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Abstract: The aim of this study was to assess the antioxidant response towards urban air pollution of
three widespread ornamental species—Tilia tomentosa, Fraxinus excelsior and Pinus nigra. Saplings
were planted in four urban plots with different anthropogenic impacts, and periodic observations
were performed on their development. Three types of biochemical markers, representing plant
responses by three different mechanisms, were analyzed: photosynthetic pigments, free proline
and guaiacol peroxidase activity. Our study confirmed that plant responses and adaptation to the
environment are complex biological processes including physiological and biochemical changes. As
a whole, these experiments revealed that the studied trees react by specific mechanisms towards
urban air pollution, and antioxidant responses are significantly correlated with the enhancement of
traffic (p < 0.05). Fraxinus excelsior was assessed as being very suitable for urban landscaping due to
the significant tolerance to environmentally stressful conditions. Tilia tomentosa was also evaluated
as a suitable ornamental species as it demonstrated good development in the urban environment.
Pinus nigra was proven as more sensitive to the urban air pollution versus the other two studied trees.
These findings could be very useful as a scientific basis for the landscaping practice in terms of the
sustainable development and management of urban forestry.

Keywords: urban trees; biochemical markers; antioxidant system; green infrastructure; reference scale

1. Introduction

Rapid urbanization and globalization have been well known for several decades as
two of the greatest threats to biodiversity at a local and global scale [1,2]. Urban devel-
opment processes lead to significant landscape changes, destroying natural ecosystems
and replacing them with anthropogenic ones. In this context, urban green infrastructures
have a crucial role in sustaining various ecosystem services for human well-being [3,4] and
urban quality of life [5]. There are various relationships between humanity, settlements
and nature, among which greening and the formation of a green system of functionally
different green spaces in cities play a major role, as this creates the environment required to
carry out basic human activities. Urban green infrastructure has an important role to play
as one of the most significant components that creates the conditions for sustainable urban
development at all levels—national, regional and local. The green system, as a collection of
different types of green spaces in the urban and suburban area of the settlement, is intended
to maintain a biological balance between the elements of the socio-ecological system of
man–society–nature. It plays an essential role in connecting the various elements and
structural zones of the urban structure in a composite whole, and through the suburban
green areas, it connects the urban structure with the environment [6].

According to the Millennium Ecosystem Assessment report [7], ecosystem services
are defined as benefits that people obtain from ecosystems, and they are divided into
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four categories—supporting, regulating, provisioning and cultural services. Urban green
infrastructures are related mainly to several regulating services in urban ecosystems [8]
as follows: (i) regulation of air quality in urban areas [9,10]; (ii) mitigation of urban heat
island effects [11]; (iii) regulation of runoff and flooding [12]. Regarding the supporting
and provisioning services of green infrastructures, they have a range of different functions,
such as biodiversity conservation [13–16], water management [14–16], sustainable land
management [13,15] and urban regeneration [14,17]. However, all ecosystem services are
crucial for the sustainable development of human settlements, but, to fulfill these functions,
the green infrastructure needs an appropriate species composition, especially in terms of
ornamental trees.

The process of urbanization has become more intensive recently, which results in the
permanent worsening of environmental factors for urban biota. Exceeding values and
the permanent presence of toxic gases, aerosols and dust in urban air, even at chronic
concentrations, significantly damage more sensitive plant species [18–20]. Salt stress,
water deficits and heat stress should also be considered as major factors affecting plant
development in urban areas. To address these problems and to build a sustainable urban
green infrastructure, the first step should be related to studying the reaction specificity and
the tolerance to air pollution of the ornamental tree species in the actual cities’ conditions,
and then to perform a revision and revaluation of the adaptation ability of the newly
planted ornamental trees to the degraded urban environment.

It is well known that the adaptation of plants towards extreme values of any factor
includes two basic reactions (to avoid stress and/or stress resistance) and has three main
stages [21]. The first stage involves primary stress reactions, especially oxidative stress
effects due to the increased production of reactive oxygen species (ROS) in plant tissues.
This leads to an increment in the lipid peroxidation (LP) rate in cell membranes because
some ROS, especially hydroxyl radicals (•OH), can initiate LP [22]. The second stage is
connected with the adaptive responses towards stress due to the antioxidant defensive
system of the plant organism. Antioxidants are a group of different substances (vitamins,
minerals, enzymes, etc.) whose main function is to defend the plant organism from the
synthesis of ROS or to block the action of generated ROS [23]. Generally, ROS have a short
lifetime in plant tissues but their negative impact could be significant. They link with cell
molecules and destroy cell membranes, so they cause faster aging and cell death. This is
why each plant species has developed its own mechanism to protect itself against ROS’
influence. Two groups of substances are involved in this process—enzymatic and non-
enzymatic. Non-enzymatic ones are presented by carotenoids, vitamins, flavonoids, free
proline, etc. The enzymatic antioxidant system includes many enzymes, such as catalase,
guaiacol peroxidase, glutathione peroxidase and reductase and superoxide dismutase [24].
If the plant has a lower ability to overcome the negative impact of the environmental factors,
the third stage leads to weight loss and death.

