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ABSTRACT

The study concerns the ecological responses of Tilia cordata Mill. to pollution and describes the advantages of
estimating of the degree of environmental pollution. The aim was, to find out whether the degree of pollution con-
forms to the contents of the investigated elements in leaves, the assessment of variability of morphometric leaf
traits and the cationic equilibrium values. The study has shown a statistically significant differentiation between
the analysed sites in respect of dust fall, concentrations of elements in soils and leaves, morphometric traits of lea-
ves and the cationic equilibrium. The hierarchical tree plot of cluster analysis qualified the sites as polluted and
non-polluted. In polluted sites the contents of metals in leaves were significantly higher and the cationic equili-
brium in leaves was disturbed. The surface, width and asymmetry of leaves, and also the variability of these mea-
sures were higher in polluted sites. In sites, which are not directly affected by pollution the cationic equilibrium is
close to the const. value, whereas leaf traits have shown the lowest values and a considerably lower variability.
The investigations show that leaf traits and cationic equilibrium correspond to the level of pollution and can be

used as a tool for evaluation of the environment status.
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INTRODUCTION

Human population and its increasing consumption of
natural resources threaten the ecosystems (Daily 1997).
Industrialization and urbanization are chronic factors di-
sturbing the homeostasis of the natural environment. Ho-
wever, owing to the buffering capacity and efficiency of
the ecosystem, its normal structure and function are main-
tained (Lee et al. 2004). Nowadays, the ecosystems are
often influenced by wet and dry air deposits (Fabiszewski
1983; Zakrzewski 1995; Alloway and Ayres 1999; Fabi-
szewski and Kwiatkowski 2002; Bytnerowicz et al. 2003;
Bell and Treshow 2004; Walker et al. 2005). Changes
caused by pollution occur even in areas far away from po-
int-source emitters (Kurzydto 1994; Helios-Rybicka 1996;
Fabiszewski and Brej 2000; Madej 2002; Kosiba 2007). In
areas where lichens and mosses are lacking, trees are used
as biomonitors of air pollution (Fabiszewski et al. 1987;
Barghigiani et al. 1991; Dmuchowski and Bytnerowicz
1995; Alfami et al. 1996; Fisher et al. 2002; Madejon et
al. 2004). For evaluation of the degree of environmental
pollution both coniferous and deciduous trees are used
(Koviacs 1992; Sawidis et al. 1995; Batic et al. 1999; Abo-

al et al. 2004; Cicek and Koparal 2004). The symptoms of
pollution impact upon trees are investigated in physiologi-
cal, biochemical, morphological and cytogenetic aspects
(Premoli 1996; Nabais et al. 1999; lannotti et al. 2000;
Hagen-Thorn et al. 2004; Tretyakova and Noskova 2004;
Yilmaz and Zengin 2004). In scientific literature such tre-
es as oak, ash, birch, beech, spruce, pine are often objects
of investigations on bioindication, but morphometric inve-
stigations (Zelditch et al. 2004) of individual ecological
traits of tree leaves are still rather sparse. According to
Premoli (1996), leaf morphology represents an important
set of vegetative characters that are used in taxonomic, de-
velopmental and ecological studies. When growth proces-
ses are perturbed, the developing phenotypic traits are
often affected.

In the case of Tilia cordata, the interest is much smaller,
though it is a commonly found ornamental species on roads
and in cities (Biatobok 1991; Seneta 1987; Seneta and Dola-
towski 2005). It reveals a considerable tolerance for soil
conditions, hardiness from frost, and in comparision with
other species of Tilia, it is more sensitive to industrial, urban
and vehicle pollutions (Hrynkiewicz-Sudnik 1976; Antipov
1979). According to the mentioned authors, pollution causes
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developmental disturbances of the tree crown, acute and
chronic damages of leaves and premature defoliation.

That is why the undertaken investigations were directed
to evaluation of pollution effects on T. cordata leaves.

The hypothesis was, that biometric traits of Tilia cordata
leaves and cationic equilibrium depend on the degree of
environmental pollution. The answer to the hypothesis co-
uld be obtained through: determination of dust fall level,
heavy metals in soil and leaves from examined sites, deter-
mination of, how pollution affects the morphometrics traits
of leaves and the cationic equilibrium and finding out,
whether the image and numerical tools can be useful in this
type of ecological studies.

MATERIALS AND METHODS

Study area, data collection and chemical analyses

The investigations were carried out in southwestern Po-
land on the territory of the Province of Lower Silesia
(19948 km?). The object of researches was Tilia cordata
Mill. Lower Silesia Province is affected by various dust-
gaseous pollutions from point-source emitters, mainly situ-
ated in the “Black Triangle” (Bogatynia, and also from the
Czech Republic and Germany), LGOM - Legnicko-Gto-
gowski Okreg Miedziowy (Legnica-Gtogéw Copper Di-
strict) (Raport 2006) and urban pollution.

