
RESEARCH PAPER

Ecophysiological Responses to Environmental Pollution of Selected
Plant Species in an Industrial Urban Area

Iryna Skrynetska1 • Ryszard Ciepał1 • Marta Kandziora-Ciupa1 • Gabriela Barczyk1 • Aleksandra Nadgórska-Socha1
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Abstract
The aim of the study was to determine the state of the environment in Sosnowiec (southern Poland) based on the ratio of air

pollution tolerance index (APTI) and the determination of concentrations of selected metals in soil and plant material. The

study was conducted in ten stands: five of them were identified as ‘polluted’ and five as ‘clean’ stands. The metal content

was evaluated by the atomic absorption method. For APTI calculation, analysis of total chlorophyll concentration and

relative water content, the pH of the extract from the leaves was used. Analysis of the bioaccumulation of metals in the

leaves revealed excessive concentrations of Pb (32.4 mg kg-1) and Zn (129.78 mg kg-1) at the KWK (coal mine) and Las

(forest) stands. Higher capacity accumulation of Pb and Fe was characteristic for Plantago lanceolata. The permitted

content of Pb (762.6 mg kg-1) in the soil samples collected at the Cedler stand was exceeded. Elevated levels, higher than

the permissible concentration of Cd, were documented in soil samples from most stands within the city. In soil samples

collected at the Cedler stand, Cd concentration was almost 15 times higher than acceptable for soil (4 mg kg-1). Based on

the scope of the APTI 4.4–9.42 index obtained for the studied species, they should be considered sensitive plants. All

selected species can be used as bioindicators for environmental pollution.
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Introduction

Air pollution is one of the most complex problems in the

contemporary world. As a side effect of urbanisation and

industrialisation, it is a factor responsible for many nega-

tive impacts affecting the well-being of fauna and flora, as

well as the environment as a whole. Air pollution can affect

plants directly through the leaves, as well as indirectly by

the acidification of the soil environment (Kumar and

Nandini 2013). The effects of atmospheric pollution are

generally observed on leaves because they are the first

receptors (Randhi and Reddy 2012). Many studies have

also showed that the majority of plants exposed to polluted

atmosphere first have physiological changes before visible

damage to the leaves (Abida and Harikrishna 2010).

Although a review on the use of plant species in controlling

air pollution has already been carried out, there has been no

extensive review on the use of anatomical, morphological,

physiological and biochemical parameters of plants of

urban biotopes as biomarkers of environmental pollution

(Uka et al. 2017).

Sosnowiec is one of the main cities in the Silesian

conurbation (in the southern part of Poland, Fig. 1), whose

history is closely associated with heavy industry, including

mining, metallurgy and chemical plants. It is a typical

example of a city that has been affected by intense

anthropogenic transformation. The plant species growing

here are exposed to high concentrations of heavy metals in

the environment, both for economic reasons (mainly the

still active mines) and also from sources related to trans-

port, which is associated with the existence of a number of

roads with heavy traffic, as Sosnowiec is one of the most

important transport hubs in the Silesian province. The city

is located at the intersection of highways connecting the

northern parts of Europe with the south, and western parts

with the east, making up the majority of the domestic and

& Iryna Skrynetska

i.skrynetska@gmail.com

1 Department of Ecology, Faculty of Biology and

Environmental Protection, University of Silesia, Bankowa 9,

40-007 Katowice, Poland

123

International Journal of Environmental Research (2018) 12:255–267
https://doi.org/10.1007/s41742-018-0088-9(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0001-7079-9557
http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-018-0088-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-018-0088-9&amp;domain=pdf
https://doi.org/10.1007/s41742-018-0088-9


international transits. Nevertheless, even with such heavy

loads of pollutants, Sosnowiec is still a city with numerous

green areas. In recent years, works related to the rehabili-

tation of mining areas have been undertaken and actions

aimed at identifying sources of pollution, to bring the

environment to a proper state (‘Update Environment Pro-

gram for the city of Sosnowiec for 2013–2016 with a

perspective for the period 2017–2020’). Due to economic

transformation in Poland in the 1990s, most metallurgical

plants and mines in Silesia have been closed and, in con-

sequence, metalliferous dust emission has significantly

decreased. Nevertheless, the soil in the region is going to

stay contaminated for many years to come (Dziubanek

et al. 2015).

As demonstrated by numerous studies, some plant spe-

cies have the ability to tolerate or accumulate pollutants,

which is manifested in them to varying degrees. The taxa

of plants that colonise a soil, which is full of heavy metals,

are mandatory or optional metallophytes, with developed

mechanisms of tolerance for high concentrations of some

metals (Nadgórska-Socha et al. 2013a, b). Although the

plants have metal-tolerant or bioaccumulation properties,

heavy metals do interfere with their metabolism and con-

sequently induce morphological and ecophysiological

changes (Maleci et al. 2014).

The investigated areas represented various habitats

(green belts, squares, fields, brownfields, lawns and forest)

with ruderal and invasive species as Solidago canadensis

and Reynoutria japonica. These two different species

might be also good study material in future research

according to their high tolerant properties to environmental

pollution (Vanderhoeven et al. 2005, Dassonville et al.

2008; Mincheva et al. 2014).

Previous studies have indicated that the Plantago major

and Plantago lanceolata species contain significant levels

of trace elements, and the possibility of heavy metal

accumulation from polluted environments has been noted

(Tinkov et al. 2016). Robinia pseudoacacia has also been

investigated as an indicator of soil pollution from Zn and

Cd, and determined as a sensitive biomarker species for

contaminated areas (Nadgórska-Socha et al. 2016). In

Denmark, scientists concluded that Achillea millefolium

can be used to monitor Cu and Pb accumulation (Pilegaard

and Johnsen 1984). Due to the wide geographic range of

the selected species, they may also be widely used for

research in environmental monitoring in Sosnowiec. In our

research, we selected species due to their presence at the

majority of the studied sites.