The aim of the present study is to (1) assess the antioxidant response towards the urban
environment (with a focus on air pollution) of Tilia tomentosa Moench, Fraxinus excelsior L.
and Pinus nigra J. F. Arnold—three of the most widespread ornamental trees both in urban
and rural areas of Europe [25], easy to identify and sample and frequently used as biomon-
itors; and (2) propose a reference scale for the early determination of the anthropogenic
pressure extent based on the different levels of biochemical stress markers in urban trees.

2. Materials and Methods
2.1. Experimental Plots

The survey was conducted in the city of Plovdiv, Bulgaria (42◦8′9.9492′′ N; 24◦44′31.8048′′ E),
one of the most polluted cities in Europe for some years [26] and which, hence, could be character-
ized as creating more severe conditions for plants. Domestic heating (during the cold period) and
motor traffic are the major sources of air and soil pollution in the most Bulgarian cities, including
Plovdiv, which have been caused by the rapid growth in the number of cars [27].
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Four plots were selected on the basis of the typology of the urban environment that
they represent and the type of anthropogenic impact (Figure 1). They were situated in
the NE, SE, SW and NW directions from the city center, aiming to represent areas with
different traffic intensity and load, as well as without any other sources of air pollution
(such as plants, factories, etc.). The level of air pollution in each place was evaluated in the
first week of August, according to the different intensities of road traffic (main cause of
air pollution in this period). The intensity of road traffic was assessed on the basis of the
number of cars (or motorcycles) in a period of ten minutes at 8 a.m. on a working day [28]
(Table 1). The intensity of urbanization was determined according to the City General
Layout Plan (Municipality of Plovdiv).
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Figure 1. Map of the city of Plovdiv (Bulgaria) and locations of the four selected plots (1—Plot 1;
2—Plot 2; 3—Plot 3; 4—Plot 4).

Table 1. Level of air pollution evaluated on the basis of car traffic and intensity of urbanization.

Motor Traffic (Car Number per 10 min) Intensity of Urbanization (%) Level of Air Pollution (4-Point Scale)

0–10 0–10 Low
10–50 10–40 Medium

50–150 40–70 High
>150 >70 Very high

Plot 1 (68 m2 surface area) was located in the central part of the city, NE direction
(42◦09′06.7′′ N 24◦45′03.1′′ E), along a busy road junction with heavy traffic and a high
level of air pollution. Saplings were planted in a green belt along one of the boulevards,
located at a distance of around 5–10 m from the junction.

Plot 2 (52 m2 surface area) was situated in the central part of the city, SE direction
(42◦08′35.3′′ N 24◦45′56.9′′ E), and was characterized by moderate motor traffic and a
medium level of air pollution. Saplings were planted in a small green patch, located
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between two inner streets, 10–15 m away from tall buildings and 80–100 m away from the
nearest boulevards.

Plot 3 (234 m2 surface area) was located in the west suburb, SW direction (42◦07′54.0′′ N
24◦43′25.9′′ E). It was characterized by very heavy railroad and vehicle traffic, resulting in a
very high level of air pollution. Trees were planted in a large green area, situated between
two railroad tracks and the Komatevo road junction, at a distance of around 5–10 m from the
street and 20–25 m from the railroad.

Plot 4 (183 m2 surface area) was situated in the west suburb, NW direction (42◦08′28.8′′ N
24◦41′59.9′′ E), but in the largest city park, subjected to a low anthropogenic impact. It was
characterized by very low traffic and a low level of air pollution. Saplings were planted in a
large green area, close to the city outskirts; thus, we aimed to use them as a “conditional control”
of the urban environment.

All plots were characterized by similar environmental conditions: soil type fluvisol
with anthropogenic-influenced upper horizons; soil pH in the range 6.9–7.1; similar sun
exposure; normal moistening regime. Differences were found in respect to the content of
some chemical elements in the topsoil (0–30 cm layer) before planting (Table 2). The most
abundant of the studied elements were Fe (12,391–21,503 mg/kg), Mg (4096–6135 mg/kg),
Mn (387–613 mg/kg) and Zn (29–204 mg/kg kg), followed by Sr (33–69 mg/kg), Pb
(7.6–56 mg/kg), Cu (7.6–58.4 mg/kg), Ni (13–41 mg/kg), V (28–39 mg/kg) and Cr
(15–44 mg/kg). A general trend was established for six of the elements—Fe, Mg, Mn,
As, U, Cd—with the first three being in the largest quantities, and the last three in the
smallest, which is a consequence of the soil-forming process and their content in the matter
rocks. The remaining seven elements—Zn, Sr, Cu, Pb, V, Cr and Ni—show a different
tendency as a result of the anthropogenic impact.

