J. Zhu & Xu, 2021). The chloroplast structures (thylakoid
membranes) and pigment-protein systems in the leaf are damaged by
excessive levels of ROS. This accelerates chlorophyll breakdown and
increases pheophytin formation, leading to chlorosis and necrosis (Bessonova
etal., 2020; Bierza & Bierza, 2024; Borowiak et al., 2018). Consequently, dust
from leaves and pigments together serve as good, inexpensive measures of
urban air pollution, since both the presence of pollution (exposure) and how
plants respond to it (biological response) can be captured by these indicators.
(Bessonova et al., 2020; Bierza & Bierza, 2024; Borowiak et al., 2018). Some
uncertainties remain because species respond differently, and other
environmental stresses (drought, heat, etc.) can confound the effects of

pollution. Using fewer samples hinders the ability to describe how pollution
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changes over time. Differing research methods reduce comparability across
studies. These challenges make it difficult to link specific pollutant
combinations to changes in pigment compositions. To simplify interpretation,
researchers use composition indices that combine measures into a single
indicator (Bierza & Bierza, 2024; Corada et al., 2021; Molnar et al., 2020b).
One of the plant-based biomonitoring indices is APTI, which combines four-
leaf properties, such as ascorbic acid, chlorophyll, leaf pH, and relative water
content (Singh et al., 1991b). Based on these parameters, we can assess a plant
species’ tolerance or sensitivity to air pollution (Devkota et al., 2022; Molnar
et al.,, 2020b; Sahu et al., 2020). It gained popularity due to its cost-
effectiveness and its categorisation of species as tolerant or sensitive for
greenbelt planning or biomonitoring (Bhadauria et al., 2022; Devkota et al.,
2022; Karmakar et al., 2021; Yadav & Pandey, 2020). However, APTI is
strongly affected by season, leaf age, methods, and site conditions, and its
parameters respond to non-pollution stress (heat, drought, and soil factors).
The results of APTI are often difficult to compare, especially in cities where
pollution varies widely from place to place (Bhadauria et al., 2022; Bharti et
al., 2018; Tripathi & Nema, 2023). Hence, it is suggested that improved
indices be developed that more directly link pollution exposure to
physiological damage, incorporating pigment integrity alongside dust load.
The earlier statement appears valid since both chlorophylls and carotenoids
contribute significantly to oxidative and photosynthetic stress. Study after
study has found a reduction in pigments due to high industrialised
environments (Bierza & Bierza, 2024; Lhotska et al., 2022; Molnér et al.,
2020b; Oncii et al., 2025).

Dust acts as an environmental stressor, affecting plant physiology, stomatal
pores, light transmission, and metal absorption, while simultaneously serving

as an indicator of ambient pollution, since the weight per unit area of dust
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collected on leaves roughly corresponds to proximity to emitting sources. The
developed method incorporates leaf pigment concentrations and dust loads on
leaves to simultaneously represent pollutant effects and plant responses in a
single index (Fusaro et al., 2021; Roy et al., 2024). Therefore, no indices that
measure particulate load (e.g., dust load or pollution PM) alongside pigment
degradation exist in a mechanism-based manner, allowing the measurement of
external and internal factors in a comparable way. We propose the Pigment

Integrity-to-Dust Ratio (PIDR) index to fulfil these conditions.

In that way, PIDR aims to be more process-specific than APTI, linking the
biochemical mechanism of pollutant-induced chlorophyll degradation directly
to its external driver (dust load), and to be more sensitive to fine-scale urban
pollution patterns than APTI alone. Both component measurements - leaf dust
load and pigment concentrations - are, moreover, technically straightforward
and low- cost, making PIDR practically accessible for routine urban

biomonitoring.

3.5 Rationale for the Selection of Ginkgo biloba and Hedera helix

as Bioindicator Species

For the successful application of species in urban biomonitoring programs,
species selection must consider three types of criteria (biological, ecological,
and practical), ensuring each selected species functions as a living detector of
atmospheric pollution (Chaudhuri & Roy, 2024; Karmakar et al., 2021). Here,
two species, Ginkgo biloba L. And Hedera helix L. was chosen as the focal

bioindicator species for two reasons.
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3.5.1 Selection rationale for Ginkgo biloba

G. biloba L. was selected for six interconnected reasons: (i) It is widely planted
in cities across central and eastern Europe (e.g., Debrecen and Budapest) as an
ornamental deciduous tree. Thus, multi-site comparisons are possible without
additional controlled plantations (Molnar et al., 2020a; Simon et al., 2021). (ii)
As a phylogenetically ancient species (a 'living fossil' unchanged for over 200
million years), its physiological reactions to environmental pressures have
been extensively researched and are reproducible (Tredici, 2000; Huh et al.,
2019). (iii) Its broad, fan-shaped leaf morphology facilitates reproducible leaf
area measurement and standardised gravimetric analysis of dust accumulation
(Molnar et al., 2020b; Abriha-Molnar et al., 2024). (iv) It has well-documented
sensitivities in its chlorophyll and carotenoid systems to airborne pollutants
from traffic, such as NOx and PMyo. This sensitivity has strong seasonal
patterns, which separate pollution effects from background seasonal
phenological changes (Jurdevié Sangut & Samec, 2024; Kinoshita et al., 2021;
Shi et al., 2012). (v) The use of G. Biloba as a bioindicator in several cities in
Europe and Asia makes possible a consistent, city-comparative verification
(Molnar et al., 2020a; Bao et al., 2015). (vi) As a deciduous species, its well-
defined sequence of leaf production, expansion, mature growth, ageing, and
abscission within the growing season provides a natural temporal axis for
physiological processes to be studied during leaf growth and maturity
(Lichtenthaler, 1996). In addition, trees of equal age, planted on the Debrecen
transect in July 2022, were included to minimise variability caused by tree age
(Tredici, 2000).
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3.5.2 Selection rationale for Hedera helix

H. helix L. (common ivy) is a perennial evergreen climber that enables
continuous 12-month air-quality monitoring, including all winter pollution
episodes resulting from the use of biomass heaters, which cannot be detected
by deciduous species. (Lee et al., 2021; Corada et al., 2021; Almeida et al.,
2020).

For the purposes of the Debrecen study, H. helix offered a distinct advantage
since it was planted on standardised steel mesh structures situated on all city
buses and tram stops as part of a municipal initiative called "greening cities.
36 of these sampling sites were placed in standard steel mesh structures on
urban bus and tram stops. These represent a passive air-quality monitoring
system with broad spatial coverage across a large portion of the urban
pollution gradient. H. helix is physiologically sensitive to various air
pollutants, as has been well-documented by several urban studies, which noted
that H. helix typically showed a lower APTI, suggesting it is more sensitive

(Pandey et al., 2003; Chauhan et al., 2022; Kovats et al., 2021).

Its waxy surface makes particulate accumulation easy to measure and use
(Weerakkody et al., 2017; Corada et al., 2021). This is important because this
species is frequently used in urban parks and trees, facilitating comparisons of
air quality measurements taken at various city locations (Weerakkody et al.,
2017b). Its sensitivity, a reason for avoiding its use in areas requiring pollution
tolerance, makes it so useful for providing a rapid signal of changes in air
pollution that could be dangerous to human health (Lee et al., 2021). Both G.
biloba and H. helix were chosen because they monitor pollution through two
distinct, but related, measurements that neither organism alone would cover,

but together they do provide comprehensive data: temporal dynamics
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measured with deciduous plants, where a known index exists and changes
through seasons to detect shifts in air pollution levels and spatial context with
a species that is evergreen and widely planted in many urban parks, offering
measurements at any given time of year and showing how pollution levels are

affected by localized variations (Weerakkody et al., 2017b).
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4. Materials and Methods

4.1 Studied Areas, Data and Sample Collection in Debrecen,
Hungary

4.1.1 Topographical, climatic background

The second-largest city in Eastern Hungary, Debrecen, on the Great Hungarian
Plain, is situated approximately 120 meters above sea level and experiences
the Urban Heat Island (UHI) effect (Bottyan et al., 2005). The city's
topography exhibits a consistent uniformity, characterised by the absence of
notable elevation variations. The area is characterised by the alternation of
four seasons, representative of the climatic conditions found in Central
Europe. The mean annual temperature is 10 °C. The annual precipitation totals
549 mm, while the city experiences approximately 2000 hours of sunshine
each year (L4aszl6 et al., 2016). Debrecen has a humid continental climate
(Dfb, verging on Dfa) as per the Koppen-Geiger classification (Peel et al.,
2007). The climate of Debrecen is predominantly dry continental, with
periodic oceanic and Mediterranean influences (OMSZ). Unusually high
temperatures persisted throughout the February 2020 lockdown, averaging
5°C, compared with the climatological mean of 0.5°C for the 1981-2010
period. The low temperatures were caused by cold fronts that brought an
unusually dry Arctic air mass (March 21st, March 30th). On March 26th, dust
from the desert area adjacent to the Aral Sea was transported by eastern winds
to southern Hungary (Varga, 2020). Precipitation in April showed a sporadic
pattern, falling on only a few days and totalling just under 20 mm nationwide,
with the northwestern region receiving less than 5 mm. One of the things we

typically see in April is heavy precipitation, averaging between 35mm and
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40mm over the past few years. The first part of the rainfall shutdown period
(March 31st through April 11th) in Hungary. Following this in May, many cold
fronts passed through Hungary, resulting in cooler-than-normal temperatures;
the mean May temperature was 14°C, and the average May temperature for
this season was 16°C. The majority of the precipitation from these cold fronts
was quite low, ranging from 20 to 50 mm. Additionally, as observed by the
Hungarian Meteorological Service, Hungary was covered with Saharan dust
between May 13th and 15th. Most of Hungary's urban areas are located on the
sandy soils of the Nyirség region. In contrast, the southwestern and western
regions of Hungary’s soils exhibit a transition from medium to heavy clay. The
typical wind direction is from the north-northwest. In addition to prevailing
winds, long-range transport of Saharan dust can affect air quality in Debrecen,
especially during certain months of the year. (Pasztor et al., 2016).

During the winter, stagnant air conditions are common in the area due
to the basin effect created by the Carpathian Mountains, which allows
pollutants to accumulate in Debrecen’s atmosphere (Varga, 2020). As a result,
PMio levels often exceed the EEA's standards. Research indicates that about
75% of Hungary's annual particulate matter air pollution originates from
transboundary sources, although local contributors still play a considerable
role, especially in winter (Szoboszlai et al., 2009). Throughout the heating

season, the 24-hour threshold for particle pollution is often surpassed.

4.1.2 Meteorological and Air Pollution Data

The Hungarian Meteorological Service provided meteorological and air
pollution data for the three periods—the pre-pandemic, pandemic, and post-

pandemic-based on PMo concentrations to examine the impact of COVID-19
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on air quality in Debrecen, Hungary, from 2018 to 2022. Data were collected
from three air quality monitoring stations: Station 1 (S 1), Kalotaszeg tér;
Station 2 (S_2), Hajnal Street; and Station 3 (S_3), Debrecen Klinika Campus.
All of the studies use it to measure the city's levels of CO, NO, NO;, NOx,
PMio, PMjs, and SO,. Two weather stations, M 1: Macs Met
(Agrometeorological Observatory of Debrecen) and M 2: International
Airport of Debrecen (HMS) (Fig. 1), provided wind direction and speed data.
To ensure precise and representative data, anemometers at these stations are
mounted 10 meters above ground, in accordance with international standards.
For daily, monthly, and annual studies, wind direction and speed were

measured at 10-minute intervals and averaged.

4.1.3 Collection of Ginkgo biloba samples

G. biloba L. is a popular ornamental tree in urban environments. This ancient
tree is considered a “living fossil” and dates back to the Permian period. G
biloba 1s among the most investigated species for medicinal use and
environmental tolerance, due to its resistance to pests and diseases. Seasonal
variation in polyphenols and pigments has been shown to serve as a sensitive
indicator of environmental fluctuations, especially in G. biloba (Jurcevié
éangut & Samec, 2024; Kinoshita et al., 2021 ). Because of its resilient nature,
it is an ideal species for biomonitoring in urban landscape studies. From the
newly constructed Western bypass that surrounds the city centre of Debrecen,

Hungary, G. biloba leaves were collected from trees along the bypass. (Fig.

).
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Fig. 1. Sampling layout in Debrecen city. A total of 28 trees were selected and
sampled along the marked line. The red star marks the null point from which
the distances of each sampling point were measured. The observation stations:
Station 1, Kalotaszeg tér; Station 2, Hajnal Street; and Station 3, Debrecen
Klinika Campus for monitoring air pollutants are indicated in the insert. The
map was created using ArcMap version 10.4.
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The leaf sampling involved 28 G. biloba specimens collected along a 1,200-
meter linear transect in Debrecen, focusing on an intra-urban gradient of traffic
influence. The 28 trees were spaced approximately 9.85 meters apart and
selected to reflect varying traffic densities, especially near significant
intersections and a railway station. All specimens were strategically positioned
along the roadside to ensure uniform microclimatic conditions during
evaluation of spatial variations in traffic-related air pollution. Given G.
biloba's nonindigenous status and its role as an ornamental species, no age-
matched controls from environments with lower pollution levels were
available at the time of this study. The research employed variations in traffic
intensity across geographic areas as a functional control mechanism. From
July to October 2023, a total of 420-560 fully developed, healthy leaf samples
were systematically collected monthly, comprising 15-20 samples from trees
aged 1-2 years at the time of sampling (planted July 2022); nursery age prior
to planting was not recorded. Samples were systematically collected from the
upper and mid-canopy positions of each tree, at heights of about 1.5 to 2.5
meters above ground level. Leaf sampling was restricted to branches exposed
to sunlight to minimise shading effects and maintain consistent light
conditions among the subjects. Every tree was regarded as a distinct sampling
unit for the purposes of statistical analysis. Samples were stored at —21°C for

subsequent laboratory analysis.

4.1.4 Hedera helix sampling site

Leaves of H. helix samples were collected from ivy-covered steel mesh
structures at 36 bus and tram stops in Debrecen (Fig. 2). Although 50 bus stops

were originally planted within the framework of the project, at the time of
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sampling, only 36 sites had sufficiently developed and intact ivy cover suitable
for standardised leaf sampling. Sites with incomplete plant cover or
maintenance-related disturbances were excluded. Consequently, we selected
all bus and tram stops with established ivy growths of similar types to include

in our analysis; those with similar characteristics were therefore included as

well.
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Fig. 2. Location of sampling sites and air pollution monitoring stations:
Station 1 (S_1), Kalotaszeg tér; Station 2 (S_2), Hajnal Street; and Station 3
(S_3), Debrecen Klinika Campus. Two weather stations, M _1: Macs Met
(Agrometeorological Observatory of Debrecen) and M 2: International
Airport of Debrecen (HMS). The map was created using ArcMap version 10.4.

The control site was located in Debrecen-Jozsa (a suburban area of Debrecen),
where traffic is lower and direct vehicle emissions are lower than at the inner-

city study sites. The climate and horticulture maintenance practices were
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similar to those in the other 3 sampling areas and the study area. Thus,
although Debrecen-Jozsa cannot be deemed a pollution-free site, it will serve
as an acceptable (i.e., low-exposure) reference site for this study, as it is also
an urban regional node. From July 2023 until June 2024, samples will be
collected each month during the first week (8.00-10.00 am) at each site,
providing a composite biological sample for that site for that month. There is
a limited amount of biomass at the sampling site, so the proposed use of 15
leaves for the analysis (due to multiple physiological and biochemical tests
performed on the same sample) is an acceptable compromise between the
number of leaves needed to perform the required analyses and minimising
disturbances to the vegetation. The gathered samples were placed in labelled

lab bags and transported to the laboratory for testing.

