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Abstract

Marnkovska B., Oszlanyi J., Barancok P.: Effects of air pollution on key tree species of the Carpathian
Mountains. Ekoldgia (Bratislava), Vol. 27, No. 3, p. 248-268, 2008.

Concentrations of Al, B, Ca, Cu, Fe, K, Mg, Mn, N, Na, P, S and Zn in the foliage of white fir
(Abies alba), Norway spruce (Picea abies) and common beech (Fagus sylvatica) from 26 sites
of the Carpathian Mts forests are discussed in a context of their limit values. S/N ratio was dif-
ferent higher from optimum in 90% of localities when compared with the European limit values.
Likewise we found increase of Fe and Cu concentrations compared with their background levels
in 100% of locations. Mn concentrations were increased in 76% of localities. Mn mobilization
values indicate the disturbance of physiological balance leading to the change of the ratio with
Fe. SEM-investigation of foliage waxes from 25 sites in the Carpathian Mts showed that there is
a statistically significant difference in mean wax quality. Epistomatal waxes were damaged as
indicated by increased development of net and amorphous waxes. The most damaged stomata in
spruce needles were from Yablunitsa (UA); in fir needles from Stoliky (SK), and in beech leaves
from Mald Fatra (SK). Spruce needles in the Carpathian Mts had more damaged stomata than fir
needles and beech leaves. Spruce seems to be the most sensitive tree species to environmental
stress in Carpathian Mts forests. Foliage surfaces of three forest tree species contained Al, Si, Ca,
Fe, Mg, K, CI, Mn, Na, Ni, and Ti in all studied localities. Presence of nutrition elements (Ca, Fe,
Mg, K and Mn) on foliage surface hinders opening and closing stomata and it is not physiologi-
cally usable for tree species.

Key words: spruce, beech, fir, atmospheric deposition, nutrition elements, heavy metals, epicuticular
waxes

Introduction

Air pollution sooner or later deposites on the Earth’s surface. A residential time of pollutants
in the atmosphere depends on the physical and chemical properties of both the atmosphere
and pollution. Between many pollutants heavy metals are the most toxic component for all
living organisms. As biological objects can respond more or less specifically to the influ-
ence of environmental factor intensities, including atmospheric deposition levels (sensitive,
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tolerant, bioaccumulative responses of organisms) suitable biotas are searched for use as
biometers. Generally, passive and active methods of plant bioindication are used. Several
surveys of biomonitoring methods and useable bioindicators are available in the literature
(Buse et al., 2003; Marikovska et al., 2003; Markert et al., 2003; Manning et al., 2002;
Suchara et al., 2007).

Forests of the Carpathian Mountains represent unique reservoir of many endemic, rare
and unusual plant and animal species in Central Europe. Norway spruce (Picea abies
Karst.) and common beech (Fagus sylvatica L.) are well distributed there. These species
have attracted significant attention of scientists because of their decline and reduced ge-
netic diversity being caused by air pollution. The region on the border of Slovakia, Poland
and Czech Republic was declared the second “black triangle” in Europe with substantially
higher concentrations of heavy metals than in the first “black triangle” on the border of
the Czech Republic, Poland and Germany (Markert et al., 1996). Information about the
air pollution status of the Carpathian Mts forests is essential for a better understanding of
environmental stress. Chemical foliar analysis is a widely used diagnostic and monitoring
method in environmental studies (Maiikovskd, 1996; Marikovska et al., 2003). Foliage of
forest tree species from contaminated regions can be considered an accumulation monitor
where significant amounts of chemical elements are deposited on the surface or in the wax
layer (Mankovskd, 1996).

The attention has been paid to the impact of polluted air on forests (Karaoz, 2003; Stefan
et al., 1997); forest land (Hovdmand, Bille-Jansen, 1997); surface of foliage (Percy et al.,
1995); crown condition and pollution (Solberg et al., 2002); biomonitoring and statistical
analysis (Suzuki et al., 1994; Torseth et al., 2001).

Emissions of SO, cause a noticeable damage to forest stands. Many authors deal with
accumulation of sulphur in foliage (Ayodele, Ahmed, 2001); metabolism of sulphur in plants
(Lofgren et al., 2001; Rennenberg, 1994).

Emissions of NO_belong in addition to SO, to important injurious agents. Many papers
dealt with nitrogen, its circulation and influence on growth (Lovett et al., 2004). In case of
cumulating nitrogen and sulphur in the foliage of forest tree species the ratio of S/N changes
and nutrition can be damaged (Kaupenjohan et al., 1989). Simultaneously in addition to the
excess of sulphur and nitrogen in the foliage of forest tree species there affect also other
injurious agents such as microelements in excess and heavy metals (Hlawiczka et al., 2003;
Lomander, Johansson, 2001).