Table 2. Content of some chemical elements (mg/kg) in the studied urban soil samples and maximal
permissible content (MPC) in urban soils according to the Bulgarian legislation.

Element
Plot 1 Plot 2 Plot 3 Plot 4 MPC

mg/kg RSD, % mg/kg RSD, % mg/kg RSD, % mg/kg RSD, % mg/kg

Mg 4096 0.8 4540 0.5 6135 0.6 4768 0.6 -
V 39 4.1 28 3.2 38 2.5 30 3.4 -
Cr 26 2.8 16 2.7 44 3.8 15 2.4 250
Mn 613 4.4 394 2.3 428 3.9 387 2.3 -
Fe 16,742 0.5 12,391 0.5 21,503 0.3 13,676 0.8 -
Ni 21 3.2 14 2.7 41 3.5 13 2.5 80
Cu 58.4 2.3 19.0 6.1 37.5 2.7 7.6 2.7 140
Zn 204 3.0 57 3.3 55 2.4 29 2.9 390
As 5.9 4.4 3.5 5.1 6.6 4.3 2.7 3.3 30
Sr 69 0.8 64 0.5 41 0.4 33 0.4 -
Cd 0.46 9.2 0.12 2.7 0.17 4.1 0.09 5.2 2.5
Pb 56 2.5 31 2.7 28 3.1 7.6 3.1 130
U 1.5 2.7 1.2 2.7 1.8 3.2 1.3 2.3 -

RSD—Relative Standard Deviation (RSD = 100 ∗ Stand Dev/Mean).

2.2. Experimental Design

During the spring of 2015, 8-year-old seedling material was purchased from a certified
nursery and planted by our team at the abovementioned experimental sites, representing
3 individuals per species per plot as group planting. Periodic observations were made on
their development, physiology and health status throughout 2015–2020 and the average
results from this 6-year period are presented below.

Leaf samples for analyses were taken in August of each year, when the leaves were
fully developed. In order to obtain a homogeneous sample, a large number of leaves (one-
year-old needles), comparable in size and shape, were sampled, taking care to minimize
contact with the leaf surface. Usually, 80–100 fully expanded leaves (needles) per tree were
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collected and a composite sample was prepared for analyses. All the samples were stored
in clean, labeled polyethylene bags, closed tightly to avoid contamination during transport.

2.3. Analyses of the Biochemical Markers of Stress

Three types of biochemical markers, representing the plant response by three different
mechanisms, were analyzed, as follows:

- Photosynthetic pigment content. Pigment analysis was performed as quickly as
possible after sampling, following the standardized procedure. Spectrophotometric
determination was performed at 440.5 nm (carotenoids), 644 nm (chlorophyll b) and
662 nm (chlorophyll a) wavelengths after extraction with 90% acetone (Acetone,
90% (v/v), Ricca Chemical). Concentrations of chlorophyll a, chlorophyll b, total
chlorophyll and carotenoids were calculated for each sample and presented in mg g−1

fresh weight [29].
- Proline content. Each leaf sample (0.2 g) was mashed with quartz sand and 10 mL buffer

100 mM KH2PO4/K2HPO4, pH = 7. Plant extract was than centrifuged at 10,000× g for
15 min at 4 ◦C. Reaction cocktail was prepared using 40:60 vol. % ethanol and distilled
water. The concentration of free proline in the samples was determined spectrophotomet-
rically at 520 nm against a standard curve prepared with proline (L-proline, TCI Europe
N.V., Zwijndrecht, Belgium) [30] and presented in mg g−1 fresh weight.

- Guaiacol peroxidase activity. The GPX activity was determined according to the method
of Ridge and Osborne [31], with the modifications of Shevyakova et al. [32]. One
gram of fresh leaves was homogenized in an ice-cold 0.066 mol/L K-Na phosphate
buffer (pH 7.4), with the addition of polyvinylpyrrolidone (PVP 40, Sigma-Aldrich, Sofia,
Bulgaria). The homogenate was centrifuged at 10,000× g at 4 ◦C for 20 min. The activity
of GPX in the supernatant was determined spectrophotometrically by measuring the
increase in absorbance at 470 nm. The reaction mixture contained 80 mmol/l guaiacol
(W253200, Sigma-Aldrich) and 10 mmol/L H2O2 (Hydrogen peroxide solution, 30 %
(w/w) in H2O, Merck, Sofia, Bulgaria) in 0.066 mol/L phosphate buffer, pH 7.4. The
enzymatic activity is expressed in U mg−1 protein per 1 g leaves fresh weight.