4.2 Studied Area and Sample Collection in Budapest, Hungary

The research was carried out using samples collected from three distinct
locations in Budapest (Fig. 3). Each area reflecting varying degrees of traffic
intensity: Rakdczi Avenue, characterised by high traffic (1.56 km in length, 35
m in width); Dembinszky Road, exhibiting moderate traffic (0.76 km in
length, 17 m in width); and the Budatétény Rose Garden, which functioned as
a control site low — traffic urban reference site, selected for its minimal direct
vehicle emission exposure relative to the traffic - affected sites. The sampled
G. biloba trees were established as field-grown roadside trees located directly
along the roadside footway adjacent (approximately 1-3 m from the road
edge) to the traffic corridor. The control site is located within a 2.5-hectare
landscaped rose gene bank, characterised by minimal traffic impact and stable

ecological conditions, thus serving as a low-stress reference environment.
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Sampling occurred during two distinct seasonal periods: July and September
in 2023, followed by September 2024, to capture both intra-annual and inter-
annual variations. At each location, a selection of 10 mature, visually healthy
G. biloba trees was made. Ten fully expanded leaves were collected from the
lower third of the canopy (~2 m above ground) on the traffic-facing side of
each tree, following established protocols to ensure standardisation of
microenvironmental exposure. For each tree, five fully expanded leaves were
used for pigment extraction, and three independent replicate extractions were
performed. Samples were collected at the tree level to ensure statistical
independence and to prevent pseudo-replication. All samples were collected
during dry weather, with no rainfall on the day of sampling. They were
promptly flash-frozen in liquid nitrogen and subsequently stored at -70°C until
the time of biochemical analysis. Corresponding air pollution data were
sourced from the nearest monitoring stations, specifically Teleki Square for
the moderate-traffic site and Erzsébet Square for the high-traffic site. In the
Control Zone (Budatétényi Rose Garden), background values were derived
from the nearest suburban station, Budapest Budatétényi, due to the absence

of a co-located monitoring device.
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Fig 3. Map of the Budapest study area showing sampling and monitoring
locations. The map was created using ArcMap version 10.4. Leaf samples of
Ginkgo biloba were collected from three different sites: the control at
Budatétényi Rose Garden (C), a site with moderate traffic in Dembinszky
Street, and a site with high traffic in Rakoczi Avenue. Air pollutant data (CO,
NO2, O3, PMio, PM2.5, SO2) were obtained from nearby National Air Quality
Monitoring Network stations: Budatétény Rose Garden (C), Station 1 (S1) in
Teleki Square, and Station 2 (S2) in Erzsébet Square. These paired biological
and atmospheric datasets provided the basis for stress classification and PIDR
validation across the urban gradient.

4.3 Analysis of Deposited Dust

Leaf area was determined by scanning each leaf and analysing the images in
ImageJ (Version 1.52a, Wayne Rasband, National Institutes of Health, USA).

Each leaf was then washed in 250 mL of deionised water for 10 minutes on an
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orbital shaker to dislodge the adsorbed particulate matter, followed by a
second rinsing with 50 mL to ensure thorough recovery. The pooled 300 ml
suspension was passed through a 150 pm mesh sieve/screen to remove larger
debris, after which the filtrate was subjected to vacuum filtration using pre-
weighed filter papers (5—8 pum retention; Munktell 392, Ahlstrom) (Fig. 4).
Filters were then dried to constant weight (£0.1 mg / £1 mg) for gravimetric
determination of dust, following rigour in mass-difference protocols
(Weerakkody et al., 2017a). Dust accumulation was normalised against leaf

surface area and expressed as pg cm2 (Szabo et al., 2023).
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Fig. 4. Workflow diagram of laboratory methods used for the analysis of leaf-
based air pollution indicators. The workflow diagram was made by The Noun
Project (https://thenounproject.com).

4.4 Analysis of Pigments

Fresh leaves (20 mg fw) were homogenised by means of a grinding apparatus

in 5 mL 96% ethanol for 4 min (2,500 RPM). Subsequently, the extract was
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centrifuged, and the upper liquid phase was kept in the dark at 4°C for
measurements. A UV/VIS spectrophotometer (BOECO S220) was used to
measure the absorbance of the cleared extract in a 1-cm quartz cell in the
presence of ethanol (absolute). Absorbances were measured at 470, 649, 665,
and 750 nm following the method of Lichtenthaler et al. (1981). Chlorophyll
and carotenoid concentrations were calculated by Equations 1-4 and reported
as per gram fresh weight of leaf tissue. To determine the pheophytin
concentration, the same ethanolic extract used previously was used.
Absorbance readings were recorded prior to acidification at wavelengths 649,
665 and 750 nm. Then, one drop (50 uL) of 10M HCI (final concentration of
approximately 0.1 M HCI) was introduced, and the pheophytin was generated
by removing Mg?" from all the chlorophyll. After 3 min, the absorbances were
remeasured at wavelengths 655, 666 and 750 nm. Pheophytin concentration
was calculated according to Vernon (1960). All operations were carried out

under reduced light conditions to avoid the photodegradation of the pigments.

For statistical analyses, replicate values were averaged at the tree level, with
each tree treated as a biological replicate. The equations used to calculate each
pigment parameter are presented below (Egs. 1-4); the corresponding

workflow is illustrated in Fig. 4.

0.005

Cchr-a = [13.36(4665 — A750) — 5.19(4649 — A750)] x
Equation: 1

0.005
Cenp = [27.43(A649 — A750) — 8.12(4665 — A750)] x

Equation: 2
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0.005
Total Chlorophyll = [5.24(A665 — A750) + 22.24(A649 — A750)] X

Equation: 3

In Eq. (1)

Cchl-o: concentration in mg/g fresh mass

* Ass5-750 1s the absorbance at 665 nm minus the absorbance at 750 nm.

* As49-750 1S the absorbance at 649 nm minus the absorbance at 750 nm

* m is the fresh mass of the sample in grams.

In Eq. (2)

Ccnl-p: concentration in mg/g fresh mass

* Asss-750 1s the absorbance at 665 nm minus the absorbance at 750 nm

* As49-750 1 the absorbance at 649 nm minus the absorbance at 750 nm

* m is the fresh mass of the sample in grams

In Eq. (3)

Total Chlorophyll: concentration in mg/g fresh mass

* Asss—A7s0 1s the absorbance at 665 nm minus the absorbance at 750 nm.
* As49—A750 1s the absorbance at 649 nm minus the absorbance at 750 nm.

* m is the fresh mass of the sample in grams.

_ 1000 [Ayzp = Azs] = 2.13 Cona = 97.64 Cany | 0.005

ar 209 .
Equation: 4

In Eq. (4)

41



* Cecar: concentration in mg/g fresh mass

* A470—750: A 1s the absorbance at 470 nm minus the absorbance at 750 nm.

* Ccnra: C is the chlorophyll-a concentration in milligrams (mg).

* Ccnib: C is the chlorophyll-b concentration in milligrams (mg).

* m is the fresh mass of the sample in grams

Pheo-a = [(20.15 [Ages — A750] — 5.87 [Agss — Azso])

0.005
— (11.63 [Ags5 — A750] — 2.39 [Agag — Azs0])] X
Equation: 5
Pheo-b = [(31.9 [Agss — A750] — 13.4 [Aees — A7s0])
0.005
—(20.11 [Ag49 — A7s50] — 5.18 [Agg5 — A750])] X )
Equation: 6
TOtal-pheo = [(675 [A666 - A750] + 2603 [A655 - A750])
0.005
—(6.45 [Ages — Azso] + 17.72 [Agsg — A750])] X
Equation:7

In Eq (5), Eq (6), & Eq (7)

Pheo a, Pheo b, and Total pheo: concentration in mg/g fresh mass

Ass6-750: Absorbance at 666 nm minus absorbance at 750 nm.
Asss-750: Absorbance at 655 nm minus absorbance at 750 nm.
Asss-750: Absorbance at 665 nm minus absorbance at 750 nm.
As49-750: Absorbance at 649 nm minus absorbance at 750 nm.

m is the fresh mass of the sample in grams.
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4.5 Air Pollution Tolerance Index

The Air Pollution Tolerance Index (APTI) was calculated based on the
concentration of chlorophyll and ascorbic acid and relative water contents of
leaves, as well as the pH of leaf extracts (Fig. 5) (Singh et al., 1991; Molnér et
al., 2020a; Simon et al., 2021)

Total
pH(P) | < |  Chlorophyll +
Content(T)

Relative Water

Ascorbic Acid
+ Content (R)

Congcentration (A)

Calculate APTI
AX(T4+P)+R

vp =
APTI 10

Classify tree species ace. to the result
Tolerant (APTI= 24)
Fairly Tolerant (20=APTI)
Intermediate (15=APTI<20)
Sensitive (APTI<I4)

Fig. 5. Parameters of Air Pollution Tolerance Index calculation (APTT) (Singh
etal., 1991)

4.6 PIDR Calculation for G. biloba

This study tested and introduced Pigment Integrity-to-Dust Ratio (PIDR) as a
novel exploratory biomonitoring index, which combines two diagnostic
aspects of leaf stress: (i) the balance between intact chlorophyll pigments (Chl-
a, Chl-b) and their degradation products (Pheo-a, Pheo-b), and (ii) the

accumulation of dust on the leaf surface. The process of averaging the two
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pigment ratios balances the index while reducing the risk of bias from
variations in any individual pigment. Pheophytin is a result of chlorophyll
hydrolysis during leaf senescence or due to pollution stress, not an artefact of
acidification. Leaves synthesise pheophytin during leaf senescence, following
the degradation sequence chlorophyll > pheophytin > pheophorbide
(Hortensteiner et al., 2009; Matile et al., 1987). The spectrophotometer
readings collected before acidification thus reflect chlorophyll degraded to
pheophytin naturally under field conditions. After acidification, the
spectrophotometer measures the total chlorophyll present, since acidification
converts the remaining intact chlorophyll to pheophytin. The chlorophyll:
pheophytin ratio computed from these two sets of measurements shows how
much intact chlorophyll is present relative to chlorophyll that has been
degraded to pheophytin and can serve as a measure of how much chlorophyll
has broken down under the given stresses (Vernon, 1960). Adding dust load to
the denominator gives PIDR, which measures pigment health compared to the
amount of dust on the leaf. This connects changes in leaf pigment to dust
buildup. The calculation of PIDR for G. biloba and morphologically similar

broad-leaved species has been done as follows.

( Chl-a |, Chl-b )
Pheo-a_Pheo-b

PIDR Glnkgo = 2xDust load (pg/cm™2)

Equation: 8

The values used for chlorophyll a (Chl-a) and b (Chl-b) were mg g™ fresh
weight. For pheophytin a (Pheo-a) and b (Pheo-b), concentrations were also
givenasmg g ! fresh weight. Both the numerator and denominator values used
in pigment-ratio computations have the same units; therefore, the ratios Chl-
a/Pheo-a and Chl-b/Pheo-b are dimensionless. With pollution, when all Chl is
broken down into pheophytin, the numerator (Chl-a/Pheo-a + Chl-b/Pheo-b)
would theoretically approach 0 and under mild or prolonged pollution stress,

it rises well above 2.0 in leaves from low — pollution reference sites, where

44



Chl far exceeds its degradation product, pheophytin. Dust load was the
gravimetric measurement of dust particles divided by the leaf surface area (ug
cm 2). The PIDR has units of the dust load denominator, but in this study,
PIDR is expressed as a fold change relative to the mean PIDR of high-traffic-
exposed sites, compared with the median PIDR of the low-traffic reference
site during the same period (Eq. 9), making the final index dimensionless. The
averaging of the two pigment ratios also normalises the index and reduces the

risk that any single pigment disproportionately influences it.

4.6.1 Zone-level deviation analysis

PIDR values were presented as fold-change relative to the control-site median

(My) for each sampling date to enable comparison between zones:

Fold Change;, = PIDRi,t /Mt Equation: 9

where PIDR refers to the raw value for each tree (i) at time (?). Zone-level
deviations were then summarised for each site (R, D, and Control) using both
parametric (mean + standard deviation, SD) and robust (median + median

deviation from control, MDC) statistics.

MDC was calculated as:

MDCt = median (lFoldChangei,t — Median(FoldChanget)D Equation: 10

. 1 = individual tree sample

. t = sampling date

. Fold Changeg,, = PIDR of tree i divided by the control-site median
PIDR for date t

. median (Fold Change); = median Fold Change for that date or zone
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Both mean + SD and median + MDC were converted into percentage deviation

from the control baseline to aid comparison across the zones:

%MDCt =100 x median (|FoldChangei‘t - Median(FoldChanget)D

Equation:11

. 1 = individual tree sample

. t = sampling date

. Fold Change;,, = PIDR of tree i divided by the control-site median
PIDR for date t

. median (Fold Change); = median Fold Change for that date or zone

where value refers to the median of the fold change distribution for a given
site. SD and MDC were scaled by 100 to allow direct comparison of variability
across measures. While mean + SD values were retained for reference, primary
summaries used median + MDC. This approach was chosen to better represent
central tendency and reduce the influence of outliers, thus providing a clearer

ecological interpretation of the main stress patterns.

4.6.2 Stress Classification

To create a stress classification, limits were set relative to the control group to
maintain consistency across sites and dates. For each sampling period, the
median PIDR for the MC site (the low-traffic reference) was used as the
comparison reference, which varied by date. As low-stress status could vary

during the study period (e.g., as the PIDR could fluctuate during winter due to
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an abundance of stress periods), it was defined operationally in this
investigation as the minimum possible stress level for the species and dataset.
This was quantified as the median PIDR at the reference site during each
specific sampling period, rather than a single constant ratio that would
correspond to low stress. This baseline value for the reference site and
sampling period is hereafter defined as the comparator baseline (b). Note that
MC is not pollution - free and experiences various abiotic stresses, so MC

represents only a relative, not an absolute, low-stress measurement.

PIDR values, which do not have a normal distribution, were adjusted using an
inverse hyperbolic sine (asinh) transformation to make it easier to compare
fold changes. For interpreting the entire PIDR range, a uniform analytical
scale was used. The response is stable for values closer to zero and helps
identify differences between larger values, lessening the impact of extreme
values. Also, the asinh transformation fits ecological response patterns,
showing gradual changes at lower pollution levels and sharper responses at

higher stress levels.

Each individual measurement (PIDR;) was then expressed as its deviation

from this baseline:

Ai = Asinh(PIDRi) — B Equation:12
Where PIDR; =raw PIDR value for sample 1
Ai is the difference from the baseline.

A positive A;j means the leaf is close to or above the control (healthier), while

a negative A; means the leaf has lower pigment integrity (more stress)

The control-site median PIDR (Mc) was multiplied by fixed fractions (f= 1.0,
0.50, and 0.20) corresponding to varying levels of pigment loss to establish
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stress thresholds. To ensure that all threshold values were comparable and
expressed on the same scale, these scaled values were subsequently
transformed using the same inverse hyperbolic sine (asinh) transformation as

the sample data.

