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Abstract: The energy stored in fossil fuels is released through combustion and is a fundamental
process in the production of cement. The negative aspect of this combustion is the emission of
greenhouse gases and dust. This paper presents the results of a study conducted within a cement plant
in Ożarów (south-eastern Poland). The chemical properties (selected elements) in the needles of Scots
pine (Pinus sylvestris L.) were determined. The needle surface was scanned using a scanning electron
microscope (SEM) and was characterised in terms of chemical composition through energy dispersive
spectroscopy (EDS). The concentrations of selected analytes in the biennial needles formed the
following descending sequence: Fe > Al > Mn > Zn > Cu > Pb > Cr > Ni. SEM/EDS microphotographs
showed the presence of particles of varying shape, size and chemical composition indicative of
anthropogenic origin.

Keywords: toxicity; air pollution; greenhouse gases; scanning microscopy

1. Introduction

Ambient air quality is a serious problem in many parts of the world [1]. It has both
an environmental and a social aspect. It translates into reduced living conditions and
is a limiting factor for further development [2,3]. Local and remote emissions can be
transported over considerable distances, causing regional risks of drastically poor air
quality [4]. Harmful gases and dusts, together with hazardous organic compounds in
above-normal quantities, are one of the main problems in the human habitation area [5,6].
A carrier of many pollutants, including toxic metals, are particles of anthropogenic origin,
including the particularly troublesome PM2.5 [7]. Due to its small size, this dust penetrates
the lower respiratory tract, where it is accumulated or dissolved in biological fluids and
then transported throughout the body by the bloodstream. As a result of this process, it
can be the cause of the exacerbation of many conditions, such as asthma, acute respiratory
reactions, weakened lung function, etc. [8]. According to Eurostat, Poland is among the top
countries emitting dust into the atmosphere—around 343,000 tonnes in 2019 [9]. This is the
result of the solid fuel combustion-based energy branches of the national economy. Mineral
processing, including cement production, is a significant area in this respect, supplying
around 11,500 tonnes of dust to the atmosphere annually. In areas of mineral extraction
and the production of building materials, there has been a local transformation of the
geographical environment (relief, water relations, land cover, etc.). Industrial emissions,
especially of carbon dioxide, contribute to global transformations, including climate change.
Due to the presence of a cement plant and a mine, in Ożarów (Central Europe, SE Poland),
an average of about 100 tonnes of dust, 2200 tonnes of SO2 and 1.2 million tonnes of CO2
are released into the atmosphere annually from cement production (Figure 1).
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Poland), an average of about 100 tonnes of dust, 2200 tonnes of SO2 and 1.2 million tonnes 
of CO2 are released into the atmosphere annually from cement production (Figure 1). 

 
Figure 1. Volume of cement dust and SO2 and CO2 emissions from the Ożarów Cement S.A. in the 
years 2012–2021 (data from the Provincial Inspectorate of Environmental Protection in Kielce). 

An additional environmental burden in the study area is the Mo-BRUK S.A. indus-
trial incineration plant. The annual average dust emissions from the incineration plant in 
the 2012–2021 period was 1.53 tonnes, alongside 1.55 tonnes of SO2 and approximately 
16,600 tonnes of CO2. 

The plant has adopted measures to contain atmospheric pollutants, and the purpose 
of this work was to verify whether, and how, measures are proving to be efficient and to 
evaluate the environmental impact of the emissions. A bioindication study based on the 
indicator properties (sensitivity to pollution, common occurrence, long life cycle, ever-
greenness, a low tolerance to toxic factors) of Scots pine (Pinus sylvestris L.) needles col-
lected around the plant and mine was carried out. 

2. Materials and Methods 
2.1. Study Area 

According to the physico-geographical division of Poland [10], the study area is lo-
cated in the macro-region of the Kielce Uplands, covering the eastern part of the Iłża Fore-
land mesoregion in the south-eastern part of Poland (Figure 2). 

  
Figure 2. Location of the study area (based on Google Map). 

Cement Ożarów S.A. produces a wide range of clinker-based cements, using the dry 
method in a rotary kiln. Waste treatment is carried out in parallel using the clinker firing 
process. It supplies around 2.7 million tonnes of cement annually, which is about 15% of 
the national production [11]. The location of a rock-based industry is favourable due to 
shallow subsurface limestone with varying degrees of marliness, as well as marl and clay 
formations. These constitute the main deposit of Upper Jurassic limestone and marls of 
the mining field “Gliniany-Duranów”, exploited for the nearby cement plant. Cement 
Ożarów S.A is part of the international group CRH, based in Ireland. The Mo-Bruk S.A. 
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13 50.916295, 21.642920
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15 50.911765, 21.663693

Figure 1. Volume of cement dust and SO2 and CO2 emissions from the Ożarów Cement S.A. in the
years 2012–2021 (data from the Provincial Inspectorate of Environmental Protection in Kielce).