2.4. Data Processing

All data presented are the averages of triplicate analysis of three separate subsamples.
For the statistical evaluation of the data obtained, the raw values of the three subsamples
per species per site were used and the differences were considered significant when p < 0.05.
The Shapiro–Wilk test was used to test the normality of the data as a more appropriate
method for small sample sizes (<50 samples). ANOVA and Student/Fisher test were used
for testing the differences in studied parameters, both between the three plant species in one
plot and also between the four studied sampling plots and between studied biochemical
markers (p < 0.05). Regression analysis was applied to evaluate the dependence of the
studied parameters on traffic intensity and urban air pollution. All statistical analyses were
performed with STATISTICA version 7 (data analysis software system), Statsoft Inc. (Tulsa,
OK, USA), 2004.

3. Results
3.1. Photosynthetic Pigments

Data about the measured content of total chlorophyll, chlorophyll a, chlorophyll b
and carotenoids in plant leaves, as well as calculated values of the ratios total chloro-
phyll/carotenoids and chlorophyll a/chlorophyll b, are presented in Figures 2 and 3.

Content of both total chlorophyll and carotenoids in all studied ornamental species
was significantly lower in leaf samples from Plot 1, followed by Plot 3 (p < 0.05). Maximum
values were found in Plot 2, also for the three studied species (p < 0.05). These sites could be
classified as more affected by traffic pollution according to the selection criteria (Figure 1).
Our results are in agreement with data from Merakchiyska-Nikolova et al. [33], who found
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a significant reduction in pigments in Tilia tomentosa under the influence of urban pollution
in Sofia city (Bulgaria).
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Figure 2. Content (mg g−1 fresh weight) of photosynthetic pigments in the leaves of studied tree
species, planted in four urban plots with different types and intensity of anthropogenic impact:
(A) total chlorophyll content; (B) carotenoid content. For each tree species (Tilia tomentosa in black,
Fraxinus excelsior in red; Pinus nigra in blue), means showing different letters are significantly different
according to Student’s LSD comparison test (p < 0.05).
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Regarding species specifics, it was obvious that the highest level of both types of
photosynthetic pigments was in Fraxinus excelsior, with an average content of 2.01 mg g−1

fw total chlorophyll and 0.21 mg g−1 fw carotenoids (p < 0.05) (Figure 2). Despite this fact,
we found that in Plot 3 (most influenced by traffic), the maximum pigment content was
in T. tomentosa leaves. This fact can be related to the statements of some authors [34–36]
whereby the changes in total chlorophyll content characterize the sustainability and adap-
tation extent of the plants to the permanently high level of air pollution.

Tilia tomentosa shows an average content of 1.76 mg g−1 fw total chlorophyll and
0.20 mg g−1 fw carotenoids, while Pinus nigra demonstrates significantly lower values
of 1.48 mg g−1 fw total chlorophyll and 0.10 mg g−1 fw carotenoids (Figure 2). Our
simultaneous observations on some other P. nigra individuals, growing nearby but planted
for more than 20 years in the urban environment, showed quite elevated pigment values
in the range 1.6–1.82 mg g−1 fw total chlorophyll and 0.19–0.24 mg g−1 fw carotenoids.
Parallel observations on some other individuals of T. tomentosa, growing nearby but planted
for more than 15 years in the urban environment, also revealed some pigment values in
the range 2.75–3.81 mg g−1 fw total chlorophyll and 0.46–0.76 mg g−1 fw carotenoids.
These results can be explained by the suppression of pigment synthesis under the stressful
urban conditions, as reported in other studies [20,34,36]. The results obtained are consistent
with the notion that photosynthesis is one of most sensitive processes to environmental
stresses. As some authors have mentioned previously, low values of carotenoid content
could characterize the resistance and the degree of adaptation of plants to constant and
high levels of atmospheric pollution in the environment [34,36,37].

The chl a/chl b ratio in the urban environment is an effective indicator both for
photosynthetic activity and the health status of plants [19,20,36,38,39]. In the present
study, this ratio had higher values in leaf samples from Plot 3 and Plot 4 for F. excelsior
(1.12 and 1.19, respectively) and P. nigra (1.05 and 1.0, respectively), but for T. tomentosa, the
maximum is found in Plot 2 (1.17) and Plot 4 (1.14) (Figure 3A).

