
Introduction

Dendrochronological methods were developed in the
second half of the 19th century [1]. The rapid development
of investigation techniques allowed for the wide application
of dendrochronology in the assessment of natural and
anthropogenic environmental changes [2, 3]. Increasing
anthropogenic pressure on forest ecosystems together with
a global climate change have created new challenges for
dendrochronology [4-8], because dendrochronology allows
for the assessment of anthropogenic pressure during the
entire period of a tree’s growth.

The first signs of forest decline in the areas surrounding
‘Achema’ were observed in 1972 [9]. Numerous investiga-
tions, mostly based on crown defoliation, were carried out
in the surrounding forests, although only in certain studies
[10-12] were tree-ring widths utilized as an indicator of pol-

lution disturbances [13-15]. The effect of environmental
pollution in all dendrochronological investigations was
assessed by analyzing the average tree-ring width chronolo-
gies and neglecting the different responses of individual
trees to pollution. In a very limited number of studies, indi-
vidual trees were analyzed and their radial growth explored
for the investigation of environment-tree growth relation-
ships [16-19].

The aim of this study is to investigate, using den-
drochronological techniques, the sensitivity of Scots pine
radial growth in the areas surrounding ‘Achema’, and to
assess the pines differently regarding their responses to pol-
lution. Based on recent studies, the response of trees to
environmental pollution is individual: there are sensitive
and resistant trees among the same population. We assume
that the sensitivity of pines might be related to the morpho-
logical features of trees and the frequency of missing rings
may serve as an indicator of tree sensitivity to pollution.
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Abstract

The results of a dendrochronological investigation carried out on Scots pine (Pinus sylvestris L.) in the

vicinity of JSC ‘Achema’ are presented. We found that pines sensitive and resistant to pollution exist in the
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morphological bark forms of pines in respect to their sensitivity to pollution. The frequency of missing rings
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Experimental Procedures

The fertilizer plant ‘Achema’ is located in central
Lithuania, approximately 35 km from Kaunas (the second
biggest city in Lithuania) (Fig. 1). The plant was founded in
1965. Nitrogen fertilizers are the main ‘Achema’ produc-
tion. The total emissions of ‘Achema’ in the 1980s com-
prised 35-40 thousand tons annually, which was reduced
almost eight times by the 2000s. The composition of aerial
emissions in the 1980s included carbon monoxide 26.5%,
sulphur dioxide 12.4%, nitrogen oxides 10.3%, ammonia
10.1%, and mineral dust 37.3% [15].

The first signs of forest damage at the local level were
observed in 1972. Forest damage gradually increased until
it became severe in 1979, when the highest pollution rates
coincided with extreme climatic conditions. Coniferous
forests have completely disappeared at a distance of 3 kms
from ‘Achema’. Despite a fundamental reduction of pollu-
tants at the beginning of the 1980s due to pollution mitiga-
tion measures, the area of damaged pine stands continued
to increase for several years. According to the investiga-
tions, the recovery of the severely damaged pine stands
located within a 5 km distance from the plant began in the
transition from the 1980s to the 1990s when emissions were
dramatically reduced [15].

Scots pine stands in the areas surrounding the plant
were selected for the study. For the purposes of the study,
three experimental plots (202 semi-mature trees, the aver-
age age of trees – 97.6±1.3 years) located 3.34-3.78 km
northeast of the plant were selected. The terrain is 90-100
m above Baltic Sea level.

Samples from 202 pines of dominant, codominant, and
emergent crown classes were taken by inserting an incre-
ment borer at chest height. The morphological bark form
and crown class of pines were examined visually compared
to the “standard tree” described in the dendrological refer-
ences [22]. Crown class is the category of tree based on its
crown position relative to adjacent trees [21]. The crown of
dominant trees is well developed; it extends above the gen-
eral canopy layer of the stand and intercepts direct sunlight.

The codominant crowns form the main crown canopy for
the stand. The crown is of medium size, well developed and
intercepts direct sunlight across the top. The intermediate
crown extends into the lower part of the main canopy and
intercepts direct sunlight only at a limited area on the top.

Nine forms of pines classified according to morpholog-
ical bark type and stem surface have been documented in
Lithuania. Three bark forms predominate in Lithuanian
forests: P. s. f. kienitzii Seitz. (80%), P. s. f. bonapartei
Seitz. (19%), and P. s. f. seitzii Schwerin (2-3%). The other
six forms are rarely found or only a few trees of them have
ever been reported [22].

Tree-ring widths were measured to within 0.001 mm
accuracy using a LINTAB tree ring measuring table and a
WinTSAP 0.30 (F. Rinn Engineering Office and
Distribution, Heidelberg). The measured series were cross-
dated by visual comparison [23] of ring-width graphs and
checked statistically using the Cofecha 3.00P computer
program (R. L. Holmes, Tucson) [24]. We investigated the
occurrence of missing rings in the radial growth series of
pines during the strongest pollution period. This was done
in order to improve our understanding of how the number
of missing rings serves as an indicator of tree sensitivity to
pollution. A missing ring is a tree ring that is absent in a
sample (increment core or stem disc) due to a failure in
cambial activity [25].

