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Abstract
The impact of environmental pollution is defined for the chemical composition of Scots pine (Pinus sylvestris L.)
needles and cambial activity in the tree stems in Polish forests. The research investigated 20-year-old trees growing in
two areas in significantly different levels of pollution. The highly polluted area was located near the Warsaw steelworks,
while the area with relatively low level of pollution (control area) was in the Kampinos National Park, 10.5 km away
from the steelworks. The research revealed significant differences in chemical composition of needles between the two
areas. The increased content of almost all of the studied elements was observed in all of the typical pollutants such as
sulfur, chlorine, and heavy metals; and in the nutrients such as nitrogen, potassium, magnesium, calcium, and sodium.
Differences were also observed in relations between particular elements and accumulation of nutrient elements (ANE).
The changes in chemical composition of needles affected by environmental pollution were accompanied by a reduction
of cambial activity. This reduction was not expressed as a decrease in the number of cells in cambial zone, but as a
decreased number of cells on the phloem side, both at the tree-top level and at breast height. These differences were
particularly visible in the second half of the vegetative season.

Introduction
Air pollution is considered one of the main causes of forest decline in central Europe
(ECE 1984, Molski and Dmuchowski 1986, Nihlgard 1985, Schutt and Cowling 1985).
According to the results of national forest health monitoring, more than 50 percent
of trees in Poland represent the highest defoliation classes (Malachowska and
Wawrzoniak 1995). Among the European countries, only the forest condition in the
Czech Republic is worse than in Poland (United Nations Economic Commission
for Europe 1997).
The negative influence of air pollutants on tree growth has been well established (Smith 1990). Air pollution affects various physiological and biochemical
processes (Biggs and Davis 1981, Burton and Morgan 1983, Bytnerowicz and Grulke
1993), as well as morphology and anatomy of shoot and root system of trees (Heale
and Ormrod 1982, Kozlowski and others 1991, Kurczynska and others 1996, Smith
and Davies 1978). Air pollutants reduce shoot growth of seedlings, and height
growth of older trees may be reduced as well (Kozlowski and others 1991). The leaf
area of trees exposed to air pollutants may be reduced because of inhibition of leaf
formation, arrested leaf expansion, and accelerated leaf abscission (Kozlowski
and others 1991). Air pollutants also reduce diameter growth of seedlings and
mature trees (Thompson 1981). However, influence of pollution on cambial
activity and differentiation of its derivatives, processes which regulate tree
growth and development (Zajaczkowski and Wodzicki 1978), have not yet been
adequately investigated.
Recently published results showed that in the polluted environment physiological polarity of pine stems was affected. This resulted in changed polar transport of auxin at the cellular level of the cambial zone (Wodzicki and others 1990a).
Polar transport of auxin, in turn, is responsible for regulation of cambial activity
and differentiation of its derivatives (Larson 1994).
This study investigated the effects of industrial/urban air pollution on chemical composition of needles as well as cambial activity and differentiation of its derivatives, especially on the phloem side, of Scots pine (Pinus sylvestris L.) trees in
the polluted and control forest sites near Warsaw, Poland.
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Materials and Methods
Investigations were carried out at two sampling areas along an air pollution gradient
(Molski and Dmuchowski 1990) during one growing season in 1992. These sampling
areas were the Kampinos National Park (a control area located upwind, 10 km
away from the Warsaw Steelworks) and a site in the vicinity of the Warsaw
Steelworks (a polluted area located upwind, 0.2 km away from the Warsaw
Steelworks). Sampling areas were established in relatively uniform and
representative portions of the stands.
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Three trees were selected from each sampling area for anatomical investigation,
and six trees were selected for chemical analysis of needles (18-20-year-old; 8-9 m
height) of Scots pine (Pinus sylvestris L.) with approximately the same diameter at
breast height (30-32).