The total chl/carotenoid ratio had higher values in leaf samples from Plot 1 and Plot 3
for T. tomentosa (13.96 and 8.87, respectively) and P. nigra (14.85 and 15.08, respectively),
but for F. excelsior, the maximum is found in Plot 1 (13.3) and Plot 2 (10.69) (Figure 3B).
Higher ratio values can be a result of both the stimulation of chlorophyll synthesis and the
suppression of carotenoid synthesis. According to some authors [18], carotenoid pigments
exhibit several substantial functions in plant physiology (plant growth and development,
adaptation to the environmental conditions, etc.), among which antioxidant defense is
the most important. Many authors revealed that carotenoids were present in smaller
concentrations in plants growing close to a source of contamination [40,41].

3.2. Free Proline

The content of free proline in all studied ornamental species was significantly higher in
leaf samples from the three experimental plots subjected to higher anthropogenic impacts
(Plot 1, Plot 2 and Plot 3) in comparison with the “control” Plot 4—up to 68% in P. nigra, up
to 61% in T. tomentosa and up to 26% in F. exselsior (p < 0.05). Maximum values were found
in Plot 3 for T. tomentosa (0.2985 mg g−1 fw) and F. excelsior (0.0554 mg g−1 fw), and in Plot
1 for P. nigra (0.0814 mg g−1 fw) (Figure 4). Regarding species specifics, it is obvious that
the highest level of free proline was found in T. tomentosa, with up to 10-fold greater values
in comparison with the other two studied trees (p < 0.05) (Figure 4).

3.3. GPX Activity

The activity of GPX varied between 0.0017 U mg−1 protein (T. tomentosa, Plot 4) and
0.0418 U mg−1 protein (T. tomentosa, Plot 3) (Figure 5). The highest values of GPX activity in
the leaves of all studied species were found in Plot 3 (intensive vehicle and railroad traffic),
followed by Plot 1 (intensive motor traffic) (p < 0.05). These results show a clear tendency
towards increased GPX activity with an increase in the traffic intensity and correlate with
the findings of many authors [28,41–44].
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Figure 5. Activity of guaiacol peroxidase (GPX) (U mg−1 protein) in leaves of studied tree species,
planted in four urban plots with different types and intensity of anthropogenic impact. For each tree
species (Tilia tomentosa in black, Fraxinus excelsior in red; Pinus nigra in blue), means showing different
letters are significantly different according to Student’s LSD comparison test (p < 0.05).

Generally, peroxidase functions are associated with the neutralization of excess hy-
drogen peroxide, which is mainly accumulated in plant tissues due to stress effects [45].
Therefore, the results obtained indicate significant metabolic adjustments in tree leaves in
the course of their adaptation towards the urban environment’s impacts. It is likely that
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such changes affect the accumulation of phenols and sugars, since Allison and Schultz [46]
emphasized that peroxidases appear to play an important role in these metabolic pathways.

3.4. Assessment of the Antioxidant Response in Relation to the Intensity of Traffic and Urban
Air Pollution

Considering the present achievements and some preliminary data, the values of all ana-
lyzed biochemical markers of stress were divided into the following four classes: low, medium,
high and very high. These correspond well with the levels of air pollution, given in Table 1. The
values of these classes were used as a reference scale (in relation to different tree species) for the
evaluation of the different levels of air pollution in the experimental plots (Table 3).

Table 3. Reference scale for early determination of the anthropogenic impact extent based on the
different levels of biochemical stress markers in urban trees.

Biochemical Marker Location
Tilia tomentosa Fraxinus excelsior Pinus nigra

Values Level Values Level Values Level

Total chlorophyll content,
mg g−1 fw

Plot 1 1.00–1.40 low 1.00–1.40 low 1.00–1.20 low
Plot 2 1.81–2.20 high >2.20 very high >1.60 very high
Plot 3 1.41–1.80 medium 1.41–1.80 medium 1.21–1.40 medium
Plot 4 1.81–2.20 high 1.81–2.20 high 1.41–1.60 high

Carotenoid content,
mg g−1 fw

Plot 1 0.01–0.1 low 0.01–0.1 low 0.01–0.1 low
Plot 2 0.21–0.30 high 0.21–0.30 high 0.11–0.20 medium
Plot 3 0.11–0.20 medium 0.11–0.20 medium 0.01–0.1 low
Plot 4 0.21–0.30 high 0.21–0.30 high 0.11–0.20 medium

Ratio
chl a/chl b

Plot 1 <1 low 1.00–1.20 medium <1 low
Plot 2 1.00–1.20 medium <1 low <1 low
Plot 3 1.00–1.20 medium 1.00–1.20 medium <1 low
Plot 4 1.00–1.20 medium 1.00–1.20 medium <1 low

Ratio
total chl/car

Plot 1 9.01–12.0 high >12.0 very high >12.0 very high
Plot 2 <1 low 9.01–12.0 high >12.0 very high
Plot 3 7.01–9.00 medium 7.01–9.00 medium >12.0 very high
Plot 4 7.01–9.00 medium 7.01–9.00 medium >12.0 very high