It is also well known that epidermis is the first target of

atmospheric pollution, as the pollutant first passes through

Fig. 1 Map of localisation of study stands in Sosnowiec: 1—expressway S86; 2—Buczek; 3—KWK; 4—Cedler; 5—Juliusz; 6—Sokolska; 7—

Zagórze; 8—Kukułki; 9—Las; 10—Klimontów
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the stomata of the epidermal tissue. There are many bio-

chemical mechanisms that help to adapt plants to atmo-

spheric pollutants. This feedback can be assessed by a

number of parameters, such as pH, total chlorophyll,

ascorbic acid and relative water content; all of these

indexes make up the air pollution tolerance index. The

value of air pollution tolerance index defines the plants’

tolerance to pollution, because these parameters determine

the plants’ adaptation to the environment, and thus prede-

termine the species’ sensitivity or resistance (Lakshmi

et al. 2009).

The main advantage of bioindicative research is the use

of plant material, which is a chance for long-term research

without using expensive equipment (Nadgórska-Socha

et al. 2013a, b). The goal of the study is to analyse the

polluted areas; the results may be useful in assessing the

plants’ adaptive properties to harsh environmental condi-

tions (Przedpełska and Wierzbicka 2007; Slomka et al.

2008). For this bioindicative research, ruderal plants were

used (Kovacs 1992; Massa et al. 2010).

The objective of this study was to perform a compara-

tive analysis of selected ecophysiological parameters and

to determine the metal concentration in plants and soil

from potentially clean stands concerning samples collected

from potentially contaminated areas. The data obtained

allowed us to analyse the air pollution tolerance index and

assess the potential use of the tested species as bioindica-

tors. The tolerance of plants to heavy metal toxicity has to

be established to consider their possible application in soil

phytostabilisation and revegetation in mining areas con-

taminated with heavy metals (Nadgórska-Socha et al.

2013a, b).

The following hypothesis was evaluated: heavy metal

contamination contributes to changes in the ecophysio-

logical responses in selected species within polluted sites

and in comparison to plants from a non-contaminated area.

Materials and Methods

Study Area

The samples were collected in the city of Sosnowiec

(Silesia), which is the main centre of the Upper Silesian

Industrial District. Ten locations were selected: the first

five areas were adjacent to the industrial plants, and the

remaining five were chosen as non-industrial locations

(Fig. 1). The plant’s material and soil samples were har-

vested during the vegetation season of plants in late June

and early July 2014.

The area near expressway S86, the former KWK Sos-

nowiec coal mine, the Buczek and Cedler metallurgy plants

and the former Juliusz coal mine were selected as polluted

study points. To represent non-industrial locations, the

Sokolska, Kukulki, Zagórze, Klimontów and Las stands

were selected as territories with residential and recreation

zones (Fig. 1).

The Soil and Plant Material

For the study, plant materials derived from perennial

herbaceous perennials were selected: greater plantain (P.

major) and English plantain (P. lanceolata) are species of

Plantago, family Plantaginaceae; common yarrow (A.

millefolium) is a flowering plant of the family Asteraceae;

black locust (R. pseudoacacia) is a tree in the family

Fabaceae.

However, P. major was not found in the Zagórze and

Kukułki stands. The same difficulties were noticed with R.

pseudoacacia in the Las stand and with A. millefolium in

the Zagórze stand.

The soil samples were taken from the top layer of the

soil at 0–10 cm. In the collection of the research material,

attention was paid to the cleanliness and homogeneity of

the samples. Topsoil samples were taken within the root

zone at a depth of 0–10 cm and widely used in different

environmental studies, for example Dao et al. (2014),

Polechońska et al. (2013), Elnazer et al. (2015) and

Kandziora-Ciupa et al. (2017). To reduce the heterogene-

ity, topsoil was sampled from five locations at each site

(taken from 10 m 9 10 m plots at the central and four

corner locations). The samples were sieved through a

2 mm mesh to remove stones and plant debris and mixed

together to get a representative sample. The soil samples

were transported in fabric bags to facilitate airflow and

drying. Each sample’s date and place of harvest were

described. From each stand tested, the samples of soil and

plant material were collected in five replicates.

The pH Measurement, CNS Analysis and Metal Extraction

The pH was examined by a standard method (Ostrowska

et al. 1991). The CNS analyser (Variomax CNS) was used

to measure the contents of C, N and S in soil samples. The

heavy metal content in the soil was determined in the

samples collected in the city of Sosnowiec by using the

atomic absorption spectrometry method. Soil samples were

air-dried, sieved through a 2 mm mesh and stored at room

temperature until analysis. The metal content of the soil

was estimated according to the method by Ostrowska et al.

(1991), described in detail by Nadgórska-Socha et al.

(2013a, b). Metals were extracted from air-dried soil

samples using 10% HNO3. The HNO3-extractable fraction

was obtained by shaking a sample (10 g) with 100 ml of

10% HNO3 for 1 h. Finally, the content of metals was
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measured in the filtered extracts using atomic absorption

spectroscopy.