Some long-term studies about an interaction between leaf surface on trees and atmospheric
pollution were carried out (Altieri et al., 1994; Sanz et al., 1995). Effects of atmospheric
pollution and epicuticular waxes and stomata were reported through the observations on
electron scansion microscope and in some studies was reported the role of SO, and other
pollutants on morphological leaf wax structure (Trimbacher, Weiss, 2004). Alterations in
the barrier between tree and atmosphere, the wax cuticle, can have important physiological
effects and can therefore be used as a tool to indicate the tree response to abiotic factors.
The erosion of epicuticular wax structure and stomatal damage in conifer needles are very
widespread phenomena: they are considered important factors in the syndrome of forest
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decline (Turunen, Huttunen, 1990). SO, and NO, emissions and organic and solid depositions
in Slovakia forest area was studied and described previously by Marikovskd (1996).

Primary aim of this paper was to study the effect of polluted air on foliage of three for-
est tree species in the Carpathian range. It was namely evaluation of total concentration of
sulphur and nitrogen (as the most important air pollutants). Furthermore, our aim was to
evaluate air pollution impacts on stomatal quality for three important forest tree species on
26 sites in the Carpathian Mts.

Material and methods

Sampling sites were established in the Czech Republic (CZ): 1 — Bily Kfiz, 2 — Javorina; Poland (PL): 3 — Babia
Gora, 4 — Bieszczady, 5 — Brenna, 6 — Magura, 7 — Pieniny, 8 — Tatry; Slovakia (SK): 9 — Mala Fatraf§tefanové,
10 — Malé Karpaty—Geldek, 11 — Vihorlat-Morské Oko, 12 — Polana, 13 — Stoliky, 14 — Kozie chrbty-Vychodné;
Ukraine (UA): 15 — Kryvopilja, 16 — Kuzij, 17 — Vizhnitsa, 18 — Synevir, 19 — Uzhoksky Pass, 20 — Yablunitsa;
Romania (RO): 21 — Fudata, 22 — Magura, 23 — Obcina Mare, 24 — Rarau, 25 — Stana de Vale, 26 — Retezat in
December 1998 (Bytnerowicz et al., 2002; Fraczek et al., 2002). Altogether 1101 trees (spruce, fir and beech) of
dominant or co-dominant class in the second age category (2140 years old) were sampled using ICP protocol
(ICP, 1994).

Samples of foliage were analysed unwashed. They were dried at the temperature not exceeding 80 °C for the
period of 24 hours. Needles were separated from branches and leaves from stems. Dry samples of foliage were
completely homogenized and equal amounts of biomass from 15 trees per plot were mixed. Pressure mineralization
was performed in a microwave furnace MDS 2000 (CEM company). Atomic absorption spectrometer (LECO-
PLASMA-RAY 2000) was applied to determine concentrations of aluminium (Al), boron (B), calcium (Ca), cop-
per (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na) and zinc (Zn). Elementary
analyser LECO SC 132 was applied to determine concentration of sulphur. Elementary analyser LECO SP 228
was used to determine total concentration of foliar nitrogen.

JEOL Ion sputtering was used for treating foliar surfaces of the studied trees. Scanning microscope JEOL
840 A and X-ray analyser LINK 10000 were used for their assessment. Quantification changes (Table 1, Figs 1,
2, 3) in the epistomatal wax structures of five distinct classes were defined by two criteria: differences in wax
morphology and varying degree of changed wax structures in the stomatal area (Matikovskd, 1996; Trimbacher,
Weiss, 2004). We used Q coefficient of occlusion (arithmetical mean of epicuticular wax quality of 200 stomata
per leave or needle). Particles deposited in foliar stomata were assessed according to their morphology and X-ray

Table 1. Classification of changes of the epistomatal wax of Picea abies, Abies alba, Fagus sylvatica.

Class I Maximum of 10% of the total stomatal area shows the beginnings of fussion of single wax
tubules.

Class II Some of the atypically aggregated wax tubules fuse to small wax tufts at different parts of the
stomatal area. The latter cover 10 to 25% of the total stomatal area.

Class IIT In addition to the wax tufts plate-like wax parts can be found which, in total, cover more than
25% and up to 50% of the total stomatal area.

Class IV More than 50% and up to 75% of the total stomatal area shows small parts of wax tufts as well
as large platelet wax forms.

