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Abstract: Tree-ring analysis was used to investigate the impact of air pollution on forest stands in southern part
of the Upper Silesia region of southern Poland. Four about 120 years old Scots pine stands located near Wodzisław
Śląski and Rybnik were selected for study and 20 increment core samples from each stand were taken. All study
stands were selected based upon their considerable exposure to air and dust pollution.
The results of dendrochronological analysis showed strong and significant reductions in tree ring growth especially during the period from 1960 to 1990. A significant number of trees with reductions (85%) was observed
in two Scots pine stands both of which are directly exposed to air pollution from mine-owned coking plant and
power and heating plants. Since 1990s the improved growth of these pines was clearly noted. A comparison for
the period 1970 to 1990 for stands located west from the main emitters’ versus stands east and directly exposed
found fewer trees with growth reductions (ca. 40%). At the beginning of the 21st century, a large number of trees
in these western stands were observed with growth reductions between 50 and 60%. Probably, these trees were
affected by air pollution from a nearby power plant located immediately across the border in the Czech Republic.
Relationships between periods of severe reductions in ring width growth or missing rings were noted in a large
percentage of pine trees in all four stands; these cross-stand relationships suggested common weather related impacts. Missing rings were noted in 1956, 1963, 1968, 1970, 1971, 1973, 1976 and 1979.
Keywords: dendroecology, Pinus sylvestris, air pollution, Southern Poland

INTRODUCTION
The tree growth, and consequently the width of
a ring developed during the growing season, is
affected by a number of biotic and abiotic factors (Schweingruber 1996). Thanks to the information recorded in annual increments of trees
we have an archive of data that can be examined
in light of known abiotic and biotic stress factors
such as defoliation, drought, frost, and air pollutants. A myriad of air pollutants formed during
the industrial processes can affect the tree growth
and development both acutely and chronically
(Farrar et al. 1977, Greszta 1987). Trees growing
within the range of industrial emissions have been
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observed to have narrower annual increments or,
in extreme cases, have no increment at all in a given year (missing ring) (Schweingruber 1986, Nöjd
& Reams 1996, Malik et al. 2009, Rydval & Wilson 2012).
Dendrochronological methods are often used
in studies of the impact of industrial emissions on
trees and stands (Zielski 1992, Oleksyn et al. 1993,
Szychowska-Krąpiec & Wiśniowski 1996, Szychowska-Krąpiec 1997, Juknys et al. 2003, Danek
2007, 2008, Sensuła et al. 2015a). Most often, these
studies find an abrupt decline and a slower recovery in growth with the onset and cessation of air
pollutant exposure. With the absence of measurement data for emission of noxious compounds, the
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results of dendrochronological analyses are a valuable source of information on the condition of the
environment (Malik et al. 2009, Barniak & Krąpiec
2016). The results of dendrochronological analysis
allowed one to observe the recovery of trees associated with an improvement of the environment
(Krąpiec & Szychowska-Krąpiec 2001, Danek 2007,
Sensuła et al. 2015a, Sensuła et al. 2016).
Intensive industrial growth in the Upper Silesia related to coal mining and use, particularly in
1960–1990, had a detrimental impact on the region’s environment, including the forests. Studies on the impact of this industrial activity on
the trees and stands located near the Tarnowskie
Góry Chemical Plant and Miasteczko Śląskie Zinc
Works (Malik et al. 2009, 2012) demonstrated an
adverse impact of this activity on tree growth and
stand condition in the past decades. Similarly, the
pine stands in the area of the Łaziska Power Plant,
which has been operated since 1917, have also
shown strong negative impacts to tree and stand
condition (Sensuła et al. 2015b).
Many industrial plants (mines, coking plants,
power plants) were built in the vicinity of Wodzisław Śląski and Rybnik in the 20th century (Cichy
2011, Frużyński 2012). The region was also affected by the Dziećmorowice Power Plant in Czech
Republic. As a result of prevailing western winds
(System informacji o jakości powietrza..., 2011),
the emissions of gaseous pollutants could affect
the condition of local forests.
As a result of the known industrial activity in
the Upper Silesia and adjacent areas, this dendrochronological study aims at documenting the impact of this activity on annual increment changes
in the growth of pines. The specific goals of this
study are to document the timing, duration, and
extent of impact on Scots pine trees in this area.

