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Abstract

Anthropic activities related to urbanization release pollutants, including potentially toxic elements which can deposit in
soils, water, and vegetation. Thus, soil and plant leaves are widely used as ecological indicators to assess the effect of
urbanization. This study aimed to evaluate the impact of urbanization based on the elemental concentration of soil and
leaves of Tilia x europaea from urban, suburban, and rural areas along an urbanization gradient in Debrecen, Hungary.
The rural area was situated near Nagyerdd, a protected area for nature conservation The suburban area was intermediate
between the rural and urban areas regarding urban density. The urban study area was at the centre of the urban community
to maximize the observable effect of urban pollution. Using inductively coupled plasma optical emission spectrometry
(ICP-OES) technique, the concentration of Ba, Cd, Co, Cr, Cu, Ni, Pb, Sr, and Zn was analysed and based on them,
bioaccumulation factor (BAF) was calculated. The highest concentration of all elements was found in soil samples from
urban areas, with an increasing tendency along the urbanization gradient. A significant difference was found along the
urbanization gradient only for Cr based on the plant leaves. T. x europaea showed bioaccumulation capacity for Cr and
Sr. Our results suggest that urbanization has a remarkable effect on the elemental concentration of soil, which is a perfect
ecological indicator. At the same time, we concluded that the 7. x europaea was not sufficiently sensitive to detect the
effect of urbanization.

Keywords Soil and Air Pollution - Anthropogenic activities - Ecological indicators - Urbanization - Metals

Introduction

>4 Edina Simon Soil and air pollution by metals is one of the most critical
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environmental problems worldwide (Yuan et al. 2021).
Anthropic activities cause contamination in soils by cer-
tain elements such as Sr, As, Cd, Cr, Cu, Ni, Pb and Zn
(Ramos-Miras et al. 2023). Among anthropogenic activi-
ties, urbanization is one of the primary sources of pol-
luted soil with heavy metals because of increased road
traffic and industrial activities (Yuan et al. 2021). Urban-
ization has been progressing rapidly between 2000 and
2030, and the urban population is anticipated to grow an
average of 2.3% per year in the developing world (Egidi
et al. 2020). The effects of urbanization on environmental
pollution are different in countries and regions with vari-
ous degrees of development (Egidi et al. 2020). Earlier
studies reported that urbanization directly and indirectly
affects soil as an essential resource. Accumulation of met-
als can modify the quality of soil and agricultural products
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and, thus, they have adverse effects on humans (Thenetu
et al. 2024). Knowledge of maximum threshold concen-
trations in different media such as in soil, air, water and
vegetables, as reported by WHO/FAO or EPA, is therefore
very important for environmental risk assessment (Feyisa
et al. 2025).Plant leaves play an essential role in urban
areas because they can accumulate air pollutants in high
concentrations; air pollutant particles can also be depos-
ited in the leaves of plants due to their stomatal openings
and waxy cuticles (Molnar et al. 2020; Simon et al. 2021).
The genus Tilia is generally used as biomonitors of trace
elements to assess the effect of urbanization and indus-
trialization on terrestrial environments (Zeb et al. 2022;
Andrianjara et al. 2024).

The bioaccumulation factor can determine the capacity
of plants to transfer and accumulate metals or other com-
pounds from soils to the aerial part of the plant (Hosseini
et al. 2022). This index has been applied to soil-plant sys-
tem in mining areas (Roca-Perez et al. 2023) near road net-
works (Hosseini et al. 2022), rural and urban areas (Pietrelli
et al. 2022); in urban areas with species of the genus Tilia
(Mitrovi¢ et al. 2021, 2023).

Therefore, Tilia x europaea was chosen for our study, a
typically ornamental tree in European countries (Tenche-
Constantinescu et al. 2015). Our study aimed to investi-
gate elemental concentration in soil and Tilia x europaea
plant leaves along an urbanization gradient in Debrecen to
assess the level of pollution. Hungary. Our hypotheses are
as follows: (i) there are significant differences in pollutant
levels along the urbanization gradient (urban, suburban,
and rural area, (ii) the highest metal concentration in soil
and leaves is in the urban area, while the lowest concen-
tration is in the rural area, (iii) significant correlation is
found between the soil and leaves metal concentrations
based on the bioaccumulation factor.