The period of the strongest depression in the radial
growth of pines was assessed by comparing the radial
growth patterns to pine stands located 20-50 km distant
from ‘Achema’. The methodology is discussed in detail by
R. Erlickytė and R. Juknys [13-15]. As a result, two periods
were selected for further investigation: 
(i) a 24-year period before the growth depression (1952-

75), and 
(ii) a 9-year period of the strongest depression (1979-87).

The decrease percentage (Dn) of the radial growth for an
individual tree was calculated according to formula 1:

(1)

...where: 
X̄2 – the average radial growth of a tree in 1952-75,
X̄1 – the average radial growth of the same tree in 1979-87.

Trees were judged to be sensitive (Ts) if the decrease in
radial growth was bigger than the average for all of the
trees, plus the standard deviation. Similarly, trees were
judged as resistant (Tr) if the decrease was smaller than the
average for all of the trees minus the standard deviation
(formula 2 and 3).

(2)

(3)

...where: X̄n – average decrease in the radial growth for all
investigated trees, S – standard deviation of the decrease.

Ts Xn  + S 

Tr Xn  - S 

Dn =  · 100
2

12

X
XX  
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Fig. 1. Location of experimental plots (black square) of Scots
pine in Lithuania.



The growth rate of sensitive and resistant pines to pol-
lution in the period before the pollution occurred (1921-75)
was compared. This period covers all trees growing in three
experimental plots. The significance of the differences was
evaluated using a t-test. Analysis was performed using
Statistica 6.0 (Statsoft Inc., Tulsa).

Results

The constructed tree-ring width chronology is present-
ed in Fig. 2. Two periods were distinguished: ‘A’ – a peri-
od before the heaviest pollution (1952-75), and ‘B’ – the
strongest depression period (1979-87), which was fol-
lowed by a recovery phase. The average tree-ring widths in
1979-80 were reduced to less than 0.50 mm per annum
(Fig. 2).

The total number of detected sensitive and resistant
trees is 31 and 29, respectively. The radial growth dynamic
of both pine groups before pollution was highly synchro-
nous (r=0.90, p=0.00). In comparison to 24 years before,
the average decrease in the radial growth of sensitive trees
during the 1979-87 period was 1.6 mm, while the growth of
resistant trees decreased by only 0.2 mm. The average tree-
ring widths for both sensitive and resistant pines in the peri-
od before pollution occurred (1921-75) are shown in Fig. 3.
It is evident that the growth rate of the trees is clearly dif-
ferent. The trees judged to be sensitive to pollution grew
much faster in the period before pollution in comparison to
resistant trees: 2.48±0.08 mm and 1.56±0.08 mm, respec-
tively (Fig. 3). A t-test confirms that these differences are
highly significant (p=0.00).

We investigated the relationships between the sensitivi-
ty of trees to pollution and the morphological features of
trees: crown class and morphological bark type. About half
of the trees (52%) in all the experimental plots belong to the
codominant crown class. The number of dominant and
emergent trees comprises approximately 28% and 19% of
the pines, respectively (two trees were not investigated
because they were cut during the study time). Fig. 4 shows
that dominant and codominant crown classes are more
common among sensitive pines in comparison to resistant

trees. On the other hand, trees with emergent crowns are
twice as common among the resistant trees. However, the
differences are not statistically significant (p=0.74, 0.44,
and 0.19, respectively).

Two morphological bark forms of pines were found: P.
s. f. kienitzii Seitz. – 154 trees (76.2%) and P. s. f. bona-
partei Seitz. – 46 trees (22.8%). Two trees from 202 were
cut during the investigation time; consequently this infor-
mation on bark form is missing. The distribution of the
morphological bark form of pines in relation to the sensi-
tivity of pines to pollution is presented in Fig. 5. The figure
shows that there is no obvious difference between these two
groups of pines in respect to their sensitivity to pollution. A
t-test confirms that the differences are insignificant (p=0.86
and 0.84, respectively).

Missing rings were detected in the period 1979-1985
for sensitive trees and in the period 1979-1980 for resis-
tant pines (Fig. 6). The frequency of missing rings is
much higher for sensitive trees (p=0.00). The difference
in missing rings between sensitive and resistant trees is
significant for 1979, 1981, 1982, and 1983 (p=0.04, 0.02,
0.03, and 0.03, respectively). The maximum number of
missing rings per tree is six in the nine-year period (1979-
87).
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Fig. 2. The average chronology of pine radial growth. A – the
period (1952-75) before the growth depression occurred, B –
the period (1979-87) of the strongest depression of radial
growth.
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Fig. 3. The Box-Whiskey-plots of the average tree-ring widths
for pines sensitive and resistant to pollution during the period
1921-75.
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Fig. 4. The distribution of pines among the crown classes in
relation to their sensitivity to pollution.