Free proline content,
mg g−1 fw

Plot 1 >0.8 very high 0.04–0.06 medium >0.8 very high
Plot 2 >0.8 very high 0.04–0.06 medium 0.04–0.06 medium
Plot 3 >0.8 very high 0.04–0.06 medium 0.06–0.8 high
Plot 4 >0.8 very high 0.04–0.06 medium 0.02–0.04 low

GPX activity,
U mg−1 protein

Plot 1 0.01–0.02 medium 0.001–0.01 low 0.02–0.03 high
Plot 2 0.001–0.01 low 0.001–0.01 low 0.001–0.01 low
Plot 3 >0.03 very high 0.01–0.02 medium >0.03 very high
Plot 4 0.001–0.01 low 0.001–0.01 low 0.001–0.01 low

The GPX activity of T. tomentosa leaves directly correlates with the enhancement
in traffic intensity and the level of air pollution (R = 0.91, p < 0.05) (Table 4). Positive
relationships are found also between GPX activity and the level of free proline in leaves, as
well as between the free proline level and ratio of total chlorophyll/carotenoids (p < 0.05).
Negative relationships are found between photosynthetic pigment content and the level
of free proline, on one hand, as well as the ratio of total chlorophyll/carotenoids on the
another (p < 0.05). Thus, it can be assumed that the response of T. tomentosa towards urban
air pollution is expressed both by an increment in enzyme activity and proline synthesis,
and the inhibition of photosynthetic pigment synthesis (Table 4).
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Table 4. Pearson correlations between the level of air pollution and levels of studied biochemical
markers in leaves of T. tomentosa from four experimental plots (n = 72, 3 individuals× 4 plots× 6 years).

Air Pollution GPX Activity Free Proline Ratio Total chl/Car Ratio chl a/chl b Carotenoids Total Chlorophyll

Air pollution 1.00
GPX activity 0.91 1.00
Free proline 0.67 0.74 1.00

Ratio total chl/car 0.32 0.29 0.85 1.00
Ratio chl a/chl b −0.26 0.00 −0.52 −0.82 1.00

Carotenoids −0.67 −0.49 −0.82 −0.85 0.87 1.00
Total chlorophyll −0.67 −0.49 −0.82 −0.85 0.87 1.00 1.00

The GPX activity in F. excelsior leaves directly correlates with the enhancement in
traffic intensity and the level of air pollution also (R = 0.77, p < 0.05), but the content of free
proline is found to be more significant (R = 0.94, p < 0.05) (Table 5). Negative relationships
are found between photosynthetic pigment content and the level of free proline (p < 0.05).
As a whole, this species shows weaker relationships between the studied parameters, both
positive and negative, among all three plants included in the experiment. This finding can
be interpreted as evidence of its higher tolerance to the urban environment and thus better
appropriateness and efficacy for urban landscaping activities.

Table 5. Pearson correlations between the level of air pollution and levels of studied biochemical
markers in leaves of F. excelsior from four experimental plots (n = 72, 3 individuals × 4 plots × 6 years).

Air pollution GPX Activity Free Proline Ratio Total chl/Car Ratio chl a/chl b Carotenoids Total Chlorophyll

Air pollution 1.00
GPX activity 0.77 1.00
Free proline 0.94 0.52 1.00

Ratio total chl/car 0.13 −0.52 0.45 1.00
Ratio chl a/chl b 0.26 0.33 0.17 −0.17 1.00

Carotenoids −0.67 −0.17 −0.82 −0.64 −0.52 1.00
Total chlorophyll −0.60 −0.26 −0.67 −0.40 −0.77 0.94 1.00

P. nigra is found to be the most sensitive among all studied tree species as stress
responses with significant correlations with urban air pollution are identified for each type
of biochemical marker used (Table 6). The most pronounced are in the groups “air pollution–
GPX activity” (R = 0.95, p < 0.05), “air pollution–chl a/chl b ratio” (R = 0.94, p < 0.05) and
“air pollution–total chl/carotenoid ratio” (R = 0.94, p < 0.05), followed by “air pollution–free
proline” (R = 0.80, p < 0.05) and “air pollution–carotenoids” (R = −0.89, p < 0.05). GPX
activity correlates positively with the free proline level and two ratios, and negatively
with the content of total chlorophyll and carotenoids (p < 0.05). Similar tendencies are
established for the free proline level in the needles. All these results clearly indicate that
significant stress reactions have occurred and different mechanisms of antioxidant defense
have been involved.

Table 6. Pearson correlations between the level of air pollution and levels of studied biochemical
markers in leaves of P. nigra from four experimental plots (n = 72, 3 individuals × 4 plots × 6 years).