The metal content in the plants was also measured by

atomic absorption spectrometry. Plant samples were taken

to the laboratory, thoroughly washed with tap water to

remove any dust deposits and then rinsed twice with dis-

tilled water. Plant samples were dried at 105 �C, and then

plant tissues were ground in a stainless steel mill. Dry

weight subsamples (0.25 g) were wet digested in concen-

trated HNO3 at the maximum of 120 �C and then diluted to

25 ml with deionised water (Lin et al. 2008). Trace element

contents (Cd, Pb, Zn, Fe, Mn) were measured by atomic

absorption spectrometer (Thermo Scientific ICE 3500

apparatus).

Analysis of the Biochemical Parameters of the Plants

The relative leaf water contents (RWC) for plant samples

were determined by the methodology of Pathak et al.

(2011) and calculated according to the following formula:

RWC ¼ ½ FW � DW=TW � DWð Þ� � 100 %ð Þ;

where FW is the dry weight (g), TW the turgid weight

(g) and DW the dry weight (g).

The contents of total chlorophyll and ascorbic acid in

plant material were quantitatively determined (Prajapati

and Tripathi 2008).

Quantitative determination of total chlorophyll. The

method was used in accordance with the determinants of

Arnon (1949). 0.5 g of leaves was homogenised in 80%

acetone solution, then decanted and filtered through a filter

paper. The extraction was repeated and washed with ace-

tone until discolouration of the solution. After that, the

sample was supplemented with acetone to 50 ml and the

absorbance measured at wavelengths of 645, 663 and

652 nm.

Quantitative determination of ascorbic acid. The method

according to the recommendations of Keller and Sch-

wanger (1977) and previously described in detail in Nad-

górska-Socha et al. (2016) was used. The ascorbic acid

contents were calculated with the following formula:

Ascorbic acid ¼ ðC � A� BÞ � V

W � 100
� 100ðmg g�1f:w:Þ;

where V is the volume of the extract (ml), W is the weight

of the leaf sample (g), and A, B, C are the optical densities

of the blank sample, plant sample and sample with ascorbic

acid.

Calculation of the APTI (air pollution tolerance index).

The air pollution tolerance index value allows us to define

the degree of a plant’s tolerance to environmental pollu-

tion. The most popular method is division into three

classes/groups according to the level of sensitivity (Singh

and Rao 1983):

APTI\ 10 = sensitive

10\APTI\ 16 = medium sensitive

APTI[ 17 = resistant.

For calculation of air pollution tolerance index, we used

the following formula (Prajapati and Tripathi 2008):

APTI ¼ A� T þ Pð Þ þ R

10
;

where A is the ascorbic acid content in leaves (mg g-1

fresh weight), T the total leaf chlorophyll contents (mg g-1

fresh weight), P the pH of leaves’ extract and R the relative

water content (%).

Statistical Assessment

All statistical calculation was performed by using the

Statistical Program (Statistica version 10, StatSoft Inc.).

The observations were replicated five times for each

parameter, the mean standard error was calculated and the

values were polled. In this study, the significant statistical

differences were estimated by Tukey’s test. The Pearson

coefficient of correlation for assessing the estimated

parameters was also calculated. Analysis of variance

(ANOVA) helped to determine the variables of concen-

trations that are significantly different in soil and plant

material from the stands investigated.

Results

Soil Analysis

The study on selected stands within the city of Sosnowiec

shows that the average level of organic matter accounted

for 14.17%. Low contents were found only at the

expressway, Cedler and Kukułki stands. The pH of the soil

ranged from 6.97 to 8.96, and most of the stands tested had

pH higher than 7. Neutral pH was observed in soil samples

collected at the Kukułki stand, and highly alkaline pH at

the expressway stand (Table 1).

Analysis of the soil material’s carbon content showed an

average value of 7.07%. The highest concentrations were

recorded at the Las (14.9%) and Juliusz (11%) stands.

Significantly low levels of C were found at Kukulki

(2.6%). Examination of the soil material’s nitrogen content

showed a mean value of 0.74%. The highest concentration

was recorded at the Las stand (1%). The soil material

demonstrated an average sulphur content of 0.88%. The

highest concentrations were recorded at the Juliusz (0.20%)

and Las stands (0.11%). A significantly low concentration
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of sulphur was recorded at the Kukułki (0.02%) stand

(Table 1).

The metal content fraction after extraction of 10%

HNO3 acid in the top layer of soil in the city of Sosnowiec

shows that the content of Pb in the study area was between

44.9 and 762 mg kg-1. The Cedler stand showed that the

concentration of Pb exceeded the permissible concentration

by more than seven times. Concentration of Pb above the

average for the city was recorded at the Buczek, Juliusz,

Sokolska, Zagórze, Las and Klimontów stands (Table 2).

In the study area, the highest concentration of zinc

(200.82 mg kg-1) was observed in the soil from the Cedler

stand, and the lowest from the KWK stand

(113.5 mg kg-1); the average was 141 mg kg-1. Above-

average Zn content was noticed at the Cedler, Las and

Klimontów stands (Table 2). The iron content in the soil in

Sosnowiec was in the range of 535–6056 mg kg-1. The

average concentration was recorded at 1591 mg kg-1. The

lowest levels were observed at the KWK and Kukułki

stands. The iron content at the Buczek, Juliusz, Zagórze

and Las stands exhibited similar results (Table 2). The

cadmium content in the soil in the city of Sosnowiec was

1.46–58.8 mg kg-1. The limit values for cadmium

(3 mg kg-1) were exceeded at almost all the stands (Buc-

zek, Cedler, Sokolska, Zagórze, Kukułki, Las, Klimontów).

The highest concentration was observed at the Cedler stand

(58.8 mg kg-1), which is almost 20 times higher than the

norm. The lowest concentration was characteristic of soil

from the KWK and Julius stands, at an average of

10.42 mg kg-1 (Table 2).

