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Abstract: Urban soils usually comprise a mosaic of various types and usually present with elevated
contents of heavy metals. This is due to their long-term accumulation in the soil, which is ensured
by the continuous emission of pollutants, including from road traffic. The aim of this study was to
estimate the impact of traffic pollution on the state of the soil environment using a phytoindicator
(Teraxacum officinale). The contents of selected heavy metals in the soil and dandelion organs and the
activities of selected redox enzymes in the soil in the vicinity of a busy city road were determined.
The degree and direction of the movement of heavy metal ions in plants were assessed using the
translocation factor (TF) and bioaccumulation factor (BCF). Selected indicators (AF—absorption factor,
CF—contamination factor, EF—enrichment factor, PN—Nemerow’s pollution index, PLI—pollutant
load index) were used to determine possible heavy metal contamination in soils, and the adaptation
mechanisms of dandelion were evaluated by assessing selected enzymatic and non-enzymatic an-
tioxidising systems. The research results confirmed that the proximity of a busy street reduced the
enzymatic activity of the soil and increased the content of heavy metals in the soil and in dandelion.
The heavy metal content levels did not exceed the permissible standards for soils in communication
areas. The indicators used did not provide a clear answer as to the degree of anthropogenic contami-
nation with individual metals. The higher contents of the metals in question in the above-ground
parts of plants suggest that they may be caused by the impact of atmospheric pollution and not by
the metal contents in the soil.

Keywords: chlorophyll-a and -b; catalase; dehydrogenases; heavy metals; urban soils; road transport

1. Introduction

Urban soils form under the impact of significant anthropogenic transformations. Their
physical, chemical, and biological properties are usually heterogeneous in different urban
environments [1]. They perform versatile functions in urban areas, such as buffering and
purifying pollutants. Urban soils are usually a mosaic of various types and subtypes and
usually present with elevated heavy metal contents. In cities, car traffic is a significant
source of heavy metal pollution, with large numbers of vehicles moving in relatively small
areas [2,3]. Automotive contaminants are more dangerous than industrial pollution. They
are caused by spreading in high concentrations at low altitudes and in the immediate
vicinity of people. Their spatial distribution is linear in nature, and they are classified as
area pollutants [4]. This is especially important in cities where traffic is dense and flows
smoothly. Most heavy metals come from exhaust gases, car oil leaks, the wearing of tires,
brake discs, and corrosion of metal vehicle parts [5-7]. The surface layers of urban soils
near roads with heavy traffic are good indicators of heavy metal content [8].
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Heavy metals are pollutants that present a very high potential risk to the biological
environment. The bioavailability and toxicity of these metals are more related to the forms
of their occurrence in the soil than to their total content. However, the total content of metal
is most often used as a criterion for assessing soil contamination regardless of the actual
bioavailability of the specific forms [9]. When making decisions targeted at reducing soil
pollution and improving soil functions, it is crucial to analyse the content of mobile metal
fractions in the soil [10]. Therefore, the accumulation of metals in the soil-plant system
should be carefully examined [3]. The degree of environmental risk is usually assessed by
bioindication methods using phytoindicators. The best plants for this purpose are those
that are commonly found in a variety of habitats, less sensitive or insensitive to poisoning,
and found in a wide geographic range. One such plant is dandelion, which grows wild
in all temperate regions of the world, is a ubiquitous weed in gardens, meadows, lawns,
and ruderal habitats, and often grows in highly polluted areas, such as along railway
lines or in the dusty surroundings of industrial plants. Taraxacum officinale (dandelion) is
a perennial herbaceous plant that is used as a biomonitor of environmental pollution in
various countries around the world [11-13]. It is a widespread and easily identified plant
and is highly tolerant to chemical pollution. The plant differs in accumulation between its
above- and below-ground parts, which allows for a visualisation of the migration of heavy
metals in its organs [14,15].

Plants are often exposed to various types of stress factors, both biotic and abiotic. As
a result, the production of reactive oxygen species (ROS) may be impaired in plant cells,
resulting in oxidative stress. This may lead to physiological and biochemical disorders
harmful to the plant [16]. Reactive oxygen species include hydrogen peroxide H,O,, singlet
oxygen 10,, and ozone O3 [17]. There is an antioxidising system in plants. It is responsible
for removing ROS and preventing the occurrence of oxidative stress. The antioxidising
system includes a non-enzymatic system (including vitamin C, glutathione, carotenoids,
chlorophylls) and enzymes (including catalase, superoxide dismutases, glutathione per-
oxidase) [18]. The activity of catalase is inhibited by many chemical compounds. It is
therefore possible to assess the activity of the cellular antioxidant system by measuring
catalase activity.

Chlorophyll is a natural compound required by photosynthetic organisms. The level
and changes in chlorophyll contents constitute an important signal of changes related
to, for example, environmental pollution resulting from anthropogenic activities [19].
Elevated levels of heavy metals interfere with chlorophyll synthesis by directly inhibiting an
enzymatic stage or causing a deficiency in an essential nutrient [20,21]. The photosynthetic
system is then damaged and, consequently, the plant reduces the chlorophyll content as an
adaptive response.

Soil enzymes are considered indicators of soil quality, organic carbon decomposition,
and nutrient mineralisation (C, N, P, S) [22,23]. Catalase is an enzyme of the class of
oxidoreductases, which catalyse oxidation and reduction reactions. This enzyme catalyses
the reduction of hydrogen peroxide into water and molecular oxygen. In the soil, toxic
hydrogen peroxide is produced during respiration as a by-product of the activity of certain
oxidoreductases [24]. Dehydrogenases catalyse the oxidation of organic compounds by
removing electrons and protons from them.

The research hypothesis of this study assumes that the proximity of a busy street
reduces the enzymatic activity of the soil and increases the content of heavy metals in the
soil and in dandelion. Dandelions exposed to stress caused by an increase in heavy metals
activate their non-enzymatic and enzymatic antioxidant systems.
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The aim of this research was (I) to determine the content of selected heavy metals in
the soil and dandelion organs and the activity of selected redox enzymes in the soil in the
vicinity of a busy city road, (II) to assess the degree and direction of the movement of heavy
metal ions in plants using the transfer factor (TF) and bioaccumulation factor (BCF), (III) to
determine possible contamination with heavy metals in soils using selected indicators
(AF—absorption factor, CF—contamination factor, EF—enrichment factor, PN—Nemerow’s
pollution index, PLI—pollutant load index), and (IV) to assess the adaptation mechanisms
of dandelion by assessing selected enzymatic and non-enzymatic antioxidising systems.
These results will expand knowledge about the status of heavy metal pollution, potential
health risks, and potential factors causing heavy metal accumulation in soil and plants.
They will also provide more comprehensive and up-to-date information that can contribute
to the better management of soils near roads with high traffic volumes.