Air Pollution GPX Activity Free Proline Ratio total chl/Car Ratio chl a/chl b Carotenoids Total Chlorophyll

Air pollution 1.00
GPX activity 0.95 1.00
Free proline 0.80 0.77 1.00

Ratio total chl/car 0.94 0.87 0.94 1.00
Ratio chl a/chl b 0.94 0.87 0.94 1.00 1.00

Carotenoids −0.89 −0.96 −0.89 −0.90 −0.90 1.00
Total chlorophyll −0.60 −0.77 −0.80 −0.67 0.67 0.89 1.00

Linear regression models created on the basis of all studied leaf samples (n = 216)
were evaluated in order to explain the relationships between the level of air pollution
(due to traffic intensity, as explained in Table 1) and the antioxidant response of the tree
species according to the proposed reference scale in Table 3 (Figure 6). The linear regression
models, linear equations and determination coefficients confirm that a strong correlation
exists between air pollution and the levels of some biochemical markers in all four urban
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plots (p < 0.05). Approximately 61% of the dispersion of GPX activity and 33%–40% of
the dispersion of the carotenoid and total chlorophyll content can be explained by the
dispersion of air pollution (Figure 6), while a further 39%–60% represent results of the
impact of factors not included in the model (p < 0.05). ANOVA analysis revealed the
coefficient values as follows: F = 15.824 at p = 0.003 for GPX activity, F = 5.947 at p = 0.035
for carotenoid content, F = 6.901 at p = 0.025 for total chlorophyll. Thus, there are strong,
significant relationships between these biochemical markers and traffic pollution.
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Figure 6. Linear regression models on the basis of all studied leaf samples from three tree species,
planted in four urban plots with different types and intensity of anthropogenic impact: (a) GPX
activity; (b) carotenoid content; (c) total chlorophyll content.

Cluster analysis performed on the basis of all studied leaf samples highlighted the
existence of a significant, close relationship between Plot 2 and Plot 4, which were classified
as low and moderately polluted according to Table 1 (Figure 7). Plot 3 and Plot 1 form
another cluster in correspondence with the level of air pollution given in Table 1—high and
very high. The descending order of the experimental urban plot according to the antioxidant
response of the studied trees is found to be as follows: Plot 3 > Plot 1 > Plot 2 > Plot 4. This
coincides with the descending order of plots according to the pollution level and traffic intensity.
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4. Discussion

Since plants are constantly exposed to air, they are the primary receptors for both gaseous
and particulate pollutants from the atmosphere. In terrestrial plant species, the enormous
foliar surface area acts as a natural sink for pollutants, especially particulate ones.

The harmful impact of air pollutants on plants is firstly manifested by changes in
their pigment content [20,28,36,39]. Toxic gases from the ambient air enter into the leaf
lamella through the stomata, whereupon they interact with water from the intercellular
spaces, so various anions are produced. Anions easily penetrate into the cytoplasm due
to membrane transport and then accumulate in the chloroplasts. Such presence leads to
irreversible changes in the structure and functions of chloroplasts and significantly damages
the photosynthetic process [47]. Chlorophyll measurement is an important tool to evaluate
the effect of air pollutants on plants, as it plays an important role in plant metabolism. The
reduction in chlorophyll concentration in the polluted leaves could be due to chloroplast
damage, inhibition of chlorophyll biosynthesis or enhanced chlorophyll degradation. The
results obtained in the present study confirm the findings of Ianovici et al. [48] and other
researchers [49,50] whereby, unlike chlorophyll b, the labile form prevails significantly over
the tightly bound form in chlorophyll a, which implies its easier destruction under the
influence of extreme environmental factors. The decline in the ratio of chl a/chl b found
in the leaves of studied tree species was also considered as an efficient biomarker for the
assessment of the adaptation ability of plants towards non-favorable environments and an
indicator of their resistance to toxic gases [38,39].

Proline is an α-amino acid that exists in the plant cells in a free or bound state. It interacts
directly or indirectly with macromolecules, stabilizing their spatial structures. According
to the literature, proline acts as an osmoprotectant against turgor loss and dehydration in
plants [43,51]. The main functions of osmoprotectants (proline, glycine-betaine, etc.) overlap
with those of some stress-inducible proteins (dehydrins, chaperones, etc.) to some extent, but,
of course, they are involved at different levels of cell organization. A high concentration of
proline correlates with its role in osmolysis, where, due to its high hydrophilicity, it increases
the osmotic pressure of the cells, improving their water balance and preventing the deleterious
effects of an insufficient water supply on cytoplasmic colloids [52].

More recently, free proline’s functions in the cell have been associated with the disposal
of reactive oxygen species, including singlet oxygen 1O2 [52,53]. Moreover, it is also in-
volved in neutralizing and eliminating the formed reactive oxygen species in the thylakoid
membranes during water stress. Despite the well-known antioxidant and osmoregulatory
functions, proline’s role in plants is often related to the control of gene expression [54].

