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Abstract

Plants are especially useful as biological indicators to assess air pollution and the effects of urbanisation. The aim of this study
was to investigate tree species’ sensitivity to air pollution using the Air Pollution Tolerance Index (APTI), the dust content
(PM, ) of leaves, and the heavy metal concentration of leaves. Sampling sites were in a city park (urban area), a location on
the edge of the city (suburban area), and a forested location (rural area) along an urbanisation gradient in the city of Vienna in
Austria. Leaf samples were collected from Acer platanoides, Fraxinus excelsior, and Quercus robur tree species. The APTI
was determined by measuring the content of relative water ascorbic acid and chlorophyll, and the pH of leaf extracts. We
found significant difference among species in their relative water content, pH, and content of ascorbic acid and chlorophyll
Additionally, we found significant differences in chlorophyll content and pH based on sampling site. The highest chlorophyll
content was found in A. platanoides. There was a significant difference among species in Al, Ba, Cr, Ni, and Zn concentrations
in each stage of urbanisation. Based on APTI values, the studied species were sensitive indicators of air pollution; thus, they
are useful bioindicator species, and they are suitable for air pollution monitoring. We demonstrated the effects of urbanisation
with these bioindicator species with elevated PM,, Al, Ba, Cu, Fe, Sr, and Zn concentrations in urban area samples.
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Introduction et al. 2010). Several plant species are used as bioindicators

(Simon et al. 2011, 2016, 2021; Molnér et al. 2020). Air pol-

Air pollution is closely linked to urbanisation (Larkin et al.
2016; Hueglin et al. 2005). Wang et al. (2017) reported
that urban air pollution is a critical environmental problem.
Plants are valuable biological indicators to assess air pol-
lution, due to their wide distribution (Kardel et al. 2010).
They are sedentary organisms, which makes them especially
suitable as integrative bioindicators of pollution (Kardel
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lutants such as metals and other inorganic contaminants are
emitted into the environment by transportation, industry, and
fossil fuel usage (Celik et al. 2005). Various airborne par-
ticles, such as trace elements, pollens, spores and salts, are
trapped by the leaf’s surface. Based on physiological reac-
tions, some species are good accumulators, while others are
good indicators of atmospheric contamination (Simon et al.
2021). Plants near a pollution source can be screened for
their sensitivity and tolerance levels for pollutants through
the measurement of certain biochemical parameters, includ-
ing total chlorophyll, ascorbic acid, pH of leaf extract, and
relative water content. These parameters are encapsulated
in a single formula called the air pollution tolerance index
(APTT) (Simon et al. 2014; Kuddus et al. 2011). The study
of any single parameter may not give adequate results and
does not show a clear picture of alterations induced by pol-
lutants. Thus, APTI as a complex index is especially useful
to assess the tolerance level of any plant species based on
their physiological and biochemical parameters (Das and
Prasad 2010). It provides a reliable and reproducible method

@ Springer


http://orcid.org/0000-0002-9525-725X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11869-023-01452-8&domain=pdf

418

Air Quality, Atmosphere & Health (2024) 17:417-424

for screening sensitive and tolerant plant species under field
conditions, where air is contaminated with various pollutants
(Liu and Ding 2008).

The aim of our study was to investigate element con-
centration, dust content (PM,,), and air pollution tolerance
index (APTI) in various plant leaves along an urbanisation
gradient in Vienna, Austria. Leaves of Fraxinus excelsior
L. (common ash), Quercus robur L. (European oak), and
Acer platanoides L. (Norway maple) were studied; these tree
species are native and widely distributed in Europe (https://
www.i-flora.com/en.html). Our hypotheses were as follows:
(1) there are significant differences in pollutant levels among
the different stages along the urbanisation gradient (urban,
suburban, and rural areas). (ii) The highest metal and dust
concentration is in the urban area, while the lowest is in the
rural area; (iii) The tree species differ in sensitivity to air
pollution, and this is reflected by their APTI values.

Material and methods
Study sites

Sampling locations were in and around the city of Vienna,
Austria. Vienna is the major administrative and cultural

center of Austria. The main pollution source is vehicular
emissions, caused by multiple roads and highways with
heavy traffic. We studied the effects of urbanisation on air
pollution levels along an urbanisation gradient. Urban, sub-
urban, and rural areas were studied (Fig. 1).