An additional environmental burden in the study area is the Mo-BRUK S.A. industrial
incineration plant. The annual average dust emissions from the incineration plant in
the 2012–2021 period was 1.53 tonnes, alongside 1.55 tonnes of SO2 and approximately
16,600 tonnes of CO2.

The plant has adopted measures to contain atmospheric pollutants, and the purpose
of this work was to verify whether, and how, measures are proving to be efficient and
to evaluate the environmental impact of the emissions. A bioindication study based
on the indicator properties (sensitivity to pollution, common occurrence, long life cycle,
evergreenness, a low tolerance to toxic factors) of Scots pine (Pinus sylvestris L.) needles
collected around the plant and mine was carried out.

2. Materials and Methods
2.1. Study Area

According to the physico-geographical division of Poland [10], the study area is located
in the macro-region of the Kielce Uplands, covering the eastern part of the Iłża Foreland
mesoregion in the south-eastern part of Poland (Figure 2).
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Figure 2. Location of the study area (based on Google Map).

Cement Ożarów S.A. produces a wide range of clinker-based cements, using the dry
method in a rotary kiln. Waste treatment is carried out in parallel using the clinker firing
process. It supplies around 2.7 million tonnes of cement annually, which is about 15% of
the national production [11]. The location of a rock-based industry is favourable due to
shallow subsurface limestone with varying degrees of marliness, as well as marl and clay
formations. These constitute the main deposit of Upper Jurassic limestone and marls of
the mining field “Gliniany-Duranów”, exploited for the nearby cement plant. Cement
Ożarów S.A is part of the international group CRH, based in Ireland. The Mo-Bruk S.A.
plant (adjacent to the cement plant) has a thermal conversion facility for sorted municipal
waste and industrial and hazardous waste. The heat produced by the incinerator is used in
the cement plant to replace the heat obtained by burning coal [12].
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2.2. Enivironmental Aspect of Production

The basic technological fuel is coal (with a moisture content not exceeding 6%). The
alternative fuel (alternative fuel—AF) is waste, utilized in amounts of up to 10 Mg/h
through the multi-channel burner of the rotary kiln. From the point of view of waste
incineration, a significant advantage of the cement kiln is the high temperature and short
time required for the flow of combustion products through the rotary kiln system—up to
several seconds. In the temperature zone above 1200 ◦C, the residence time of the gases is
about 10 s. The oxygen content in the flue gases is in the order of 2–3%. High gas mixing
efficiency, especially in the combustion zone, and excellent heat and mass transfer due to
the presence of a dispersed solid phase in the gas stream are also important features for
ensuring the good mixing of the fuel with the oxidant. The cement kiln is a thermally stable
device due to its high heat capacity, which prevents the temperature from changing within
a short time. In the case of a cement kiln, there is no ash problem, because the residue
after combustion is part of the fired clinker—the mineral components of the ash react in
the sintering zone with the raw material and the cement dusts are returned back to the
kiln. In accordance with the assumptions of the technological process, the kiln installations
in operation guarantee full return of kiln dust from the dedusting installations to the raw
meal. The energy obtained from waste incineration does not exceed 40% of the nominal
thermal power of the installation.

2.3. Pine Needles Sampling

Samples of needles of Scots pine, showing confirmed indicator traits [13,14] were
taken in October 2020 from the limestone mining and cement production area in Ożarów
(Ożarów S.A. cement plant, CRH Group, Świętokrzyskie Voivodeship). The control sample
was taken from a forested area, the “Bory Tucholskie” National Park (53◦49′57.6528 N
17◦35′04.8816 E), from an area with no identified anthropogenic pressure (approximately
500 km north-west of the study area). Material for analysis was taken from trees at a height
of approximately 3–5 m above sea level, from each direction, at a rate of approximately
200 g for each point. The sample was a mixed and averaged sample, collected from three
even-aged trees at each designated point. The breast height of each tree was approximately
50 cm. Needles were taken from the whorl, beginning at the top, from the most exposed
areas possible. Each time, a sample of annual and biennial needles was retained for
further analysis.