A number of authors have agreed that the content of free proline could characterize
the physiological state of plant organisms, where its minimal content in plant cells means
optimal growth conditions [50,54]. According to other authors [55], its accumulation in
plants could be explained as a protective reaction in overcoming adverse growth condi-
tions [56]. Fahmy et al. [57] revealed that free proline accumulation in plants is associated
with premature leaf aging and delayed chlorophyll synthesis.

The high content of free proline in the T. tomentosa leaves in our study confirms the
literature data regarding a dramatic increase in its level under various stress effects—up
to 50 times the normal levels in a plant cell [54]. The increase in the endogenous proline
concentration can be interpreted as a general, non-specific protective response of plants
towards oxidative processes in their tissues due to adverse environmental conditions in the
urban ecosystem. Our data confirm the negative correlation associated with changes in
chlorophyll and proline content (p < 0.05), where higher proline content can be explained
by a decrease in chlorophyll content, as previously proved by Gupta et al. [58].

Antioxidant systems in plants may be used as early indicators of environmental stress
in target organisms, preceding morphological or ultrastructural damage, and as warning
indicators for the ecosystem. Guaiacol peroxidases (GPXs) are a group of proteins that
contain a heme cofactor in their active sites and catalyze reactions using oxidize aromatic
electron donors such as guaiacol and pyragallol [59]. Their optimal substrate is hydrogen



Forests 2022, 13, 1689 13 of 16

peroxide. The main role of guaiacol peroxidase in plants is the defense against abiotic and
biotic stresses, so the GPXs are widely accepted as stress enzymes. A wide range of stressful
environmental conditions (pollutants) are shown to induce the production of GPX in plants:
heavy metals [42–46], herbicides [60], ozone [61], polycyclic aromatic hydrocarbons [62],
etc. Many authors have revealed both increments and decrements in the GPX activity in
plants upon exposure to different pollutants, including motor traffic pollution, depending
on the species’ properties [36,63–66].

Estimation of plant ecophysiological responses in a field study may be useful in
pollution biomonitoring, as well as in verifying the effect of metal contamination on plant
physiology [66]. Future research directions may be focused on developing a similar fast
and reliable method and reference scales based on other plant properties, e.g., anatomical,
histological, or molecular. The functional traits and growth of tree selection for urban
planting require further study, focusing on adaptation properties and environmental stress
tolerance, in order to achieve a better overview of the relations between urban greenery
and its environment.

5. Conclusions

Urban vegetation is crucial for maintaining a biological balance between the elements
of the socio-ecological system (man–society–nature). Our study confirms that plant re-
sponses and adaptation to environmental conditions are complex biological processes
including physiological and biochemical changes. As a whole, all studied trees reacted via
specific mechanisms towards urban air pollution, and the antioxidant responses correlated
significantly with the increase in traffic. Reference scales for the evaluation of the different
levels of biochemical stress markers in relation to the urban air pollution have been pro-
posed. These findings are very useful as a scientific basis for the landscaping practice in
terms of the sustainable development and management of urban forestry.

Fraxinus excelsior is very suitable for urban landscaping due to the significant tolerance
to environmentally stressful conditions. This species maintained a moderate level of bio-
chemical markers, even in highly and very highly polluted experimental plots. Moreover, it
seems to have a considerable reserve of adaptation capacity that not has yet been expressed.

Tilia tomentosa is also a suitable ornamental species as, in the course of the study, it
demonstrated good development in the urban environment. The stress level in the plant was
quite elevated and correlated significantly with the traffic intensity and urban air pollution.
Antioxidant responses were observed for each pathway—physiological, non-enzymatic and
enzymatic—but they were considerably below the critical level for plant well-being.

Pinus nigra is more sensitive to urban air pollution in comparison with the other
two studied trees. As an evergreen species, it is subjected to the constant impact of the
urban environment throughout the whole year, not only in the active vegetation period,
as with the deciduous ones, which could explain our results. The antioxidant response
is strongly expressed by an increment in the enzymatic and non-enzymatic activity with
an increase in traffic intensity, both combined with the increment in the ratios of total
chlorophyll/carotenoids and chl a/chl b. The high ratio values could be a consequence
of low carotenoid levels and low chlorophyll b levels, respectively, which is a signal of
alterations in the photosynthetic process.

Aiming to achieve optimal development, urban trees exhibit constant adaptation
towards the dynamics of urban load. Although the adaptation mechanisms have not been
clarified yet, it is known that different signaling pathways in plant cells are involved. More
studies will be needed for a better understanding of the biochemical stress responses of
plants and to enhance the plant resistance towards unfavorable factors in the environment.
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