Sample collection

We collected leaves (N =150) of F. excelsior, Q. robur and
A. platanoides species along an urbanisation gradient dur-
ing third week of August 2021. The trees were healthy, and
neither pests nor symptoms of disease were found by visual
examination. The assessed age of individuals was about
10-15 years. The sampling sites were located in an urban
area (a busy park in the city center), a suburban area, and
a forested rural area. We randomly chose 5 tree specimens
at each sampling site, and we collected 30 leaves from each
tree specimen. Samples were stored in paper bags and placed
in the refrigerator at -21 °C.

Dust amount analysis
The surface area of sampled leaves was measured by scan-

ning in black and white, and the scanned pictures were
analysed using Image software (Simon et al. 2014, 2016,
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Fig. 1 Sampling areas in Vienna, Austria (Bibi et al. 2023)
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2021). Afterwards, leaves were put into 500 ml plastic
containers with 250 ml of deionised water and placed on
an orbital shaker for 10 min. The suspension was filtered
through a 150 um sieve. Then, the procedure was repeated
with 50 ml deionised water. This 300 ml suspension was
filtered through filter paper (retention diameter of 5-8 um,
Munktell 392, Ahlstrom) using a vacuum filter machine
(N811KN.18 Laboport). Thus, coarse dust (PM,,) could
be measured using the gravimetric method. Filter papers
were weighed before and after filtration to determine the
amount of dust collected on the paper. The amount of dust
was expressed in mass per area (ug cm~2) (Simon et al.
2014, 2016, 2021).

Air pollution tolerance index (APTI)

APTI calculation is based on the tree leaves’ ascorbic acid
content in mg g~! (A), total chlorophyll content in mg g~!
(T), pH of leaf extract (P), and relative water content (R).
Using these parameters, APTI was calculated by the equa-
tion below (Singh et al. 1991):

APTI = [A X (T + P) + R]/10

Ascorbic acid content was measured by titration; 2 g of
leaf tissue was crushed and homogenised with 50 ml water
in 3—4 parts. The collected extract filled up to 100 ml in
volumetric flasks. Leaf pH was measured from this extract
using a digital pH meter. After pH measurement, 20 ml por-
tions of the sample were titrated in triplicate with 0.0025 ml
of iodine solution and 1 ml of 0.5% starch solution, until the
blue color remained for 20 s. Chlorophyll was extracted from
20 mg of fresh leaf using 5 ml of 96% ethanol. The absorb-
ance of the extracts was measured using spectrophotometric
analysis at wavelengths of 653, 666, and 750 nm. The total
chlorophyll content (T) was calculated as follows:

R(%) = (FW — DW)/(TW — DW) X 100

where V is the volume (ml) of the leaf extract, m is the
fresh weight (g) of the leaf sample, and E666 and E653 are
the absorbances at 666 nm and 653 nm minus the absorb-
ance at 750 nm, respectively. To determine the relative water
content, the fresh weight of individual leaves (FW) was
measured. Then, the leaves were weighed again after being
immersed in water overnight to determine the turgid weight
(TW). Finally, the leaves were dried in an oven at 70°C to
determine the dry weight (DW). The relative water content
(R) was calculated as follows:

R(%) = (FW — DW)/(TW — DW) x 100

The sensitivity of tree species based on APTI val-
ues is categorized as follows: APTI>24—tolerant;

20-24—moderately tolerant; 15-19—intermediate;
and < 14—sensitive species (Singh et al. 1991).

Elemental analysis in leaves

Leaf samples were dried at 60 °C for 24 h after the dust
measurement. Then, the samples were homogenised and
stored in plastic tubes until further treatment. For elemental
analysis, 0.2 g of plant tissue was digested using 5 ml 65%
(m/m) nitric acid and 1 ml 30% (m/m) hydrogen peroxide.
Digested samples were diluted to 25 ml with deionised
water. Inductively coupled plasma optical emission spec-
trometry (ICP-OES 5110 Agilent Technologies) was used to
measure the elemental contents of leaf samples (Simon et al.
2011, 2014, 2016, 2021). We used a six-point calibration
procedure with a multi-element calibration solution (Merck
ICP multi-element standard solution IV) and measured the
concentration of Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni,
Pb, and Zn. Peach leaves (1547) CRM were used, and the
recoveries were within 10% of the certified values for the
elements (Simon et al. 2014, 2016, 2021).