STUDY AREA
The area of the study is located in the southern part
of the Silesian Province; it is situated in the Rybnik Plateau mesoregion that is a part of the Silesian Upland macroregion of Poland (Kondracki
2002). This is a region of mixed forest stands of
Scots pine and hardwoods, agricultural fields, and
a region with a 100-year history of industrial activity including intensive coal mining and, more
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recently, coking and power plants. All study forest
stands are in the Rybnik Forest Range (forest districts: Chwałęcice, Ornontowice, Szczotki, Wodzisław) (Fig. 1, Tab. 1).
Meteorological and air quality observations
were collected during the 2001–2010 decade
at Polish (IMGW-PIB) and Czech weather stations. During that period, an annual mean temperature of 9°C was observed, and an annual mean
precipitation ranged between 636 to 824 mm. The
western winds prevail during the year (System informacji o jakości powietrza..., 2011).
As shown in Figure 1, there are currently four
coal mines, “Chwałowice”, “Jankowice”, “Marcel”,
and “Rydułtowy-Anna” in operation in the Rybnik
Coal Basin (Frużyński 2012). The recently closed
“Marcel-Ruch 1 Maja” mine was in operation for
over 100 years. Its operation transformed the hydrogeological conditions down to the depth of
1000 m and also lowered the water table and dried
the rock mass down to depths between 200–400 m
(Paczyński & Sadurski 2007). Coal mining also
caused air pollution as a result of the dust blown off
the large waste dumps associated with each mine.
This coal mining supported the development
of the power plants and combined heat and power plants (CHP) found in this area. The Rybnik
Power Plant is located in the northwest part of the
city at the Rybnik Reservoir (Fig. 1). It was built
in 1972–1974, the stacks are 260 and 300-m high.
The Marcel CHP Plant (stack height 80 m) built
in 1908 is located at the premises of Marcel Coal
Mine in Radlin. The operation of these power
plants has resulted in air pollution (Lokalny program rewitalizacji..., 2009).
The Radlin Coking Plant, located in the city
of Radlin, some 5 km north of Wodzisław Śląski
(Fig. 1), is also a major source of air pollution. Plant
construction started in 1910 and it was commissioned in the same year. Over more than a century
of operation, the plant has produced 50 million tons
of coke (Cichy 2011). Coke and gas production peaked in 1971. In 1990, the Radlin Coking Plant made
it to the list of 80 plants most noxious to the environment, and in 1992 it joined the “Clean Production” programme. The Poland’s most modern coke
gas desulphurization system was commissioned
at the plant in 1999. The greatest emissions of pollutants took place between 1980 and 1990 (Fig. 2).
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Fig. 1. Location of the study sites and the main pollution sources. Wind rose in the investigated area is also shown (System
informacji o jakości powietrza..., 2011)

Table 1
Basic information about the four study sites (FMBF – fresh mixed broadleaved forest, FCF – fresh coniferous forest; see Figure 1
for sites locations)
Study site name
Chwałęcice

Study site code
name

Elevation [m]

Average age of
trees [years]

Habitat type

Soil group

C-NW

225

110

FMBF

arenosols

Szczotki

S-NE-1

228

130

FCF

arenosols

Ornontowice

O-NE-2

231

120

FMBF

arenosols

Wodzisław

W-SW

210

120

FMBF

arenosols

12000

thousands of Mg

10000
8000
dust
gases
total

6000
4000
2000
0

1980 1985 1990 1995 2000 2003 2004 2005 2006 2007 2008 2009
year

Fig. 2. The amount of emission from Radlin Coking Plant in the years 1980–2009 (Cichy 2011)
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About 20 km south of Wodzisław Śląski the
Dziećmorowice Power Plant is located and the adjacent Ostrava-Karvina Coal Basin, as well. The
Czech plant generating power and heat was built
in 1971–1976. It is the biggest power plant in the
country and a large emitter of pollutants. Filters
were installed on the stacks in 1998 to reduce air
pollution. The plant’s stacks reach 259 m and can
be seen even from Wodzisław and Rybnik.