2. Materials and Methods
2.1. Study Area

Bydgoszcz is one of Poland’s largest cities, ranking 8th by population, which in 2022
was around 400,000, and 11th by area (176 km?). Bydgoszcz and its surroundings form an
urban complex—an agglomeration with over 530,000 inhabitants. One third of this is the
population living in rural areas surrounding the city. Two suburban communes, Biate Btota
and Osielsko, are commuter zones for people who largely work in Bydgoszcz and take
advantage of the city’s educational, cultural, and entertainment offerings. The research
was carried out on a section of Szubiriska Street in Bydgoszcz. Szubiriska Street is located
in the southwest of the city and is the most important exit route from the city towards
Poznan, passing through Biale Blota. It is one of the most important elements of the city’s
communication system and has some of the heaviest traffic in Bydgoszcz. During peak
traffic times, 43,483 vehicles pass along the road daily. The road is a dual carriageway
divided by a green median strip. The total length of the road is 1.3 km. Soil and plant sam-
ples for analysis were collected in May 2022. Soil sampling was carried out in accordance
with the PN-ISO 10381-5 standard [25]. The green belt between the roads was divided
into a grid of squares. Soil samples from each square were taken for analysis. Every bulk
sample was combined from 10 individual samples. They were mixed thoroughly to obtain
representative samples. It was assumed that soil contamination along the communication
route was linear, so the sampling points were located in the immediate vicinity of the road
in a 1.5-2.0 m wide strip in each driving direction. The research material included 20 soil
samples taken from mineral horizons at a depth of 0-20 cm from the green belt using an
Egner stick as a control point; a green square located 300 m from the direct range of a busy
road was chosen. (Figure 1). Table 1 shows the coordinates for each site. Soil and plant
material was collected from each sampling site in triplicate.

Table 1. Coordinates of sampling points (ETRS 89/EPSG 2180).

Sampling Coordinates Sampling Coordinates Sampling Coordinates
Point X Y Point X Y Point X Y
1 430,495.94 583,743.90 8 431,118.06 584,023.88 15 431,695.07 584,280.75
2 430,575.70 583,780.75 9 431,178.57 584,052.48 16 431,825.16 584,326.41
3 430,759.42 583,863.26 10 431,239.62 584,079.43 17 431,917.85 584,363.81
4 430,841.93 583,899.56 11 431,306.73 584,106.94 18 432,009.71 584,405.07
5 430,899.14 583,925.42 12 431,396.39 584,145.99 19 432,083.97 584,440.82
6 430,956.34 583,952.37 13 431,477.80 584,182.29 20 432,156.02 584,484.83
7 431,044.35 583,993.07 14 431,577.36 584,228.50 C 430,774.82 584,302.76

C—control point.
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Figure 1. Localisation of study area.

2.2. Soil Analysis
2.2.1. Physicochemical Properties

The soil samples were dried and sieved through a 2 mm mesh. The physical and chem-
ical properties were determined in the soil material as follows: granulometric composition
using a Mastersizer MS 2000 particle analyser (Malvern Instruments, Malvern, UK); pH in
1M KCl potentiometrically using a CPC-551 pH meter [26]; electrical conductivity of 1:5
soil-water extract (ECy:5) using the conductometric method [27]; organic carbon content
(Corg) using Tiurin’s method by wet oxidation at 180 °C with a mixture of potassium
dichromate and sulphuric acid [28]; total content of heavy metals (Zn, Cu, Ni, Pb, Cr, Cd)
using the ASA method (SOLAAR S4) after mineralisation in a mixture of HF + HCIOj acids
according to the method of Haluschak [29] and bioavailable forms after extraction with
DTPA [30]. All analyses were conducted in triplicate, and the results were validated using
certified material (reference soil sample—Loam Soil No. ERM—CC141).

Once we knew the total content of heavy metals and their available forms, the absorp-
tion factor (AF) [31] was calculated according to the formula:

%AF = SDTPA 10 (1)
Cr

where Cprpg—content of DTPA-extracted forms (mg kg’l) ; Cr—content of total forms
(mgkg ™).

2.2.2. Enzymes in Soil

The tested activities of dehydrogenases and catalase were performed on fresh soil
stored for two weeks at 4 °C. Dehydrogenases (DEHs) were determined using Thalmann’s
method [32] after sample incubation with 2,3,5-triphenyltetrazolium chloride and measure-
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ment of the absorbance of triphenylformazan (TPF) at 546 nm and were expressed as mg
TPF kg’l 24 h~!. Catalase activity (CAT) [EC 1.11.1.6] was determined using the method
of Johnson and Temple [33] with 0.3% hydrogen peroxide solution as a substrate. The
remaining H,O, was determined by titration with 0.02M KMnO, under acidic conditions.

2.3. Pollution Assessment Methodology
2.3.1. Contamination Factor (CF)

To determine the degree of soil contamination with heavy metals, the heavy metal
contamination factor (CF) was calculated for each of the analysed metals according to the
equation of Hakanson [34] and Ngole-Jeme [35]:

Cm sample
F=— 77—7—— 2
¢ Cm background @)
where Cm sample—the concentration of metal in the soil (mg kg~ !); Cm background—the
concentration of the same heavy metal in the background samples (in this case, the control
sampling site) (mg kg_l).

2.3.2. Enrichment Factor (EF)

Due to the significant impact of anthropogenic changes, the percentage enrichment
factor defined by Zonta et al. [36] and Losek and Weichul [37] was used to assess the soil,

using the formula:

o C — Cmin
where C—mean total concentration in the soil (mg kg ~!); Cmin—minimum concentration
(mg kg_l) ; and Cmax—maximum concentration (mg kg_l). EF < 2 is deficiency to minimal
enrichment; EF 2-5 is moderate enrichment; EF 5-20 is significant enrichment; EF 20-40 is
very high enrichment; and EF > 40 is extremely high enrichment [38].