Analysis of Plant Material

The Pb content in the study area ranged from 3.5 to

32.4 mg kg-1. At the KWK (coal mine) stand, the leaf of

P. lanceolata showed that the concentration

Table 1 Soil analysis of Sosnowiec

Stands pH Organic matter, % C, % N, % S, %

Expressway 8.96 ± 0.23 abc 7.19 ± 0.52 ab 3.59 ± 0.09 a 0.70 ± 0.05 a 0.04 ± 0.03 ab

Buczek 7.44 ± 0.08 ab 11.53 ± 0.11 ab 5.18 ± 0.12 ab 0.77 ± 0.03 a 0.05 ± 0.02 abc

KWK 7.43 ± 0.02 ab 12.48 ± 1.83 ab 8 ± 0.27 b 0.68 ± 0.03 a 0.11 ± 0.071 abc

Cedler 7.49 ± 0.06 ab 7.6 ± 0.91 ab 4.32 ± 0.08 ab 0.63 ± 0.04 a 0.05 ± 0.041 ab

Juliusz 7.75 ± 0.02 ab 21.26 ± 2.80 bc 11.60 ± 0.56 bc 0.65 ± 0.02 a 0.12 ± 0.03 c

Sokolska 7.83 ± 0.08 ab 12.84 ± 0.49 ab 5.47 ± 0.37 ab 0.73 ± 0.06 a 0.05 ± 0.05 abc

Zagórze 7.55 ± 0.06 ab 19.12 ± 2.17 bc 7.76 ± 0.74 b 0.92 ± 0.01 a 0.12 ± 0.06 abc

Kukulki 6.97 ± 0.09 ab 4.613 ± 0.20 a 2.64 ± 0.33 a 0.63 ± 0.03 a 0.01 ± 0.04 a

Las 8 ± 0.04 ab 32.66 ± 1.48 c 14.94 ± 2.98 c 1.09 ± 0.05 a 0.14 ± 0.01 bc

Klimontów 7.65 ± 0.07 ab 12.43 ± 0.91 bc 7.18 ± 1.01 ab 0.58 ± 0.04 a 0.08 ± 0.04 abc

Table 2 Metal content in the soil of Sosnowiec

Stands Cd, mg kg-1 Pb, mg kg-1 Zn, mg kg-1 Fe, mg kg-1 Mn, mg kg-1

Expressway 2.87 ± 0.15 a 90.97 ± 11.32 a 126.03 ± 10.9 ab 959.9 ± 57 b 120.53 ± 11.7 a

Buczek 3.38 ± 0.39 ab 149.54 ± 19.8 b 124.07 ± 13.7 ab 1326.85 ± 87.3 bc 336.68 ± 35.7 bc

KWK 1.46 ± 0.09 a 44.96 ± 8.42 a 113.57 ± 5.21 ab 855.52 ± 36.9 b 229.3 ± 17.1 b

Cedler 58.82 ± 2.76 d 762.6 ± 37.3 d 200.82 ± 14.7 c 6056.6 ± 132 d 1304.72 ± 113.6 d

Juliusz 1.61 ± 0.5 a 179.26 ± 26.3 b 132.7 ± 8.47 ab 1347.93 ± 45.9 bc 326.96 ± 5.72 bc

Sokolska 7.59 ± 1.02 bc 218.88 ± 40.1 bc 138.17 ± 12.33 b 953.84 ± 41.2 b 259.91 ± 16.6 b

Zagórze 5.88 ± 0.63 b 179.04 ± 9.31 bc 138.55 ± 3.54 b 1334.03 ± 71.8 bc 376.15 ± 14.1 c

Kukulki 4.38 ± 0.45 b 92.48 ± 15.3 a 118.55 ± 9.09 a 535.15 ± 21.6 a 210.92 ± 21.3 ab

Las 12.52 ± 1.8 bc 277.31 ± 18.5 c 164.67 ± 15.5 bc 1351.15 ± 35.9 bc 508.14 ± 15.7 c

Klimontów 5.71 ± 0.44 b 153.99 ± 10.7 b 155.9 ± 8.97 b 1196.64 ± 66.2 bc 250.95 ± 6.85 ab

Data expressed as mean ± SD

a–d—medians followed by the same letter are not significantly different between particular metal concentrations in the fraction extracted with

HNO3 and organic matter content, C, N, S content, pH values, (p\ 0.05)
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(32.4 mg kg-1) exceeded the allowable level of

30 mg kg-1. Above-average concentrations of Pb for the

city were recorded at the Buczek, Sokolska and Klimontów

stands (Table 3). In the study area, the highest concentra-

tion of zinc (129.78 mg kg-1) was found in the leaves of P.

major at the Las Kazimierz stand; the average was

58.8 mg kg-1 for P. major and 48 mg kg-1 for P. lance-

olata (Table 3). The range of manganese content in Sos-

nowiec was 6.2–41.7 mg kg-1. The highest concentration

was recorded at the Las stand (41.7 mg kg-1) with an

average content of 16.9 mg kg-1 for P. major and

14.14 mg kg-1 for P. lanceolata. The lowest concentration

was observed in the leaves of P. lanceolata at the Buczek

and KWK stands (Table 3). The iron content in the study

area was in the range of 69.36–308.7 mg kg-1. The highest

concentrations were observed at the KWK, Cedler,

Zagórze and Klimontów stands. The lowest concentration

of iron was noted at the Buczek stand for both leaves of P.

major (82.9 mg kg-1) and P. lanceolata (69.36 mg kg-1)

(Table 3). In the study area, there were no toxic concen-

trations of Cd (5 mg kg-1), and even at the Buczek and

KWK stands this element was below the level of apparatus

detection for the Plantago species. The range of Cd was

from 0.25 to 4.3 mg kg-1 (Table 3).