Class V More than 75% of the total stomatal area is characterized by considerably changed wax micro-
structures. The stomatal antechamber is almost or completely occluded with an amorphous wax
plug.
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Fig. 1. Microstructure epicuticular waxes in epistomatal area P. abies Kar s t.
Note: classes: b) classification class I, d) classification class IV, abscisa represents 20um

Fig. 2. Microstructure epicuticular waxes in epistomatal area A. alba Mill.
Note: classes: e) classification class I, h) classification class IV, abscisa represents 10 um.

Fig. 3. Microstructure epicuticular waxes in epistomatal area of F. sylvatica L.
Note: e) classification class I; f) classification class III, abscissa represents 10 um
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Table 2. Classification of particles deposited in surface and stomata of foliage.

metallic luster

Category Morphology of particles Major EDX spectrum
Biologic (A) Characteristic shape with a low spectre—pollen, spores, Low peak for background
plant and animal remains and waxes ratios of the elements:
Si,S,Ca,K,P
Mineral (B) Nonspherical irregular shape, fairly big particles, origin: | High peak for background
soil, limestone [CaCO,]; dolomite [Ca,Mg (CO,),], SiO,, | ratios of the elements Si
CaSO A and complex mixtures of alkaline origin or Ca and others as Al, K,
Ti, Fe, Na
Fly ash from black | Small oval particles rich in Al, Si, S; cenospheric with Al, Si, S, V, Ni, Cr
oil (C) Al-Si, V and Ni; sulphates rich in Cr, Fe, Ni with black-

Fly ash from coal
D)

Small oval particles similar to the ones from B group
with Al-Si, with various admixtures

Similar to mineral parti-
cles with Al-Si

Fly ash from black | Small oval particles similar to the ones from C group Al, Si, V, Ni,Cr
oil and coal (E) with Al-Si; small porous particles containing carbon
together with D category
Industrial (F) Very variegated reflecting Technologies used:
Aluminium plant F1 Al
Cement and lime plants F2 Ca
Magnesite plants F3 Mg
Iron F4 Fe
Base metals F5 Mn,Ni,Zn
Other Fo6 Br,Rb,Sr,
As,Be,Cd,Co,Cr,Cu,Ge
Mo,Ni,Pb,Se Sb,V,Zn

spectra (Table 2). The deposited particles were divided into four basic groups: 1 — biological; 2 — mineral; 3 — coal
and fuel oil ash and 4 — industrial ( cement and lime plant, iron plantand other technologies) (Marikovskd, 1996).
Fungal infection was classified to 5 classes: 1 — absence of fungal particles (spore and mycelium); 2 — < 10
particles; 3 — 11 to 25 particles; 4 — > 25 particles with covering less than 25% of surface, and 5 — > 25% of
foliage surface covered. The epicuticular wax was evaluated by Kolmogorov- mirnov statistical non-parametric
comparisons test for quality.

The accuracy of data was verified by an analysis of standard plant samples and by a comparison with the
results obtained in 109 laboratories within the IUFRO working group for quality assurance (Hunter, 1994). For an
assessment of vegetation material we used current statistical methods, correlation analysis and analysis of main
components (PCA), which is included into factor analysis. Factor rotation was performed by Varimax method in
a way to define the factors with the slope either very high (close to 1.0 or -1.0) and to eliminate medium loading.
The number of factors was set at 8; the percent of explained variability was 90%.
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Results and discussion

Foliar analyses

Foliar analyses (Table 3) show that European limit values for tree foliage (Stefan et al.,
1997) were exceeded for S, Fe, Cu, and Mn. For better understanding we processed the
results separately for 26 sites. In this way it is possible to differentiate better on studied tree
species for geographic regions such as Western Carpathian Mt., Eastern Carpathian Mts
and Southern Carpathian Mts. Statistically significant differences between concentrations
of all studied elements in the foliage of forest tree species were found between all studied
sites. Nutrition ratios (S/N, N/P, N/K, N/Mg, K/Ca, K/Mg, Ca/Mg, Fe/Mn) in beech leaves,
spruce and fir needles are given in Table 4. Unbalanced ratios for S/N for all tree species in
all sites were found. The ratio of Fe/Mn was unbalanced for spruce needles in the 66% sites
and for fir needles in the 40%. Similarly this ratio was unbalanced for beech leaves in the
63% sites. Other elemental ratios were balanced. Balance of single elements in plant organ-
isms is a basis for normal growth. Similar chemical properties, derived from approximately
the same ionic radicals and charges, probably cause that the interactions of single elements
occur inside of the tree. Synergistic and antagonistic relationships may occur between the
studied elements and these may be modified by the presence of air pollutants. Markert (1993)
as the first researcher explained mutual correlation of P, N, K, Ca and Mg in 54 higher and
lower plant species. P and N are important during protein biosynthesis, and Ca and Mg as
common enzymatic activators during metabolic physiological processes (Markert et al.,
1996, 2003) also found high correlation between P, N, Ca, Mg and Sr concentrations and
Co/Mo, Cr/Co ratios in Scots pine needles. The same author listed Al/Ca, Mn/Ca and B/Sb
as typical antagonistic elementary pairs. We did not find either positive or negative cor-
relation with the correlation coefficient r higher or equal to + 0.9 (Table 5) between single
pairs of elements in the foliage of all studied tree species in the Carpathian Mts. Mutual
correlation with r higher or equal to + 0.5 existed for the following pairs of elements: beech
leaves (S/N, S/P, Cu/P, Cu/K and Cu/Mg); spruce needles (S/N, Fe/P, Fe/K, Mn/B, Na/Cu,
Na/Mn and Zn/Cu) and fir needles (S/N, Mg/Ca, Zn/K, Zn/Mg and Zn/Fe).