Tf = asinh(f x Mc) — B Equation:13
where Tr= transformed threshold for each level.
Accordingly, stress categories were defined as:

e Minimal to No Stress: Ai>Ti o
o Lowstress: Toso<Ai<Tio
e Moderate Stress: To20 < Ai< Tos0

e Severe Stress: Ai<To20

To offer a paradigm that is both replicable and ecologically interpretable, stress
thresholds were specified as fixed fractions of the control median PIDR (Mc).
Minimal to no stress samples were defined as those that were at least as high
as the control (=1.0xMcwhich represents the physiological condition of the
low-traffic reference trees under comparable seasonal conditions. To capture
slight deteriorations in pigment integrity that signify early physiological
compensation while being above the functional midpoint, the band 0.50—<1.0
x Mc was named Low Stress. Studies by (Lichtenthaler, 1996; Trueba et al.,
2019; Walker et al., 2018) indicate that a 50% decline in fluorescence or
chlorophyll is often treated as a meaningful decline but not yet a severe level
of physiological loss; for this reason, we used 0.50 (50% of MC) to mark

Moderate Stress. Severe stress was defined using a lower cut-oft of 0.20 (20%
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of MC), reflecting findings that a 20-30% drop is typically associated with
major damage to pigment pools and photosynthetic function (Trueba et al.,
2019; Wykoft et al., 1998). In addition to providing a repeatable, ecologically
significant classification across sample sites and dates, this proportional fold-
of-control paradigm explicitly links stress intensity to pigment integrity loss

relative to the low—traffic urban reference baseline.

4.7 Statistical Analysis

4.7.1 Statistical analysis of the effect of COVID-19

Statistical analyses were performed using IBM SPSS Statistics (version 21).
The daily concentrations of PMio were analysed to examine the effect of
COVID-19 on air pollution levels. The PM1o concentrations were compared
across the pre-pandemic, pandemic, and post-pandemic periods using a two-
way analysis of variance (ANOVA). The PM 1o concentration was used as the
independent factor, stations and the three studied periods as the dependent
factors. To study the effect of lockdowns on daily PMio concentrations, we
compared years with lockdowns in Hungary using a two-way ANOVA. The
PMio concentration was the independent factor, while the stations and the

studied years were the fixed factors.

4.7.2 Statistical analysis in the case of G. biloba in Debrecen

Statistical analyses were also performed using IBM SPSS Statistics (version
21). Levene's test was used to analyse the equality of variances. Differences
among months and studied areas were analysed with analysis of variance

(ANOVA) and Tukey's pairwise comparisons test. A Pearson correlation test
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was used to determine the correlation between pigment concentrations and air
pollutants, and between pigment concentrations and the distance between
sampling points. For the correlation analyses, monthly averages of air
pollutant data from the three observation stations were used. Using
Redundancy Analysis (RDA), we examined the relationships between pigment

and air pollutant concentrations.

4.7.3 Statistical analysis in the case of G. biloba in Budapest

Statistical analyses were performed using IBM SPSS Statistics (version 21).
Multivariate Analysis of Variance (MANOVA) was first applied to evaluate
overall zone effects across the biochemical parameters (chlorophyll a,
chlorophyll b, total chlorophyll, carotenoids, pheophytin, and dust deposition).
One-way ANOVAs and Tukey's Honestly Significant Difference (HSD) tests
were used to examine pairwise contrasts among three sites: the control
(Budatétényi Rose Garden), a moderate-traffic area on Dembinszky Street,
and a high-traffic location on Rakoczi Avenue, when MANOVA revealed
significant differences. Levene's test was used to assess homogeneity of
variances, and one-way ANOVA was used to examine temporal patterns across
three sample dates: July 2023, September 2023, and September 2024. Instead
of performing repeated measurements on the same tree, the study used cross-
sectional comparisons of fresh leaf samples taken at each time point. The
effectiveness of PIDR as a stress index was evaluated concerning multiple air
pollutants, including CO, NO2z, Os, PMi, PMa.s, and SO.. The analysis
involved computing Pearson correlation coefficients to assess the relationship
between standardised PIDR values and pollutant concentrations at three
distinct locations: a control site (Budatétényi Rose Garden), a site with

moderate traffic (Teleki Square), and a site characterised by high traffic
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(Erzsébet Square). Furthermore, distinct multiple regression models were
constructed for each location to determine which pollutant had the greatest
impact on PIDR variation. The relatively large standard deviations observed
for some parameters reflect the biological heterogeneity expected among
field-grown urban trees exposed to variable local microenvironmental
conditions. The two strongest predictors were used in every case: for a high-
traffic site, CO and PMa s; for a control site, O3 and PM> 5; and for a moderate-
traffic site, O3 and PM>s. To compare predictor strength, standardised
coefficients (B) were used, and model fit was evaluated with R?. Before
interpreting model output, residual normality and collinearity (VIF < 5) were
validated. Because of the limited number of sampling dates, the regression

analyses were interpreted as exploratory rather than definitive

4.7.4 Statistical analysis in the case of H. helix in Debrecen

Statistical analyses were performed using IBM SPSS Statistics (version 21)
for the Shapiro-Wilk test, Levene’s test, ANOVA and Dunnett's test, using
Canoco for Windows 4.5, used for PCA (Braak & Smilauer, 2002) and R
software (version 4.1.2) by the R Foundation for Statistical Computing (2021)
were used for correlation and regression analysis. Monthly data were
aggregated into seasonal groups to reduce short-term temporal variability and
to emphasise broader seasonal environmental patterns. Data distribution was
assessed for normality using the Shapiro—Wilk test. The homogeneity of
variances was tested with Levene's test. The concentrations of dust on leaf
surfaces, pigments, and ascorbic acid, the relative water content, pH, and APTI
of the studied areas were compared using a two-way ANOVA with one factor,
the studied sites, and the other, the studied seasons. Differences from the

control were tested using a paired Dunnett's test. Pearson correlation analysis
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and regression analysis were performed between the measured physiological
parameters (dust deposition on leaf surfaces, pigment concentrations, ascorbic
acid content, relative water content, pH, and APTT) and the distance from the
city centre, as well as with the air pollution data from the two monitoring
stations in Debrecen city, including precipitation, temperature, and wind
parameters. Correlations and regression analysis were performed with leaf
dust deposition and leaf size. Principal component analysis (PCA) was

performed to examine seasonal variation and parameter relationships.
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5. Results
5.1 Restricted Mobility During COVID-19 Enhanced Debrecen,
Hungary's Air Quality

5.1.1 Changes in PM,y Concentration During the Periods Before,
During, and After the COVID-19 Pandemic

PMio concentrations varied across pre-pandemic (before March 2020),
pandemic March 2020 to February 2022 and post-pandemic (after March
2022) at all stations (Fig. 6). Significant differences in PMio concentrations
were observed between 2018 and 2019 at all stations (Station 1: F = 231.289,
p <0.001, Station 2: F = 238.488, p < 0.001, Station 3: F = 39.293, p < 0.001),
with notable increased concentrations especially at Station 2 from the

beginning of 2019.
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Fig. 6. Daily concentration of PMjo (mean + SE) during the three studied
periods (pre-pandemic, pandemic, and post-pandemic) in each month. Pre-
pandemic period: before March 2020, pandemic period: March 2020
February 2022, post-pandemic period: after March 2022. Notations: blue
arrows indicate the time of lockdowns.

The three stations differed during the pre-pandemic era, with different levels
of exposure to traffic and other emissions. S1 and S2 were located at sites with
moderate and heavy traffic exposure, respectively. S3 served as a background
reference location and showed the lowest exposure to traffic emissions. S2
showed an exceptional peak of 41 + 8 pg/m3 in January 2019 (which
represented its peak monthly PMio reading over the entire period), consistent
with the high volume of traffic in S2. Road transport is the principal source of

pollutants in the area, and there is no industrial activity in the neighbourhood
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of any station. During the pandemic period, March 2020 to February 2022,
PM.o remained at a stable low at both S2 and S3 in both 2020 and 2021, with
a pandemic average of 22.6 pug/ms3 at S2 and 20.3 pg/ms3 at S3. These low
concentrations can be attributed to a dramatic decrease in traffic and
anthropogenic activities within the urban area. PMio levels at S1 increased
during spring 2021, with readings of 57 + 11, 66 + 14 and 58 + 13 pg/m?3 in
March, April and May, respectively, contributing to its much higher average
value during the pandemic period compared to the other two stations, despite
the overall decline in road traffic. The unusually high readings observed at S1
can be explained by the influence of low wind speeds and a stable atmosphere
during the second lockdown, which led to the accumulation of locally high
pollution at the traffic hotspot of S2 (see Figure 6). Following the end of the
lockdown phase in March 2022, S1 had again the highest average PMio
readings (31.0 pug/m3) driven by high spring readings (52 £ 9 and 49 *+ 25
pg/ms3 in March and April, respectively). The average post-pandemic readings
at S2 (19.4 pg/m?) represented the lowest of the three stations. PMio averages
at S3 were found to be 23.9 pg/ms3, which is higher than at S2, possibly
reflecting the full return to activity at the Debrecen Klinika Campus after the
restrictions were lifted during the pandemic. The growing differences between
stations in the post-lockdown era are the consequence of the uneven recovery
of traffic and localised emission sources in these three areas, as well as
episodic inputs from agricultural burning and large-scale meteorological

patterns in the region.

5.1.2 Impact of Lockdown Measures on PM ;) Concentrations

The lockdown periods in Hungary commenced in March 2020 and concluded

in March 2022, interspersed with multiple interruptions. Substantial
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disparities were observed among years and stations when we analysed the
identical months in each year (Table 1). Drastic declines were seen across all

stations solely in January 2021.

Table 1. Daily PM o concentration (mean + SE) in the studied months during
the lockdowns in Hungary in 2018-2022. The data with lockdowns in
Hungary are indicated in bold. The lockdown periods were as follows: (i) from
11-03-2020 to 31-05-2020, (ii) from 01-11-2020 to 17-05-2021, (iii) from 01-
11-2021 to 01-12-2021, and (iv) from 11-12-2021 to 06-03-2022. N.d. means
data not detected.

Stations Years January February March April  May November December

2018 29+14 24+7 24+10 26+12 22+9 36+23 29+ 13
2019 37+10 24+6 23+9 24+11 21+9 29+18 25+11
Station 1 2020 36+15 30+8 30+14 33+17 23+9 3620 28 +12
2021 18+7 38+10 57+11 66+14 58+13 22+10 25+10
2022 20+12 19+£21 52+9 49425 39+23 1610 22+ 12

2018 27+12 13+£16 n.d. 8+17 n.d. 2+5 3+9
2019 41+8 19+11 32+21 24+14 14+4 21+8 19+9
Station 2 2020 36+12 19+ 11 24+16 25+12 155 228 21+10
2021 19+7 28+18 29+18 21+8 155 24+8 19+9
2022 18+11 27+17 20+8 14+8 13+4 25418 19+8

2018 33+17 10+£22 20+8 14+8 11+5 22412 18+8
2019 n.d. 15£6 21+8 15+5 12+6 32+19 22+12
Station 32020 35+12 15+7 2711 166 184 25=+10 23 +12
2021 11£11 12+12 20+8 1610 13+8 28=+11 25+ 15
2022 25+14 25+14 27411 25+2 175 21+13 27+19
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Particulate matter levels may have been consistently lower across the stations
due to the overall reduction in pollution sources during lockdowns. In S1 and
S2, the result was just marginally significant (p = 0.077), whereas the
difference was insignificant in S1 and S3 (p = 0.461), suggesting that local
effects, such as site-specific traffic and climate conditions, may have caused
the monitoring sites to diverge as lockdowns continue. This implies that there
may be different PM o values at the two stations, possibly due to site-specific
variations in lock-out, source differences, and regional effects on air pollutant
dispersion. Because this is only marginally relevant, as it is the only trend
observed at both monitoring stations (not observed in 2021, 2020, or 2019).
Regional effects are increasingly affecting air quality at both sites as

lockdowns continue.

5.1.3 Impact of Meteorological Parameters on PM
Concentration

The relationship between PMio levels and weather factors, such as wind
direction and speed, was gathered from two weather stations: MI:
International Airport of Debrecen (HMS) and M2: Macs Met

(Agrometeorological Observatory of Debrecen).

The heat maps (Figs. 7 and 8) clearly illustrate the correlation between PMo
concentrations and wind factors. PM levels were consistent throughout the
pre-pandemic period, with no statistically significant variations between the
sites (p > 0.05). It is seen that, whereas regional climate patterns and persistent
pollution sources have historically affected air quality, post-pandemic
disparities have surfaced. PMio levels remained stable during the pre-
pandemic period, with no statistically significant differences among sites (p >

0.05). In addition to these regional climate and long-term air pollution sources,
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the discrepancies observed after the pandemic are most pronounced between
the high-traffic stations S1 and S2 and the background station S3, reflecting
the uneven recovery of traffic emissions across monitoring locations. (Fig.6,
Table 1). Because microclimate variables as well as localized sources were
distinct at different stations, PMio concentrations diverge noticeably after
March 2020, where S1 shows much higher levels (18 + 8 pg m™) compared
to S3 (14 + 13 pg m™3); however, prior to March 2020, there is no significant
inter-station variation in PMjo concentrations (p > 0.05). Dominant wind
directions at both sites- N, NW and NE-that affect the dispersion and transport
of PMio confirm that the specific microclimate at each site is a primary driver

of site-specific PMi¢ variations (Fig 7 -8).
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Fig. 7. Heat map of PMo concentrations influenced by wind speed and wind
direction at the stations.
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Fig. 8. The heat map illustrates the relationships among PMio concentration
(ng/m3), wind speed (m/s), and wind direction across the studied years. The
colour gradient indicates the average daily PMio concentration, highlighting
how pollutant levels vary with wind speed and direction, aiding analysis of
pollution dispersion patterns. This data is based on Metrological Station 1 and
Metrological Station 2.

Furthermore, prevailing wind directions (N, NW, NE) significantly
contributed to regional air quality variability, with N, NW, and NE associated
with higher PM1o concentrations. This result underscores the likely influence
of local emission sources or urban topography. While wind direction reflects
the area’s landscape and city layout, the persistent patterns recorded at M1 and
M2 show that the meteorological data provide a solid basis for regional
analysis. Moreover, combining wind direction data with PM1¢ concentrations
at each station underscored its influence on regional and temporal fluctuations
in air quality. Measuring available meteorological data may not accurately

reflect site-specific microclimatic conditions, but the proximity of M2

International Airport of Debrecen (HMS) to the sampling sites and its
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adherence to international measurement standards make it a reliable source for

analysing patterns of pollutant transport and dispersion in this region.