A short characterization of meteorological conditions
and pollution emission for the area of Lower Silesia and its
districts is presented according to data of Raport (2006).
The mean air temperature for Wroctaw, Legnica, Zgorze-
lec, Jelenia Géra and Ktodzko ranged in August within 15-
-18°C and rain fall within 40-75 mm. The total load of po-
Ilution emission from industrial plants for Lower Silesia
was: (in thousands Mg/year): dusts — 8.6, SO, — 56.3, NOy
—-22.8, CO - 10.0, CO, — 16559.1. During the last decade
there occurred a sevenfold reduction of them. According to
Report (2006), the total emission of pollution in districts,
in which the investigation sites were situated, was different
(Table 1).

The detailed meteorological data and measurments of
dust-gaseous emissions recorded by permanent and mobile
measurment stations are presented in Raport (2006).

The investigations were carried out in August 2006. In
Lower Silesia chosen were 16 sites (Fig. 1).

The sites were selected according to their localization in
relation to point-source emitters, wind direction (SW and
W), which differentiate the sites in respect of distribution
and range of emission.
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The degree of pollution of the investigated sites has been
determined by total dust fall using the sedimentation me-
thod (Skinder 1991). The obtained results were expressed
in g*m2*year!. The distribution of dust fall quantities is
presented on a contour map using the coordinates of sam-
pling sites, and is based on the mean values of each site.
The map was drawn by means of the isolines method by
means of the Kriging method of gridding with the compu-
ter program Surfer 8.03 (Golden Software 2004). Colours
and scale were selected as to clearly illustrate the changes
of the dust fall distribution.

Every site is represented by five T. cordata individuals of
similar height (12-14 m) and trunk circumference (1.07-
-1.27 m) measured at height of 1.80 cm above ground sur-
face, altogether 80 specimens. All specimens grow in the
studied sites as ornamental trees and the distance between
them is minimum 40 m. All of them were singly objects in
the site area, not shaded by other biological and urbaniza-
tion components of the environment. From every specimen
taken were eight 1 m long apical shoot sections, from the
height of 5 m, from various sides of the external zone of
the tree crown. The numbers of leaves ranged from 63 to
94 on each shoot. Fresh leaves were used for morphometric
measurements. Using the scanning technique in scale 1:1
measured were: leaf surface (cm?), width (cm) and leaf
symmetry (symmetry range from O to 1). For scanning and
measurements of leaf traits the program for automatic mor-
phometry digiShape (Cortex Nova 2005) was used. Accor-
ding to Moreno-Sanchez (2004), the use of image-numeri-
cal computer techniques make additional important argu-
ments in ecological studies.

Next, the collected leaves were cleaned of organisms and
other debris, and were washed manually in distilled water
for several minutes by shaking out. According to Aboal et
al (2004), the cleaning allows to eliminate the fractions as-
sociated with aerosols from the surface of the leaves. Wy-
ttenbach et al. (1990) found that the fraction can amount to
more than 60% of the total concentration of the elements.
After drying to constant mass in temperature of 70-
-90°C the samples of leaves were homogenized in an agate
mortar and burned in a muffle furnace in temperature of
450°C for 8 hours. The resulting ash samples (250 mg) were
digested in 5 ml concentrated HNO;, and then burned in
a microwave oven CEM-MARS 5. After dilution to 25 ml
with bi-distilled water, analyzed were: total level of Al, Be,
Cr, Cu, Fe, Mg, Mn, Ni, Pb, Zn by flame atomic absorption
spectrophotometry (GBC Scientitic Equipment Pty. Ltd.
Model AVANTA PM), and B, Cd, Ge were measured by
the electrothermal atomic absorption spectrophotometry

TABLE 1. The total amount of dust and gaseous emissions in districts of Lower Silesia.

District / Site no. Dust PM10 Dust emission Gaseous emission SO, emission NOy emission
[pg/m?3] [Mg/year] [thousands Mg/year] [Mg/year] [Mg/year]
Wroctawski / 1 Lack of data 101-150 200.1-1000 1000.1-5000 500.1-1000
Zgorzelecki /2, 14-16 16.6-29.9 >2000 >5000 >10000 >5000
Sredzki / 3 lack of data 101-150 10.1-50 250.1-500 50.1-100
Lubifiski /9 23.6-37.4 1001-2000 200.1-1000 1000.1-5000 250.1-500
Legnica / 10-12 31-35.6 101-150 200.1-1000 1000.1-5000 250.1-500
Bolestawiecki / 5 16.8 501-1000 50.1-100 250.1-500 100.1-250
Wroctaw / 6-8 39.3-43.1 501-1000 1000.1-5000 5000.1-10000 1000.1-5000
Lubanski / 13 8-22.3 101-150 10.1-50 50.1-100 50.1-100
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Fig. 1. Location of Tilia cordata sampling sites in Lower Silesia

using the attachment (Model GF 3000) with AVANTA
PM. For analysis of Ca, K, Na the flame atomic emission
spectrophotometry (Jenway Model PFP7) was used. The
results are expressed in mg*kg! dry mass of leaves.