Materials and methods
Study area

Debrecen is the second largest city in Hungary, with a
population of approximately 200.000 as of 2019. The
area allocated for the city is 461 km?, which results in
a population density of 436/km?. Along an urbaniza-
tion gradient in Debrecen city, three different studied
areas were chosen (Fig. 1). The rural area was situated
near Nagyerdd, a protected area for nature conservation
(47°33°40.9"N 21°37°04.7"E). It was a sparsely built-up
area located north of the university campus. The subur-
ban area was intermediate between the rural and urban
areas regarding urban density. It was near the northern
border of the town, adjacent to a residential district and
the Nagyerdd forest (47°32°55.8"N 21°38°30.9"E). The
urban study area was at the center of the urban commu-
nity to maximize the observable effect of urban pollution,
and it was surrounded by housing and offices at the center
of Debrecen (47°31°43.6"N 21°37°57.3"E).

Along urbanization gradient representing rural, subur-
ban, and urban area 3 individuals of Tilia X europaea was
randomly chose in the same locations because this species
was the most dominant in the studied From each individual
15 leaves were collected at a 1.5 m height. Trees showing
any form of disease were avoided, as they could alter the
investigation results. Additionally, soil samples (N=15)
were collected within a 1-meter radius of the tree base to
calculate the bioaccumulation factor. At each sampling
area, five soil samples were collected. All samples were
collected from 0 to 20 cm depth with a small hand spade.
Samples were placed into poly bags and kept at —21 °C in
the refrigerator (Simon et al. 2014, 2016).

Hungary

Fig. 1 Studied areas for Debrecen from rural, suburban and urban areas along an urbanization gradient. Notations: The red circle indicates the

study areas
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Sample preparation

The laboratory process started with a surface wash to remove
any surface pollutants from the leaf samples. After washing,
the leaf samples were dried in an oven set at 70 °C for 90 min.
Soil samples were dried at room temperature, and after that
stones, plant roots, and residues were removed with plastic
tweezers. Samples were sieved in a 2-mm plastic sieve. Soil
and leaf samples were then processed according to Bibi et
al. (2023a, b) (Fig. 2). Inductively coupled plasma optical
emission spectrometry (ICP-OES 5110 Agilent Technolo-
gies) was used for the determination of Ba, Cd, Co, Cr, Cu,
Ni, Pb, Sr and Zn concentrations. For quality control 3 rep-
licates, 10 blank samples and Peach leaves (1547) and soil
(SQC001) CRM were used, and the recoveries were within
10% of the certified values for the elements (Simon et al.
2013, 2014, 2016, 2021).A six-point calibration procedure
with multi-element calibration solution (Merk ICP multi-ele-
ment standard solution IV) was used. The detection limit of
elements was the following: Ba (0.01 pg/L), Cd (0.1 pg L™,
Co (0.6 ugL™h),Cr(0.2ugL ™), Cu (0.2 pg L), Ni (0.9 pug
LY, Pb(22pugL™"),Sr(0.01 pgL Yy and Zn (0.2 pg LY.
When the concentration was below the detection limit, the
half of the detection limit concentration was used for the sta-
tistical analysis (Wood et al. 2011).

Bioaccumulation factor (BAF)

To study the accumulation of elements in leaves of 7. x
europaea, bioaccumulation factor (BAF) was used. BAF is
the ratio of elemental concentration in leaves (Cy,,) and
elemental concentration in soil (C,;) (Van Gestel et al.
2011):

BAF = Cplant/csoil

Statistical analyses

Statistical analyses were conducted with SPSS Statistics 20
(IBM) statistical software. The normality of the distribution
was tested using the Shapiro—Wilk test. The homogeneity

Sample
homogenization with

a knife mill (Retsch
GM 200)

Fig. 2 Sample preparations and elemental analysis for soil and leaves

Sample digestion
with 65% (m/m)
nitric acid and 30%
(m/m) hydrogen
peroxide at 70 °C

of variances was tested using Levene’s test. The differences
among samples were tested with the analysis of variance
(ANOVA) for each variable. Tukey’s test was performed
for pairwise comparison between the groups. We used the
canonical discriminant analysis (CDA) because this analy-
sis is a multivariate method for classification, aimed at max-
imizing group separation through linear combinations of
variables based on studies localities. CDA can identify those
variables that most efficiently discriminated the study area
as the dependent variable based on elemental concentration
of soil and leaf (De Sa 2007). The correlation between the
elemental concentration of soil and leaves was analysed
with the Pearson correlation coefficient (Zar 1996).