2.4. Laboratory Analysis

After the needle samples were transported to the laboratory, they were dried. After
drying at 65 ◦C for 24 h, the samples were ground in an IKA A-11 basic organic matter
mill. A mixture of nitric acid (V) and hydrogen peroxide at a ratio of 2.5:1 was used to wet
decompose the samples in 0.1 g weights placed in polytetrafluoroethylene (PTFE) vessels.
The material thus prepared was exposed to 1400 W microwaves and 200 ◦C for 40 min
using an Anton Paar Multiwave 3000 mineraliser. The mineralised material was chemically
analysed for selected metals (Pb, Cr, Cu, Mn, Ni, Zn, Fe and Al) using an ICP-MS-TOF
OptiMass 9500 mass spectrometer (GBC Scientific Equipment, Melbourne, Australia). The
result was the average of the three measurements. Certified reference material ERM-CA713
produced by the Institute for Reference Materials and Measurements, Belgium, was used
for the quality control of the results obtained. Concentration maps were plotted in Surfer,
ver. 16 (Golden Software, LLC, Golden, CO, USA), and calculations and statistical analyses
were performed using Statistica, ver. 13.3. (Tibco Software, Inc., Palo Alto, CA, USA).

2.5. SEM/EDS

Scanning electron microscopy (SEM) images were taken using a TM3000 microscope
(Hitachi, Tokyo, Japan) with a 15 kV accelerating voltage at the Institute of Chemistry
and Inorganic Technology, Krakow University of Technology. The energy dispersive
spectroscopy (EDS) analysis of the surface of the underside of the pine needles allowed
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the determination of the elemental composition (qualitative analysis) and the percentage
of micronutrients (quantitative analysis) of the deposited particles. The specificity of this
analytical method should be taken into account when interpreting the results of EDS
analysis. The graphic images resulting from this analysis were created in parallel with
the SEM image formation of the surface of the sample under investigation. Information
on the surface composition and distribution of individual elements is the result of the
measurements of the intensity and energy of X-rays, which are the result of the excitation
of electron cores of elements on or near the surface of the material under investigation. It is
important to remember that the electrons used to create the SEM image (and, incidentally,
to obtain EDS data) penetrate the material to different depths, depending on the matrix
type, but no more than a few micrometres. In addition, from the raw X-spectrum data
assigned to each pixel of the SEM image, quantitative data can be obtained to compare
the mass (or molar) proportions of elements in the near-surface layer of the scanned area.
For this purpose, the area delimited by a circle was selected for this analysis, inside which
the resulting X-ray intensity data for each wavelength was integrated. The data were then
converted into elemental quantities (all detected or selected, as indicated by the operator)
after integration, and the results were further normalised so that the sum of the shares was
100%. When interpreting the quantitative results obtained in this way, the nature of the
material to be tested and the morphology and sources of the individual sample components,
as well as the nature of the EDS method itself, must be taken into account.

3. Results

The needles utilized were characterised by a light green colour. An intense green
colour was present in the samples collected from the western area, while much lighter
ones were collected from the eastern area. Needle length varied considerably and ranged
from 35–72 mm with an average of 58 mm. Compared to needles collected in the reference
area (Bory Tucholskie National Park—length ranged from 55–87 mm, with an average of
74 mm), they were shorter by an average of 21.6%. Macroscopic analysis using a Nikkon
optical microscope (Tokyo, Japan) with a DS-Fi1 camera allowed the imaging of nine rows
of stomata on the surface of the needles, better visible on the reference sample (Figure 3). In
addition, morphological changes were observed within the surface of the needles subjected
to pressure, consisting of the bending of the lateral edges and a change in colour from green
to yellow. In addition, foreign particles of brown and black colour were found (Figure 3b,c).
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chemical composition (b) including measurement points (a). 
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Ożarów (b,c).

Chemical composition analysis showed the highest concentrations for iron, aluminium
and manganese in both sampled needle types. Iron and aluminium, due to their prevalence,
will be treated following Garret and Grunsky [15] as a geogenic pollutant and manganese
will be treated as a component of plant tissues [16]. Special attention was given to other
elements (Cr, Cu, Ni, Pb, Zn) with anthropogenic origin and toxic effects. Using cluster
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analysis, three groups of point locations were selected: those with the highest concentrations
in the eastern part of the study area (points 2 and 4), medium concentrations from the
southern and northern parts (1, 7, 9–13) and the lowest concentrations, characteristic of the
area most distant from the plant (3, 5, 6, 8, 14–15) (Figures 4 and 5).
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found at points 1 and 7 for annual needles and at points 1 and 2 for biennial needles, 
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The concentrations of lead, chromium, copper, zinc, aluminium and iron for annual
needles were highest at point 2, which similar for biennial needles, except for copper
(point 9) and zinc (point 4). The highest concentrations of manganese and nickel were
found at points 1 and 7 for annual needles and at points 1 and 2 for biennial needles,
respectively (Figure 6 and Table 1).
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Table 1. Chemical composition of selected elements. Values below the detection limit are marked as
“n.d.” (not detected).