Statistical analysis

The homogeneity of variances was tested with Levene’s
test. Differences among species and areas were tested using
analysis of variances (ANOVA) for each variable. Turkey’s
test was used for pairwise comparison between the groups.
Canonical discriminant analysis (CDA) was used to identify
those variables that most efficiently discriminated the study
area as a dependent variable. Dust content, total chlorophyll
content, ascorbic acid content, leaf pH, and relative water
content were used as independent variables. We repeated
the CDA with the elemental concentration in leaf tissues as
independent variables to separate the study area as a depend-
ent variable. Pearson correlation was used to explore the
correlation between studied parameters and air pollutants’
concentration. PM2.5, PM10, CO, and NO, air pollutant
data were collected from the European Environment Agency
webpage (https://www.eea.europa.eu).

Results
Differences along an urbanisation gradient

Based on all APTI parameters and the elemental concentra-
tion of A. platanoides, significant differences were found
among urban, suburban, and rural areas using canonical
discriminant analysis (CDA) (Fig. 2). APTI values showed
no significant differences among urban, suburban, and rural
areas for A. platanoides, but the APTI values of the species
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Fig.2 Discriminant score plots of A. platanoides based on APTI
parameters and the elemental concentrations of tree leaves
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Fig.3 APTI values (mean+SD) for A. platanoides along the urbani-
sation gradient in Vienna

suggest that it is sensitive to air pollution (Fig. 3). Signifi-
cant differences were found among the areas in the amounts
of PM10 (F=4.786, P=0.030) and the concentrations of
Al (F=31.950, P<0.001), Cr (F=4.757, P=0.030), Fe
(F=4.181, P=0.042), and Mn (F=4.181, P=0.042). The
highest amount of PM10 and the highest concentration of
Cr were found in the suburban area. The highest Al and Fe
concentrations were found in the urban area. The highest Mn
concentration was found in the rural area (Supplementary
Material Table 1).

Using CDA based on all APTI parameters and elemen-
tal concentration of F. excelsior, we found significant dif-
ferences among areas (Fig. 4). No significant difference
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Fig.4 Discriminant score plots of F. excelsior based on APTI param-
eters and the elemental concentrations of tree leaves
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Fig.5 APTI values (mean+SD) for F. excelsior along the urbanisa-
tion gradient in Vienna

was observed among areas based on the APTI value of
F. excelsior; it is also a sensitive species (Fig. 5). We
observed significant differences among the areas in the
amounts of AAC (F=25.043, P=0.000), TChl (F=4.286,
P=0.039), Ba (F=7.629, P=0.007), Cr (F=4.922,
P=0.027), Cu (F=2.817, P=0.099), Fe (F=3.240,
P=0.075), Sr (F=3.662, P=0.057), and Zn (F=13.915,
P=0.001) in F. excelsior leaves. The highest AAC amount
and Cu, Fe, and Zn concentrations were found in the urban
area. The highest Ba and Cr concentrations were found
in the suburban area. The highest TChl amount and Sr
concentration was found in the rural area (Supplementary
Material Table 2).
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Fig.6 Discriminant score plots of Q. robur based on APTI param-
eters and the elemental concentrations of tree leaves
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Fig.7 APTI values (mean=+ SD) for Q. robur along the urbanisation
gradient in Vienna

Based on all APTI parameters and the elemental concen-
tration of Q. robur, significant differences were found among
areas using CDA (Fig. 6). Q. robur is a sensitive species.
Significant differences were not found among areas based
on APTI (Fig. 7). We did, however, find significant differ-
ences among the areas in the amounts of TChl (F=9.101,
P=0.004), Al (F=4.542, P=0.034), Cr (F=12.462,
P=0.001), Fe (F=23.159, P=0.000), Mn (F=5.353,
P=0.022), Ni (F=20.651, P=0.000), and Sr (F=3.580,
P=0.060) in Q. robur leaves. The highest TChl amount and
Al, Cr, and Fe concentrations were found in the urban area.
The highest Sr concentration was found in the suburban area.
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Fig.8 Discriminant score plots for the urban area based on APTI
parameters and the elemental concentrations of the leaves of tree
species
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Fig.9 Discriminant score plots for the suburban area based on APTI
parameters and the elemental concentrations of the leaves of tree
species

The highest Mn and Ni concentrations were found in the
rural area (Supplementary Material Table 3).