At the same time as leaves samples of T. cordata, soil
samples were taken from the area off the canopy tree-tops
of each tree at depth of 10-20 cm, using a plastic shovel.
Three subsamples were taken around the trunk to make
a composite soil sample per tree. After removing litter and
other remains, the air-dried samples were homogenized in
an agate mortar and sifted through a plastic sieve of mesh
diameter 1 mm. The soil samples (250 mg) were digested
with 5 ml nitrohydrochloric acid in proportion 3:1, and
burned. After dilution by bi-distilled water to 25 ml, the
samples were used for chemical analysis of Al, B, Be, Cd,
Cr, Cu, Ge, Mn, Ni, Pb and Zn, using the same methods
and measuring devices as in the case of T. cordata leaves.
The results were expressed in mg*kg! dry weight basis.

All elements were measured against standards and
blanks. The accuracy of the analytical method was assessed
by carrying out analyses of certified reference materials
NCS DC 73350 Poplar leaves.

All chemical analyses of leaves and soils samples were
carried out in three measuring repetitions.

Statistical analyses

For leaf traits calculated were the following values: mini-
mum, maximum, arithmetic mean, standard deviation and
the coefficient of variability V (%).
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The goodness of fit of empirical data to the normal di-
stribution has been verified using the Shapiro-Wilk’s test,
which is the preferred and effective test for evaluation of
features normality for a small number of samples (Conti et
al. 2005). In cases of normal distribution of the analyzed
features, the statistical-mathematical verification of results
has been based on parametric tests. The differentiation of
sites in respect of elements concentrations in soil, leaves
and morphometric leaf traits has been analyzed by the
one-way ANOVA with the F test. Also the LSD values
were calculated. The relationships between elements were
expressed by Pearson’s coefficient (r), and equation of re-
gression. The significance of variability of the calculated
value of cationic equilibrium (E.) in relation to its con-
stant value (E_ ,=12.515) was verified using the t-test for
a single sample. The similarity of sites in respect of che-
mical soil properties and in respect of elements contents in
leaves of T. cordata was analysed using the method of clu-
ster analysis. The Ward’s method of amalgamation was
applied and the method of Euclidean distance ((x, y)=X;
(x;-y;) was used as measure of similarity. Significance of
clusters was defined by Sneath index (33.3 and 66.7% re-
spectively) (Massard and Kaufman 1983). The ordination
of sites at fixed criteria of cluster analysis is graphically
presented by dendrograms. On the basis of chemical ana-
lysis of leaves samples, the constant of cationic equili-
brium was calculated (Czarnowski 1977, 1989). Accor-
ding to the mentioned author, in temperate-climate and in
natural conditions the cationic equilibrium amounts to
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12.515 in many plant species. This relation is expressed in
the mathematical model:

co [ TE
¢; \|]—— =const.
3 [E]

where: C, is the interdependent weight of cation E, E —
content of given element.

All calculations and the statistical verification of results
were carried out at significance level of p<0.05 using the pro-
gram STATISTICA 7.1 (StatSoft, Inc. 2005) according to the
principles of data analyses given by Legendre and Legendre
(1998), Zar (1999), Sokal and Rohlf (2003). The numerical
techniques applied in ecological investigations, i.e. collection
of quantitative information on objects analysis and interpreta-
tion of results, as well as all numerical procedures, were
based on principles given by Brower et al. (1998).

RESULTS AND DISCUSSION

ANOVA analysis of T. cordata sites in respect of dust fall,
soil properties and relationships

The values of dust fall is statistical significance between
the sites of T. cordata (Table 2).

Through interpolation of dust fall results the degree of
pollution of sites was determined. It is presented by the dif-
ferentiated spatial distribution of dust fall (Fig. 2).

It was found that the sites are characterized by a broad
range of dust fall ranging from 161 (site 1) to 854 g*m2*ye-
ar! (site 16). According to Ciechanowicz (1994), the per-
missible standard of dust in Poland is 200 g*m2*year!. This
condition was met on sites 1 and 2, whereas in the remaining
sites dust fall exceeded the permissible standard two to four
times (sites 6-16).

The results of total dust fall, obtained for the analysed sites
were compared with dust-fall values for districts mentio-
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ned in the Raport (2006). It was found that the dust fall re-
sults correspond with the measurments of total dust emis-
sions according to that Raport. Site 16 — Bogatynia (854
g*m2*year’!) of the highest dust fall, sites 14 and 15 (569
and 678 g*m2*year!) approaching the highest dust fall.
These sites correspond with the zone of the highest dust
emission load of over 2000 Mg/year. The lowest dust fall
was recorded on site 1 — Sobétka (161 g*m2*year!) which
corresponds with dust fall load of 101-150 Mg/year. This is
confirmed by previous studies on mosses, carried out in the
same area by Kosiba (1997), Kosiba and Kolon (2002),
Kosiba (2004). Thus, the results of dust fall on the investiga-
ted sites point to a relation with the magnitude of dust emis-
sions, their reach and spatial distribution, which is connec-
ted with industrial emitters and local urban sources. Moreo-
ver, sites 14-16, situated on the so-called “Black Triangle”
area are also subjected to pollutions from German and
Czech point-source emitters (Helios-Rybicka 1996; Markert
et al. 1996; EMEP Status Raport 2004; Raport 2006). One
may suppose, that the differentiated amount of dust fall on
the analysed sites will, more or less characterize the chemi-
cal status of the soils. In fact, it has been stated by correla-
tion analysis, that the concentrations of Al, Be, Ge and Pb in
soils depend on the amount of dust fall. The mentioned rela-
tionships are positive and statistically significant (Table 3).