2.3.3. The Nemerow Pollution Index (PN)

The Nemerow Pollution Index (PN) describes the integrated level of pollution in the
study area and was calculated as follows [39,40]:

(4)

PN — \/(CF)Zmax + (CF)? mean
B 2

where CF (max) and CF (mean) are, respectively, the maximum and the average CF values
for all the target heavy metal elements. The degree of heavy metal contamination is
classified according to the following criteria: safe (PN < 0.7), warning (0.7 < PN < 1),
light contamination (1 < PN < 2), moderate contamination (2 < PN < 3), and heavy
contamination (PN > 3).

2.3.4. Pollution Load Index (PLI)

The pollutant load index (PLI) was also calculated and indicates the degree of soil
contamination with heavy metals. The PLI for each site was calculated according to the
formula of Tomlinson et al. [41]:

PLI = n+\/CFz, x CFc,xCFpj, x CFnixCFcyq x CFc, (5)

where CF—pollution factor; n—number of elements (6 in this study). In the case of the PLI,
there are four categories: low contamination (PLI < 1), moderate contamination (1 < PLI < 2),
high contamination (2 < PLI < 5), and very high contamination (PLI > 5).
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2.4. Plant Analysis

All the Taraxacum officinale plants gathered were at the same stage of development
(flowering phase). The above-ground plant parts and the roots were analysed. The collected
plants were washed with tap water and distilled water, and then the above-ground parts
were separated from the roots. The plants were dried, ground using a grinder, and subjected
to wet mineralisation in a microwave oven in a mixture of HNOj3; and H,O,. The content of
selected heavy metals in the plant material was determined using the ASA technique on
Solaar S4 apparatus.

2.4.1. Translocation Factor (TF) and Bioaccumulation Factor (BCF)

The degree and direction of movement of heavy metal ions in the plant were assessed

using the translocation factor (TF) and bioaccumulation factor (BCF). The TF is used to
determine the mobility of contaminants in tested plants. The factor value was calculated
using the following formula:
_Cr
- Cr
where Cp—content of heavy metal ions in plant shoot tissues (mg kg ~!); Cr—concentration
of heavy metal ions in roots (mg kg ~1).

The value of the bioaccumulation factor (BCF) reflects the ability of plants to absorb
metal ions from a soil solution and provides information on the movement of a metal from
a soil solution to the above-ground parts and roots of the plant. The factor value was
calculated according to the formula [42]:

TE (6)

_Cp
BG_Q 7)

where Cp—content of heavy metal ions in above-ground plant parts (mg kg™');
Cr—concentration of heavy metal ions in the soil (mg kg™1).

2.4.2. Catalase in Plants

Catalase activity (CAT) in the above-ground parts and roots of dandelion was deter-
mined using the method described by Kar and Mishra [43].

2.4.3. Chlorophyll Content

The chlorophyll-a (Chl-a) and chlorophyll-b (Chl-b) contents were determined by the
method of Arnon et al. [44]. The chlorophyll content was determined using a spectropho-
tometer at wavelengths of 645 nm and 663 nm.

2.5. Statistical Analysis

Measures of location (min, max, arithmetic mean, and median), measures of variability
(standard deviation—SD, coefficient of variation—CV%), and measures of asymmetry
and concentration (skewness and kurtosis) were calculated for the results. CV values
of 0-15%, 16-35%, and >36% indicate low, moderate, and sufficiently high variability,
respectively [45]. The results of the analyses of the examined characteristics were also
subjected to simple correlation analysis (p < 0.05) to determine the degree of dependency
between individual characteristics. The Statistica.PL 13.3 package was used for statistical
analysis [46]. All determinations were made in three replicates, and the results are presented
as arithmetic means.

3. Results and Discussion
3.1. Physical and Chemical Soil Properties
According to the Polish Soil Classification [47], the tested soils were classified as

anthropogenic soils (Urbisol). These soils are formed in urbanised areas, mainly in cities,
and their origin is related to transformations caused by the construction development of
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various types. The grain size and physical and chemical properties of these soils vary
greatly depending on the original parent rock of the soil and the type and amount of
mixed-in or overlain anthropogenic materials. The grain size analysis showed that, in all
the soil samples, the dominant fraction was the sand fraction (55.93-96.41%). The content
of the silt fraction ranged from 11.71 to 40.16%, and the clay fraction from 0.99 to 3.90%
(Tables 2 and 3). According to the USDA [48], the tested soils were classified into the
following granulometric groups: sand (2 soil samples), loamy sand (16 soil samples and
control), and sandy loam (2 soil samples). The significant content of sand fraction and
the small silt and clay fractions indicate low capacity for sorption (retention) of metals
in the soil. Regardless of where samples were taken from, the reaction of the tested
soils was alkaline (average pH—7.57) (Table 3). Similar results were obtained for soils
of Bydgoszcz city by Rézariski and Dabkowska-Naskret [49] and Bartkowiak [50]. An
alkaline reaction is typical for urban soils as it is mainly related to the deposition of alkaline
materials in the form of dust and agents used to reduce ice on roads [15]. EC is the most
frequently used parameter to assess soil salinity. At all sampling sites, EC ranged from 555
to 886 uS cm~! (Tables 2 and 3). According to FAO [51], an EC value in the range of 800
to 1600 uS cm ! is considered high salinity, a level at which only plants resistant to very
high levels of salinity can obtain high yields. However, according to Acosta et al. [52], an
EC level above 8000 uS cm ! affects all plants except very salt-tolerant ones, and it also
changes the mobility of trace elements present in soils. The Corg content in the soils varied,
ranging from 7.20 to 33.30 g kg~ !. The coefficient of variation was >30%, indicating a
wide variation in Corg in the soil material. Distribution analysis showed that most of the
results were below the mean, as indicated by the median (13.55) being below the arithmetic
mean. The measure of concentration (kurtosis) was positive (1.29) and indicated a greater
concentration of results around the mean than for a normal distribution (Table 3). The
varied Corg content is a characteristic feature of urbanised soils. In most natural soils, there
is a gradual decrease in humus content down through the profile, whereas, in urban soils,
the humus-enriched layer has either been removed or buried [53]. The soil of green areas,
lawns, and city parks can often be enriched unevenly with organic matter in the form of
peat, composts, or other organic fertilisers.

Table 2. Selected physical, chemical, and biochemical parameters in control soil.