Differences among the species

We found significant differences among species based on all
APTI parameters and elemental concentrations using CDA
within all studied area (Figs. 8, 9, 10). We also found sig-
nificant differences among the species in the urban area in
the amounts of RWC (F'=7.799, P=0.007), pH (F=5.833,
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Fig. 10 Discriminant score plots for the rural area based on APTI
parameters and the elemental concentrations of the leaves of tree
species

P=0.017), ACC (F=8.134, P=0.006), TChl (F=17.666,
P<0.001), APTI (F=3.384, P=0.068), Al (F=30.118,
P<0.001), Cr (F=6.222, P=0.014), Cu (F=6.182,
P=0.014), Fe (F=18.207, P=0.000), Mn (F=28.006,
P=0.006), Ni (F=19.289, P<0.001), and Sr (F=21.348,
P <0.001). The highest TChl and APTI amounts and Al,
Fe, and Mn concentrations were found in Acer leaves from
the urban area. The highest RWC amount and Cu, Ni, and
Sr concentrations were found in the leaves of Fraxinus from
the urban area. The highest pH and ACC amounts and Cr
concentration were found in the Quercus leaves from the
urban area (Supplementary Material Table 1- 3).

Significant differences were found among the spe-
cies in the amounts of RWC (F=15.883, P=0.000), pH
(F=17.182, P<0.001), ACC (F=17.044, P<0.001),
TChl (F=3.956, P=0.048), APTI (F=17.089, P <0.001),
PM10 (F=4.856, P=0.028), Al (F=8.510, P=0.005),
B (F=3.687, P=0.056), Ba (F=13.002, P=0.001),
Cr (F=3.010, P=0.087), Fe (F=12.535, P=0.001),
Mn (F=6.135, P=0.015), Ni (F=4.146, P=0.048), Sr
(F=5.585, P=0.019), and Zn (F=15.377, P=0.001) in
the Kurpark suburban area. The highest RWC, pH, TChl,
APTI, PM10 amounts and Al, B, Cr, Fe, and Mn concentra-
tions were found in Acer leaves from the suburban area. The
highest Ba, Ni, and Sr concentrations were found in Fraxinus
leaves from the suburban area. Additionally, the highest pH
and AAC amounts and the highest Zn concentration were
found in Quercus leaves from the suburban area (Supple-
mentary Material Table 1-3).

We found significant differences among the species in the
rural area in the amounts of RWC (F=13.417, P=0.001),
pH (F=11.872, P=0.001), ACC (F=5.370, P=0.022),
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APTI (F=5.399, P=0.012), B (F=10.813, P=0.002),
Ba (F=5.399, P=0.024), Cr (F=4.800, P=0.029), Mn
(F=3.542, P=0.062), Sr (F=22.492, P<0.001), and Zn
(F=11.527, P=0.002). The highest pH and APTI values
and B, Cr, Mn, and Zn concentrations were found in Acer
leaves from the rural area. The highest RWC amount and
Ba and Sr concentrations were found in Fraxinus leaves
from the rural area. Additionally, the highest pH and AAC
amounts were found in Quercus leaves from the rural area
(Supplementary Material Table 1-3).

Correlation between studied parameters and air
pollutants

For all studied species, we found a positive correlation
between all studied parameters and annual NO, and PM, s
averages (Supplementary Table 4). For Q. robur, we also
found a significant positive correlation between Cr concen-
tration and annual NO, and PM, 5 averages. For A. pseudo-
platanus and F. excelsior, we found a positive correlation
between Cu concentration and annual NO, and PM, 5 aver-
ages (Supplementary Material Table 4).