MATERIAL AND METHODS
The dendrochronological studies were performed
in four similar Scots pine (Pinus sylvestris L.)
stands, about 120 years old and located in the
Rybnik Forest Range (Tab. 1). The sites are located
within the 10 km radius from the nearest sources
of pollutants (Fig. 1). Due to the prevailing western
winds, two of them (Szczotki – site code S-NE-1
and Ornontowice – site code O-NE-2) are directly
affected by the pollution from the emitters located
in Wodzisław and Rybnik. Sites Wodzisław (site
code W-SW) and Chwałęcice (site code C-NW)
are located west of those emitters. The site W-SW
is the closest to the Dziećmorowice Power Plant
in Czech Republic. The tree stands are classified
as permanently damaged by industrial activity
(source: forest surveys).
Standard dendrochronological methodology
was applied in the field and laboratory portions
of this study (Zielski & Krąpiec 2004, Barniak &
Krąpiec 2016). At the end of the 2015 growing season, twenty breast height increment cores were
taken from pine trees on each site using an increment borer. Dominant trees without obvious damage and with healthy canopies were selected for
coring. Measurements of annual increments were
made to 0.01 mm accuracy for each sample core
using a DENDROLAB device linked to a computer to record the results. The resultant increment
sequences were correlated with each other using
PROT1 software (a package of TREE RINGS programs, Krawczyk & Krąpiec 1995) based on the
value t (Baillie & Pilcher 1973) and coefficient
of correlation r. The local chronology was determined based on the individual sequences with
the highest correlation (t > 4.5) that did not show
abrupt decreases of annual increments. The chronology covers the period from 1902 to 2015, and
includes 11 individual sequences. The chronology
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assumption of correctness was verified using the
COFECHA software (Holmes 1986). Then, the
reduction of annual increments was determined
using Quercus software for each individual sequence, which is not a component of the mean
(Walanus 2005). The methodology suggested by
Schweingruber (1986) was applied, wherein the reduction of annual increments R (expressed in percentages) is calculated as the ratio of the sum of
the width of reduced increments to the sum of the
width of non-reduced increments. The reduction
size is defined by three classes: RI (30–50%) – low
reductions, RII (50–70%) – strong reductions, RIII
(above 70%) – very strong reductions.

RESULTS
The four study sites have a large number of trees
with an annual increment reduction greater than
90% (Fig. 3). The fewest number of pines with reductions was found at site C-NW (up to 55%) and
very strong reductions were not found there. Annual reductions in increment were detected in
1965–1990 and 1995–2015. The reductions at site
W-SW happened during the same two periods,
but were more severe (class RIII) and occurred
in a greater number of trees. At site S-NE-1, the
reductions of annual increments were recorded between 1963 and 1985. The greatest number
of pines with reductions was observed between
1965 and 1975. A similar distribution in growth
reductions was found at the site O-NE-2, where
the most reductions took place between 1963 and
1990. Reductions in annual increment were observed in most of the trees, reductions extended
over almost all of this 27-year period, the proportion of reductions in classes RII and RIII were the
highest in the four study site. Beginning around
1990, the number of pines with reductions on
the sites S-NE-1 and O-NE-2 fell and remained
low. On the sites C-NW and W-SW, after a period of short improvement of increment growth in
those same years, the number of trees with reductions actually increased to 60%. These are mainly class I and II reductions at site C-NW; in contrast, class II and III reductions dominated at
site W-SW. The greatest number of trees with the
highest-degree of reductions and with a significant number of trees with missing rings was recorded in the 1970s (Tab. 2).
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Fig. 3. Growth reductions at pines in respective classes. Explanations: low (30% < RI < 50%) – light grey, strong (50% < RII < 70%) –
– grey, very strong (RIII > 70%) – black

Table 2
Missing rings identified in samples at study sites
Study site name

Chwałęcice

Szczotki

Ornontowice

Wodzisław

Study site
code name

C-NW

S-NE-1

O-NE-2

W-SW

Sample code

Missing ring
year

Reduction
range [years]

Value of
reduction [%]