Selected physical and chemical properties

Sand (%) Silt (%) Clay (%) pHKCl (uéESrlr?l) (gi‘g,gl)
77.51 20.38 2.11 7.69 555 12.70
The total content of heavy metals (mg-kg 1)

Zn Cu Ni Pb Cd Cr
56.31 14.67 4.80 13.90 0.05 10.58
The available forms of heavy metals (mg-kg~!)

Zn Cu Ni Pb Cd Cr
10.01 422 0.11 0.19 0.05 0.04
The activity of enzymes
DEHs CAT
0.943 0.869

DEHs—dehydrogenases (mg TPF kg ! 24 h~!); CAT—catalase (mg H,O, kg~! h™1).
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Table 3. Selected physical and chemical properties of soils near a road.
Fractions (%)

pHKCl EC1:571 Cor§1

Sand Silt Clay (uSem™Y  (gkg™)
Min 55.93 11.71 0.99 7.30 550 7.20
Max 96.41 40.16 3.90 7.76 885 33.30
Mean 80.10 19.56 1.62 7.57 630 15.35
Median 81.39 17.78 1,37 7.58 605 13.55
SD 7.55 6.39 0.61 0.13 87.32 6.34
cv 9.43 32.66 37.65 1.68 13.89 41.30
Skewness -1.17 1.60 2.70 —0.51 1.61 1.11
Kurtosis 4.33 3.57 9.44 —0.05 2.33 1.29

SD—standard deviation; CV—coefficient of variation.

3.2. Heavy Metals in Soil

Urban soils, especially those under lawns along busy streets, accumulate significant
amounts of heavy metals. Xia et al. [54] showed that the content of heavy metals in urban
areas depends primarily on traffic intensity. The main source of soil contamination with
metals (Cd, Cr, and Zn) is thus human transportation technologies [55]. The contents of
heavy metals were variable among the tested soils. The total contents ranged as follows:
Zn 104.83 to 345.35 mg kg !, Cu 40.55 to 242.82 mg kg !, Ni 7.90 to 16.91 mg kg !, Pb 28.02
to 91.14 mg kg1, Cd 0.25 to 0.47 mg kg !, and Cr 17.98 to 58.61 mg kg ! (Table 4). These
contents were higher than those determined in the control soil (Table 2). The highest
standard deviation was recorded for total zinc content, and the lowest was recorded for
cadmium. The coefficients of variation for Zn, Cu, Pb, and Cd were very high, indicating
that the soil material varied greatly in its content of these elements. The average content
(mg kg~ 1) of the analysed metals can be presented in the following series: Zn (169.62) > Pb
(52.62) > Cu (52.59) > Cr (24.15) > Ni (10.25) > Cd (0.39) (Table 4).

Table 4. Total content and available forms of Zn, Cu, Pb, Ni, Cd, and Cr in soil.

Total Content Available Forms
mg kg1

n Cu Ni Pb Cd Cr Zn Cu Ni Pb Cd Cr

Min 104.8 40.55 7.90 28.02 0.46 34.52 10.63 1.92 0.09 1.34 0.01 0.03

Max 345.4 242.9 16.91 91.14 0.47 55.15 29.59 13.16 0.70 6.22 0.11 0.05

Mean 169.6 52.59 10.25 52.62 0.39 24.15 16.53 5.22 0.21 2.37 0.03 0.04

Median 146.9 38.28 9.66 20.63 0.41 22.80 14.83 4.90 0.17 2.07 0.03 0.04

SD 120.3 50.69 1.98 17.17 0.16 5.03 5.55 2.27 0.13 1.15 0.02 0.01
Ccv 70.90 96.38 19.36 32.62 42.02 20.83 33.55 43.42 63.15 48.59 59.09 59.09
Skewness 1.74 3.06 2.01 2.77 —0.45 2.06 0.87 1.99 2.87 2.27 1.54 —0.02
Kurtosis 2.72 9.69 5.34 9.20 —1.13 4.13 —0.24 6.64 9.61 5.54 2.63 —0.74

SD—standard deviation; CV—coefficient of variation.

With respect to the standards resulting from the Regulation of the Minister of the
Environment [56], the contents of all the tested heavy metals are acceptable. The analysed
soils are therefore uncontaminated with Zn, Cu, Pb, Ni, Cd, and Cr. The significantly
positive Pearson coefficients found between the total content of zinc and copper (r = 0.515;
p < 0.05) and between zinc and nickel (r = 0.556; p < 0.05) (Table 5) may indicate a shared
source of soil contamination. The linear relationship between individual heavy metals in
the soil may result from their geochemical connections and may also provide information
about their sources of origin [57-59]. Metals such as Zn, Cu, Pb, and Cd enter the soil
environment near roads through the wearing of brake pads and leaking of lubricants, and
Ni and Cr through the wearing of metal and chrome parts of cars [8,60,61]. According to
Padmavathiammy and Li [62], the source of the environmental contents of metals along
traffic routes may be exhaust emissions for Pb, tire abrasion for Zn, and engine and brake
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pad wear for Cu, Cd, and Ni. Some physical and chemical properties of soils, such as pH,
texture, and organic carbon, are important parameters controlling the accumulation and
availability of heavy metals in the soil environment [63,64]. The correlation analysis showed
significant positive relationships between the clay fraction and the total contents of zinc
(r =0.548; p < 0.05) and nickel (r = 0.521; p < 0.05) and a significant negative relationship
between the clay fraction and the total cadmium content (r = 0.585; p < 0.05). Organic matter
may be a factor that both releases and immobilises metals in the soil. This relationship was
confirmed by the correlation analysis, which revealed that the total zinc content (r = 0.437,
p < 0.05) and total nickel content (r = 0.560, p < 0.05) were each significantly positively
correlated with organic carbon (Table 5). Linear regression shows that an increase of 1 pH
in the soil caused a 4.57 mg-kg~! increase in the total zinc content and a 0.19 mg-kg !
increase in the total nickel content. Based on the coefficient of determination, it was found
that organic carbon contributed 19.10% to the total zinc content and 31.3% to the total
nickel content.

Table 5. Coefficient of linear correlation between soil parameters.