Discussion

Our findings suggest that urban tree leaves can be used to
effectively monitor urban air quality. Leaves trap dust and
air pollutants due to specific features in the anatomy of their
tissues, such as trichomes and stomata density. Tree spe-
cies showed significant differences in relative moisture con-
tent, pH, ascorbic acid, and chlorophyll content. We found
that all three species are sensitive to air pollution, based
on APTI values. APTI values showed no significant differ-
ences among areas along the urbanisation gradient for A.
platanoides, F. excelsior, and Q. robur. Based on the statis-
tical evaluation, we found significant differences in relative
moisture content, pH, ascorbic acid, and chlorophyll content
among the different species. We also found a significant dif-
ference among areas in chlorophyll content and pH. In Q.
robur, we observed a significantly lower relative moisture
content, and in F. excelsior, we observed a significantly
lower ascorbic acid content. The highest chlorophyll content
was found in A. platanoides. There were significant differ-
ences in the Al, B, Ba, Cr, Fe, Mg, Mn, Na, Ni, P, S, and Zn
concentrations in leaves among the species.

A. platanoides is the most prevalent species in cities
throughout Europe, the USA, and Australia, and it is spread-
ing rapidly throughout the world. A. platanoides trees were
previously chosen primarily for their aesthetic qualities and
urban adaptable characteristics, rather than for biomonitor-
ing (McKinney 2006). Krzyzaniak et al (2015) reported
that A. platanoides appears to be the best option for city
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parks, given its tolerance of various anthropogenic forces.
Additionally, F. excelsior is an excellent choice for urban
landscaping, due to its high endurance of adverse environ-
mental conditions. Even in experimental plots with high and
extremely high levels of pollution, this species maintains
a reasonable level of biochemical markers (Petrova et al.
2022). Simon et al. (2014) demonstrated that Q. robur were
useful biological indicators because of their large stomata
size and high stomata density. Q. robur also showed a good
correlation with scanning electron-microscopic findings.
Arend et al. (2011) and Prusty et al. (2005) described the
differences in deposited dust amounts based on different
epidermal characteristics and leaf structures.

Alotaibi et al. (2020) reported significant reduction of leaf
area in P. accerifolia in contaminated areas. The differences
in the reduction in leaf areas between these species at differ-
ent locations may be due to the leaves’ capacity to capture
air pollutants (Haynes et al. 2019). Our results were similar
to Simon et al. (2021); APTI values demonstrated moderate
tolerance for A. saccharinum and intermediate tolerance for
P. accerifolia. We observed significant differences among
the species in the ascorbic acid content, the pH, and the total
chlorophyll content of leaves. Furthermore, we found signifi-
cant differences among the species in the Al, Ba, Ca, Fe, Mg,
Ni, S, Sr, and Zn concentrations of leaves. Similar results
were obtained by Rai et al. (2013), who reported that plants’
tolerance of air pollution may be site-specific, because Ficus
bengalensis was tolerant in industrial sites and Mangifera
indica was tolerant in non-industrial sites. Ogunkunle et al.
(2015) suggested that the integration of plant tolerance and
performance indices for the selection of tree species is useful
to develop of a green belt using APTI values. According to
Jyothi and Jaya (2010), sensitive tree species can serve as
indicators for the reduction of air pollution, while tolerant
tree species can act as sinks. Additionally, Gholami et al.
(2016) discovered that plants with higher APTI values can
be utilised to lower air pollution, while those with lower
APTI values can be used to evaluate air pollution.

Conclusions

We assessed the usefulness of tree species in urban green
area planning in relation to pollution tolerance and bioin-
dication of air pollution using APTI, PM,,, and heavy
metal contents. We demonstrated that APTI is useful for
selecting pollution-tolerant species, which can be used for
urban green infrastructure planning. We found that, based
on APTI values, A. platanoides, F. excelsior, and Q. robur
were sensitive indicator species of air pollution. Tree spe-
cies showed significant differences in their leaves’ relative
moisture content, pH, ascorbic acid, and chlorophyll content.

We found significant differences among the studied areas
along the urbanisation gradient in chlorophyll content and
pH. Among the species, we observed significant differences
in the Al, B, Ba, Cr, Fe, Mg, Na, Ni, P, S, and Zn concentra-
tions of leaves. We demonstrated that tree leaves are reliable
bioindicators of urban air pollution. Our findings showed
the effect of urbanisation on these bioindicator species and
their parameters, as higher PM,,, Al, Ba, Cu, Fe, Sr, and Zn
concentrations found in the urban area than in the rural area.
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