Foliar mineral composition of Scots pine (N, P, K, Mg, Ca, Mn, S, Cl, and heavy
metals) was determined as an indicator of health condition and contamination of
the experimental trees. The samples of needles were taken from the same six trees
and at the same time as in the anatomical study. Needles from the previous years’
growth from the second and third whorls were collected (Dmuchowski and
Bytnerowicz 1995).
Concentration of chemical elements were determined by using the following
analytical procedures: metals and phosphorus were assessed by spectrophotometry atomic absorption method (Perkin-Elmer 1990, Morton and Roberts 1991) on a
Perkin-Elmer 1100 fitted with a Flows Analysis System (FIAS-2000) and Graphite
4
Furnace (HGA-700). Sulfur (total) was assessed by infrared absorption method by
using LECO SC-132 Sulfur System (LECO Corporation 1987) and chloride by potentiometric titration using selective chloride ion electrode (LaCroix and others 1970).
Content of elements in needles was presented as the sum of the accumulation
of nutrient elements (ANE). To calculate ANE, all parameters of the contents of
elements in needles were converted into gram-equivalent values. The basis of the
conversion was the atomic mass of elements and the valency of their ions (Ostrowska
and others 1988).
For anatomical analysis, samples included current-year wood, cambium, and
current-year phloem (once in the winter season of dormancy, and April 30, May 8,
June 5, July 3 and 31, August 28, and September 25) from tree-top level and from
breast height of each investigated tree. Samples were fixed, dehydrated, and embedded in Epon (Kurczynska and others 1996). Samples were cut into a series of
cross sections (3 m thick) with an ultramicrotome. The sections were attached to
microscope slides and stained with leucofuchsin (PAS-reaction) and toluidine blue,
mounted in Euparal, and investigated under light microscope. To determine the
number of wood, cambium, and phloem cells, 20 radial rows were counted on the
cross section from each tree. Data were analyzed by Student’s t-test (p<0.05) and
compared between sampling areas.
The soil at the two sites is of the same origin and represents the same type
podsolic (Dmuchowski and others [In press]). The differences between soil conditions are caused by over 30 years of pollutant emission from the Warsaw area. On
both sites the percentage of exchangeable cations in the sorption complex in the
organic level of soils was the same but differences were identified in the mineral
levels of soils. In the soil from the Kampinos area hydrogen was the dominant
cation, which is typical for coniferous forests, while in the soil from the Warsaw
area, calcium was dominant. In the organic layer of the soil from the Warsaw area,
2 times more iron was measured, 30 times more zinc, 6 times more copper, 20 times
more cadmium, and 3 times more chromium than in the Kampinos area.
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Results and Discussion
For both areas the chemical analysis of pine needles did not reveal a deficiency of
any of 15 analyzed elements (table 1). Certain macroelements like magnesium, potassium, and phosphorus showed deficiencies in damaged trees (Huttl 1985,
Rehfuess 1983, Tomlison 1987, Zotll and Huttl 1989).
The chemical composition of pine needles at the two locations was much different, particularly in regards to elements recognized as typical pollutants (fig. 1).
For instance, 2-year-old needles from the Warsaw area contained eight times more
lead than the needles from the Kampinos National Park. The levels of lead, zinc,
and chromium defined as toxic for the Scots pine were exceeded. The sulfur content in plants in Central Europe reflects the impact of air pollution with sulfur dioxide. Both investigated areas differed considerably in this point. The high sulfur
levels in the needles from the steelworks are evidence of a detrimental impact of air
pollution with sulfur dioxide on the Scots pine (fig. 2). In the Kampinos National
Park the impact of pollution was not so strong. At present there are no areas in
Poland excluded from the impact of air pollution by sulfur dioxide.
Differences were also observed also in the contents of elements performing
basic physiological functions (fig. 1). The needles from the Warsaw area contained
more magnesium, calcium, potassium, and sodium, but less nitrogen and manganese than the needles from the Kampinos National Park. The level of phosphorus
was the same.
Table 1 — Concentration of macronutrients in Scots pine needles and normal and deficiency levels of these
elements in plants.
Element