A general comparison of the accumulation of selected

metals in leaves of the species studied is given in Table 3,

and Table 4 shows the data of the biochemical parameters

of the species investigated.

To estimate the state of the environment, in addition to

the above-mentioned studies, content determination of the

total chlorophyll, ascorbic acid, RWC and pH of the leaves

was conducted. The pH range of the extract from leaves in

the study area was 5.26–6.45. The lowest pH was recorded

at the Cedler and Klimontów stands. The average pH for P.

major leaves was 5.59, which is similar to the average of P.

lanceolata (5.76), A. millefolium (5.9) and R. pseudoacacia

(6.18) (Table 4). In the calculation of the RWC index, it

was found that relatively average water content in the

leaves of P. major accounted for nearly 72%, and for P.

lanceolata 80.4%, A. millefolium 71% and R. pseudoacacia

76%, which testifies to the resistance of the selected plants

to water stress. The KWK, Sokolska and Kukulki stands

had the lowest RWC values (Table 4). Both the highest and

the lowest values of the total chlorophyll content stand

were noted in the area of the ‘polluted’ KWK stand (0.18

and 1.27 mg g-1 f.w.) in the Plantago species. The aver-

age total chlorophyll content in the leaves of P. major and

P. lanceolata was 0.63 and 0.68 mg g-1 f.w. respectively,

0.18 mg g-1 f.w. in A. millefolium and 0.33 mg g-1 f.w. in

R. pseudoacacia (Table 4). The highest concentration of

ascorbic acid was reported at the ‘clean’ Las Kazimierz

stand in P. lanceolata, 0.62 mg g-1 f.w. The average

content of ascorbic acid in the leaves of P. major was

0.19 mg g-1 f.w., 0.26 mg g-1 f.w. for the P. lanceolata

leaf, 0.26 mg g-1 f.w. for A. millefolium and 0.26 mg g-1

f.w. for R. pseudoacacia (Table 4).

All of the above indicators were needed to calculate the

air pollution tolerance index, which represents the plants’

tolerance to air pollution. For the species of plants studied

in the city of Sosnowiec, the air pollution tolerance index

ranged from 4.4 to 9.42. P. lanceolata was characterised by

an average 7.78, higher than that of P. major (7.17), A.

millefolium (7.22) and R. pseudoacacia (7.16) (see

Table 5). The air pollution tolerance index was lowest at

the Kukułki stand.

Statistical Analysis

Significant positive correlation coefficients were found in

the soil samples between the content of C and the contents

of N and S (r = 0.62; r = 0.94). For P. major, a clear

correlation was found between the concentration of relative

water content, the pH value and the content of Cd

(r = - 0.71 and r = 0.73 respectively) and between the

concentration of ascorbic acid and the content of Zn

(r = - 0.6). For P. lanceolata, a clear correlation was also

found between the concentration of chlorophyll and the

content of Fe (r = 0.57). A correlation between the con-

centration of chlorophyll, ascorbic acid and the content of

Pb (r = 0.57; r = - 0.51), and the correlation between

concentration of ascorbic acid, relative water content and

Cd concentration (r = 0.83; r = - 0.83) was also found.

For A. millefolium, negative values of the correlation index

were also noted between Fe and Mn elements and the pH of

the leaves A. millefolium (r = - 0.56; r = - 0.63). For R.

pseudoacacia significant positive correlation coefficients

were found between the pH and the content of Mn

(r = 0.51).

Discussion

The choice of Sosnowiec as the location for environmental

studies proved to be very appropriate. On the one hand, as a

highly urbanised city it provides information on the impact

of pollution on the natural environment associated with

industrialisation; on the other hand, the in-depth analysis of

the individual components of the urban ecosystem revealed

its actual condition. The areas of research we selected

allowed the verification of the degree of element contam-

ination in areas related to industry compared to the

potentially clean areas of Sosnowiec.

The study of soil material confirmed that the greatest

problem is soil pollution by lead and cadmium caused by

emissions from industrial plants. At present, they are rel-

atively small and do not cause high-intensity polluted
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Table 4 Comparison of biochemical parameters of Plantago major, Plantago lanceolata, Achillea millefolium and Robinia pseudoacacia