Sample No.
Pb Cr Cu Mn Ni Zn Al Fe

(mg/kg Dry Mass)

an
nu

al
pi

ne
ne

ed
le

s

1 1.6 0.7 6.4 823.3 1.0 42.5 478.9 336.6

2 4.0 2.9 8.3 148.3 2.7 83.1 550.4 1234.5

3 0.9 0.9 4.4 114.7 n.d. 27.8 239.5 246.6

4 1.2 1.1 4.5 69.2 0.3 41.5 229.8 423.1

5 0.5 0.4 4.6 46.8 0.1 23.5 112.6 183.2

6 0.5 0.4 3.5 142.6 n.d. 30.2 124.7 254.5

7 1.5 0.9 5.3 150.2 6.2 42.1 174.3 467.8

8 0.4 1.2 4.3 425.7 0.8 27.3 291.9 315.9

9 0.3 0.7 5.1 184.9 0.6 46.5 105.3 282.5

10 0.2 n.d. 3.2 126.4 n.d. 37.1 47.1 232.3

11 0.4 0.5 4.2 125.5 0.3 49.6 96.0 270.5

12 0.4 0.1 2.6 84.4 n.d. 25.3 63.6 167.7

13 0.5 0.6 4.0 420.3 n.d. 35.2 240.8 166.4

14 0.6 0.4 2.9 75.0 1.0 28.9 87.2 182.4

15 0.2 0.4 3.8 5.9 n.d. 38.0 22.5 137.5

min 0.2 0.1 2.6 5.9 0.1 23.5 22.5 137.5

max 4.0 2.9 8.3 823.3 6.2 83.1 550.4 1234.5

mean 0.9 0.8 4.5 196.2 0.9 38.6 191.0 326.8

bi
en

ni
al

pi
ne

ne
ed

le
s

control 0.0 0.2 0.5 321.4 0.3 4.2 83.3 38.3

1 0.6 n.d. 2.4 889.4 0.5 31.9 566.6 288.1

2 4.9 2.7 8.1 220.9 3.3 64.7 693.9 1233.3

3 1.0 0.6 4.1 155.3 0.3 23.7 278.7 413.7

4 1.8 1.5 3.1 31.0 0.8 69.2 328.6 610.7

5 0.8 0.5 2.6 22.9 0.8 17.9 127.2 348.3

6 1.4 1.0 8.5 94.3 0.4 23.1 211.2 339.3

7 1.1 1.0 5.8 271.5 n.d. 44.3 192.7 360.7

8 1.2 0.8 8.8 642.2 1.0 20.9 578.4 387.1

9 1.0 0.2 9.6 168.8 0.4 44.4 160.0 278.3

10 0.8 0.3 6.8 124.1 0.5 49.2 93.9 279.1

11 1.6 1.0 7.7 206.3 0.5 52.3 221.4 346.7

12 0.7 0.9 7.9 108.7 n.d. 33.0 108.7 288.5

13 1.2 0.4 7.4 549.8 0.5 37.0 432.4 202.6

14 0.8 0.3 7.2 14.7 n.d. 19.3 134.6 181.4

15 0.4 n.d. 5.2 n.d. n.d. n.d. n.d. n.d.

min 0.4 0.2 2.4 14.7 0.3 17.9 93.9 181.4

max 4.9 2.7 9.6 889.4 3.3 69.2 693.9 1233.3

mean 1.3 0.8 6.3 233.3 0.6 35.4 275.2 370.5
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Using principal component analysis for the pine needle chemical composition results,
two main components, PC1 and PC2, were distinguished (Figure 7, Table 2). Together, they
generated 82% of the variability in the samples in question. They take into account the
considerations arising from the coexisting cement industry, waste incineration plants and
the associated vehicular traffic in the area, as well as National Road 79 (PC1 and PC2).
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Table 2. PCA analysis results.