Kampinos

Warsaw

N
(percent)

1.32-1.66

1.83-1.44

1.3-1.6

<1.2-1.3

Wehrmann 1963; Gussone
1964, Fiedler and others
1969, cit. Smidt 1988.

P
(percent)

0.11-0.18

0.12-0.18

0.11-0.17

<0.11

Gussone 1964, Fiedler and
others 1969, cit. Smidt 1988.

K
(percent)

0.31-0.50

0.44-0.66

0.35-0.66

<0.30

Zottl 1964; Heinzdorf 1967,
cit. Smidt 1988.

Ca
(percent)

0.15-0.33

0.32-0.58

0.23-0.50

<0.05-0.10

Gussone 1964, cit. Smidt
1988: Kraus 1965.

Mg
(mg/kg)

753-910

1207-1518

500-1300

<500

Wehrmann 1963; Fiedler and
others 1969, cit. Smidt 1988.

Mn
(mg/kg)

538-916

76-139

175-810
1 (40-2000)

1 (20)

1

Level
normal deficiency

Reference

Wehrmann 1963; Fiedler and
others 1969, Materna 1962;
Bergman1982; Knabe 1985;
Isermann 1986.

Picea abies

Figure 1 — Chemical composition of needles in the
polluted area shown as percent
of the concentrations in the
control areas.
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In order to identify the presence of possible ionic equilibrium disturbances in
the trees affected by environmental pollution, the ionic equilibrium indicators were
calculated: ratio of calcium to magnesium (fig. 3) and ANE total of all sample elements (fig. 4). The calculation revealed certain differences, but these were not statistically significant. It seems that anatomical changes in stems of Scots pine in the
Warsaw area are not caused by mineral deficiencies, but perhaps by toxic effects of environmental pollutants. Concentration of sulfur in needles was at
toxic levels. Concentrations of heavy metals were always higher than normal
levels in plants, but below toxic levels. Elevated concentrations of sulfur and
heavy metals can cause negative effects on trees, especially under synergistic
influences of other pollutants (table 2).
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Figure 4 — Accumulation
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Table 2 — Concentration of macronutrients in Scots pine needles and normal and toxic levels of these elements in plants.
Element

Scots pine
Kampinos Warsaw

Level
normal toxic

S
(percent)

0.10-0.14

0.15-0.20

0.06-0.09

>.12

Cd
(mg/kg)

0.18-0.36

0.39-0.60

0.01-0.3
0.05-0.2

Pb
(mg/kg)

1.9-2.4

11.9-17.6

As
(mg/kg)

0.05-0.12

0.29-0.54

Cu
(mg/kg)

3.3-5.1

5.8-8.9

2-20
2.5-25
25

>20

Zn
(mg/kg)

31-42

68-104

10-100

>100

<10

Species

Reference

Pinus sylvestris Huttunen and others 1985;
Dmuchowski and Bytnerowicz 1995.

>5
4.8

plants
plants
Picea sp.

Allen and others 1974;
Kabata-Pendias and Pendias 1993;
Burton and Morgan 1983.

>30
19

plants
Picea sitch.

Kabata-Pendias and Pendias 1993;
Burton and Morgan 1983.

plants
plants

Macnicol and Becket 1985;
Kabata-Pendias and Pendias 1993.

plants
plants
leaved trees

Kabata-Pendias and Pendias 1993;
Hewitt and Smith 1974;
Linzon and others 1979.

plants

>1
>5

226

Picea sitch.

Kabata-Pendias and Pendias 1993;
Karweta 1976;
Burton and Morgan 1983;

250

leaved trees

Linzon and others 1979.

plants

Kabata-Pendias and Pendias 1993

Picea abies

Keller 1972

Cr
(percent)

0.30-0.98

2.47-4.72

0.1-1.0

Cl

0.02-0.04

0.04-0.08

0.02-0.10

>1

–
–
–
–
–
–
–
–

30.04

8.05

5.06

3.07

31.07

Kampinos - breast height

Warsaw - breast height

Kampinos - tree top level

Warsaw - tree top level
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Figure 5 — Number of cells in
the cambial zone during growing
season. Each bar represents the
average value (+ SD) from three
trees.

–

15
13
11
9
7
5
3
1

–

number of cells

During the growing season, cambial activity and the number of cells on the
xylem and phloem side were higher at the tree-top level than at breast height, independent on the sampling area. We found no statistically significant differences in
the number of cells in the cambial zone between trees grown in control and polluted areas (fig. 5), and in the number of xylem cells between trees grown in these
two areas (fig. 6). The number of phloem cells was significantly different between
trees grown in control and polluted area (fig. 7). The decrease in the number of
phloem cells was especially visible in the second part of the growing season. It is
possible that changes in the phloem are very important cause of tree decline in the
polluted environment. For instance, in normally growing trees the maximal mass
of functioning phloem appears in the second part of the growing season, when the
most intensive transport of sugars to the stem and roots occurs. Decreasing the
number of cells participating in that transport could lead to the disturbance in translocation of assimilates to different parts of trees and cause limited growth.
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Figure 7 — Number of phloem
cells during growing season. Each
bar represents the average value
(+ SD) from three trees. Bars
marked by * are significantly
different in area category.
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Conclusions
The Scots pine trees growing in the more polluted Warsaw Steelworks environment
differed considerably from the trees growing in the relatively unpolluted Kampinos
National Park environment. In the polluted environment, the needles contained
much higher concentrations of elements recognized as typical pollutants: sulfur
and heavy metals. And the levels of sulfur, lead, zinc, and chromium in the needles
of trees from the Warsaw area can be defined as toxic for the Scots pine.
The differences in the content of elements performing basic physiological functions were of minor importance. No deficiency of any element was identified. The
differences in chemical composition of needles were accompanied by differences
in ionic equilibrium. However, these differences were not statistically significant.
Tree stem tissues such as cambium, phloem, and wood at the tree-top level
were more sensitive to pollutants than tissues in older parts of trees (breast height).
The limited production of phloem (which was statistically significant) and xylem
cells of the trees growing in the polluted environment may have an essential impact on the disturbances in transport of water to tree-crowns and transport of assimilates from crowns to roots. This fact may cause the limitation of growth and
development of the trees growing in the polluted environment and may lead to
their mortality
The growth limitation of the trees from the Warsaw area seems to be caused to
a larger extent by environmental pollution from sulfur, heavy metals, and other
toxic agents (which were not examined, such as nitric oxide) rather than by the
disturbances in ionic equilibrium in trees.
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