Variables .
Equation r R?
Dependent Independent

TZn TCu y =130.1737 + 0.6849x 0.515 0.265
TZn T Ni y = —0.3054 + 16.6608x 0.556 0.309
TZn Clay y =69.931 + 59.5285x 0.548 0.301
TZn Corg y =963226 + 4.57011x 0.437 0.191
T Ni Clay y =6.9486 + 1.8879x 0.521 0.272
T Ni Corg y =7.0132 + 0.1953x 0.560 0.313
TCd Clay y =0.5551 — 0.1252x —0.585 0.342
AZn TZn y = 8.2728 + 0.0495x 0.585 0.342
AZn Clay y =7.3106 + 5.6691x 0.618 0.381
AZn pH y =221.93 — 27.1486x —0.617 0.380
AZn EC y = —4.3792 + 0.0334x 0.516 0.227
AZn Corg y = 3.5741 + 0.6469x 0.732 0.536
A Cu Clay y = 0.3444 + 3.0061x 0.825 0.681
ACu EC y = —5.9796 + 0.0179x 0.698 0.487
A Cu Corg y = 0.9859 + 0.2758x 0.786 0.618
A Cu TZn y = 1.3954 + 0.023x 0.685 0.469
ACu T Ni y = —2.4267 + 0.7639x 0.760 0.578
A Cu AZn y = 1.1562 + 0.2462x 0.621 0.385
Zn A-P AZn y =42.4903 + 1.4812x 0.448 0.333
Cu A-P APb y =14.7701 + 40.5993x 0.577 0.201
Chla Ni A-P y =1.8199 — 0.0602x —0.994 0.988
Chlb Ni A-P y =0.9193 — 0.0311x —0.991 0.983
Chla Cr A-P y = 1.3511 — 0.0249x —0.924 0.852
Chlb Cr A-P y =0.7763 — 0.0127x —0.907 0.823
CuR APb y =19.7261 + 35.459x 0.604 0.365
CrR APb y =5.7472 + 2.776x 0.524 0.275
CAT Clay y =0.3529 + 0.07x 0.539 0.291
CAT Corg y = 0.352 + 0.0075x 0.596 0.356
CAT AZn y =0.3191 + 0.0089x 0.631 0.399
CAT A Cu y = 0.3505 + 0.222x 0.623 0.388
CAT APb y =0.3523 + 0.4851x 0.689 0.476
DEHs Clay y =0.3982 + 0.0913x 0.614 0.373
DEHs Corg y =0.3342 + 0.0138x 0.959 0.920
DEHs AZn y =0.3691 + 0.0107x 0.659 0.434
DEHs ACu y = 0.4042 + 0.0272x 0.663 0.439
CAT A-P ZnR y = 0.8292 + 0.0024x 0.837 0.701
CAT A-P CuR y =0.9051 + 0.0038x 0.704 0.495
CATR ZnR y =0.9994 + 0.0017x 0.830 0.689
CATR CuR y =1.0524 + 0.0027x 0.708 0.502

T—the total forms; A—available forms; A-P—the above-ground part; R—root.
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The average concentrations of bioavailable forms of Zn, Cu, Ni, Pb, Cd, and Cr in
soil samples were, respectively, 16.52 mg kg1, 5.22 mg kg~!,0.21 mg kg1, 237 mg kg !,
0.03 mg kg !, and 0.04 mg kg~ !. The median values calculated for all the analysed forms
of bioavailable metals are below the arithmetic mean, indicating that most of the results
are below the average (Table 3). The low absorption factor (AF) values of 10.38% for Zn,
12.17% for Cu, 2.07% for Ni, 9.35% for Pb, 9.29% for Cd, and 0.17% for Cr do not represent
a risk of accumulation of these metals in plants (Figure 2). It can be assumed that the
impact of vehicle traffic consists mainly of soils being enriched with pollutants containing
small amounts of mobile forms, which may undergo transformation over time depending
on the prevailing soil conditions. The mobility and bioavailability of heavy metals in the
soil environment are determined by soil conditions and the mechanisms of their binding
with organic and inorganic soil components. Most metals are easily sorbed in soil to form
poorly soluble organic and mineral compounds. In optimal conditions, they are not very
mobile and are poorly available to plants. However, there are factors that facilitate their
availability. These include, above all, a high concentration of a metal, acidic soil reaction,
and contents of organic matter, colloidal clay, and EC [65-67]. The correlation analysis
confirmed significant relationships between these soil parameters and bioavailable forms
of the analysed metals (Table 5).

14

Zn Cu Ni Pb Cd Cr

Figure 2. Available factor (AF).

3.3. Evaluation of Heavy Metal Pollution

To determine the degree of anthropogenic impact on the tested soils, selected pollution
indicators were used, CF, EF, PN, and PLI, whose values were calculated relative to the local
geochemical background. Mafuyai et al. [68] report that calculated pollution indicators
differ in their determinations of the degree of impact that environmental pollutants have
on soil. These differences can be attributed to the differences in the approaches used in the
methods for calculating enrichment factors. This is because some soil materials adopted
as the geochemical background may have naturally high elemental concentrations and
because global reference values may be higher or lower than local conditions. In our
own research, the geochemical background was based on the content of heavy metals
determined at a control point away from the busy road.

The average CF values were in the following order: Cu (3.68) > Zn (3.01) > Ni (2.14)
> Pb (1.98) > Cd (1.85) > Cr (1.46) (Figure 3a). These results suggest that the soil near the
road is moderately contaminated with Ni, Pb, Cd, and Cr and significantly contaminated
(class 2) with Zn and Cu (class 3) [38]. According to Wang et al. [67], of the indices of the
soil pollution levels, the CF meets the strictest criteria for assessing the pollution of an area.

The calculated values for the surface soil layer of the study area indicate that enrich-
ment was extremely high for cadmium (EF = 63.10) and lead (EF = 50.0%), very high for
zinc (EF = 26.94%), nickel (EF = 26.08%), and chromium (EF = 29.91%), and significant for
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copper (EF = 5.93%) (Figure 3b). The elevated EF values in urban soils are mainly the result
of automotive and industrial emissions [50,68,69].

Nemerow’s pollution index (PN) illustrates the degree of soil contamination and thus
assesses the impact of pollution on soil quality. By analysing the values of this indicator for
individual metals, contamination was found to be heavy for zinc (PN = 4.53, class 5), copper
(PN =11.67, class 6), and lead (PN = 4.68, class 5), moderate for nickel (PN = 2.75, class 3),
and light for cadmium (PN =1.91, class 2) and chromium (PN = 1.82, class 2) (Figure 3c).