Parameter PC1 PC2

Pb −0.98 * 0.06

Cr −0.95 * 0.19

Cu −0.14 −0.71 *

Mn −0.17 −0.91 *

Ni −0.96 * 0.00

Zn −0.63 0.31

Al −0.82 −0.47

Fe −0.96 * 0.21

Variability 60% 22%

Total 60% 82%
* PC1 ≤ −0.9; PC2 ≤ −0.7.

The components PC1 and PC2, representing the impact of the cement works and
incineration plant, generated 82% of the total variance. The PC1 component showed a
high weighting (≤−0.9) for Pb, Cr, Ni and Fe (Table 2). In contrast, the second component
(PC2 ≤ 0.7) shapes 22% of the total variance with the highest weighting for Mn and Cu,
whose emissions are also associated with road transport.

SEM analysis allowed the visualisation of the underside of the annual assimilation
organs of Scots pine, taken from point 6 (Figure 8). The images taken showed 12 rows
of stomata with a significant degree of foreign material impregnation. The identified
particles were characterised by a large variation in size and shape. Inside the stomata
(22.8 µm wide), spherical structures of 2.5–3.8 µm were found. In addition to these, sharp-
edged particles with sizes of 3.1–6.05 µm were abundantly represented, also forming larger
conglomerates (Figure 8c).
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nated with mycelium. Regarding chemical composition, there is a predominance of oxy-
gen over silicon and aluminium (Figure 10). 
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(c) ×2000 magnification.

To identify the elemental composition, EDS analysis was carried out within the
plugged stomata—the area marked with a yellow circle (Figure 9).
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Figure 9. EDS analysis: (a) field localization—orange frame and (b) X-ray intensity for each wave-
length with a percentage of detected elements—yellow circle.

Elements were found in the analysed area, forming a descending sequence of
C > O > Fe > Si > Ca > Al. Given the nature of the sample, the interpretations of the
test results indicative of environmental (including anthropogenic) conditions include iron,
silicon, calcium and aluminium (oxygen and carbon from the needle’s organic matter). The
control sample (SEM/EDS) showed no particles typical of the cement industry seen in the
samples from Ożarów (Figures 8 and 9). The surface of the needle was heavily impregnated
with mycelium. Regarding chemical composition, there is a predominance of oxygen over
silicon and aluminium (Figure 10).
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4. Discussion

The chemical composition of the tested needles showed elements of anthropogenic
origin with toxic effects, namely lead, chromium, nickel, zinc and copper. Their carriers are
cement dust (primary and secondary), dust from incinerators and other dust that moves
freely in the atmosphere [17]. It should be stated that the countermeasures taken were
effective in reducing heavy metal emissions. The concentrations of the analysed elements
around the Ożarów cement plant were significantly lower than the concentrations found
in the reference sample and several times lower compared to pine needles collected in
the north-western part of Poland in an unpolluted environment [18] (Table 3). Cement
dust, which is the carrier of most of the harmful elements shown through the chemical
analysis of sampled needles, has been the subject of studies in the Białe Zagłębie area of
Poland [19] and Opole [20]. Elements forming similar descending sequences were found
in their composition. Depending on the extent of the determinations, the sequence was
Al > Fe > Mg > Zn > Mn > Sr > Pb > Ni > Cr > Cu > Co > Cd for Białe Zagłębie and Fe > Zn
> Mn > Pb > Cu > Cr > Ni > Tl > Cd > Hg for the study in Opole. Dust, due to its size and
deposition conditions, was deposited to varying degrees in the area around the emission
source, modifying the chemical composition of the soil. Studies carried out in Ożarów by
PIG [21] showed the following ranges of concentration values in the near-surface 0–20 cm
soil layer: Cr (1–7 mg/kg, Zn (12–98 mg/kg), Cu (3–10 mg/kg) and Pb (3–25 mg/kg). The
average values for Poland are, respectively: Cr (4 mg/kg), Zn (29 mg/kg), Cu (4 mg/kg)
and Pb (12 mg/kg). This is primarily influenced by distance, land use and terrain, as well
as location relative to the prevailing wind direction. Studies conducted have confirmed
a reduction in the emission of harmful metals into the environment, compared to studies
conducted in Ożarów a decade earlier [22]. Within 10 years, the concentration of lead
contained in needles from Ożarów has been clearly reduced from 17.8 mg/kg to 1.27 mg/kg
(a 14-fold lower Pb content). A much lower reduction of harmful emissions was found in
the case of copper and zinc (on average, 1.3 times lower content compared to those found
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in the Świercz study [22]). The needle reaction and concentrations of most of the analytes
recorded at Ożarów were similar to those found in the White Basin area in the south-
western part of the Świętokrzyskie Mountains [23,24]. Significantly higher concentrations
of lead, copper and zinc were seen in studies of pine needles exposed to metallurgical
industry pressure [25] and zinc and lead smelters [26].