5.2 Seasonal variation in leaf pigments of G. biloba resistance to

air pollution in Debrecen City, Hungary

5.2.1 Seasonal trends in APTI

During the study period, individual trees’ APTI scores ranged from 9.5 to 16,
but the average monthly APTI values (+ SE) remained below 15, indicating
that G. biloba was susceptible to air pollution. A significant difference was
found among months. The highest APTI was observed in October, and the
lowest in July (Fig. 9). Based on the APTI values, significant differences in

pH and ascorbic acid concentration were observed (Table 2).
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Fig. 9. APTI (mean = SE) values based on the ascorbic acid and total
chlorophyll concentrations, pH, and relative water content in G. biloba leaves
during the studied months in urban areas in Debrecen city. (n=15 - 20 samples
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per tree x 28 trees x 4 months = 420 - 560 samples total per month, 28 trees

were sampled in 2023)

Table 2. Values of the APTI parameters and significance differences among
months of 2023 by using ANOVA (mean of:15 - 20 leaf samples per month

per tree of 28 trees)

Parameters Months Mean + SE F p

pH July 3.52+0.16
August 3.93+0.32
September 446034 2121 <0001
October 4.91£0.46

Total chlorophyll, mg g July 0.94 +£0.47
August 0.78 +£0.47
September 0.81 +£0.33 2479 0.065
October 0.64 £0.31

Ascorbic acid, mg g’! July 5.08 +1.84
August 5.94+£2.07
September 7.44 +2.57 11918 <0.001
October 8.34+2.42

Relative water content,%  July 86.43 +3.45
August 86.97+£7.10

11 .94

September 86.89 +£4.31 0-1190.949
October 8721+4.61

5.2.2 Seasonal variations in pigment concentrations in G. biloba

Monthly data from July to October have been analysed, and a significant

difference has been found among the months in Chl-b concentration. The

mean concentration of Chl-b peaked in July and significantly declined in

October (Fig. 10). A significant seasonal variation was also seen in the

pheophytin concentration (Fig. 11).
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Figure. 11. Concentration of Pheo-a (a), Pheo-b (b), and total Pheo (c) (mean
+ SE, mg/g fresh mass) during the studied months in urban areas in Debrecen
city.

In July, the average Pheo-a concentration was 0.106 mg/g, which significantly
declined to 0.06 mg/g in August, then increased to 0.08 mg/g in September,
and further decreased to 0.03 mg/g in October (Fig. 11). The concentration of
Pheo-b demonstrated similar pattern, initially starting at 0.21 mg/g in July,
declining to 0.16 mg/g in September, and further dropping to 0.11 mg/g in
October (Fig. 11). Here, chlorophyll and pheophytin concentrations were used
as health indicators, calculated for 28 sampled trees each month except for
August (n = 26) and October (n = 24), since anomalous negative pheophytin
a (Pheo-a) measurements could be measured. Chl-a to Pheo-a ratios increased
gradually from July (5.18 £+ 0.28) through August (4.94 + 0.45) to September
(10.66 = 2.50) and October (19.36 + 4.31), whereas Chl-a concentration

63



decreased over the study months (0.544 — 0.376 mg g'). Pheophytin is a
chlorophyll breakdown intermediate (Chlorophyll — Pheophytin —
Pheophorbide — colourless catabolites) (Hortensteiner et al., 2009; Matile et
al., 1987). During the early stages of senescence (July and August),
pheophytin accumulates as a byproduct of chlorophyll catabolism, leading to
arelatively lower ratio, whereas with further senescence in the autumn months
(September and October), the ratio is higher. Pheophytinase activity increased
the rate of pheophytin breakdown to pheophorbide faster than its production,
so that Pheo-a amounts decreased (0.107 — 0.038 mg g') and consequently
the Chl-a to Pheo-a ratio rose. Chl-b to Pheo-b ratios did follow a biological
decline pattern (July: 1.82 = 0.08, August: 1.61 £0.10, September: 2.27 £ 0.20,
October: 2.23 + 0.19). The results indicated that midsummer's thermal stress
leads to the highest level of degradation (August), after which levels rose and
remained stable again in autumn. This transient drop relative to the ratio at the
beginning of the study might suggest that the stress induced by high
temperature and irradiance is highest during the middle of summer and affects
the catabolism of chlorophyll » more than chlorophyll a. Chl-b has been
known to be sensitive to high irradiance and temperature stress in an urban
environment (Lichtenthaler & Wellburn, 1983). Overall, Chl to total Pheo
ratios also rose over the entire study period from July (2.92 + 0.12) through
August (2.78 £ 0.19) and September (3.93 = 0.35) to October (4.68 £ 0.38).
This was because total Pheo was mostly determined by Pheo-a in the early
months of senescence, which sharply decreased in late summer. In general,
ratio dynamics indicate that Chl-a/Pheo-a can reflect either rapid catabolism
of pheophytin (late summer) or slow accumulation of the degradation product
(early summer), and therefore either could indicate the damaging effects of
pollution and senescence-related stress. (Vernon, 1960). Carotenoid

concentrations varied slightly with the seasons, rising from a low level in July
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(0.19 mg/g) to a peak in August (0.21 mg/g), then gradually declining in
September (0.19 mg/g) and October (0.18 mg/g) (Fig. 12).
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Fig. 12. Carotenoid concentration (mean + SE, mg/g fresh mass) during the
studied months in urban areas in Debrecen city.

These variations were not statistically significant, though. This overall
stability demonstrated their continuous role in preventing oxidative damage to
the photosynthetic system. However, statistical confirmation of substantial

differences between months was not observed (p = 0.080).
5.2.3. Air pollutant levels
The examination of air pollutant levels at the three monitoring stations

indicated significant regional variability across Debrecen city during the study

period (Table 3).
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Table 3. Air pollutant concentration (u/m?) in Debrecen, Hungary

Results of EU air

Months ANOVA  quality

Air standards
pollutants July August September October F )2

10
Co 304+ 142 422+54 391+73 458+63 0120 0945

n.d.
NO 02+02 03+03 05+04 7.0+x48 1949 0.200

40
NO, 22+22 33+33 45+37 18.1x48 4205 0.046

d

NO 26426 38+38 53442 2964120 3661 0063 T

PM,o 163407 139433 133£65 132466 0087 0965 40
PMys 33433 32432 3434 36436 0003 1000 2
O3 47423 45422 41420 32416 0101 0957 120
SO, 06403 04404 0404 06£06 0057 0981 ™

Notations: In the studied months, the results were summarised using ANOVA.
The EU air quality standards (mean in l-year period) unit was pg/m?
(https://environment.ec.europa.eu/topics/air/air-quality/eu-air-quality-
standards_en). N.d. means data not reported. In the case of Os, the reported
data are the maximum daily 8-h mean.)

Monthly average levels of several air pollutants in each locality were
estimated by combining all three observer samples into a single average
measure. An extensive examination revealed that stations 1 and 2 were by far
the highest in average concentration of NO2, NOx, CO, and PM; throughout
all months due to their locations in close proximity to the area studied and their
exposure to a large amount of vehicle activity, while station 3 was located far
away and measured much lower concentrations of all four pollutants. In fact,
the average monthly levels measured at Station 1 were typically many times
the other two stations, especially during September and October, making the
geographic gradient most pronounced for the pollutants NO, and NOx.
Seasonal observations showed that the only air pollutant with significant

monthly variability was NOz. NO2 would peak in October, with levels more
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than 4 times those of previous months. No air pollutants exceeded maximum
allowable standards. Geographical and temporal gradients are important for
interpreting pigment concentration and APTI in G. biloba trees at different
locations. To provide transparency and reproducibility, the monthly means +

SD for each pigment are provided in the Appendix table 1.

5.2.4. Spatial Variation in pigment concentration with distance
from the pollution source

Distances were determined for each sampled tree throughout the linear urban
transect outlined in Section 2.1, beginning at the main road intersection and
varying along the corridor. Linear regression analysis was used to evaluate the
relationship between distance from the main road intersection (Fig. 1, red star
on the map) and concentrations of total chlorophyll, carotenoids, and
pheophytins over the observed months. The regression lines for the July

samples are illustrated in the Fig. 13.
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Fig. 13. Pigment concentrations (mg/g fresh mass) in leaves as a function of
distance from the starting point of the sampling transect. Panels show: (a) total
chlorophyll concentration, (b) carotenoid concentration, and (c) total
pheophytin concentration. The leaf samples (indicated by black dots) were
collected in July 2023. Solid lines denote the fitted linear regression models.

Significant positive correlations were observed between the total chlorophyll
concentration of G. biloba leaves and distance in July (R? =0.396, p <0.001),
August (R? = 0.219, p < 0.001), and September (R? = 0.247, p < 0.001).
Correspondingly, strong positive correlations were observed between
carotenoid concentration and distance in July (R? = 0.413, p < 0.001), August
(R?=0.446, p < 0.001), and September (R? = 0.562, p < 0.001). In July (R? =
0.386, p <0.001), August (R*=0.260, p < 0.001), September (R?=0.182, p <
0.001), and October (R? = 0.283, p < 0.001), there were significant positive

correlations between distance and the total pheophytin concentration.

5.2.5. Dependence of the pigment concentration on air pollution
The correlation between the pigments and air pollutant concentrations was
studied using redundancy analysis (RDA, Fig. 14). The correlation between

the first component (RDA1) and the second component (RDA2) was 0.994
and 0.135, respectively. RDA1 and RDA2 showed cumulative percentage
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variations of 80.6% and 12.8%, respectively. Chl-b and the amounts of NOx,
PM,o, and NO: showed negative relationships. The amounts of CO and total
chlorophyll were negatively correlated. The concentrations of CO and Chl-a

showed a negative connection.
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Fig. 14. Redundancy analysis biplot showing the interaction between air
pollutants and pigment concentrations. Notations: black arrow — pigment
concentration, red arrow — air pollutant concentration.
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5.3 A comprehensive analysis of Pigment Integrity-to-Dust Ratio
(PIDR) and Air Pollution Tolerance Index (APTI) as a bioindicator

in urban trees

5.3.1 Site-Wise Variations in Biochemical Parameters

G. biloba leaves exhibited significant physiological and biochemical
differences among the three sampling sites in Budapest. MANOVA results
revealed significant disparities across the control site at Budatétényi Rose
Garden, the moderate-traffic site at Dembinszky Street, and the high-traffic
site at Rakdczi Avenue (F = 5.52, p < 0.001) (Table 4). Additionally, dust
accumulation differed significantly (F = 3.19, p = 0.003), with the high-traffic
location recording the highest loads, indicating the impact of increased vehicle
emissions (Table 4). However, the choice of Budatétényi Rose Garden (control
site) cannot be considered a healthy baseline because it is free of pollution; no
urban site is entirely pollution-free, and the control trees themselves exhibited
anomalous physiological values in September. It was selected for its distance
from emission sources and the low frequency of car traffic. Control trees
exhibited low relative water content (69.22% in September 2023 and 70.67%
in September 2024). The pH of the extract of control tree leaf samples: 3.56,
September 2023, 3.49, September 2024. Chl-a concentrations were the lowest
for the control trees amongst the zones in September 2023 and 2024. These
values most likely reflect the onset of natural senescence in G. biloba, a
deciduous species. As senescence begins in September, a steady decline in
RWC, total chlorophyll content, and pH is initiated and continues until
senescence finishes and leaves are dropped. The senescence of G. biloba
follows a typical pattern, and in temperate-zone urban conditions, it appears

to be similar to that reported by Juréevi¢ Sangut and Samec (2024) and
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Kinoshita et al. (2021). Because only four trees are in the control group, single-
tree variance may influence the mean values and weaken the statistical
comparison. For that reason, the word healthy is deliberately not used in this
dissertation; the control site serves as a low-traffic reference point for
comparison with pollution-sensitive trees, and all PIDR values based on

September control data will be treated with caution.

Concentrations of chlorophyll a and b showed no apparent site-dependent
patterns and did not follow a pollution gradient. In July 2023, moderate-traffic
site trees exhibited the highest concentration of chlorophyll a (2.09 = 0.53 mg
g"), which was higher than that of the control site (1.95 = 0.76 mg g') and
high-traffic site trees (1.40 £ 0.34 mg g'), contradicting our expectation. From
2023 to 2024, chlorophyll concentrations decreased at both traffic sites, most
prominently at the moderate-traffic site (AChl-a = —0.57, AChl-b = —0.33)
than the high-traffic site (AChl-a = —0.20, AChl-b = —0.13). This pattern
supports cumulative pollution-induced chlorophyll degradation (Chl-a: F =
9.29, p <0.001, Chl-b: F =5.55, p <0.001).

At the moderate-traffic site, total chlorophyll dropped dramatically (A=-0.90;
F = 7.56, p < 0.001), indicating more severe pigment breakdown with
continuous exposure. Carotenoid concentrations were significantly higher at
the traffic-affected sites than at the control site (F = 11.83, p < 0.001). Both
locations exhibited a decrease in levels from 2023 to 2024 (AD =—-0.10; AR =
—0.08) (Appendix Table 2). Pheophytin concentrations showed significant
zone and time effects overall (Pheo-a: F = 14.62, p <0.001; Pheo-b: F = 8.06,
p < 0.001). However, Pheo-a at the moderate-traffic site in September 2023
(0.02 £ 0.06 mg g') was substantially lower than at both the control site (0.10
+ 0.10 mg g') and the high-traffic site (0.11 £ 0.07 mg g), contrary to the

expectation that more polluted sites accumulate more pheophytin
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Both sites closest to traffic intersections scored higher on the APTI index than
the control at every month included in the sampling (F=3.12, p=0.003).
Between July 2023 and September 2024, the APTI index declined slightly at
both traffic sites. The high-traffic site displayed a change (13.18—12.15)
between the sampling months. Moderate-traffic site decline between the
sample months of July and December. Between September 2023 and
September 2024, the APTI index declined, with high traffic and marginal
recovery observed at the moderate-traffic site. The pattern of reduction was
most pronounced at the control site, and there were signs of recovery in APTI

index measurements from September until the end of December.
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Table 4 Results of APTI and pigment concentration and ANOVA analysis in
the different sites (mean + SD). Notation: Different superscript letters within
the same sampling period indicate significant differences among sites

according to Tukey’s HSD test at p < 0.05.