according to the results obtained

Stands pH

Plantago major Plantago lanceolata Achillea millefolium Robinia pseudoacacia

Expressway 5.73 ± 0.04 d 5.8 ± 0.05 c 6.15 ± 0.12 cd 6.45 ± 0.09 e

Buczek 5.61 ± 0.06 c 5.74 ± 0.13 b 6.15 ± 0.15 c 6.2 ± 0.11 cd

KWK 5.79 ± 0.02 d 5.78 ± 0.21 b 6.1 ± 0.06 c 6.19 ± 0.14 cd

Cedler 5.42 ± 0.01 b 5.65 ± 0.08 a 6.19 ± 0.12 cd 6.2 ± 0.21 cd

Juliusz 5.63 ± 0.12 c 5.85 ± 0.37 ab 5.7 ± 0.17 a 6.27 ± 0.18 d

Sokolska 5.69 ± 0.07 c 5.73 ± 0.04 a 6.08 ± 0.08 c 6.11 ± 0.1 cd

Zagórze – 5.79 ± 0.11 ab – 6.22 ± 0.03 cd

Kukulki – 5.89 ± 0.05 c 6.2 ± 0.21 cd 6.3 ± 0.13 d

Las 5.6 ± 0.12 c 5.8 ± 0.03 c 5.9 ± 0.13 b –

Klimontów 5.26 ± 0.03 a 5.66 ± 0.15 a 6.01 ± 0.05 bc 6.33 ± 0.122 e

Stands RWC, %

Plantago major Plantago lanceolata Achillea millefolium Robinia pseudoacacia

Expressway 79.07 ± 3.07 de 75.23 ± 5.91 bc 93.45 ± 2.19 d 75.08 ± 1.78 c

Buczek 84.56 ± 4.45 e 87.97 ± 2.3 c 76.69 ± 1.51 bc 72.89 ± 3.63 c

KWK 46.79 ± 4.11 a 92.19 ± 6.31 d 87.65 ± 4.88 c 46.83 ± 1.75 a

Cedler 88.06 ± 5.71 e 85.08 ± 6.22 c 82.78 ± 2.91 c 91.95 ± 5.655 d

Juliusz 71.84 ± 5.03 d 87.71 ± 5.89 c 60.10 ± 3.04 b 74.89 ± 3.94 c

Sokolska 56.19 ± 4.21 b 60.36 ± 1.91 ab 71.20 ± 6.91 bc 65.66 ± 4.09 b

Zagórze – 91.49 ± 3.88 d – 68.29 ± 1.02 b

Kukulki – 51.76 ± 2.05 a 43.80 ± 1.35 a 72.73 ± 4.14 c

Las 66.11 ± 2.55 c 89.69 ± 5.23 d 49.74 ± 2.04 a –

Klimontów 80.85 ± 3.48 de 82.70 ± 4.87 c 82.81 ± 3.41 c 71.36 ± 2.08 c

Stands Ascorbic acid content, mg g-1 f.w.

Plantago major Plantago lanceolata Achillea millefolium Robinia pseudoacacia

Expressway 0.05 ± 0.01 a 0.36 ± 0.01 c 0.12 ± 0.01 e 0.52 ± 0.01 bc

Buczek 0.04 ± 0.01a 0.19 ± 0.01 b 0.01 ± 0.01 a 0.059 ± 0.01 c

KWK 0.21 ± 0.01 c 0.03 ± 0.01 a 0.02 ± 0.01 b 0.03 ± 0.01 ab

Cedler 0.18 ± 0.01 bc 0.03 ± 0.01 a 0.036 ± 0.01 d 0.018 ± 0.01 a

Juliusz 0.30 ± 0.01 c 0.19 ± 0.01 b 0.034 ± 0.01 cd 0.033 ± 0.01 b

Sokolska 0.34 ± 0.01 c 0.36 ± 0.01 c 0.023 ± 0.01 b 0.057 ± 0.01 c

Zagórze – 0.38 ± 0.01 c – 0.035 ± 0.01 b

Kukulki – 0.26 ± 0.01 bc 0.028 ± 0.01 b 0.018 ± 0.01 a

Las 0.19 ± 0.01 bc 0.62 ± 0.01 d 0.018 ± 0.01 b –

Klimontów 0.21 ± 0.01 c 0.20 ± 0.01 bc 0.01 ± 0.01 a 0.036 ± 0.01 b

Stands Total chlorophyll content, mg g-1 f.w.

Plantago major Plantago lanceolata Achillea millefolium Robinia pseudoacacia

Expressway 0.74 ± 0.04 c 0.71 ± 0.03 c 0.27 ± 0.02 a 0.38 ± 0.01 c

Buczek 0.65 ± 0.05 c 0.47 ± 0.01 a 0.22 ± 0.01 a 0.39 ± 0.02 c

KWK 0.23 ± 0.01 a 1.27 ± 0.03 d 0.22 ± 0.01 a 0.3 ± 0.01 bc

Cedler 0.72 ± 0.02 c 0.42 ± 0.02 a 0.18 ± 0.01 ab 0.45 ± 0.03 c

Juliusz 0.85 ± 0.04 d 0.82 ± 0.05 c 0.15 ± 0.01 ab 0.33 ± 0.01 bc

Sokolska 0.92 ± 0.01 d 0.69 ± 0.04 b 0.23 ± 0.01 b 0.68 ± 0.03 d

Zagórze – 0.59 ± 0.01 b – 0.13 ± 0.01 ab
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rainfall which penetrates the surface. However, heavy

metals in soils have a very long period of decay, up to a

few hundred years, so the area of the Silesian agglomera-

tion is still characterised by some of the most polluted soils

(degree 3 of 5 in the IUNG Environmental Protection

Programme for the Province of Silesia to 2019, taking into

account prospects for the years 2024, pub. 2015). The soils

of the Silesian province are threatened primarily by

anthropogenic factors, principally industrial activity,

inappropriate farming agricultural practices and the impact

of transport. Threats to soil also result from commercial

exploitation of minerals and inappropriate waste manage-

ment, especially in urbanised areas. In Sosnowiec, it has

been shown that the standards of acceptable concentrations

in soil are exceeded (Regulation by the Minister of Envi-

ronment 2002), both in terms of Pb (for most study areas)

and Cd (60% of study stands). The highest reported con-

centrations of these elements were present at the Cedler

stand (where they exceeded the limit values in terms of Pb

by 7 times, and in terms of Cd by almost 15 times), which

is also characterised by very high contents of the other

elements analysed (Fe, Zn, Mn). This situation is associ-

ated with more than a 100 years of heavy industrial

activity, as well as the presence of mill and brick factories

and other businesses in the area studied.