These results of relationships correspond to data of Ka-
bata-Pendias (2001), Sawicka-Kapusta et al. (2003) and
Salemaa et al. (2004), and show that the quantity and quali-
ty of dust emissions affects the chemical status of the envi-
ronment, in our case the soils properties.

Cluster analysis of T. cordata sites in respect of dust fall
and soil properties

The applied method of cluster analysis determined the si-
milarity of sites in respect of dust fall and contents of Al,
B, Be, Cd, Cr, Cu, Ge, Mn, Ni, Pb and Zn in soil samples
(Fig. 3).

This analysis is suitable for geochemical investigations
and is more often used than other classification methods

TABLE 2. Dust fall (g¥m2*year!') and element concentrations (mg¥kg™!) in soil samples.

Site Dust fall Al B Be Cd Cr Cu Ge Mn Ni Pb Zn
1 161 18.2 26 0.21 0.21 3.8 18 0.04 164 2.9 6.3 74
2 187 12.1 37 0.17 0.12 5.3 24 0.06 182 33 4.6 53
3 238 9.9 64 0.24 0.41 6.1 14 0.08 267 2.7 6.1 95
4 291 11.4 91 0.16 0.27 8.4 35 0.12 304 2.4 4.2 109
5 384 16.4 54 0.10 0.14 6.8 21 0.07 344 3.8 7.2 163
6 544 18.4 93 0.44 0.34 15.2 84 0.37 136 7.7 13.2 332
7 466 16.7 75 0.64 0.51 124 96 0.42 187 9.1 10.2 273
8 452 26.7 102 0.71 0.37 13.4 67 0.51 194 8.6 17.7 309
9 482 343 170 1.34 2.84 68.1 264 1.48 341 21.4 65.1 548
10 570 27.2 142 1.61 3.66 94.1 384 1.11 284 17.3 83.0 395
11 522 25.7 108 1.74 6.11 73.1 271 2.24 365 31.4 58.9 621
12 563 24.3 187 1.66 391 79.4 289 1.84 316 24.8 66.1 438
13 708 30.1 64 2.14 0.41 11.2 127 3.88 245 2.0 46.1 192
14 569 47.0 51 1.74 0.31 14.1 138 4.21 297 2.6 84.7 132
15 678 38.7 35 1.82 0.27 9.3 94 5.11 184 32 35.7 191
16 854 41.6 68 2.01 0.40 10.1 78 4.79 311 24 52.2 141
F 87.1 46.2 94.1 20.1 66.5 152.4 14.7 60.8 184.5 45.7 94.5 15.2

LSD 34.1 2.3 6.4 0.3 0.2 2.2 5.7 0.1 38.7 1.0 39 22.0

F — value of F-test; p — statistical significance: *** p<0.001, ** p<0.01, * p<0.05; LSD: value of Least Significant Difference
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Fig. 2. Spatial distribution of dust fall in Tilia cordata sites.

TABLE 3. Relationships of dust fall, element concentrations in soil and
leaf samples.

Relationships Equation r p

of regression

Between amount of dust fall and element concentrations in soils

Al y=3.32+0.05x 0.77 Ak
Be y=-0.61+0.004x 0.86 Ak
Ge y=-2.14+0.01x 0.82 Ak
Pb y=-12.23+0.10x 0.64 Hok

Between amount of dust fall and element concentrations in leaves

Al y=-28.57+0.86x 0.68 o
B y=-0.88+0.09x 0.63 HE
Be y=-0.27+0.001x 0.78 wEE
Ge y=-0.72+0.003x 0.71 o
Zn y=18.78+0.07x 0.63 wE

Between element concentrations in soil and in leaves

Al y=43,26+13.74x 0.63 HE
B y=11.55+0.34x 0.61 *

Be y=0.05+0.29x 0.69 Hok
Cd y=0.43+0.52x 0.87 Ak
Cr y=0.05+0.01x 0.92 Ak
Cu y=3.39+0.05x 0.85 Ak
Ge y=0.01+0.33x 0.85 Ak
Ni y=0.53+0.33x 0.93 Ak
Pb y=5.08+0.19x 0.62 Hok
Zn y=28.84+0.09x 0.75 o

r — value of correlation coefficient;
p — statistical significance: *** p<0.001, ** p<0.01, * p<0.05

(Hongijn et al. 1995). The clustering method enabled to de-
termine the proper structure of data, which divided them
into four groups of sites A, B, C and D, and revealed their
differentiated similarity (Table 4).