Results

There was a clear separation among the studied areas based
on the elemental concentration of soil according to the CDA
(Fig. 3). The canonical variables were significant (»p<0.001)
in the first and second discriminant functions. The percent-
age of variance was 87.0 in the first, while 13.0 was in
the second discriminant function. There was significantly
higher elemental soil concentration in the urban area than in
the rural area (Table 1). The order of contents of potentially
toxics elements was: Zn>Ni> Ba>Pb=Sr>Cu>Cr>Co>
Cd in rural soil, Ba>Zn> Ni>Sr> Pb>Cu>Cr>Co> Cd
in suburban soils, and Ba>Zn> Ni>Sr> Cr>Pb>Cu>Co>
Cd in urban.

Similar to the soil, separation was found among the stud-
ied areas based on the elemental concentration of 7Tilia X
europaea according to the CDA (Fig. 4). The canonical vari-
ables were not significant (p>0.05) in the first and second
discriminant functions. The percentage of variance was 99.2
in the first, while 0.8 was in the second discriminant func-
tion. In rural areas, higher concentrations of Ba, Cu, Ni and
Zn were observed in the leaves of 7. x europaea; however,
only Cr in rural and suburban areas showed significantly
higher values than in urban areas (Table 2). The Cd, Co, Cr,
and Pb concentrations were below the detection limit.

In all studied areas, we did not find any significant correla-
tion between the elemental concentration of soil and leaves

Inductively coupled
plasma optical
emission

spectrometer (ICP-
OES Agilent 5110)
for elemental
analysis
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Scatter plot of canonical discriminant analysis (CDA) based on the elemental concentration of soil among the studied areas
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Table 1 Summary statistics of elemental concentration of soil (mg (rural: 7=0.429, p=0.397; suburban: r=0.486, p=0.329;
kg !, mean+SE)

urban: #=0.371, p=0.468). The BAF values were higher than
1 for Cu in the rural and for Sr in all studied areas (Figs. 5 and

Elements Urbanization gradient F P
rural suburban  urban

Ba 142£1.0 67.7£162 97.1x11.0 13.825  0.001
Cd 03+0.1  0.8%0.1 1.8+0.2  55.623 <0.001
Co 1.3+0.1  2.6+0.1 6.4+04  96.986 <0.001
Cr 3.1£03  73+0.7 28.0+63  13.081 0.001
Cu 3.7+£03 13.8+25 223+27 19.031 <0.001
Ni 189+4.5 28.6+1.5 39.8+4.2 8.229  0.006
Pb 55423 209455 245439 5.971 0.016
Sr 55+0.7 252+6.8 32.6+43 8.975  0.004
Zn 19.1+1.2 61.5+8.1 83.9+13.7 12735  0.001

6). The BAF values of Cu and Sr indicated that trees could
accumulate these elements from soil indirectly or directly.

Discussion

As hypothesized, we found differences based on the
elemental concentration of soil along the urbanization
gradient; significantly higher concentrations were found

@ Springer
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Fig. 4 Scatter plot of canonical discriminant analysis (CDA) based on the elemental concentration of 7ilia X europaea leaves among the studied

areas

Table2 Summary statistics of elemental concentration of Tilia x euro-
paea leaves (mg kg !, mean+ SE)

Elements  Urbanization gradient
rural suburban  urban F p

Ba 12.9+4.2 8.1+0.6 5.6+2.5 1.663  0.266
Cr 0.3+0.1 0.3£0.1 0.2+0.1 7426 0.024
Cu 7.7£0.9 6.2+0.6 49+1.1 2709 0.145
Ni 1.5+0.5 0.6+0.1 0.5+0.1 3.844 0.084
Sr 28.8+4.6  419+1.7 32.1+58 2456 0.166
Zn 18.5+1.4 144+04 17.5£09 4.85 0.056

in urban areas than in rural ones. Thus, it was indicated
that urbanization had a remarkable effect on the metal
concentration of soil. Contrary to our hypothesis, the
elemental concentration of 7. X europaea did not differ
significantly along the urbanization gradient; only Cr,

a typically anthropogenic element, showed significant
variation. At the same time, our results also indicated that
T. X europaea was not sensitive enough to reveal the effect
of urbanization.