Table 3. Comparison of the results of biennial pine needle surveys taken in cement pressure areas
around the world (distance approx. 1 km from the emitter).

Area
Pb Cr Cu Mn Ni Zn Al Fe Source of

Pollution References

(mg/kg d.m.)

Ożarów
(Poland) 1.27 0.75 6.34 233.33 0.6 35.38 275.22 370.51 cement plant

Ożarów
(Poland) 17.8 8.0 46.3 cement plant [22]

Sitkówka
(Poland) 29.5 8.8 61.5 cement plant [22]

Nowiny
(Poland) 0.5 0.78 1.51 50.3 2.26 26.2 118.6 44.1 cement plant [24]

Białe Zagłębie
(Poland) 1.1 2.8 4.7 0.9 61 320 240 cement plant

lime plant [23]

Kunda
(Estonia) 52 520 800 cement plant [27]

Bryansk
(Rosja) 1.36 1.94 54.38 1.57 47.07 79.85 cement plant [28]

Olkusz
(Poland) 38.6 1.0 4.0 251.1 metal industry [25]

Miasteczko
Śląskie

(Poland)
385.1 11.52 370.3 63.53 zinc and lead

smelter [26]

Drawno
(Poland)

2.10 ×
10−3

1.10 ×
10−3

2.67 ×
10−3

1.13 ×
10−3

2.89 ×
10−3

47.4 ×
10−3

34.2 ×
10−3 not polluted [18]

Warszawa
(Poland) 0.78 0.55 47.7 smelter [29]

The SEM/EDS images visualised particles of anthropogenic origin of varying size and
shape. They cover the surfaces of the assimilatory organs unevenly and fill the stomata. The
chemical composition of the imaged particles makes it possible to group them according to
the classification [30], such as mineral (irregular shape and varied size; composed of Ca,
Al, Si and Fe), coal ash (spherical particles composed of Al and Si) and industrial cement
(larger limestone conglomerates). The study of alkali dust [31] allowed a separation among
the SEM/EDS imaged particles: concentric particles and spherules. They had Al–Si (from
coal combustion) and Fe in their composition, which is characteristic of pollution from the
cement industry. The size of the spherules (those from Ożarów with a diameter of about
2.5–3.8 µm) allows them to be transported in the atmosphere over considerable distances.
Similar conclusions were drawn by Sensuła [32], where Fe, Mg, Al, Si, S, K and Ti were
identified in the area of influence of a coal-fired power plant. Apart from the spherules,
the Ożarów needle images showed the presence of larger structures of around 20 µm.
According to Magiera [31] these are particles with a characteristic octahedral grain shape
formed from iron ferrites. They are created during the technological process of cement
production, where the dust is enriched through ferromagnetics. In the control sample,
significantly lower concentrations of metals (except manganese) were found. No dust
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particles were identified on the surface of the needles. The habitat conditions allowed
mycelium to flourish.

5. Conclusions

The high-temperature transformations of fossil fuels cause multidirectional environ-
mental consequences. The cement plant in Ożarów has significantly reduced dust and
SO2 emissions associated with production (CO2 emissions have remained at a stable level
for several years). Persistent levels of anthropogenic pressure have been diagnosed using
living organisms.

The needles of the Scots pine used in the study confirmed their diagnostic properties
in a study of an area subjected to heavy industrial pressure. Both the chemical compositions
and the SEM images of the bio-indicators were significantly modified compared to studies
conducted in uncontaminated areas.

SEM/EDS analysis showed the presence of particles with a respirable dust fraction
representing a direct threat to human health and life. The chemical composition and shape
of the particles deposited within the stomata indicate the presence of contaminants from
the cement industry as well as from fuel combustion products.

The presence of these particles in the stomata may limit gas exchange and contribute
to the degradation of the pine forest stand, with the Scots pine being predominant, as
demonstrated by the SEM microphotographs of interlocked stomata.
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23. Kozłowski, R.; Szwed, M.; Żukowski, W. Pine needles as bioindicator of pollution by trace elements from cement-limestone

industry in central-eastern Poland. Carpath. J. Earth Environ. 2019, 14, 541–549. [CrossRef]
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