T. cordata sites from group A were least similar to sites
of group D, B and C in respect of the amount of dust fall
and metals contents in the soils.
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g*m2*year!

Sites 1-5 of group A occupy extreme positions in the
dendrogram (Fig. 3). They show the smallest dust fall and
contents of metals. Sites 9-12 of group D, occupy the left
side of the dendrogram, and are characterized by high dust
fall and the highest contents of B, Cd, Cr, Cu, Mn, Ni, Pb
and Zn, and several times higher contents of Al, Be and Ge
in relation to group A. Sites of groups B and C occupy the
center of the dendrogram and differ between themselves.
The soils from sites of group C have the highest dust fall
and contents of Al, Be and Ge in the soils. The remaining
metal concentrations in the soils are several times higher
then soils of group A. Sites of group B represent average
values of dust fall and metals contents in soils, a little hi-
gher in relation to sites of group A. Taking into considera-
tion the results of the cluster analysis, as well as the signifi-
cant variability of results, the lowest and highest value of
dust fall and metal contents in soil of the investigated 7.
cordata sites, it was found that sites 9-12 (group D-LGOM)
and 13-16 (group C — “Black Triangle”) are the most pollu-
ted and are under the influence of dust emission from po-
int-sources emitters.

The clustering of sites (groups A, B, C and D) shows
a wide range in respect of metals concentrations in soils.
The studied sites of group A showed low or average con-
tents of metals’ value, which according to Lityniski and Jur-
kowska (1982), Markert (1992), Kabata-Pendias and Pen-
dias (1999), Kabata-Pendias (2001), Hagen-Thorn et al.
(2004), Cicek and Kopral (2004), Shparyk and Parpan
(2004) are characteristic for clean or relatively clean soils.
On the contrary, the concentrations of these elements in so-
ils from polluted sites, forming group B, C and D, are high
and exceed the means and value ranges in relation to typi-
cal non-polluted soils.
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Fig. 3. Dendrogram of sites in respect of dust
fall and element concentrations in soils.

TABLE 4. Sites grouping and location in respect of type of pollution from point-source emitters.

Non directly affected by point-source emitters

Affected by type of point-source emitters

A B C D
(Clean/Relatively clean) (Urban) (“Black Triangle”) (LGOM)
é B 3;’:;?;?“ 13 — Lubasi
3 — Sroda Slaska 6+8 — Wroctaw 4= Zgor.ze/lec 9 = Lubin .
. 15 — Zawidéw 10+12 — Legnica
4 — Chojnéw

5 — Bolestawiec

16 — Bogatynia

A, B, C, D — groups of sites; 1+16 — site numbers and names

ANOVA analysis of sites in respect of metals contents
in T. cordata leaves and relationships

The sites analysed in respect of metals contents in leaves
occur in one climatic zone and are localized in the area of Lo-
wer Silesia which is characterized by similar meteorological
conditions (Raport 2006). According to Herpin et al. (1996),
that fact enables to compare the results between them.

A statistical significance of metals contents in leaves was
found between the analyzed sites (Table 5).

From sets of mean values (Tables 2, 3 and 5) it is evident
that sites of higher dust fall and higher contents of ele-
ments in soil correspond with higher contents of these ele-
ments in leaves. The counted relationships (Table 3) revea-
led, that the concentration of metals in soils affects the
contents of the same elements in leaves of 7. cordata. All
cases of relationships, except of Mn, are positive and stati-
stically significant. Kabata-Pendias and Pendias (1999) and
Kabata-Pendias (2001) mention that aerosol of metals po-
Ilute the soil and air, and finally affect the plants. Brej and
Fabiszewski (2003) found that higher terrestrial plants re-
veal a variable and sometimes specific ability to absorb
elements from soil. According to Harrisson and Chirgawi
(1989), Bache et al. (1991), Markert (1992), Marschner
(1995), Mengel and Kirby (2001) this final effect caused
by pollution is conditioned by various factors, which diffe-
rentiate the concentration of elements in plant, for exam-
ple: size and mass of the particle, kind of contamination,

climatic conditions, wind speed, moisture level, orientation
of leaves in space and their morphological traits. All these
statements of the above mentioned authors are also reflec-
ted in the relationships found in the present study.

Cluster analysis of sites in respect of metals contents
inT. cordata leaves

Like in the case of soil properties, the similarity of 7.
cordata sites in respect of Al, B, Be, Cd, Cr, Cu, Ge, Mn,
Ni, Pb and Zn contents in leaves was analysed (Fig. 4).

The cluster analysis showed the proper structure of data,
and divided them into three groups of sites A, B and
C with two subgroups C, and C,. The hierarchical tree re-
vealed the least similarity of sites 1-5 (group A) in relation
to sites 10, 11, 15 and 16 (subgroup C,). Subgroup C,
occupies extreme positions in the dendrogram. Sites 6-8,
13-14 (group B) and 9, 12 (subgroup C,), located in the
center of the dendrogram, are less similar to sites of groups
A and D. The leaves of T. cordata from sites of group
A are characterized by the lowest contents of metals used
for cluster analysis. Sites of groups groups B and C have
have several times higher and high metal concentrations in
leaves in relation to sites of group A.