Similar to our results, Yuan et al. (2021) also demonstrated
the effect of urbanization on the soil elemental concentration
change, and they found the highest pollution level and
potential ecological risk of surface soil polluted with metals
in urban soil. Urbanization may cause an increasing risk of
soil pollutants through waste disposal and acid deposition
derived from urban air pollution (Hasan et al. 2020). TeSic
et al. (2022) also found significantly higher Zn, Cu, Cd, Cr,
and Ni in the soil of urban areas in Belgrade than in the rural.
Simon et al. (2016) also reported that soil was a suitable
bioindicator for monitoring the effects of urbanization and
anthropogenic activities on terrestrial ecosystems because

@ Springer
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Fig. 5 Value of bioaccumulation factor (BAF) for Cu (mean+ SE) along the urbanization gradient

they found significant differences among areas based on
the concentration of Ba, Cu, Mn, Sr, and Zn in soil. Simon
et al. (2013) also confirmed that the elemental analysis of
soil samples is one of the best ways to study the effects
of urbanization. Bibi et al. (2023a) also showed higher
concentrations of Cu, Pb, Sr, and Zn were in the urban and
suburban areas than in the rural areas in Wien, Austria. In
summary, as indicated by Wang et al. (2024), urbanization
intensifies the impact on potential toxic elements in soil. In
relation to the higher or lower content of elements in the
soil, the elements with the highest concentration in urban
area were Ba, Zn and Ni, these results are similar to those
performed in urban soils of Vienna (Austria) where the
concentrations of Ba and Zn were also among the highest of
the elements analyzed (Simon et al. 2013).

Molnér et al. (2020) demonstrated that 7. X europaea is
sensitive to air pollutants based on the air pollution tolerance
index (APTI). Serbula et al. (2013) showed that pine needles
responded more intensively to pollution than 7ilia. Serbula
et al. (2013) also indicated, based on the bioaccumulation

@ Springer

and translocation index, that the high concentrations of
Cu and Pb in aerial parts of pine and linden are mainly a
consequence of airborne pollution, which may explain
why there was no correlation between the elemental con-
centration of soil and leaves in our study. Similarly, to our
finding, Tenche-Constantinescu et al. (2015) also demon-
strated that 7ilia sp. was very resistant to biotic and abiotic
stress because they found a correlation only between traffic
intensity and the concentration of Pb in leaves. The study
of Tilia leaf showed a different capacity for accumulating
potentially toxic elements in various locations by Mitrovi¢
et al. (2021) in urban areas with varying pollution levels.
Jouraeva et al. (2002) studied the accumulation potential of
PAHs and metals on the leaves of Tilia xeuchlora and Pyrus
calleryana, and they reported that leaves of 7. xeuchlora
accumulated higher concentrations of air pollutants than P,
calleryana. Anici¢ et al. (2011) studied the metal concentra-
tion in the Aesculus hippocastanum leaves and Tilia spp.
Similar to our finding, they also demonstrated that 7ilia spp.
was not so sensitive to assessing Pb and Cu atmospheric
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Fig.6 Value of bioaccumulation factor (BAF) for Sr (mean+ SE) along the urbanization gradient

pollution (Anici¢ et al. 2019). Urosevi¢ et al. (2019) studied
the metal concentration of different tree leaves, and they did
not recommend 7ilia sp. as a valuable bioindicator for air
pollutants. In the case of plant species, the uptake of the ele-
ments may be accompanied by a species-specific pattern of
physiological reaction (Drzewiecka et al. 2019). Although
we did not detect any pathological changes of plants, Bierza
and Bierza (2024) reported problems in chloroplast organi-
zation and plasmolysis of the leaf cells in Tilia leaves from
polluted areas which cause chlorosis and necrosis.

In this study only Sr, in all areas, and Cu, only in rural
areas, presented BAF values higher than 1, which indicates
that Tilia x europaea has the capacity to accumulate these
elements in leaves. However, studies with Tilia tomentosa
(Mitrovi¢ et al. 2023), Tilia argentea (Greksa et al. 2019)
and Tillia sp. (Alagi¢ et al. 2013), conducted in different
areas with anthropic influence, did not exceed BAF=1 for
any elements. Mitrovi¢ et al. (2023) reported that there may
be defense strategies at the root level of 7ilia cordata which
can decrease the metal toxicity. Plants can reduce the nega-
tive effects of heavy metal stress by their increasing anti-
oxidative protection (Schiitzendiibel and Polle 2002) which
may the reason of no correlation with metals in soil.

Conclusion

Our study demonstrated differences in the elemental con-
centration of soil along the urbanization gradient. Slight
difference was found in elemental concentrations of 7. X
europaea only in the case of Cr along the urbanization gra-
dient. Based on the accumulation rate, 7. X europaea could
accumulate the Cu and Sr from soil directly or indirectly.
Thus, we concluded that urbanization has a remarkable
effect on the elemental concentration of soil, which is a per-
fect ecological indicator. At the same time, we concluded
that the 7 x europaea was not sensitive enough to indicate
the effect of urbanization.
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