Class of
reduction

2C1_2

1970

1970–1974

37.5

RI

2C1_7

1963

1963–1966

31.2

RI

2C1_8

1963

1957–1979

52.0

RII

2S2_8

1971

1965–1983

49.1

RI

2S2_8

1979

1965–1983

49.1

RI

2S2_11

1968

1964–1971

38.1

RI

2O3_1

1956

–

–

–

2O3_7

1979

1968–1990

69.3

RII

2O3_8

1976

1966–1982

63.3

RII

2O3_10

1979

1975–1983

55.0

RII

2O3_14

1976

1964–1987

57.7

RII

2W4_8

1963

1940–1967

65.3

RII

2W4_9

1963

1962–1966

30.7

RI

2W4_16

1973

1960–1984

68.6

RII

2W4_18

1960

1960–1971

70.3

RIII

2W4_20

1963

1960–1970

74.8

RIII
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DISCUSSION
In the 1970s the industry in the region grew fast.
The Rybnik Power Plant was built, and at that time
it did not have any equipment limiting the emission of pollutants to the atmosphere. The flue gas
desulphurization system, which could improve
the condition of the environment, was not built
until 1991 and it covered only four of the plant’s
eight units (Jarzębski 1997). Coal mining expanded at the same time, a continuation of the process
initiated in the previous decade. As a result, coal
output increased, varying among the different
mines, from 1 to 2.5 million tons a year (Mrowiec
1974, Rojek 2005, Cichy 2008, Adamczyk 2015).
In 1988, total coal output exceeded 3 million tons
(Adamczyk 2015). The 1970s mark the growth of
the Radlin Coking Plant (Cichy 2011). Its peak
emissions occurred in 1985; however, significantly reduced emissions were not achieved until after
1990 (see Fig. 2). The Marcel CHP had an adverse
effect on the environment of the region; since
1976, its processing and burning activities resulted in the emission of about 20 thousand tons of
dust and 8 thousand tons of sulphur dioxides per
year. In 1979, modern dust removal equipment
was installed and its installation resulted in a 98%
reduction in emission (Cichy 2008). Also, in 1976,
the Dziećmorowice Power Plant came on line
(www.cez.cz).
In terms of tree ring increments at the four
study sites, the 1980s were characterized by the
widespread presence of narrow-rings. In many
cases, the narrowing of rings began prior to 1980.
Beginning in the second half of the 1980s, the
condition of study trees gradually started to improve as evidenced by wider annual increments
(Fig. 3). More rigorous emission standards for
noxious gaseous compounds and installation of
dust removal equipment improved the air quality. It should be emphasized that the ring width
increases observed in the the 50 study trees also
reflect the regional trend noted in the 1990s (Szychowska-Krąpiec 2001, Danek 2007, Krąpiec &
Sensuła et al. 2015a, Sensuła et al. 2016).
From 2000 to 2015, the number of trees demonstrating reductions in ring increment increased on
two (W-SW and C-NW) of the four sites, reaching 60% of examined pines. The tree stand on the
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site W-SW was undoubtedly affected by pollution
emitted from Czech Republic when in 2011 the
largest emission of noxious compounds to the atmosphere took place at the Dziećmorowice Power
Plant (Air pollution fact sheet, 2013). On the other hand, the modernization of the Radlin Coking Plant between 2007 and 2008 and limiting the
coke production in 2008–2009 (Cichy 2011), as
well as the modernization of boilers at the Marcel
CHP in 2007, appeared to have improved the tree
and stand condition on sites S-NE-1 and O-NE-2
(Cichy 2008). These plant modifications reduced
the emissions of dust and air pollutants, but did
not eliminate them entirely.
The 16 trees examined in this study had missing rings (Tab. 2); their occurrence largely coincided with the periods of the greatest reductions of annual increments. During the 1970s on
site O-NE-2 missing rings were found in 4 of the
20 sample trees. The fewest trees with missing rings
were found on the site C-NW (3 samples), a site that
also had the fewest trees with reductions. In addition to the effect of dust and air pollutants, missing
rings could have been the result of adverse weather.
After an exceptionally severe winter in 1962 and
a hot summer during the next vegetation season
(Opała & Mendecki 2014), no increment in 1963
was found in 5 trees on the sites W-SW and C-NW.
The 1978/79 winter was similarly cold, and no increment in 1979 was found in several trees (Tab. 2).
The combined effect of adverse weather and large
amounts of emissions in the 1970s resulted in a significant growth impacts on these pine stands (see
Barniak 2009, Malik et al. 2009).

CONCLUSIONS
1. The time and spatial distribution of reduction of annual increments obtained as a result
of the studies reflects the adverse effects of air
pollution on the natural environment.
2. The gaseous pollutants emitted by the region’s
industry contributed to the decrease of the
width of annual increments in pines, particularly in the 1970s and 1980s.
3. A significant number of trees with reductions
and the highest reduction degrees were found
on the sites situated along the directions of
prevailing winds.
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4. The largest reductions, also in recent years,
were observed on the site closest to the Dzieć
morowice Power Plant.
5. In the second half of the 20th century, the combination of natural and anthropogenic causes
probably intensified the degree of ring reduction and increased the number of trees with reductions.
6. The missing rings coincide with periods with the
largest number of trees with reductions. There
relationship between the occurrence of missing
rings and adverse weather has been noticed.
This work was financially supported by the AGH
University of Science and Technology as a part of
statutory project no. 16.16.140.315.
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