Discussion of Results

Many studies have been carried out in which the radial
growth of trees is applied to the assessment of environmen-
tal pollution [9, 15, 26, 27]. This is because the main advan-
tage of dendrochronological techniques is in documenting
the growth response of individual trees over their lifetime
[28, 26]. It has been documented in certain studies that the
sensitivity of trees in a particular stand is different [16, 20,
29, 30], although the number of these studies is limited. It
is supposed that the sensitivity of a tree to environmental
stressors (cold, drought, pollution, etc.) is determined by
internal limiting factors (e.g. enzymes and growth regula-
tors) that are genetically controlled by the tree [17-19, 31-
34].

Trees that are judged to be sensitive and resistant to pol-
lution show a similar growth pattern before the pollution
occurred (1921-75), although the growth rate of the trees
was fundamentally different. Trees sensitive to pollution
grew much faster (p=0.00) during the period 1921-75 in
comparison to resistant trees (Fig. 3). We found that domi-
nant and codominant crown classes are common for sensi-
tive pines (Fig. 4). This is in accordance with the well-
known fact that dominant and codominant trees have faster
growth rates in comparison to trees with emergent crowns
[35]. Almost 30 years have passed since the highest pollu-
tion period, which was marked by a sharp decrease in the
radial growth of pines. It is known that some trees from a
particular stand may transform from one crown class to

another during their lifetime due to ecological succession
[1, 29]. However, this hypothesis has no foundation
because trees that grew faster in the period before the pol-
lution and are currently the dominant.

Numerous investigations have affirmed that the crown
shape, branch shape, and morphological bark type are inter-
connected in relation to the sensitivity of trees [17] and that
they are genetically controlled [33, 34]. We found two pine
forms among the investigated trees: P. s. f. kienitzii (76%)
and P. s. f. bonapartei (23%). However, the relationship
between the sensitivity of pines and their morphological
bark type is absent (Fig. 5). These studies are complicated
because certain bark forms are common to a specific tree
population [20] as they are determined genetically. For
example, we did not discover a P. s. f. seitzii during this
investigation, although this form was found to be common
in eastern Lithuania [20].

The decline of trees, followed by a sharp decrease in
radial growth during the period 1979-87, is closely related
to the development of missing rings (rings which in a sam-
ple are absent due to a failure in cambial activity). The
highest probability of missing rings among the investigat-
ed trees was observed in 1979, where one in every three
pines that was sensitive to pollution developed a missing
ring. This tendency gradually decreases to less than 10
trees in the period 1984-85. The frequency of missing rings
among resistant trees is much lower in comparison to sen-
sitive trees (Fig. 6). The difference in the frequency of
missing rings among sensitive and resistant trees is statis-
tically significant for four years (1979, 1981, 1982, and
1983). This difference points to the distinctive response of
the cambial activity to pollution for both groups of pines.
Therefore, the extensive development and frequency of
missing rings is a reliable indicator of tree sensitivity to
pollution. This is in accordance with Schmid-Haas’ [36]
observations that point to the high probability of missing
rings among the declined trees due to environmental pol-
lution.

Further investigations are needed in the future in order
to more precisely define the relationships between the mor-
phological characteristics of pines in respect to their sensi-
tivity to pollution. Due to the limited extent of this study
(202 trees), the following questions cannot be answered: 
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Fig. 5. Distributions of pine trees among morphological bark
types in respect to their sensitivity to pollution.
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Fig. 6. The average number of missing rings in the period 1979-87 per tree among sensitive and resistant pines.
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(i) Are other morphological bark forms related to the sen-
sitivity of trees to pollution and, if so, how? 

(ii) Why are trees with higher growth rates more sensitive
to pollution than slower-growing trees? 
In spite of these limitations, our investigation extends

the current knowledge by pointing out that the population
includes trees sensitive and resistant to the same pollution
emissions. This study has also highlighted the fact that radi-
al growth is a reliable indicator assessing the interpopula-
tion variation of pines to environmental pollution.

Conclusions

1. This investigation has revealed that the population
includes pines sensitive and resistant to pollution emis-
sions and that radial growth is a reliable indicator of this
response.

2. Pines sensitive to pollution grew much faster (p=0.00)
during the period before pollution (1921-75) in com-
parison to resistant trees.

3. We did not observe a relationship between morpholog-
ical bark form and the sensitivity of pines to pollution.
The dominant and codominant crown classes are more
common for sensitive pines and emergent crowns are
twice as common among the resistant trees. However,
the differences are insignificant.

4. The frequency of missing rings among sensitive trees is
much higher in comparison to resistant trees. Therefore,
the frequency of missing rings is a reliable indicator of
tree sensitivity to pollution.
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