The leaves of T. cordata from sites 9-12 (groups C, and
C,) have the highest or high contents of Al, B, Cd, Cr, Cu,
Mn, Ni, Pb and Zn, while leaves from sites 15 and 16 (gro-
up C,) show the highest contents of Be and Ge, and high
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contents of the remaining metals. Thus, these two gro-
& 2ot xdIsncaIT e, § ups differ evident between themselves. This differentia-
SAT S AOASnERTadTn a0 tion is conditioned by the type of emission, not only qu-
antitatively, but mainly by its quality. The sites 9-12 are
situated within the range of copper industry emission,
s SS9 3X8Y5ERR=2IFIELELe, S i
Z |23 88X EexIL88S = whereas sites 15-16, as well as 13-14 are affected by
- coal and energetic pollution. The present study shows
evidently that the quality of pollution depends on cha-
N racter of point-emission sources, which influence the
2188098t Iggeeigegiz metal contents in plants. The same influence of various
types of pollution on plants is confirmed by Kwapulin-
ski and Sarosiek (1988), Dahmani-Muller et al. (2000),
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wer contents of metals in leaves in relation to sites of
group C.
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T aa s S A s AT be wide. Generally, the lowest (group A) and low (gro-
up B) concentrations of metals in leaves correspond to
O NG o N o o the typical range or average values encountered in lin-
Q| = ITEINSIT L xg % 2 % * 2 den and other deciduous tree species. In the case of si-
tes with the highest and high metal concentrations in le-
aves (group C) the metals contents are nearing the
cletstndnatono gt o2, g upper values or even exceed the range (Bialobok 1991;
Sl e FZLSIJIEIRN RS RT A Markert 1992; Markert 1993; Kabata-Pendias and Pen-
dias 1999; Kabata-Pendias 2001; Cicek and Kopral
2004; Niinemets and Kull 2003; Shparyk and Parpan
i 3%@%35%0’2{23@%@8%%;:5 o 2004; Aboal et al. 2004).
— ——— * . . . . .
ceeeTTemeE=m °S="°]z Taking into consideration all obtained above results
& (ANOVA of dust fall, metals contents in soil, the lo-
- - A west and highest values and relationships of them, and
o |t O =Nt A= 0=~ | e . . .
=i el i S R R S A the cluster analysis of sites in respect of metals contents
:“E in soils and leaves), one may state that sites 9 and 16
5 are the most polluted by point-emitters (LGOM and
vl st oot amwwo st o3 “Black Triangle”, respectively). Sites 1 and 2 are not
3 SogococoTnnn - —9oaAdaAaYn gF Q|9 . . . .
SS3ddcocsdsSSsS—a—=x* 3|2 under the direct influence of these emitters. The remai-
§ ning sites are influenced mainly by urban and industrial
E and coal-energetic pollution in a lower degree.
5 3851235333823 5533: 3|4 , Lo
SR IV R I S e demcs2E « Cationic equilibrium in leaves of T. cordata
g The cationic equilibrium (E) model in leaves of T.
g corada has been analysed on the basis of the Al, B, Ca,
B R R I A T - e L.
S22 an X ad D Q% Cu, Fe, K, Mg, Mn and Na. Its calculated value is in all
OO D000 I % O — . .. .
= sites statistically different from the const. value (12.515)
¥ (Table 6).
y VA O The value of cationic equilibrium in plant leaves from
LR |0 SSAC AN —=ON 0T %M x — | P .
& V]c33sd-~--ddrdddasss=% 3|3 non-polluted temperate regions is 12.515 (Czarnowski
3 < 1977, 1989). According to this author the cation con-
ks = centration in plant is a function of concentrations of
g . p s s
— * .
E 2 2952852382533 F T, 8 i other cations. . .
o SSecSocSocSSsSSsSS~Sw Sy Less polluted sites 1-5 (clean/relatively clean), the
%ﬂ E average value of E. is close to the const. and its range
E §0 is 13.27-13.49 (13.43+0.09). For the remaining sites it
Elm [Yognr 0ot 285822302 0|2 is widely differentiated. The sites 6-8 (urban pollution)
1 O (e} .
E := show higher range values 13.59-13.74 (13.67£0.08).
g i The sites 9-12 (LGOM pollution) have somewhat hi-
g ~ | gher range values 13.69-13.83 (13.77£0.07), whereas
Sl Z|gzgc3da8geesdgecnrgr e ites 13-1 k Trianele”) sh he wi , £
g 23 ISHLFICAITRE8EE S| & sites 13-16 (,,Black Triangle”) show the widest range o
g i’ 13.43-13.93 (13.71+0.23) (Fig. 5).
= S The mentioned results show that cationic equilibrium
') © . . . .
e I T = - V.alues depend on quality of pollution. This fact is con
2 2 == firmed by the highest and the lowest E. values in sites
= = 11-14 or 15-16, respectively.
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Fig. 4. Dendrogram of sites in respect of ele-
ment concentrations in leaves.