Parameter Sampling Studied sites Results of
period ANOVA
High Traffic =~ Moderate Traffic Control F P
APTI Jul2023  13.18 + 1.46 1239+ 1.73* 1140+ 1.34* 3.12  0.00
Sep 2023  12.62+1.32*  11.37+3.77%  873+6.10 3
Sep 2024  12.15+1.72°  11.44+3.78®  8.16+5.56
Carotenoi ~ Jul 2023 0.38 +£0.07° 0.48 + 0.07° 0.42+0.144 11.8  <0.0
d,mgg'  Sep2023  0.32+0.05® 0.37 +0.12° 0.22 +0.16° 01
M Sep 2024 0.25 +0.04° 028+0.14°  0.23+0.16°
Chlorophy ~ Jul2023  1.40+0.34° 2.09 +0.53° 1.95+£0.76" 929  <0.0
Ila, mgg 01
'FM Sep 2023  1.24+0.27® 1.79 £ 0.65° 0.99 + 0.76°
Sep 2024  1.02+0.27° 1.20 + 0.63° 0.97 +0.77°
Chlorophy  Jul2023  0.77 +0.19 1.21 +0.36° 1.17+£0.50° 555  <0.0
1b,mgg Sep2023 0.72+0.21%® 1.11 +£0.43 0.62 + 0.50° 01
'FM O gep2024 070+ 0210 0.89 £0.46°  0.73+0.57%
Total Jul 2023  2.17+0.53° 330+0.88°  3.13+£1.25% 756  <0.0
Chlorophy  Sep 2023  1.96 +0.43% 2.90 + 1.08 1.62 + 1.26° 01
I, me. g Sep2024  1.72+048  208+1.09  1.70+1.33
Pheophyti  Jul 2023 0.19 +0.05 0.24 + 0.08° 025+0.11* 146 <0.0
na,mgg' Sep2023  0.11+0.07° 0.02 + 0.06° 0.10 +0.10° 01
FM Sep 2024 0.13 +0.03 0.07+0.08  0.11+0.10°
Pheophyti  Jul 2023 0.39 +0.08° 0.50 +£0.132 0.50+0.23* 536 <0.0
nb, mgg’! 01
M Sep 2023 0.34+0.07° 0.35+0.14° 0.30 + 0.25°
Sep 2024 0.30+0.05° 0.28 +0.15° 0.31+0.23%
Total Jul 2023 0.58 +0.13* 0.74 +0.21° 0.74+0.34* 806 <0.0
Pheophyti  Sep 2023  0.46+0.12° 0.37+0.18 0.40 + 0.34° 01
n “F’I%d g Sep 2024  0.43+0.08° 0.35+0.22° 0.41 +£0.33°
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5.3.2 Pigment Integrity-to-Dust Ratio (PIDR)

In contrast to the control, temporal and spatial variations in PIDR-based stress
classes were observed between the high-traffic site (Rdékdczi) and the
moderate-traffic site (Dembinszky) (Fig. 15). The distribution of individual
leaves is reported to show within-site variability. PIDR stress-class
proportions are summarised at the site level and sampling period (aggregated
within individual trees), with the leaves nested within the trees (e.g., R1, R2).
As aresponse, at high-traffic sites, there was a 20% rate of severe stress leaves,
36% low stress and 4% minimal to none, representing a 50% overall
divergence from the control site reference median in that period. Moderate
traffic sites exhibited a more polarised distribution, with 46.15% of samples
in the moderate stress category and 38.46% in the low stress category,
exhibiting an almost more significant divergence (53%) compared to high
traffic sites, which indicates reduced resilience. There was a 47% discrepancy
between the sample location at the high-traffic site and the reference site in
September 2023, with PIDR predominantly classified as "low stress" (60%).
Note that this did not reflect a decrease in biological stress from pollution, as
the 2nd-3rd September 2023 saw a series of showers and thunderstorms in
Budapest, according to historical data (Source: Historical Weather Data,
http://weatherspark.com, 2023). Due to PIDR using the amount of dust on the
leaf surface as the divisor, showers that wash away accumulated summer dust
halve the measured dust, thereby increasing PIDR relative to the chlorophyll-
to-phaeophytin signal, rather than signalling biological improvements. The
September 2023 readings at high-traffic sites are therefore most likely due to
rainfall and are best omitted for comparative, long-term interpretation of the

PIDR value.
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The moderate-traffic site in September 2023 showed a bimodal stress
distribution: 31% of the samples fell into the severe stress category and
61.54% into the minimal-to-no stress category, resulting in a variance ratio
relative to the reference median of 145% (PIDR = 2.51). This was also an
artefact: Pheo-a values at this site for September 2023 approach zero (0.019
mg g', below the lower detection limit of <0.1 mg g™'), which forces the ratio
(Chl-a)/Pheo-a to be high, independent of the true plant condition. As
indicated in Section 4.6, near-zero Pheo-a reflects degradation processes in a
healthy population and is treated as a limitation when using ratios that are
prone to inflation at the extremes (e.g., at or near 0). Therefore, this value is
excluded from any PIDR calculation involving quantitative temporal values.
This variation underscores physiological heterogeneity, possibly attributable
to exposure to microenvironmental dust and pollution. At the high-traffic site,
the proportion of leaves experiencing minimal-to-no stress decreased to 4%
and shifted towards low (64%) and moderate (32%) stress in September 2024.
This pattern reflects consistent instability in pigments and limited recovery
potential. The moderate-traffic site, on the other hand, showed a more
balanced stress distribution with an overall 80% deviance, despite being
uncommon. Approximately 46% of the leaves had minimal-to-no stress,
whereas 15% each had severe and moderate stress. Despite increased
fluctuation, there is some consistency in the moderate-traffic area when

compared to the prior year.
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Fig. 15. Stress classifications of G. biloba leaves in moderate and high traffic
sites and sampling dates July 2023, September 2023, and September 2024.
Stress levels were classified as fixed fractions of the asinh-transformed control
median: severe (<0.20), moderate (0.20-0.50), low (0.50-1.0), and minimal-
to-no stress (>1.0x%). Segment sizes indicate the proportion of samples in each
group, emphasising regional and temporal differences in pigment stability. The
moderate-traffic location had more stress signals that did not correlate linearly
with traffic intensity, indicating local microenvironmental variation, pollutant
and dust exposure, and physiological adjustment dynamics. This site contains
higher PIDR classes, indicating stress response ranges.

5.3.3 Validation of PIDR through Air Pollutants

To evaluate PIDR's efficacy as a biochemical stress measure, it was compared
to six major air pollutants (CO, NOz, Os, PMio, PMa.s and SO:) throughout
three time periods: July 2023, September 2023, and September 2024 (Fig. 16)
(Appendix Table 3). Raw PIDR values (Appendix Table 4). at the control site
show a slight decline each period (2023 July PIDR = 1.70, 2023 September
PIDR = 1.16, 2024 September PIDR = 1.08), which we attribute to the
combined factors of a 49% decline in Chl-a (2023 July = 1.95 mg g', 2023
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September = 1.30 mg g') due to natural seasonal senescence, coupled with a
127% accumulation of dust on foliage (2023 July = 3.41 pg cm™, 2023
September = 7.74 pg cm™), which reduces light transmission to the
chloroplasts and progressively increases the dust load denominator of the
PIDR formula, driving the gradual PIDR decline independently of pollution-
induced pigment degradation. We believe that the higher value for the control
site in the Z-score plot (Figure 16) is an artefact resulting from the single
moderate traffic event (2023 September PIDR = 2.51) pulling the
normalization of the overall control site values upwards and not reflecting the

actual stress at the control site.

At the high-traffic location, CO was the dominant stressor in reducing PIDR.
In September 2023, CO rose from 58.0 to 324.3 pg m3 (+459%), and it fell to
193.4 pg m™ by September 2024. Although CO diminished slightly, PIDR
continued to fall to 0.522, paralleling a striking SOz rise from 2.43 to 25.43 ug
m (+946%). These two pollutants then acted as co-dominant stressors in year
two, enhancing pigment loss due to cumulative stress. NO: at this location
decreased from 27.7 in September 2023 to 12.7 ug m3 by September 2024, so

other stressors must be responsible for the continuing decline in PIDR.

In the moderate traffic location, NO: was greater in September 2023 (36.8 vs
27.7 pg m?) than in the high traffic volume location, indicating NO: was a
more significant stressor at this site than at the high traffic volume site in
September 2023. Unlike other particulate matter, NO: is a gaseous pollutant
that is not removed by surface rainfall; hence, the moderate-traffic location
exhibited a more genuine biological stress signal than the high-traffic location,
despite both being exposed to the same September 2023 rainfall event. In
September 2024, SO: rose sharply from 4.86 to 50.85 pg m™ (+946%)-the

greatest amount recorded among all sites in all time points. Together with NO-
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(25.5 ng m3), it contributed to a PIDR reduction to 0.109, the smallest PIDR
recorded, again reinforcing long-term cumulative stress. Ozone followed the
opposite gradient; the control location yielded the highest ozone levels (85.1
pg m~?), followed by the moderate traffic location (76.6 ug m~—) and the lowest
was measured at the high traffic volume location (38.3 pg m™). Ozone
concentrations were lowest at the high-traffic site, consistent with NOy
titration; traffic-generated nitric oxide (NO) reacts with Os to produce NOx,
simultaneously depleting ozone and elevating nitrogen dioxide concentrations
at high-traffic locations. At traffic locations in September 2024, ozone and
nitrogen oxides fell to undetectable levels due to both seasonal patterns and
increased traffic levels. At the control site, PIDR decreased from 1.703 to
1.156 and then to 1.082 while NO: dropped precipitously to 4.76 ug m™= in
September 2024 and CO remained undetectable. This decrease in PIDR is not
caused by air pollution but by leaf senescence over time, that is, a steady

decline in Chl-a and a buildup of dust, as described previously.

A significant positive correlation between NO: and PIDR was observed at a
high traffic site. Higher NO- levels were expected to indicate lower PIDR,
since NO: is a stress factor, suggesting stressed trees. PIDR should decrease
with increasing NO:. In September 2023, the highest NO: reading was 27.69
pg m>, and the PIDR was 1.146. However, this is not an actual biological
change: rainfall on September 2nd and September 3rd washed accumulated
dust from the leaf sample foliage just before the September 2023 sampling.
This rain meant less dust settled on the leaf surface, and therefore, the
denominator in the PIDR was artificially reduced, inflating PIDR beyond the
tree's actual stress levels. Therefore, the positive correlation found was a
byproduct of rainfall events at the sampling site rather than indicative of NO:
having stress-reducing properties (Appendix Table 4). The relationship
between CO and PIDR was strongest at the high-traffic site and, as expected,
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was negatively oriented, with r =-0.971, p = 0.155, and B = -0.80 (indicating
that higher CO values were associated with lower PIDR values and a more
stressed tree). We determined the PM..s of all pollutants to be the single
strongest predictor with a negative correlation with PIDR at the control site (3
= -1.00) and thus higher background levels of pollution would mean lower
PIDR and even the reference forest is being stressed by pollution, although the
near-unit value should be viewed cautiously: as it is based on three temporal
data points coupled with using Z-scores (which normalizes the variables and
naturally inflation effect sizes more the stronger the relationship and is best

seen here as an indicator of the direction than accuracy.

1 JULy23  SEPT23  SEPTM JULY-2Y  SEPT-23  SEPT-M4 JULY-2Y  SEPT-2)  SEPT-24

7. score

High traffic site Control site Modernte truffic site
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P

Fig. 16. Temporal trends in standardised air pollutant concentrations and PIDR
across urban areas. Bar graphs illustrate the Z-scores of significant air
pollutants throughout zones in different sites for three temporal intervals: July
2023, September 2023, and September 2024. The red line shows zone and
time-specific PIDR changes. PIDR measures the temporal and spatial
relationships between urban air pollution levels and plant physiological
responses, highlighting site-specific and seasonal variations.
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5.4 Assessment of air pollution tolerance of H. helix in urban

areas of Debrecen city, Hungary

5.4.1 Differences in parameters among sites and seasons
Ascorbic acid concentration, chlorophyll and carotenoid concentration, and

dust concentration on the leaf surface of H. helix varied significantly between
sites and seasons (Appendix Table 5). Substantial variations in dust
concentration were observed compared with the control. The disparities were
favourable throughout the seasons, with the most significant effects noted in

winter, and modest differences in both autumn and spring (Fig. 17).
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Fig. 17. Deposited dust concentration on leaf surfaces in summer (a), autumn
(b), winter (c), and spring (d). Red lines indicate the mean + standard error of
the control, and significant differences (p < 0.05) from the control sample are
marked with an asterisk.
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Compared with the control, there were notable variations in chlorophyll

concentration, but these were limited to a few locations during the summer,

autumn, and spring seasons. The chlorophyll concentration varied around the

control level throughout the seasons (Fig. 18).
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Fig. 18. Chlorophyll concentration of leaf samples in summer (a), autumn (b),
winter (¢), and spring (d). Red lines indicate the mean + standard error of the
control, and significant differences (p < 0.05) from the control sample are
marked with an asterisk.

In autumn, winter, and spring, there were notable variations in carotenoid

content as compared to the control. The carotenoid concentration varied



around the control level across seasons, although not significantly (p < 0.05)

(Fig. 19).
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Fig. 19. Carotenoid concentration of leaf samples in summer (a), autumn (b),
winter (¢), and spring (d). Red lines indicate the mean + standard error of the
control, and significant differences (p < 0.05) from the control sample are
marked with an asterisk.

Ascorbic acid concentrations differed significantly from the control only
during the spring. The concentration of ascorbic acid varied around the control
throughout the seasons, though not considerably (p < 0.05), except in autumn,

when it exceeded the control at all locations (Fig. 20).
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5.4.2 Spatiality in the physiological parameters

The measured parameters (dust, chlorophyll, carotenoid, and ascorbic acid
carotenoid concentration) showed a significant association with the distance
from the city centre (Appendix Table 6). Regression analyses were conducted
following the correlation analysis to investigate the spatial relationships

between the assessed parameters and proximity to the city centre. Notable
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spatial correlations were identified between distance and dust accumulation

on leaf surfaces, as well as between distance and physiological indicators.

The accumulation of dust on leaf surfaces declined with increasing distance,
showing significant correlations during the winter and spring seasons (p <
0.01). In contrast, the correlations observed in summer and autumn were weak
and did not reach statistical significance (Fig. 21). Similarly, chlorophyll and
carotenoid concentrations showed notable negative correlations with distance.
Autumn, winter, and spring showed significant correlations with chlorophyll
(p < 0.05), whereas autumn and spring showed significant correlations with
carotenoid content (p < 0.05). Conversely, the concentration of ascorbic acid
demonstrated a significant positive correlation with distance from the city
centre, increasing with greater distance, especially during the winter season (p

=<0.01) (Table 5).

Table 5. Regression parameters for the relationship between distance from the
city centre and measured physiological and environmental variables across
seasons.

Summer Autumn Winter Spring

p R? p R? p R? p R?

Dust |0.215 0.031 ]0.069 0.064 |0.007* 0.192 ]0.001* 0.261
Chl |0.116 0.071 0.030* 0.131 [0.047* 0.111 |0.032* 0.128
Car [0.249 0.039 |[0.048* 0.110 [0.069 0.094 |0.038* 0.121
AAC|0.120  0.070 ]0.131  0.066 |0.007* 0.195 | 0.257 0.038

Notations: Chl = concentration of Chlorophyll, Car = concentration of
carotenoids, AAC = concentration of ascorbic acid.
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Fig. 21. Spatial distribution of particulate matter in the city

Leaf surface area and deposited dust showed a significant negative
relationship (p < 0.001) across all seasons (Fig. 22). The linear regression
accounted for a minimal percentage of the variance in each case, suggesting a

limited predictive association.
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5.4.3 Principal component analysis

Principal component analysis demonstrated distinct seasonal variations in the
correlations between leaf surface dust deposition, pigment content, relative

water content, pH, and ascorbic acid (Fig. 23; Appendix Table 7-10).

During the summer season, the initial two principal components accounted for
68.3% of the overall variance, with PCI1 contributing 46.3% and PC2
contributing 22.0%. Principal Component 1 distinguished pigment-related
variables, including chlorophyll and carotenoid, from dust, relative water
content, and ascorbic acid. PC2 was predominantly characterised by an inverse
correlation between dust and relative water content, with dust loading
negatively associated and relative water content positively associated along

this axis.

86



During the autumn season, the initial two components accounted for 55.5% of
the overall variance. PC1 differentiated pigment variables from dust and
ascorbic acid, whereas PC2 was predominantly defined by negative loadings
on dust and ascorbic acid, alongside a positive loading on pH. Relative water
content exerted a moderate influence on PC2 and was clearly distinct from

dust.