For comparison, in Zabrze (Southern Poland) extremely

high concentrations of Zn were reported, ranging from

31.69 to 2057.16 mg kg-1; Pb from 31.5 to 520 mg kg-1;

and Cd from 1.5 to 13.1 mg kg-1. It was also noted that the

highest Zn, Pb, and Cd concentrations were recorded near

defunct smelter landfills and in the vicinity of roads

(Kandziora-Ciupa et al. 2013). Our results also show that

the highest levels of metal accumulation were found in the

area of industrial plants, especially at the Cedler stand

(currently a metallurgical plant) where the highest con-

centrations of Cd, Zn, Pb, Fe and Mn in topsoil were

recorded. Other studies around the Silesian region

demonstrated lower levels of trace element content

(Pasieczna 2003).

The highest content of organic matter was noted in the

topsoil at the Las stand (c. 32%) and the average value in

Sosnowiec was 14%. Both these factors—the high pH and

the relatively large contents of organic matter—may be the

reason for the demonstrated low levels of metals in

bioavailable forms and the increased creation of

organometallic complexes in the soil. The cause of this

phenomenon is the inhibition of uptake by plant ions of

heavy metals, resulting in the detoxification of the soil

complex (Kwiatkowska-Malina and Maciejewska 2009).

The pH value of the soil affects the bioavailability of

nutrients for plants in this way; too high a value results in

reduced solubility and the absorption of many elements,

and may cause the precipitation of different compounds.

The studies of the soil’s pH index show an alkaline and

neutral nature (Table 1). The only exception was the

Kukułki stand where the pH value was 6.97, which is near

neutral value. On the other hand, the studies of the leaves’

pH show an acidic nature within the range of 5.26 to 6.45;

the highest pH value was noticed at the expressway stand

in the R. pseudoacacia leaves.

Research into the bioaccumulation of metals has iden-

tified P. major and P. lanceolata as good bioindicators of

environmental pollution by selected heavy metals (Gucwa-

Przepióra et al. 2016; Kurteva 2009; Nadgórska-Socha

et al. 2013a, b). In the present work, excessive concentra-

tions in the toxic range for plants were only found in two

cases: 10% of Pb and 30% of Zn. Accordingly, the ranges

of background toxicity of small elements in plants are Pb

30–300 mg kg-1 and Zn 100–400 mg kg-1 (Nadgórska-

Socha et al. 2013a, b; Kabata-Pendias and Pendias 2001). It

was also noted that certain species, such as P. major, have

the potential for soil phytostabilisation (Romeh and Kha-

mis 2016).

The highest zinc content was demonstrated in the leaves

of P. major, which may indicate that the metal is extracted

in the form of hydrated ions (Gruca-Królikowska and

Wacławek 2006). However, overall the leaves of P.

lanceolata showed a higher concentration of heavy metals

Table 4 (continued)

Stands Total chlorophyll content, mg g-1 f.w.

Plantago major Plantago lanceolata Achillea millefolium Robinia pseudoacacia

Kukulki – 0.65 ± 0.02 b 0.12 ± 0.01 bc 0.08 ± 0.01 a

Las 0.46 ± 0.01 b 0.75 ± 0.02 c 0.11 ± 0.01 bc –

Klimontów 0.49 ± 0.02 b 0.47 ± 0.01 a 0.09 ± 0.01 bc 0.27 ± 0.01abc

Data expressed as mean ± SD

a–d—medians followed by the same letter are not significantly different between particular metal concentrations in the fraction extracted with

HNO3 and ascorbic acid content, total chlorophyll content, RWC, pH values, (p\ 0.05)
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in comparison to P. major. The lead content in P. lance-

olata in the areas analysed are much higher than the results

obtained before (Jankowska et al. 2007) for the same

species in the vicinity of the highways. It can therefore be

assumed that the the automotive industry has much less

impact on lead contamination than the long-term impact of

industrial emissions. For example, cadmium can be directly

taken up by plants through their leaves, in proportion to the

concentrations of metals in the air or falling dust (Kabata-

Pendias and Pendias 2001).

In the present studies, R. pseudoacacia shows lower

levels of Cd, Zn and Mn accumulation compared to the

results of the other species investigated. Also, lower con-

tents of Zn, Cd, Mn, Fe and Pb by two to three times were

reported in R. pseudoacacia compared to Melandrium

album, but at the same time R. pseudoacacia presented

better capability for Cu accumulation (Nadgórska-Socha

et al. 2016).

The greatest ability to accumulate Cd was noticed in

leaves of A. millefolium. This latter is also well known as a

kind of medical plant and demonstrates good morpholog-

ical and physiological responses to heavy metal pollution,

and for these reasons it can be utilised as a bioindicator

(Radulescu et al. 2013).

Air pollution has a significant impact on the behaviour

of the physiological state of plants, especially chlorophyll,

which determines the activity of photosynthesis, growth

and growth biomass. The studies on chlorophyll content

obtained similar results for P. major and P. lanceolata;

only the contents of total chlorophyll in the leaves of P.

major at the KWK stand stood out from the rest. A.

millefolium and R. pseudoacacia showed a lower level of

total chlorophyll content compared to the investigated

Plantago species, and the lowest content was noticed at the

Kukulki stand in the R. pseudoacacia leaves.

The relative water content of the plants investigated was

in the range 43.8–99.45%, and indicates that the selected

plant species are not susceptible to water stress. Also,

according to the results of the Parthenium hysterophorus

study, the high total chlorophyll content might be a reason

for its speedy growth, and the relative water content is

more connected to managing its survival in a hostile

environment (Krishnaveni 2013).