TABLE 6. Relative concentrations of cations and cationic equilibrium (E) in leaf samples (t-test to E_ = 12.515).

Site Ca K Na Mg Al B Mn Cu Fe E. t p
1 0.3516 0.5205 0.0687 0.0535 0.0031 0.0004 0.0010 0.0002 0.0010 13.46 8.6 *
2 0.4190 0.4720 0.0429 0.0617 0.0023 0.0002 0.0009 0.0001 0.0009 13.48 14.7 ok
3 0.4644 0.4642 0.0440 0.0221 0.0032 0.0005 0.0007 0.0002 0.0008 13.49 20.1 Hok
4 0.4922 0.4373 0.0316 0.0350 0.0022 0.0003 0.0005 0.0001 0.0008 13.46 27.4 ik
5 0.3850 0.5270 0.0332 0.0506 0.0021 0.0004 0.0008 0.0001 0.0008 13.27 19.8 *
6 0.6100 0.2891 0.0289 0.0635 0.0055 0.0006 0.0010 0.0002 0.0011 13.69 31.8 Hok
7 0.6692 0.2220 0.0428 0.0558 0.0060 0.0004 0.0013 0.0002 0.0022 13.74 40.8 wE
8 0.6953 0.2357 0.0307 0.0298 0.0061 0.0004 0.0007 0.0001 0.0013 13.59 243 ok
9 0.4615 0.2660 0.0493 0.1838 0.0231 0.0027 0.0023 0.0005 0.0108 13.73 32.1 HAE
10 0.5195 0.2608 0.0362 0.1598 0.0131 0.0014 0.0021 0.0005 0.0066 13.69 16.7 *
11 0.4938 0.2739 0.0510 0.1522 0.0148 0.0026 0.0032 0.0005 0.0081 13.83 14.6 *
12 0.4527 0.3644 0.0518 0.1006 0.0186 0.0013 0.0017 0.0005 0.0084 13.83 18.4 Hok
13 0.3911 0.3249 0.1021 0.1533 0.0175 0.0021 0.0017 0.0001 0.0071 13.87 48.6 wE
14 0.5376 0.3135 0.0604 0.0695 0.0122 0.0013 0.0008 0.0001 0.0047 13.93 33.8 ok
15 0.3769 0.4412 0.0446 0.1114 0.0176 0.0013 0.0011 0.0002 0.0058 13.60 19.2 *
16 0.3423 0.4836 0.0416 0.1179 0.0098 0.0012 0.0013 0.0001 0.0022 13.43 11.7 wk

E( — values of cationic equilibrium; t — value of t-test; p — statistical significance: *** p<0.001, ** p< 0.01, * p<0.05

The aim of the present paper was not the analysis of phy-
siological importance of elements and their interactions in
T. cordata leaves. However, the information on cationic
equilibrium in leaves, its stability and variability, can be
used as a diagnostic tool in the estimation of chemical con-
ditions of the environment. As is shown in the study, the
concentration and establishing of the proper qualitative re-
lations between ions, particularly heavy metals, may signi-
ficantly affect the final value of cationic equilibrium. Thus,
the concentrations of cations in leaves, which depend on
environmental pollution, are the cause of changes in catio-
nic equilibrium. Such impacts of pollution on various lo-
wer and higher plants were studied earlier by Samecka-Cy-
merman (1988), Sporek (1995), Samecka-Cymerman et al.
(1997; 2000), Kwapulinski et al. (2001), Kosiba and Kolon
(2002) and Kosiba (2004). These authors analyzed the ca-
tionic equilibrium in plants growing in different habitats,
and showed its significantly lower values in relation to
const. value in areas with higher contents of metals in envi-

ronment. The present investigations show a similar trend.
But, Marschner (1995) and Kabata-Pendias and Pendias
(1999, 2001), Mengel and Kirby (2001), pay attention to
the interactions between elements (antagonistic and syner-
gic) in various parts of plants, which affect the final catio-
nic equilibrium value. Hence, in future investigations con-
centrations of other elements and their interactions should
be taken under consideration for specification of their im-
pact on value of cationic equilibrium in polluted and non-
polluted areas, as well as along the pollution gradient.