In the winter, the first two components exhibited the maximum explained
variance (71.9%). Principal Component 1 exhibited a significant correlation
with chlorophyll and carotenoid, indicated by positive loadings, while
ascorbic acid demonstrated a negative loading. PC2 was characterised by a
strong correlation between dust and relative water content, with positive

loadings, whereas pH showed loadings in the opposite direction.
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5.4.4 Air Pollution Tolerance Index

The APTI values showed notable variation relative to the control in specific
urban locations, with the peak incidence of impacted bus stops observed
during the winter season (Fig.24). (Appendix Table 5). The APTI values
ranged from 6.6 to 12.0 across all seasons, indicating H. helix is sensitive. The
peak APTI values occurred during the winter season (Fig. 24). APTI showed
notable seasonal variation. The post hoc Bonferroni analysis indicated no
significant differences between summer and autumn, or between winter and
spring. The observed values increased from summer to winter, then decreased

in spring.
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Fig. 24. APTI results for H. helix leaves across all seasons. The different letters
above the boxplots indicate significant differences between the groups (p <
0.05). APTI Value Degree of Tolerance Reference by Singh et al. (1991).
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5.4.5 Correlation with air pollutants and meteorological data

Carotenoid concentrations measured at different locations (Appendix Table 4)
showed a positive correlation with carbon monoxide levels from
meteorological and air pollution data (Appendix Table 10-12). Conversely, our
findings indicate a negative correlation between positive correlation between
carotenoid concentration and wind speed. The relationships observed between
carotenoids and various air pollutants, including NO, NO2, NOx, PM9, PM 5,
and SOz, were either weak or inconsistent. While the remaining parameters
exhibited weaker correlations with the values recorded at the stations than
chlorophyll did, distinct patterns emerge: within the examined region, 31, dust,

chlorophyll, and ascorbic acid all showed negative correlations with CO.
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6. Discussion

6.1. Effects of COVID-19 on the level of air pollution

The annual average PMo concentrations during the period prior to COVID-
19 (2018-early 2020) varied across stations, reflecting their different locations
relative to heavy traffic. Stations S1 and S2 were located in areas with higher
traffic density, and concentrations were higher than at S3, the reference site
with relatively less local traffic. During the COVID-19 pandemic, from March
2020 to February 2022, S2 and S3 concentrations were lower due to decreased
urban mobility. At S1, however, PM1o concentrations rose during the second
spring (March 2021, 57 + 11 ug m™, April 2021, 66 + 14 pg m™>) after an
initial decrease in March 2020 (Bodor et al., 2020; Varga, 2020), even though
mobility continued to be reduced. Therefore, at individual urban sites,
meteorology, not just emission reduction, can have a controlling impact on the
trends of PM1o concentrations. Road traffic was the emission source at all three
monitoring sites; the surrounding areas are devoid of substantial industrial
activity. It must be noted that S3 (Debrecen Klinika Campus) operated almost
normally during the lockdown phases, while most other workplaces were less
active, which could explain why the reduction in PMio related to the
epidemic's lockdown measures was less pronounced than in S1 and S2. In
spring 2021, S1 showed elevated PMio levels due to light winds and a stable
boundary layer during the second lockdown, which favoured the buildup of
pollution near a major traffic junction and railway station (Bodor et al., 2020;

Varga, 2020).
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6.1.1 Meteorological modulation of PMio dynamics

Our results show that wind speed, wind direction, and rainfall levels
influenced PM o levels measured at the stations in Debrecen, sometimes more
than the effects of the lockdowns and reduced emissions. This is due to dry
and warm conditions at the beginning of 2020 before the start of the
restrictions, together with generally favourable N and NW winds that helped
lower air pollution before movement restrictions were introduced and
unfavourable atmospheric conditions in certain lockdown months, reducing
the impact of lockdowns and reduced emissions (Bodor et al., 2020; Menut et
al., 2020; Varga, 2020). Dominantly N, NW and NE wind directions for the
meteorological station at M1 correlate with increased PM1o concentrations at
both M1 and M2. Such wind conditions help transport regionally enhanced
particulate pollution originating from the E, from agricultural activities,
residential heating, and other activities, into the Debrecen urban area (Pasztor
et al., 2016). Our observations stress the importance of considering
meteorology in all analyses focusing on PM1o dynamics and the effectiveness
of emission control interventions - in the short term with the COVID-19

lockdowns, but also in long-term air quality policymaking.

The pandemic-induced lockdowns produced varying PMio levels across
countries. Strict restrictions on movement led to a notable reduction in PMo
in Poland and Slovakia (Filonchyk et al., 2021), and S2 and S3 showed
reductions consistent with some of those findings. Strictdowns resulted in
20%-40% reduction of BC in the most polluting countries in Europe and 11%
BC reduction across Europe as a whole (Connerton et al., 2020; Evangeliou et
al., 2021), but resulted in a range from a 40%-60% to zero reduction or even
a 20%-30% reduction depending on meteorology, pollution source structure

and stringency of lockdown measures (Bontempi et al., 2022; Dantas et al.,
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2020; Zangari et al., 2020). Such a mixed global effect has also been
demonstrated in Madrid and Milan (Baldasano, 2020; Collivignarelli et al.,
2020), as well as in other regions (Rahman et al., 2021; Bray et al., 2021,
Ropkins & Tate, 2021; Volta et al., 2022). Emissions dominate over
meteorology in European cities, while in China, sources of pollution
(agriculture, households, industry, power plants) had a greater impact on PM
levels under restrictions than in European cities (Menut et al., 2020; Pei et al.,
2020). Despite decreases in traffic, O3 levels rose in European cities owing to
reduced titration of ozone by NOx, indicating that pollutants respond

differently to reduced emissions (Barua & Nath, 2021).

The COVID-19 period demonstrated the strong dependence of anthropogenic
emissions on urban PMjg levels, while also confirming the often-overriding
influence of weather conditions at specific locations or during certain months.
Plant-based biomonitoring represents an important complementary method
because while instrumental monitoring measures short-term pollen loads
(hours or days), photosynthetic pigments and pollen dust accumulation
measure more prolonged (weeks to months) exposure to pollutants. In this
sense, the biological indicators can provide a better picture of the chronic load
of pollen and urban dirt pollution as a relevant aspect of physiological state
for trees and therefore reduce reliance on time-dependent and episodic
pollution measuring tools such as dust monitors and passive samplers which
can only measure pollution over specific, short timeframes and can easily
show large variations due to changing wind direction or other unpredictable

meteorological variables (Chaudhuri & Roy, 2024; Molnar et al., 2020b).
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6.2. Pigments as indicators

In Debrecen, the seasonal fluctuations in photosynthetic pigment
concentrations of G. biloba leaves displayed a pattern of progressively
increasing chloroplastic senescence typical of the autumnal development of
this deciduous species. From July to October, Chl-b levels declined
progressively, in correlation with reduced daytime length and lower ambient
temperatures, signalling a reduction in the light-capturing ability of leaves as
they aged (Kinoshita et al., 2021; Xie et al., 2019; Yang et al., 2010).
Similarly, Chl-a and total chlorophyll concentrations declined over the study
period, which can be attributed to the well-established degradation of
chlorophylls during autumn senescence in deciduous plants (Lichtenthaler,
1996; Shi et al.,, 2012; Jurcevic¢ gangut & Samec, 2024). Carotenoid
concentrations underwent much less pronounced changes between July and
October compared to the chlorophylls. This resistance to decay can be
understood in terms of the complementary roles that carotenoids fulfil as
accessory pigments that expand the range of absorbed light and
photoprotectors. Carotenoids play an important role in photoprotection;
therefore, their protective function against the effects of active oxygen species
continues to be critical even after photosynthetic pigment degradation
proceeds further, which enhances overall oxidative susceptibility of the ageing
leaves to further damage (Demmig-Adams & Adams, 1996; Sarijeva et al.,
2007; Falcioni et al., 2023). A concurrent downward trend in ascorbic acid
alongside chlorophyll and carotenoid concentrations suggested an increasing
susceptibility of ageing G. biloba leaves to oxidative stress at the end of the

2022 growing season.
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Pheophytin content was maximum in July and declined through October,
reflecting early accumulation of this chlorophyll degradation intermediate
during the onset of senescence, with rapid conversion to pheophorbide by
pheophytinase in late fall (Hortensteiner et al., 2009; Matile et al., 1987). The
Chl-a/Pheo-a ratio increased from July (5.18 £ 0.28) to October (19.36 + 4.3),
representing the cumulative effect of chlorophyll degradation over that period.
The relative increase in intact chlorophyll as senescence proceeds has a strong
corresponding negative effect on pheophytin accumulation. This was
consistent with an inverse relationship between total chlorophyll and
pheophytin, as reported by Yang et al. (2010) and Shi et al. (2012) for the
seasonal senescence of G. biloba leaves, and reinforced the use of pheophytin
as a reliable marker of senescence-related stress. Along with the decline in
chlorophyll, ascorbic acid levels also decreased, indicating that plants became
increasingly vulnerable to oxidative stress, a finding that correlates with
ascorbic acid's function as the major non-enzymatic antioxidant buffer in
woody plants (Bilska et al., 2019; Menser, 1964).

The mean pigment values determined in this study may be interpreted in
relation to comparable data in the existing scientific literature, with several
key points regarding methodological variance. First, the mean concentration
of 0.54 mg g! fw for Chl-a in Debrecen is less concentrated compared with
those found by Lichtenthaler et al. (1981), who recorded values of 12.5 mg g™
and Wang et al. (2023), who found 11.19 mg g~'. However, this comparison is
misleading due to disparities in methods e. g., extraction using ethanol, as
performed herein, as opposed to the acetone usually preferred by previous
studies by (Lichtenthaler, 1987; Wellburn, 1994), sample developmental stage
(young 1-2-year-old urban ornamental trees were studied here, whereas older

established plants were sampled by the authors above) and measurement units
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(fresh-weight basis herein vs dry-weight basis for the latter authors)
(Lichtenthaler, 1987; Wellburn, 1994). Second, the 0.39 mg g~! fw mean Chl-
b value detected in Debrecen falls within the range found by Xu et al. (2011)
for young leaves of G. Biloba in the early summer (5.11 + 1.84 mg ¢! fw) and
Yang et al. (2010) for leaves collected in midsummer (4.3 = 1.2 mg g~! fw),
suggesting that the plants sampled in the current study are in a physiological
stage of growth. Kharbech et al. (2024) observed that Chl-b concentration
declined noticeably as senescence advanced, and Shi et al. (2012) noted the
decrease of Chl-b concentration under pollution. Both studies, including this
one (Fig. 10), provided clear evidence that Chl-b levels decreased. Zhou et al.
(2017) highlighted that factors such as light intensity and nutrients alter
chlorophyll content differently across tree populations (Table 4) but, despite
these disparities, provided no evidence of pollution-related effects on
chlorophylls, with the standard Deviations indicating high variability within
and between populations. Furthermore, the seasonal reduction in carotenoids
is due to a decrease in the demand for these pigments to dissipate harmful
levels of irradiance in autumn, as less UV radiation is present and the plant
slows its processes. Elevated levels of carotenoids have long been thought to
serve adaptive roles in response to intense irradiance and UV-B exposure

(Sarjjeva et al., 2007; Pandey et al., 2003; Demmig-Adams & Adams, 1996).

The relationship between abiotic factors and pigments provides insight into
the physiological strategy of G. biloba under the stressors found in urban
environments. In the early period, both Chl-a and CO showed significant
negative correlations, and Chl-b showed strong negative correlations with
NOx, PM1o, and NO». The chlorophyll-CO association in the sampled trees is
probably due to the common occurrence of pollutants emitted from the street
side and to the fact that CO correlates well with NO2, NOx, and particulate

matter. Therefore, CO does not directly affect pigment metabolism. Studies
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investigating CO effects on chlorophyll metabolism in urban trees under
ambient urban conditions have not found direct effects of CO on pigment
synthesis, and these conclusions have been based on extrapolations from
laboratory-scale studies on CO's interaction with Arabidopsis iron metabolism

under controlled conditions (Kong et al., 2010).

CO exceedances increased in October, which may reflect increased traffic
volumes associated with university studies commencing and other activities in
the region near the railway station. Indeed, these findings support the finding
that pollution is influenced by localised pollution sources, behaviour of traffic,
differences in microenvironment (between stations) and other activities
happening in urban settings, as found in the significant differences in NO,,

NOx and CO between the two sampling stations (Sabg et al., 2012).

We observed lower average pigment content during most months at locations
closest to the main traffic intersection (the pollution gradient origin). The
distance to the pollution source in this study is considered a spatial proxy for
the integrated gradients of traffic-related pollution, microclimate, and
vegetation structure, rather than a direct influencing variable on its own
(R2=0.18-0.56). Therefore, we are associating the pollution gradient with the
pigment content of moss samples, not a causal relationship based solely on
distance. Furthermore, correlation strengths may be characterised as modest
(R2=0.18-0.56), given field-based studies with environmental variability as

indicated by Rai (2016), Sebe et al. (2012) and Singh et al. (1991).

The taller buildings around the roadside traftic count had already minimised
the dispersal of traffic pollutants at that major interchange. The urban-canyon
effect, in which tall, narrow buildings limit air movement and create a heat
and pollutant trap, has been observed elsewhere in Europe (Tsai et al., 2015;

Salma et al., 2020). In the first few days of exposure to minor pollution,
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increases in chlorophyll concentration have been interpreted as a transient
physiological adaptation rather than genuine tolerance (Garcia-Sanchez et al.,
2019). However, prolonged exposure to pollution stress triggers instability in
chlorophyll and phaeophytins. It is therefore advisable to use chlorophyll as
an indicator only if the exposure duration is consistent. According to recent
literature, pollution stress, sulfur dioxide (SO;) and particulate matter
(especially PMazs and PMjo) cause a breakdown in plant pigments and a
reduction in chlorophyll and photosynthetic activity of several common urban
plant species, including G. biloba (Bao et al., 2015; Kinoshita et al., 2021).
For instance, Bao et al. (2015) concluded that the total amount of chlorophyll
and the rate of photosynthesis of young trees of Sophora japonica declined
logarithmically with an increasing amount of dust falling on them, and a large
number of review papers concluded that PM air pollution is related to pigment
degradation of many common urban plants (Kinoshita et al., 2021). Macro-
morphological leaf properties, such as leaf area, perimeter, and width-to-
length ratio, were recently highlighted as important selection criteria for
identifying the most resilient urban bioindicators, and G. biloba meets these
criteria (Rodriguez-Santamaria et al., 2022). From our study results, it is
recommended that air quality monitoring in urban areas needs to be ongoing
so as to protect urban trees, and it should support the hypothesis that SO> and
PMo are the principal air pollutants involved in pigment degradation among

trees (Bao et al., 2015; Kinoshita et al., 2021).