Another important indicator for the physiological con-

dition of the plant is the content of ascorbic acid, which is a

strong reducing agent and activates many defence mecha-

nisms in plants. It is located mainly in the chloroplast and

plays an important role in the synthesis of cell walls, cell

division and the processes associated with the detoxifica-

tion of the plant (Ogunkunle et al. 2015). Very small

quantities of ascorbic acid were indicated at the contami-

nated sites for all the species investigated, and the highest

concentration was noted at the Las Kazimierz stand. TheTa
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pollution load dependent on the increase in the ascorbic

acid content of all the plant species might be due to the

increased rate of production of reactive oxygen species, as

reported by Tripathi and Gautam (2007). Moreover, some

research showed high concentrations of ascorbic acid in

industrial samples (Agbaire 2009; Meerabai et al. 2012;

Rai and Panda 2014).

For P. major, P. lanceolata, A. millefolium and R.

pseudoacacia in the study area, the air pollution tolerance

index range was 4.4–9.42. Low values of air pollution

tolerance index were noted for both types of stands, con-

taminated and conventionally clean. The highest results

were obtained for leaves at the expressway, KWK and Las

stands. Another study in Southern Poland (Miasteczko

Śląskie, Dąbrowa Górnicza, Jaroszowiec) of R. pseudoa-

cacia and M. album on heavy metal-contaminated sites in

comparison with non-contaminated sites presents the mean

air pollution tolerance index values for all sites investigated

of 9.4 and 8.7 for R. pseudoacacia and M. album, respec-

tively. In these two species, the air pollution tolerance

index values were higher in the non-contaminated site in

comparison with the contaminated sites (Nadgórska-Socha

et al. 2016).

The calculation of air pollution tolerance index has been

widely investigated by numerous studies around the world.

According to Chinese researchers (Zhang et al. 2016),

among 47 investigated species collected from two heavy

traffic roadside sites and one suburban site in Beijing, the

plant species Magnolia denudata, Diospyros kaki, Ailan-

thus altissima, Fraxinus chinensis and Rosa chinensis were

identified as tolerant species to an environment of heavy air

pollution and were recommend to be planted at various

locations in the city, especially at roadsides experiencing

heavy traffic. Studies which were carried out at increasing

distances of 100, 300 and 500 m around three brick kiln

sites (Pakistan) showed various air pollution tolerance

index (APTI) values of plant species investigated there:

Calotropis procera (APTI = 20.05) and Alternanthera

pungens (APTI = 17.13) were found to be the most tolerant

species and Malva neglecta (APTI = 8.83) was found to be

the most sensitive species (Achakzai et al. 2017). These

studies also represent a positive correlation between air

pollution tolerance index and ascorbic acid and relative

water content.

The air pollution tolerance index allows us to determine

not only the general tolerance of plants to pollution, but

also to find out the biochemical parameters which are

responsible for resistance to the environmental stress fac-

tors. The plant species with the higher air pollution toler-

ance index value can be given priority for plantation

programmes in urban and industrial areas, so as to reduce

the effects of air pollution and to make the ambient

atmosphere clean and healthy (Sisodia and Dutta 2016).

The plant species with lower air pollution tolerance index

values can be recommended as bioindicators and suggested

for environmental monitoring (Nadgórska-Socha et al.

2016). Thanks to the results obtained, all the species

investigated were determined as sensitive and may be

recommended for bioindicative research in urban areas.

Conclusions

The results of the present study revealed that environ-

mental pollution had a substantial impact on the various

biochemical parameters. Surprisingly, sites previously

described as potentially ‘clean’ (Zagórze, Las, Kukulki,

Klimontów, Sokolska) had similar levels of pollution in

comparison to the sites with high levels of anthropogenic

load (expressway, KWK, Julius, Cedler, Buczek). This

may have been caused by low-stack emission and parking

lots near the recreation sites, etc., confirming that pollution

is not confined to specific sites associated with industrial

activity or high traffic.

The metal content analysis of the soil samples demon-

strated that the highest concentrations in Sosnowiec were

for Pb—762.6 mg kg-1; Mn—1304 mg kg-1; Zn—

200.8 mg kg-1; Cd—58.8 mg kg-1. The maximum per-

missible concentrations of Pb and Cd in the soil

(100 mg kg-1 and 4 mg kg-1, respectively) were excee-

ded at the stand Cedler (current smelter). However, the

range of toxicity adopted for the plants was exceeded for

Zn and Pb (100–400 and 30–300 mg kg-1, respectively)

only at two stands: KWK Sosnowiec (fomer coal mine) and

Las Kazimierz (forest—a recreational area).

The statistical analysis demonstrated strong correlation

between the concentration of ascorbic acid, relative water

content, the pH value and the cadmium content for Plan-

tago species, although A. millefolium demonstrated the

highest Cd accumulation ability. P. lanceolata, P. major,

A. millefolium and R. pseudoacacia were found to be tol-

erant to contamination. The air pollution tolerance index

(4.4–9.42) demonstrated that the studied species were

sensitive to air pollution, including heavy metals, and

hence suggests their use as bioindicators of the state of the

environment. In addition, the studied species can be

incorporated into greenbelts to assist the environmental

policy and management practices in urban industrial areas.

Therefore, it is important to continue this type of research

on plants for better understanding of interactions and cor-

relations between environmental pollution and various

ecological, biochemical, and physiological parameters in

urban industrial environments.
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nych rosnących na u _zytkach zielonych w pobli _zu trasy szybkiego

ruchu. Ochrona Środowiska i Zasobów Naturalnych 30:99–104.

https://doi.org/10.5604/12338273.1058600 (in Polish)
Kabata-Pendias A, Pendias H (2001) Trace elements in soils and

plants, 3rd edn. CRC Press, Boca Raton Fla
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