The pollutant load index (PLI) is used to estimate the total soil contamination in a
location. The PLI detects the deterioration in soil quality caused by heavy metal contamina-
tion. In the overlapping consideration content of the six heavy metals tested, the values
for all sampling points indicate PLI class 3—moderate metal contamination (1 < PLI < 2)
(Figure 3d). Skorbiowicz et al. [8] report that the places where the PLI exceeds 1 are pre-
dominantly sites in urban areas. Heavy metals contamination in soils varies as a function
of urbanisation [70].

a b
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Figure 3. Pollution assessment: (a) contamination factor (CF); (b) enrichment factor (EF); (c) the
Nemerow Pollution Index (PN); (d) pollution load index (PLI).

3.4. The Activity of Enzymes in Soil

The activity of dehydrogenases in the soil was in the range of 0.389-0.722 mg TPF kg !
24 h~! (mean 0.547 mg TPF kg~ ! 24 h~!) (Table 6) and was 42% lower than the control
(Table 2). Distribution analysis showed most of the results to be below average, as indicated
by the median value being below the mean (0.532), and a positive skewness value (0.315)
also confirms right-handed asymmetry. The CV rate (17.17% for DEHs) was in the middle
class. This indicates moderate variability in the activity of this enzyme. The result of DEHs
activity in the soil had a negative kurtosis value (—0.378). This shows that the results are
less concentrated around the mean than would be for a normal distribution. According
to Dec [71], low dehydrogenase activity in urban soils near road traffic is caused by low
carbon and nitrogen contents. Dehydrogenases are one of the most important enzymes
because they occur in active form only inside living cells. They are involved in the C cycle
and microbial oxidative activity.
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Table 6. The activity of dehydrogenases (mg TPF kg~! 24 h~!) and catalase (mg H,O, kg~ ' h™1)
in soli.

Minimum Maximum Mean Median SD * CvV Skewness Kurtosis
DEHs 0.389 0.722 0.546 0.532 0.094 17.14 0.315 —0.378
CAT 0.372 0.728 0.466 0.437 0.082 17.54 1.648 3.900

* SD—standard deviation; CV—coefficient of variation; DEHs—dehydrogenases (mg TPF kg*1 24 h71y;
CAT—catalase (mg H,O, kg~ h™1).

Soil CAT activity was also in the medium range (0.372-0.728 mg H,O, kg ' h™1), as in-
dicated by the moderate value of the coefficient of variation (CV = 17.54%), with most of the
results being below the arithmetic mean, as indicated by the median value (0.437) and the
positive skewness value (1.648), which indicates the right-sided asymmetry of the distribu-
tion. The CAT activity in the soil collected along the road (mean 0.466 mg H,O, kg~ ! h™1)
was 46% lower than the control (0.869 mg H,O, kg~! h™!). Significant positive correlations
were found between Corg and DEHs activity (r = 0.959; p < 0.05) and CAT (r = 0.596;
p < 0.05) (Table 5). The regression equations showed that increasing the Corg content by
1 g kg~ ! resulted in an increase in DEHs of 0.0107 mg TPF kg~! 24 h~! and an increase in
CAT of 0.0089 mg HyO, kg ! h~!. Corg in soil is not only a source of enzymes but is also a
substrate for enzyme degradation and thus affects the activity of enzymes in the soil [72].
According to Ma et al. [73], soil enzymes adhere to Corg and its fractions. A humus—protein
complex is formed that protects the enzymes against decomposition. Therefore, the lack of
significant changes in Corg content can be considered one of the reasons why the proximity
of the road did not affect the activity of the tested soil enzymes. Correlation analysis
showed that the clay content was significantly positively correlated with DEHs activity
(r=0.614; p < 0.05) and with CAT (r = 0.539; p < 0.05). According to Zimmerman and
Ahn [74], clay minerals cause the adsorption of soil enzymes, which affects their affinity
to mineral surfaces. The DEHs and CAT activity were found to significantly positively
correlate with the content of some assimilable forms of heavy metals: (DEHs and A Zn
r=0.659; DEHs and A Cur =0.663; CAT and A Znr = 0.613; CAT and A Cur = 0.623; CAT
and APbr=0.689; p <0.05and A Crr =0.623; p < 0.05) (Table 5). According to Chaperon
and Sauvé [75], Cu content correlates strongly with soil organic matter. Therefore, Cu
occurs mainly as organic complexes, while most soluble Zn usually occurs in the form of a
free ion [76]. It is probable that the determined content of metals and Corg in the tested soil
samples activated dehydrogenase. Many trace elements are usually factors in the activating
system, i.e., the enzymatic protein is unable to activate the substrate if the appropriate
metal ion is missing. For some enzymes, metals are needed to form a bond between the
enzyme and the substrate or between the enzyme, coenzyme, and substrate.

3.5. Heavy Metals in Plants

Plants differ in their requirements as to the amount and form of nutrients they require.
For proper development, they need, among others: Zn, Cu, Fe, Mn, and Mo. These elements
are also components of redox enzymes, activating them. Plants also take up other trace
elements from the soil, including Pb, Ni, Cr, and Cd, which do not have any positive
functions and are taken up merely as a result of their presence in the soil. Determining
the amounts of heavy metals in the above-ground parts and roots of plants provides an
additional opportunity to distinguish the source of their uptake by plants and provides
valuable information on atmospheric air pollution [12,14]. The content of heavy metals
was lower in the above-ground parts and roots of dandelions collected from the control site
than in the plant material collected from the roadside (Table 7).
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Table 7. The content of heavy metals (mg kg~') and the activity of catalase in the above-ground parts
and roots of dandelion sampled from the control site.

Zn Cu Ni Pb Cd Cr CAT
Above-ground parts of plant
22.56 8.43 5.69 7.51 n.d. 15.1 0.986
Root
31.22 7.99 6.12 4.38 n.d. 5.91 1.030

n.d.—not detection; CAT—catalase.