Whereas the Debrecen findings relate specifically to leaf-level pigment and
pollution-pigment relationships in a single season, the G. biloba study was
conducted at different locations exhibiting different traffic levels and within
the same growing season in two consecutive years, using Pigment Integrity-
to-Dust Ratio (PIDR) for the first time as an urban pollution proxy. This study

took place in an urban environment with differing levels of traffic: a busy city
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centre location on Rakdéczi Avenue, a medium-level road on Dembinszky
Street, and the Budatétény Rose Garden as an undisturbed control. Shah et al.
(2019) reported chlorophyll loss in roadside London plane trees due to
sustained dust exposure over many years, while Bierza & Bierza (2024)
observed strong relationships between dust content and urban-rural position in
a Central European cityscape. Simon et al. (2011) reported that trace-metal-
polluted urban dust affects pigment patterns and leaf physiological parameters
in Tilia cordata trees. PIDR could result from oxidation stress, such as when
O3 (Agathokleous et al., 2023; Gottardini et al., 2014; Sheng & Zhu, 2019)
and NOx pollutants lead to chlorophyll loss through demetallation and
pheophytin accumulation or even mechanical stress, with dust coverage
reducing the received irradiation and blockages in stomatal pathways
intensifying local oxidative stress (Hirano et al., 1995; Kovats et al.,2021;
Meravi et al.,2021; Shah et al., 2019). PIDR was found to be better than APTI
at revealing spatial differences and temporal differences between sampling
months (September) across all four investigated locations in the Budapest
study. At the heavy-traffic sites, reduced PIDR was associated with greater
NO:; pollution (Table 4) because NOx pollutants inhibit photosynthesis (Sonti
et al., 2021; Srivastava et al., 1975), reduce stomatal function (Agathokleous
et al., 2020), and directly damage foliar processes (Sonti et al., 2021). Cotrozzi
(2020) stated that SO2 degradation begins with magnesium displacement from
chlorophyll, as chlorophyll decreases and pheophytin increases, accompanied
by reactive oxygen species-driven pigment destruction (Kharbech et al., 2024;
Teng et al., 2021). Increased carotenoid concentration at the heavy-traffic site
suggested photooxidative damage; previous work has confirmed that such
concentrations rise under urban pollution exposure (Hubai et al., 2021;
Mukhopadhyay et al.,, 2024). The temporal profile revealed distinct
differences between September 2023 and 2024. PIDR found that plants on the
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medium-traffic site had not only deteriorated (as revealed by APTI) but also
partially recovered, whereas APTI simply mirrored a downward trend (Figure
15). Similar patterns have previously been observed in changes in chlorophyll
content, carotenoid levels, and dust PM in several other urban tree species
across different seasons (Moura et al., 2024; Sanusi & Livesley, 2020; Son et

al., 2022).

Comparing PIDR with APTI, the indices proved more complementary than
competitive. The APTI is a species index calculated from a sum of relative leaf
water content, the amount of Ascorbic acid, Total Chl content and the overall
pH level that produces classification in tolerance classes for each of the species
in the respective sites (Molnar et al., 2020b), making it possible to differentiate
tolerant species and even to compare ranking between different sites (Correa-
Ochoa et al., 2022). However, the relative sensitivity to plant-pollutant
biochemical interactions can be reduced by smaller differences, as these four
parameters can be influenced by unrelated pollution sources, e.g., differences
in microclimate, day-length cycles, and the phases of plant life and leaf
development (Kovats et al.,, 2021). The comparison made by relating the
pigment composition (chlorophyll and pheophytin) together and on the same
site. with the external factor of foliar dust can generate much more
discriminative data in terms of site and time in this dataset (Agathokleous et
al., 2023; Hasmik et al., 2021; Jolivet et al., 2016; Shah et al., 2019). In similar
observations made on other species exposed to traffic-related aerosols, PM
affected the chlorophyll integrity of Betula pendula, Quercus robur and Tilia
cordata leaves from urban locations in Warsaw (Lukowski et al. 2020).
Similarly, leaf wax and local traffic density proved crucial for scaling the
deposited PM concentrations in urban trees in Vienna (Steinparzer et al.,
2023). The robustness of such a method may be due to its inclusion of both

the direct pollutant impact on leaf chemistry and the crucial environmental
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filter, e.g., foliar dust accumulation in terms of the amount or composition of
deposited dust particles. The current results strengthen the interpretation of
PIDR as a better predictor of air pollutant damage compared with APTI under
the scope of the present dataset (Correa-Ochoa et al., 2022) and potentially the
basis of novel tools that will enable researchers to understand plant-air
pollution processes more thoroughly (Lukowski et al., 2020; Zhu et al., 2021)
as well as supporting policy concerning the planning of urban parks and green
infrastructure in European cities (Weerakkody et al., 2017). This work may be
considered a preliminary report on the first use of PIDR on two urban tree
species (G. biloba, H. helix) at limited urban sites and during limited periods.
The underlying mechanisms and theoretical framework are sound, but the
generalisation of the threshold values currently used to define the different
stress levels may be difficult for other species, climatic zones, or city planning
frameworks. For that reason, PIDR should only be used after a thorough
testing phase, including a large number of species, multiple cities and long
time periods, as part of a standardised biomonitoring programme. As with all
PIDR-based analyses in the present study, the time dimension in our dataset is
restricted to two periods; hence, patterns of PM deposition and pigment
changes reflect preliminary findings and require confirmation. This suggests
using long-term sampling more regularly, mixed-effects models that account
for possible temporal variation, and explicitly including weather as a variable
that may affect results, potentially acting as a confounding factor. G. biloba is
deciduous, so pigment extraction from the April-October period gives clear
seasonal signals during the growing season. H. helix is evergreen and can
monitor the environment year-round, making it useful for detecting pollution
episodes triggered by the winter heating season, which is usually absent in
deciduous species (Lee et al., 2021). In the analysis conducted on H. helix over

36 bus and tram stops located in Debrecen, some significant variations in
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terms of deposited dust concentration, chlorophyll and carotenoid content (Fig
17-19) were detected between the control and the traffic-impacted urban sites,
confirming that dust was concentrated more at polluted areas, supporting the
previous assumptions about pollution impact coming from cars. Regression
models also revealed that the higher the distance from the centre of the city
during winter and spring (Fig. 22), the less deposited dust per sample, which
is consistent with many similar studies made earlier both in Debrecen and
other big European cities concerning particulate matter (e. g., Abriha-Molnar

et al. 2024; Molnar et al., 2020b; Simon et al., 2011).

In the case of H. Helix, chlorophylls and carotenoids serve important functions
in photosynthetic adaptation, light capture, and photoprotection, respectively
(Lichtenthaler, 1987; Demmig-Adams & Adams, 1996), which explains why
chlorophyll and carotenoids in this plant are positively associated across
seasons and study areas. Coordinated regulation of both pigment groups across
sites and seasons was confirmed by their consistently strong positive
association. Nevertheless, pigment responses showed spatial variability
without a consistent directional trend relative to the control, attributable to
heterogeneous microclimate, vegetation structure, and pollution intensity
across the 36 sampling sites (Negi & Varshney, 2003). Pollution usually
decreases pigment concentrations (Joshi & Swami, 2007; Patidar et al., 2016),
but levels are often higher in reference areas (Bibi et al., 2024) and increase
transiently as a response to moderate stress (Abriha-Molnar et al., 2024;
Mukherjee & Agrawal, 2016). So the broad patterns in the data may have
reflected localized differences, regulated changes in photosynthesis and not
only degradation. A notable negative association between leaf surface area and
dust deposition was observed, consistent with aerodynamic boundary-layer
effects whereby smaller leaves intercept a disproportionately large quantity of

particulates (Xu et al., 2022). Ascorbic acid decreased in autumn versus spring
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but increased at the urban site in spring (Fig. 21) and, in winter, it correlated
negatively with leaf surface area and distance (Fig. 20) and positively with CO
in the latter season as a mechanism to repair ROS damage and regulate cellular
physiology (Kaur & Nagpal, 2017; Menser, 1964). Carotenoid concentration
increased in correlation with the CO level, because CO has not been shown to
affect carotenoids in any plant under field conditions, it must be that, in traffic-
related pollution mixtures, it happened to coincide and influence other traffic-
related components, as well as a temperature-induced boost in respiration
related to the winter heating and the Urban Heat Island (UHI) phenomenon at
and near cities (Bodor et al., 2020; Bilska et al., 2019; Lashkari et al., 2025).

Based on seasonally correlated traits and trait associations, we observed
significant shifts in correlations, especially for pigment coordination, dust
accumulation, relative water content, and antioxidant capacity across summer,
autumn, winter, and spring. This suggests that the coordination and
interactions of various physiological traits in H. helix were adjusted
seasonally, not following a simple gradient in the relative importance of those
factors, depending on the environmental conditions (Morais et al., 2022;
Prusty et al., 2005). In summer, pigment content and relative water content
were the most significant variables, while dust accumulation showed an
inverse relation with relative water content. In winter, a positive correlation
occurred between dust accumulation and relative water content. Ascorbic acid
accumulation became decoupled from the dynamics of pigment accumulation
in winter, repeating patterns of temperature-induced shifts in transpiration rate
that affect relative water content, the plant's stress response, and antioxidant
control (Bilska et al., 2019; Lashkari et al., 2025). Carotenoid content showed
an inverse relationship with temperature (Adams, 2020; Kreslavski et al.,
2013), suggesting that cooler environments might impose greater demands for

photoprotection, while increased wind speed correlates with a higher
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concentration of carotenoids, maybe due to wind speed influencing the
displacement of urban air pollutants, resulting in greater deposition or as a
result of wind causing mechanical stimulation that induces secondary
metabolism (Florou et al., 2024; Porter et al., 2009; Sic Zlabur et al., 2021).
So the results showed that the levels of antioxidants, pigment content, relative
water content, and particle size change interact with one another throughout
the urban seasons. Henceforth, H. helix did not respond uniformly to urban
environmental conditions but adapted to specific seasonal conditions, leading
to season-specific responses to pollution rather than a constant level of
environmental stress. This confirms a seasonal adjustment in physiology to
reflect the prevailing climate and pollutant levels during distinct seasons of

the urban environment.

The APTI values of H. helix fell within the sensitive category (Singh et al.
1991, Fig. 24), indicating limited resistance to the polluted conditions in
Budapest. There are only a few reports on APTI for this plant: Chauhan et al.
(2022) found it to be moderately tolerant (10.92), but these results were
collected under laboratory conditions (indoor), Pandey et al. (2003) show
significant differences among climbing species concerning their tolerance,
rose cultivars (like the ornamentals studied) are considered to be sensitive (low
APTI) in Budapest (Nafula et al., 2025), deciduous species (e. g., Acer
platanoides) differ about space and urban pollution tolerance as demonstrated
by a study performed across various urban sites (Bibi et al., 2024). The
physiological sensitivity of H. helix - which precludes its use for pollution-
tolerant urban planting- is precisely what confers its value as a bioindicator:
its responsiveness to environmental change makes it a reliable monitor of
spatial and seasonal variability in urban air quality. As an evergreen species

installed across an extensive network of Debrecen bus and tram stops, it
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constitutes a highly practical tool for continuous, year-round city-wide

biomonitoring.
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7. Conclusion

A notable reduction in air pollutant concentrations was observed during the
2020 shutdown period compared with the baseline period of 2018-2022,
during which we studied the effects of COVID-19 on particulate matter. Our
results indicated that the severe weather events of 2020, occurring during a
period of typical emissions (before the lockdown), led to a greater air quality
improvement than the later reduction in emissions during unfavourable
weather conditions. The average PM o pollution in Debrecen during the first
half of 2020 was significantly lower than in other years; however, this decline
was due only to the winter months preceding the lockdown, whereas
heightened PMjo levels were observed during the curfew. PMjo levels
exhibited diverse patterns, typified by reductions, minor increases, or stability,
contingent upon the precise sampling locations. These findings highlight the
complexity of air pollution dynamics and underscore the need for continuous
monitoring and targeted measures to mitigate adverse impacts on air quality

and human health.

According to our data, the study demonstrates that G. biloba has reasonable
qualities as a bioindicator for tracking pollutants associated with
environmental changes, particularly airborne pollutants in metropolitan areas.
All three APTI metrics (pH, ascorbic acid content, and relative water content)
reached their highest levels in October, indicating an overall increase in
contaminant resistance to G. biloba. However, the studies also suggest that G.
biloba is more susceptible and sensitive at the end of July, as its APTI metrics
were lowest then. The data further showed strong negative correlations
between the Chl-b concentration with respect to NOx, PMo, and NO>, as well

as between the total chlorophyll concentration with respect to CO and between
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Chl-a with CO. Based on our research, G. biloba pigments are useful tools for
assessing the effects of urban air pollutants on plants and determining the
quality of urban environments. We studied the effects of CO, SO», and PM,
the main pollution sources, on pigment levels in plants and, therefore, on plant
health. Therefore, our results are particularly applicable to local governments
managing their municipalities' environments, and everyone will benefit from
improved ongoing evaluations of urban environmental quality through these

efforts.

Our results suggest that PIDR is a useful measure of pollution exposure for G.
biloba. In this dataset, low levels of PIDR were associated with decreased total
chlorophyll and increased pheophytin at sites with greater dust levels, whereas
sites without dust showed more stable pigments. These findings relate to well-
established physiological processes in which particulate matter reduces the
ability of leaves to photosynthesise by blocking stomata, abrasion of leaf
surfaces, and reduced light entering the leaf (Lee et al., 2021). In contrast,
chlorophyll breakdown and pheophytin accumulation were accelerated by
ozone and other oxidants. Hence, this approach established a clear relationship

between particle deposition and pigment integrity.

As indicated by previous studies, vegetation index thresholds need to be
recalibrated locally, as species with different adaptations to climate and urban
structure than Ginkgo may exhibit different thresholds. In addition, a program
of monthly or weekly monitoring would provide data on seasonal transitions
and brief pollution events in order to improve PIDRs' adaptation and

evaluation capabilities (Lhotska et al., 2022; Lukowski et al., 2020).

Bioindicators (such as metabolomic profiles of plant stress) will add another
level of complexity and enable the use of biotic (microscale dispersion) and

abiotic (urban climate models) data, together with PIDR datasets, for
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forecasting. On a larger scale, data collected using remote sensing indicators
(e.g., NDVI, PRI, GNDVI) will provide a means to relate leaf-level
information to canopy-level tree information. Additionally, developing an
instrument to measure pigments and dust will enable any citizen to contribute
to real-time monitoring of trees and provide a framework for relating tree
health to urban design and policy planning, as PIDR continues to evolve into

a diagnostic/monitoring tool for multiple uses.

The research presented here demonstrates that urban environmental
conditions, such as particulate matter deposition and meteorological
variability, significantly influence leaf biochemical characteristics and, in turn,
regulate physiological coordination across seasons. The results of the study
also suggest that plant responses to urban pollution are not uniform across the
landscape but are influenced by the combined effects of pollution gradients
and seasonal climatic factors. Various associations identified between the
biochemical parameters and the different environmental variables measured
(i.e., carbon monoxide, temperature, and wind speed) illustrate the complexity
of the interactions between atmospheric conditions and the regulation of plant
metabolic processes. Based on these findings, it appears that plants' responses
to oxidative stress and the dynamics of photoprotective pigments are critical
for seasonal adjustments under urban conditions. Overall, the results of this
research support the use of H. helix as a bioindicator of spatial and seasonal

variability associated with urban air quality assessment.

Due to its physiologically sensitive nature, this plant species cannot be
considered for pollution-tolerant planting; however, because of this trait, it is
highly responsive to environmental changes and should be used in
biomonitoring. As an evergreen plant and a common species in urban

environments, H. helix is an excellent candidate for year-round air quality
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assessment. Its potential for use in biomonitoring will be established with key

species through additional geographic validation.
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8. New Scientific Results

*PMyo levels indicated heterogeneous patterns characterised by variations
including decreases, slight increases, or stability, contingent upon the specific

sampling sites under consideration.

*The pigment composition of G. biloba exhibits a marked response to traffic-
related air pollutant gradients. Our findings suggest that G. biloba can serve
as a reliable and accurate bioindicator of long-term air quality in urban

environments.

*This study tested the Pigment Integrity-to-Dust Ratio (PIDR) as a novel
bioindicator that incorporates two key elements of plant stress: (i) the ratio of
chlorophyll to its degradation products (pheophytins) and (ii) the quantity of
dust deposited on the leaf surface.

*Our results demonstrated that PIDR is a reliable indicator of the response to
physiological stress, based on pigment concentration changes and deposited

dust concentration.