Descriptive statistics and ANOVA analysis
of morphometric traits of T. cordata leaves

Sites, characterized in respect of concentrations of ele-
ments in soil and leaf samples, were also compared in re-
spect of morphometric leaf traits of 7. cordata. It turned
out that the analyzed leaf traits differ significantly between
the studied sites (Table 7).
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Hence, the average values of surface, width
U and symmetry of leaves correspond with the
PR madSedEdagIANLE S g ordination of sites in dendrograms, i.e. in re-
j’sj spect of metal concentrations in soils (Fig. 3)
= and in leaves of T. cordata (Fig. 4). The lar-
g ger surface and width of leaves correspond to
% I I3 UERIo 2 sites with higher metals concentrations in so-
S N =l .
= SSSSS SIS oSS 2 ils and leaves (6-16), and the lower values on
Z sites not directly subjected to industrial and
— 3 urban emissions (1-5). Similarly, on polluted
= :5) sites recorded was the largest asymmetry of
£ 2 |TXBERLTVLNRYBIILES = leaves, whereas leaves from non polluted si-
2| g|ecccSccoosocesss (;' tes are less asymmetrical (Fig. 6).
V% ) Higher variability coefficients (V) of the
pal analyzed leaf traits occur also in polluted sites.
[a) ATV AREOTF T+ =0 < According to Zajac (1994), the variability co-
7 —_— O O A O o = o= O — O — Vv g .]az y
H I ITTITTRTRTET | S = . efficient shows the relation of intensity of ad-
< >~ O < vy © — <t 000> 00 >0 — A — ) o - oy e . .
2 GRS 9xgongnEgYanse (T 3 ditional causes to the main ones. According to
pd . L LS
Y Krzywiecka (1989), the variability coefficient
¥ up to 5% describes perfectly the trait’s per-
8 manency (stability of biometrical trait varia-
>E (22325 § S g § § : § g § 5 2 5 bility), <10% very good, <15% good, <20%
g sufficiently, <25% insufficiently and over
'»ED then 25% wrongly. Thus, it can be stated, that
8 T. cordata occurring in polluted sites is cha-
. 2 racterized by higher values of the variability
% O N OO <00 OO QN 8 .. . . .
§ D v e G v coefficient in relation to sites not affected by
& source emissions. One may suppose, that the
3 high and significant differentiation of leaf tra-
— = its between the sites is the response to pollu-
g o tion of the environment. It was also confir-
= — |0 N v O O 0O T RN A =
S|E|dFfTrcimaTeaTaa TS Fw E med in studies of Sierocinska-Jedra (1994),
= . Klein and Paulus (1997) and Kozlov et al.
ES (2002) in the case of other tree species. These
A o E authors mention, that the relation of elements
@ - R e B B R e R 5 o | & concentrations to leaf traits is often used for
= S g e Sl B St Bk . | 8 ! >
g DEHAALIITEALILLAS | ’ S % presentation of the burdening of a plants by
= T T T e s T e mn e e g chemical compounds. Moreover, investiga-
2 tions of Romero-Schmidt et al. (1995), Mal et
s .
g al. (2002) Baret et al. (2003), Niinemets and
SF |2aTnzeuoIn g o s =R | Kull (2003), Tretyakova and Noskova (2004),
S — — N 0 — .
= [P o =2SdSSRINIESA z Gonzalez-Rodrigez and Oyama (2005) show
= the variability of various morphometric leaf
> .
= traits and pollens of trees, shrubs and meadow
4 é plants, confirming thereby the influence of
ER S 0 00 = 00— 99 00 Oy %0 g habitat stress upon traits.
s | = e S N NN S SRS NI SIS AR S E‘
Q
2 5
3 = CONCLUSIONS
£ T g
= 5 E . o
S| el S |02z -t aY o z The carried out study revealed that Tilia
E|S|g|ZceScdde-dedurnadgy E  on isti i
b £ E cordata reacts distinctly to the level of envi-
b a Ig ronmental pollution with traits such like ca-
z ‘ tionic equilibrium and morphometric traits.
g a RIS YIS SN RAS § And so, the cationic equilibrium is distur-
z | H A It A A I B A i A R B el BT IR IR s bed by the high air deposit of pollution, i.e. in
& g “——xoxxsxxosnes HHHA | K[ F | |5 hi e , ationi
5| 2 C NS AR = RSB LS B o 3 ighly polluted sites the value of cationic
2 S B o B R I O I O kS IS SR T o IR SRR Sy = .
k4 z equilibrium may show either the lowest or the
2 ; highest values in relation to the const.
‘9’. é (12.515), which is caused by the quality of
; ﬁ — Nt OoO~oan2 DO SO 53 o % g pollution.
= A The morphometric traits of leaves show in
s 4 the same conditions the highest values of sur-
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face, width and a greater asymmetry, and are characterized
by the highest variability. On the contrary, in sites, which
are not directly affected by point-source emitters (clean/re-

latively clean) the cationic equilibrium is close to the const.
value, whereas leaf traits show the lowest values and a con-
siderably lower variability.
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On the basis of these results, one can say that the presen-
ted above traits can be used as a tool for estimation of envi-
ronmental state, particularly extremely polluted. However,
future research should also consider the calibration of plant
response along the pollution gradient, effects of other gase-
ous-dust pollutants, as well as microclimatic conditions,
which would give additional information on possibilities of
Tilia cordata for biomoitoring.

Of importance is also, the fact that the image and nume-
rical techniques are more precise and practical in ecologi-
cal studies.
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