The average metal contents in the above-ground parts of plants sampled along Szu-
biriska Street were arranged in the order Zna.p > Cua.p > Cra.p > Pba.p > Nia.p, whereas
in roots, the order was Zng > Cug > Pbg > Nig > Crg (Table 8). The research results indicate
that the above-ground parts of the dandelion contained, on average, significantly higher
amounts of chromium, lead, and nickel than the roots. Near-neutral or slightly alkaline
soil reaction limits the mobility of elements, which suggests their poor absorption by
plants. The accumulation of the metals in question in the above-ground parts of dandelions
may be the result of atmospheric pollution. These metals occur in exhaust gases emitted
into the atmosphere by car engines [3,5,12]. The high nickel content in the above-ground
parts of dandelion is also related to this element’s high mobility and easy translocation
to above-ground plant parts [14,65]. However, this was not confirmed by the correlation
analysis. Instead, the study found a significantly positive relationship between the zinc
content in the above-ground parts of plants and available zinc in the soil (r = 0.449; p < 0.05)
and a significantly positive relationship between the copper content in the above-ground
parts and available lead (r = 0.577; p < 0.05). The available forms of lead also significantly
influenced the content of copper (r = 0.604; p < 0.05) and chromium (r = 0.524; p < 0.05)
in dandelion roots (Table 5). However, the calculated coefficient of determination (R?)
indicated that the available forms of zinc influenced only 33.3% of its content in the plant.

Table 8. The content of heavy metals in the above-ground parts and roots of dandelion collected
along the road.

Above-Ground Parts of Plant Root
mg kg1
In Cu Ni Pb Cd Cr Zn Cu Ni Pb Cd Cr
Min 22.56 18.03 5.71 14.10 n.d. 5.63 66.32 21.64 4.04 2.50 n.d. 5.13
Max 119.6 47.28 2291 22.20 n.d. 44.01 93.54 42.71 61.41 23.10 n.d. 7.88
Mean 69.16 25.12 13.55 18.08 n.d. 24.82 78.75 29.06 10.06 10.77 n.d. 6.51
Median 63.97 23.50 23.77 18.05 n.d. 13.87 78.28 27.37 5.63 9.60 n.d. 17.26
SD 16.01 7.26 6.65 241 n.d. 15.67 11.13 4.97 12.31 5.13 n.d. 1.12
Ccv 23.15 28.89 49.07 13.33 n.d. 63.13 14.13 17.09 122.33 47.66 n.d. 17.26
Skewness 1.98 1.98 0.00 0.27 n.d. 0.22 0.28 1.13 3.90 0.67 n.d. 0.04
Kurtosis 3.89 3.70 —2.04 —0.38 n.d. -1.97 —0.71 1.23 16.24 0.35 n.d. 1.06

SD—standard deviation; CV—coefficient of variation; n.d.—not detection.

The calculated values of the translocation factor (TF > 1), which is a measure of
the movement of heavy metals once taken up by plants, confirmed that Ni (TF = 1.35),
Pb (TF = 1.68), and Cr (TF = 3.82) are accumulated mainly in the above-ground parts
of plants (Figure 4). The high degree of movement of Cr from the root to the above-
ground part of the dandelion, compared to other heavy metals, proves the high mobility
of this element. Similar results regarding lead were obtained by Zajecka and Swiercz [77].
The transport of absorbed metals within the plant depends primarily on the activity of
phytochelatins—plant peptides whose task is to capture the collected metals from the
cytoplasm and deposit them in vacuoles [78]. TF values may also depend on plant growing
conditions and metal concentrations [79].
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Figure 4. Translocation factor (TF).

To assess the degree of the enrichment of dandelion in selected heavy metals relative
to their contents in the soil, the bioaccumulation factor (BCF) was calculated. The BCF
describes the plant’s ability to absorb heavy metals from the soil depending on the migration
load. It is assumed that plants can accumulate heavy metals in their tissues. When
BCF > 0.1, such accumulation is assessed as weak. Moderate or intense accumulation
occurs when BCF values are 0.1 < 1 or >1, respectively [80]. The BCF values obtained for
the tested metals showed the weak accumulation of zinc, copper, and lead in the above-
ground parts of dandelion and intense accumulation of nickel (BCF = 1.36) and chromium
(BCF =1.03) (Figure 5). In the studies by Kabata-Pendias [64], the bioaccumulation index
of green plants was ~1 for Zn and 0.7 for Cu and Pb. The present study showed lower
bioaccumulation rates for these elements. This is probably due to the metal contents in the
analysed soils being low.
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Figure 5. Bioaccumulation factor.

[

3.6. The Activity of Catalase in Plants

Roadside plants can reduce their own contamination by modifying their enzymatic
activity. Plant catalase activity is one of the basic indicators for assessing oxidative stress
in plants. Oxidative stress occurs when free oxygen radicals are overproduced in signif-
icant amounts within cells. The activity of CATs_p was 11.018 mg H,O, 1<g_l h~!, and
the activity of CATR was 1.134 HyO; kg™ h™!* These were higher than the control lev-
els of CATA_p (0.986 H,O, kg=! h™!) and CATR (1.03 H,O, kg~ ! h™!) by 3% and 10%,
respectively (Table 9).



Sustainability 2024,

16, 812

15 of 20

Table 9. The activity of catalase (mg H,O, kg*1 h~1)in the above-ground parts (CATs_p) and in the
roots of dandelion (CATR).

Minimum

Maximum Mean Median SD * CvV Skewness Kurtosis

CATA_p
CATR

1.011
1.127

1.045 1.018 0.014 0.082 17.54 1.806 3.853
1.161 1.134 1.130 0.008 0.738 1.843 4.036

* SD—standard deviation, CV—coefficient of variation.

An increase in catalase activity regardless of test plant (wheat, pea, and tomato
seedlings) was noted in research by Baruah et al. [81]. This was probably due to increased
H,0O, production under the influence of heavy metals having triggered the synthesis of
CAT production, whose activity led to the subsequent degradation of HyO,. According
to Rahmanian et al. [82], the activity of oxidative enzymatic systems (SOD, POD, and
CAT) initially increases to protect the plant against harmful factors. Correlation analysis
showed significant positive relationships between CAT_p activity and T Zn content in soil
(r = 0.483; p < 0.05). The value of the coefficient (R?) showed that only 23% of the variability
in CATs_p was related to the T Zn content in soil. According to Taugeer et al. [83], the
activity of oxidative enzymes (superoxide dismutase, peroxidase, catalase, and ascorbate
peroxidase) increased at lower metal levels (0.5 and 1.0 mM), whereas it decreased at higher
metal levels (2.0 mM). No significant negative correlations were found between catalase
activity in the above-ground parts and roots of dandelions exposed to road traffic and the
content of heavy metals in either the soil or the plant. This was probably due to the contents
of all the tested heavy metals in the soil being within permissible limits [56].