*We found that PIDR provides a more direct interpretation than APTI in this
dataset, appearing as an advance to the current bioindicators, as it reflects

complex stresses of urban environments.

*APTI values classified H. helix as an air pollution-sensitive species, with

variations across sites and seasons.

*The concentrations of dust and pigments in the leaves decreased with
increasing distance from the city centre, while the ascorbic acid content

increased.
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*These findings demonstrate that H. helix effectively reflects urban air
pollution and environmental stress, supporting its use as a bioindicator in
urban ecosystems. Its evergreen habit, particulate matter retention capacity,
and sensitivity to environmental change make it a promising model for

assessing spatial and seasonal variability in urban air quality.
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11. Appendix

Table 1. Results of concentrations of pigments (mean + SE, mg g fresh

mass).
Pigments
Total
Months Chlorophyll-a Chlorophyll -b Chlorophyll Carotenoids
July 0.54 £0.06 0.39+£0.04 0.94 £0.09 0.19+0.01
August 0.49 £ 0.06 0.29+0.03 0.78 £0.09 0.21£0.02
September 0.49 £ 0.04 0.31+£0.02 0.81+£0.06 0.18 £0.01
October 0.41£0.04 0.23 £0.02 0.64 £ 0.06 0.16 £0.01
Pigments
Total
Months Pheophytin-a Pheophytin -b Pheophytin
July 0.11 £ 0.01 0.21 +0.02 0.31+0.02
August 0.06 £0.03 0.18£0.02 0.24£0.03
September  0.08 +0.01 0.16 £ 0.02 0.24 £0.03
October 0.03 £0.01 0.10+0.01 0.13£0.01

Table 2. Standard deviation values of biochemical parameters and pigments
across zones, with mean differences relative to the control and temporal
changes between 2023 and 2024

AR & AD = X2024 — X2023

Zone — Control = XZone — XControl

Parameter R- R- AR D- D- AD F P
Control Control  (2024-—  Control Control (2024
(2023) (2024) 2023) (2023) (2024) 2023)
APTI 3.9 3.99 0.09 2.64 3.28 0.63 3.12  0.003
Carotenoids 0.1 0.02 -0.08 0.15 0.05 -0.1 11.83 <0.001
Chl-a 0.25 0.05 -0.2 0.8 0.23 -0.57  9.29 <0.001
Chl-b 0.11 -0.03 -0.13 0.49 0.16 -0.33 555 <0.001
Total Chl 0.34 0.02 -0.32 1.29 0.39 -0.9 7.56 <0.001
Pheo-a 0.1 0.1 0.01 0.03 0.04 0.02 14.62 <0.001
Pheo-b 0.04 0.04 0.01 0.02 0.01 0 536 <0.001
Pheophytin 0.14 0.14 0 0.05 0.05 0 8.06 <0.001

130



Table 3. Mean (£SE) air pollutant concentrations and PIDR values across
sampling sites and periods, July 2023, September 2023, and September 2024.

Sample Month Cl?l,glg N(;:,f)u g O;f!;g (ul;l\;[;:) (lfglvll:li) S(I)I:,S;l g PIDRS(g;ean *
Jul-23 58+15 18+1 38+1 19+1 82+0.5 24+£0.1 0.871+0.147
R Sep-23  328+26 28+2 25+1 25+2 8.1+£0.7 26+£02 1.146+0.427 }
Sep-24 193+17 13+1 <LoD I1+1 44+£05 25+2  0.522+£0.058
Jul-23 <LoD 14+0.7 85%2 13+1 6.6+04 <LoD 1.703 £ 0.318
Control  Sep-23 <LoD 19+1 67+3 19+2 84+0.6 <LoD 1.156 £ 0.393
Sep-24 <LoD 49+1.7 <LoD 17+2 7.0+0.6 <LoD 1.082 +0.330
Jul-23 <LoD 24 +1 77 +£2 191 9.1+£0.7 49+£0.1 0.768+£0.088
D Sep-23  209+52 37+2 51+£2  24+£2 64+1.1 53+03 2.507+4.765*
Sep-24 63+35 25+2 <LoD 21+3 88+09 50+5 0.109+1.371

Table 4. Z-scores of significant air pollutants and PIDR throughout zones in
different sites for three temporal intervals: July 2023, September 2023, and

September 2024.

Sample Month ZCO ZNO: ZOs ZPMw ZPM.s ZSO: ZPIDR
Jul-23 1.4 -0.1 -1.4 0.8 0.2 0.0 -0.6
R Sep-23 -1.1 0.0 -1.3 0.9 0.5 0.0 0.9
Sep-24 1.3 -0.2 0.0 -1.3 -1.3 0.0 -1.0
Jul-23 -0.7 -1.1 0.9 -1.4 -1.3 -1.2 1.4
Control  Sep-23 -1.3 -1.2 1.1 -1.4 0.9 -1.2 -1.4
Sep-24 -1.1 -1.1 0.0 0.2 0.1 -1.2 -0.3
Jul-23 -0.7 1.3 0.5 0.6 1.1 1.2 -0.8
D Sep-23 -1.5 1.2 0.2 0.5 -1.4 1.2 0.4
Sep-24 -0.3 1.3 0.0 1.1 1.2 1.2 1.4

Note: Dust-load artefact: rainfall 2-3 Sep 2023 washed leaf surface dust -
PIDR denominator reduced independently of biological stress signal. * Ratio
artefact: Pheo-a = 0.019 mg g! (<LoD) inflated PIDR numerator - excluded
from quantitative interpretation. <LoD = below limit of detection.
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Table 5. Results of two-way ANOVA based on the studied parameters of H.
helix leaves compared to the studied sites and seasons.

Parameters F p
dust correct model 5.851 <0.001
sites 10.688 <0.001
seasons 99.917 <0.001
Chlorophyll correct model 7.199 <0.001
sites 25.863 <0.001
seasons 3.257 0.022
Carotenoids correct model 4.606 <0.001
sites 10.039 <0.001
seasons 62.428 <0.001
Relative water content correct model 1.371 0.012
sites 1.697 <0.001
seasons 20.506 <0.001
pH correct model 0.802 0.935
sites 0.653 0.939
seasons 24.986 <0.001
Ascorbic acid correct model 1.869 <0.001
sites 2.331 <0.001
seasons 31.207 <0.001

Table 6. Seasonal p-values of correlations between biochemical parameters
and distance from the city center.

Summer Autumn Winter Spring

Dust 0.212 0.090 0.007  0.001
Chlorophyll 0.116 0.030 0.047  0.032
Carotenoid 0.249 0.048 0.069  0.038

Ascorbic acid 0.120 0.131 0.007 0.257
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Table 7. Principal Component Analysis (PCA) loadings of plant physiological

parameters in Summer.

Variables PC1 PC2 PC3 PC4 PC5 PC6
Dust 0.256  -0.690 0.168 0.073  -0.649 -0.063
Chlorophyll -0.519  -0.239  0.270 0.251 0.076 0.729
Carotenoid -0.475 -0.231  0.520 -0.032 0.250 -0.622
Relative water

content 0.237 0.550 0.630 0.404 -0.284  0.006
pH -0.438  0.311 0.034 -0.619 -0.569 0.050
Ascorbic acid 0437 -0.118 0479 -0.620 0.325 0.274

Table 8. Principal Component Analysis (PCA) loadings of plant physiological

parameters in Autumn.

Variables PC1 PC2 PC3 PC4 PC5 PC6
Dust 0.089 -0.558 0.493 0.445 -0.346 -0.347
Chlorophyll -0.644 -0.006 0.075 0.358 -0.225 0.633
Carotenoid -0.653 -0.114 -0.043  0.068 0.547  -0.505
Relative water

content -0.202 -0.347 -0.691 -0.199 -0.529 -0.202
pH -0.331 0.304 0.491 -0.583 -0.415 -0.210
Ascorbic acid -0.003 -0.681 0.175 -0.538 0.279 0.373
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Table 9. Principal Component Analysis (PCA) loadings of plant physiological
parameters in Winter.

Variables PCl1 PC2 PC3 PC4 PC5 PC6
Dust 0.146  0.602 -0.418 -0.554 -0.367 0.014
Chlorophyll 0.597 -0.083 0.002 -0.090 0.264  0.748
Carotenoid 0.580 -0.031 0.119 -0.259 0410 -0.643
Relative water
content 0.066  0.433 0.869  -0.021 -0.218  0.068
pH 0.097 -0.664 0.175 -0464 -0.551 -0.013
Ascorbic acid -0.522  -0.030  0.159 -0.635 0.525  0.152
Table 10. Principal Component Analysis (PCA) loadings of plant
physiological parameters in Spring.
Variables PC1 PC2 PC3 PC5 PCé6
Dust 0.204 -0.652 -0.002 -0.517 -0.513  0.057
Chlorophyll 0.642 -0.033 0.152 0.156 0.218  0.701
Carotenoid 0.625 -0.148 0.144  0.268  0.088  -0.698
Relative water
content -0.153  0.112  0.833 0.250  -0.453  0.050
pH 0.192 0475 0323 -0.755 0217 -0.124
Ascorbic acid -0.308  -0.560 0.397 -0.069 0.655 -0.019

Table 11. Concentration of air pollutants at Station 1 monitoring station.

CcO NO NO» NOx PM o SO,
Date (ugm?)  (ugm) (ngm™) (ugm™) (ugm™) (ngm?)
2023-07 163 = 46 n.d. n.d. n.d. 17+5 67+ 6
2023-08 322+108  n.d. n.d. n.d. 18+5 n.d.
2023-09 262+124  nd. n.d. n.d. 2049 n.d.
2023-10 427+210 252+119  298+93 684 +256 20+7 n.d.
2023-11 642+211 288+138  259+80 701 +285 15+5 n.d.
2023-12 924+332 289+170 251+£80  695+332 20 49 n.d.
2024-01  657+333 213+196 248+104  575+393 23+ 14 n.d.
2024-02 887+£234 224+132 275+106 618 +293 24+ 12 n.d.
2024-03 86411 137+96  234+88 443 +225 2149 n.d.
2024-04 420 £ 125 n.d. n.d. n.d. 19+ 13 n.d.
2024-05 447 +£52 n.d. n.d. n.d. 15+£3 n.d.
2024-06 515+62  87+51 201+89  334+162 1545 8+ 1
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Table 12. Concentration of air pollutants at Station 2 monitoring station.

CO NO NO, NOy 0O; PMio PM>s SO,
Date (pgm™)  (ugm™)  (ugm?)  (ugm™) (ugm®)  (ugm™) (ugm?) (ugm?)
2023-06 313 +62 15+2 76 £21 99 +23 69+9 15+5 10£3  10+2
2023-07 410+ 78 16+2 69 + 19 94 +£21 77 £ 11 16 £5 10+3 7+5
2023-08 284+146 1943 99 + 31 128+33  68=+12 19+6 10£3  11+3
2023-09 425+ 86 23+6 122 +38 154+44 61=x11 21+£9 10£4 14+6
2023-10 332+100 29+38 148 £54 192+105 47+12 21 +8 11+4 18«11
2023-11 406 +£116 35+32 136 £45 190 + 83 36+9 14+5 103  14+3
2023-12 956+ 184 81 +85 182+52 306166 32+14 19+10 19+9 18+4
2024-01 610+312 116+145 180+72 327+£274 39+10 n.d. 23+15 23+6
2024-02 457+251 106+ 113 152+67 288+225 41+10 n.d. 21+14 3149
2024-03 493 +90 n.d. n.d. n.d. 49 + 12 n.d. 168 2246
2024-04 576 +63 n.d. n.d. n.d. 62+9 n.d. 11+£5 2245
2024-05 620 + 52 9+4 108 + 26 121 +30 69 £ 8 n.d. 9+3 21 +2
Table 13. Meteorological data obtained from the Debrecen Airport
monitoring stations.
Date Precipitation Temperature Wind speed
(mm) ) (m/s)

2023-07 42.3 233+19 2.7+0.9

2023-08 80.0 233+£3.5 2.7+09

2023-09 19.9 203+1.6 29+1.3

2023-10 38.1 142+3.8 33+1.6

2023-11 114.0 6.0+4.0 3.6+1.1

2023-12 57.0 29+29 34+1.6

2024-01 29.7 1.1+4.1 39+2.0

2024-02 8.8 8.1+33 36+2.0

2024-03 5.5 9.7+34 3.1+14

2024-04 44.6 13.8+4.1 34+14

2024-05 40.9 17.6 £2.1 3.0£1.0

2024-06 50.0 21.9+2.7 27+12
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Table 14. Results of earlier studies for concentrations of pigments

Total
Location (City, Chloroph}/lll Chloroplgdl Total Car.ote
Reference  Year Country) a(mgg b (mg® Chlorophylls noids
Y dw) dw) (mge&ldw) (mge!
dw)
Current 2023 Debrecen,
research Hungary 19.55(
1.93(fw) 0.93(fw) 3.17(fw) fw)
. Koprivnica,
Jur€evi& 504 Croatia (urban 0.7 0.2 3.6 0.1
Samec
area)
. Karlsruhe-
Lichtenthal 4, Durlach, 9.7 2.8 12.5 2.6
er et al.
Germany
Boateng 2022 N.A. 1.2 0.3 1.5 0.2
Nanjing, China
Zhanget 55, (Baima 2.5 0.9 33 0.7
al. Experimental
Base)
Kimetal. 2021 Seoul, South 1.2 03 15 0.2
Korea
Lichtenthal
er & 2021 K"‘ﬂé"e“rifa;KIT)’ 6.14 2.1 8.3 1.8
Babani Y
Wu et al. 2020 Jiyjiang, China 1.4 0.4 1.8 0.2
Lietal 2020 Yangzhou, China 1.3 0.3 1.6 0.2
Kinoshita
etal 2020 Kyoto, Japan 6 3 9 3
Wangetal. 2019 Beijing, China 1.42 0.4 1.8 0.3
Zhaoetal. 2019 Xuzhou, China 1.4 0.4 1.8 0.2

(ginkgo nursery)
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Lietal.

Zhou et al.

Jietal.

Huang et
al.

Beck &
Stengel

Liu et al.

You et al.

Zheng et
al.

Wang et al.
Shi et al.

Yang et al.

Yang et al.

Xu et al.

Pavlovic et
al.

Sarijeva et
al.

Fu

Pandey et
al.

2018

2017

2017

2017

2016

2016

2016

2015

2014

2012

2012

2010

2011

2009

2007

2007

2003

Yangzhou
University,
China

Nanjing, China
Xuzhou, China

France

Berlin, Germany

Jiangsu
Province, China

Seoul, South
Korea

N.A.

Nanjing, China
Nanjing, China

Jiangdu, China

Jiangdu, China

Hubei Province,
China

Bratislava,
Slovakia

Karlsruhe,
Germany

Shenyang, China

Palampur, India

1.3

1.2

1.4

1.5

1.5

1.3

1.35

7.9

7.2

9.2

1.2

1.28

1.3

1.2

1.49
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0.3

0.4

0.4

0.4

0.4

0.4

0.4

0.5

3.2

3.2

2.9

33

0.35

0.4

0.4

0.4

0.7

1.6

1.8

1.6

1.8

1.9

1.8

1.7

1.8

11.2

11.2

10.1

12.5

1.5

2.2

0.2

0.2

0.2

0.3

0.2

0.2

0.2

0.3

83.5

1.6

1.1

1.5

0.2

0.2

0.2

0.2

N.A