3.7. Chlorophyll Content

Assimilation pigments are low-molecular-weight substances found in thylakoid mem-
branes in combination with proteins. The most important assimilation pigments include
chlorophylls, which are non-enzymatic antioxidants. Like catalase, they constitute a defence
against reactive oxygen species (ROS). The Chl-a content in dandelion ranged from 0.541
to 1.495 mg ! f.w. The average content of chlorophyll-a (1.022 mg~! f.w.) in dandelion
collected along the road was 35% lower than the control (1.576 mg~! f.w.) (Table 10).

Table 10. Content of chlorophyll-a (Chl a) and chlorophyll-b (Chl b) in dandelion.

Minimum

Maximum Mean Median SD * CvV Skewness Kurtosis

Chl a
Chlb
Chla/Chlb
Chla+Chlb

0.541
0.321
1.923
0.802

1.495 1.022 1.275 0.410 40.08 0.043 —2.134
0.742 0.505 0.638 0.209 41.38 0.010 —-2.115
2.515 2.041 2.001 0.121 5.92 3.240 12.58
2.226 1.495 1.455 0.615 41.17 0.035 2.165

* SD—standard deviation, CV—coefficient of variation.

The average Chl-b content (0.505 mg~! f.w.) was also lower than the control
(1.576 mg~! f.w.). The median exceeding the mean content for both Chl-a and Chl-b in-
dicated that most of the results were above average. For these two variables, it can be
concluded that the distribution will be right skewed (skewness value > 0). The Chl-a and
Chl-b content results had negative kurtosis (—2.134 and —2.115, respectively), showing
that the results are less concentrated around the mean than for a normal distribution.
Bretzel et al. [84] also showed a 20% higher content of Chl-a and Chl-b in control dandelion
than in dandelion treated with street residues. The CV values for Chl-a (40.08) and Chl-b
(41.38) indicate the parameter’s high variability, in addition to the content of assimilation
pigments, another very important indicator for assessing physiological changes is the
determination of the mutual ratio of chlorophyll-a to chlorophyll-b (Chl-a/Chl-b). The
value of this indicator in the dandelion sampled along the road ranged from 1.923 to
2.515 (average 2.041) and was 4% higher compared to the control dandelion (Chl-a/Chl-b
1.950). An increase in the Chl-a/Chl-b value is treated as a reliable indicator of stress.
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It is assumed that chlorophyll-a and chlorophyll-b usually occur in plants at a ratio of
3:1. The total chlorophyll content (Chl-a + Chl-b) in the dandelion was 1.495 mg~! f.w.
However, the content of Chl-a + Chl-b in the dandelion collected from the control site was
38% higher (2.384 mg~! f.w.). The contents of Ni and Cr contents in the above-ground
part of the dandelion were found to correlate negatively with the contents of both Chl-
a (respectively: r = —0.994; r = —0.924 at p < 0.05) and Chl-b (respectively: r = —0.991;
r = —0.907 at p < 0.05). The determination coefficient (R?) showed that 99% and 89% of the
variability in Chl-a and 98% and 87% of the variability in Chl-b were related to the content
of, respectively, NiA-P and CrA-P in the above-ground part of the test plant. Regression
equations showed that increasing the NiA-P content by 1 mg kg~ ! resulted in decreases
of 0.0602 mg~! f.w. in Chl-a content and 0.0311 mg~! f.w. in Chl-b, whereas increasing
the Cr content by 1 mg kg ™! in the above-ground part of the dandelion affected decreases
of 0.0249 mg~! f.w. Chl-a and 0.0187 mg~! f.w. in Chl-b. According to Li et al. [85], the
accumulation of heavy metals reduces the total concentration of chlorophyll and negatively
affects the value of the Chl-a/Ch-b ratio. When plants are under stress, Chl-a is hydrolysed
more quickly than Chl-b. According to Houri et al. [21], a high content of heavy metals
may lead to damage to the photosynthetic system and, consequently, to an increase in
chlorophyll content as a plant adaptation method (Table 5).

4. Conclusions

This research showed that soil within the zone of influence of a busy street contained
higher amounts of heavy metals than soil from a control sampling site. Their average
content of total species decreased in the following order: Zn > Pb > Cu > Cr > Ni > Cd.
These contents did not exceed permissible levels according to standards for soils in com-
munication areas. The relationships between the analysed elements showed that most of
the heavy metals in the road traffic area had similar anthropogenic origins. Their source
may have been exhaust fumes emitted by motor vehicles.

The activity of redox enzymes in the soil exposed to road traffic was lower than in the
control soil.

The research results indicated that the above-ground parts of the dandelion contained,
on average, significantly higher amounts of chromium, lead, and nickel than the roots.
The higher contents of the metals in question in the above-ground parts of plants suggest
that they may be caused by the impact of atmospheric pollution and not by the metal
contents in the soil. The obtained data may be useful in the long term for assessing how
the accumulation and transfer of heavy metals from soil and air to specific plant species
progresses, as well as for screening tests for potential hyperaccumulator plants.

Photosynthetic pigments (chlorophyll-a and chlorophyll-b) and catalase activity in
the above-ground part and root played a role in the defence mechanisms of dandelion.
Oxidative stress caused by the presence of total zinc in the substrate led to an increase in
catalase activity in dandelion. Therefore, further research is necessary to better link the
antioxidant system to soil metal contamination.

The indicators selected to determine soil heavy metal contamination (AF—absorption
factor, CF—contamination factor, EF—enrichment factor, PN—pollution index, PLI—pollutant
load index) differ from each other and do not provide a clear indication of the degree
of anthropogenic contamination by individual metals. Therefore, methods should be
developed to create a comprehensive package of information based on the total value of
indicators that are useful in supporting soil remediation efforts.

Due to the increasing anthropogenic impacts on urban areas, monitoring soil pollution
in cities is an essential activity as part of measures to improve the quality of life of inhabi-
tants. Research on the environmental carrying capacity and critical thresholds of urban soil
contamination is important in order to be able to establish a risk assessment system and
better manage urban soil resources. Soil pollution assessment and soil quality testing must
be regulated worldwide.
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