Aluminium is a metallic non-essential element in foliage of forest trees. The concentra-
tions of Al ranged for 1-year-old spruce needles between 39 and 156 mg.kg', for 1-year-old
fir needles between 50 and 301 mg.kg' and for beech leaves between 59 and 237 mg.kg™'.
For the entire Carpathian Mts range the highest Al concentrations were determined in Tatry,
PL (spruce); Magura PL (fir needles) and in the Kozie chrbty, SK (beech leaves). According
to Markovska (1996), the allowable limit value for Al in the foliage of forest tree species
is 100 mg kg''. Al was present in 97.2% of the evaluated stomata.

Boron is an essential element for trees. The concentrations of B ranged for 1-year-old
spruce needles between 11 and 22mg.kg™!, for 1-year-old fir needles between 14 and —21
mg.kg! and for beech leaves between 17 and —35 mg.kg™'. For the entire Carpathian Mts
range the highest concentrations were determined for spruce in Stana de Vale (RO), for fir
in Stoliky (SK) and for beech foliage in Malé Karpaty, Geldek (SK). According to Stefan
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Table 4. Ratio of elements in the foliage of Fagus sylvatica, Picea abies and Abies alba.

F. sylvatica

Site S/IN N/P N/K N/Mg K/Ca K/Mg Ca/Mg Fe/Mn
2 0.077 17.7 2.2 12.6 0.909 5.5 6.0 1.48
4 0.073 19.3 24 12.4 0.601 6.2 8.3 0.94
6 0.077 20.9 2.3 13.9 1.428 5.8 4.8 0.22
9 0.088 20.1 1.9 79 0.992 3.7 3.6 241
10 0.091 19.1 4.0 7.0 0.662 1.7 3.2 345
11 0.092 21.5 2.5 17.9 1.762 8.4 4.4 0.06
12 0.094 17.8 2.6 16.1 1.384 6.3 4.5 0.14
14 0.111 11.1 2.6 10.6 0.724 39 54 0.27
15 0.100 14.2 4.0 11.7 0.449 2.9 6.5 295
16 0.110 134 2.2 14.1 1.497 6.3 4.3 0.27
17 0.093 20.1 3.7 12.1 0.704 33 4.6 3.34
19 0.094 18.5 2.5 13.3 1.269 53 4.2 0.75
20 0.088 21 3.7 12.1 0.950 3.2 34 0.53
21 0.094 19.5 2.9 13.0 1.170 4.5 3.8 0.75
22 0.121 15.7 33 8.3 0.556 2.6 4.6 2.40
25 0.098 19.2 24 12.7 0.927 5.0 5.6 0.29
P. abies
1 0.118 8.82 2.18 12.7 2.41 7.08 2.7 1.01
3 0.116 10.18 1.45 8.94 1.95 6.69 345 2.29
5 0.116 10.18 1.42 8.78 1.95 6.69 345 2.29
8 0.115 9.37 2.11 19.11 2.53 6.76 3.28 0.15
9 0.118 9.87 1.34 8.78 1.94 6.69 3.45 2.29
12 0.118 8.51 1.57 10.41 0.93 6.26 6.66 0.63
13 0.101 10.11 3.04 9.79 0.76 322 4.0 0.06
14 0.105 9.02 1.33 11.08 1.77 8.33 4.46 5.06
15 0.108 10.37 2.30 14.10 1.96 6.12 3.12 3.93
18 0.093 12.93 2.39 10.64 0.61 4.46 7.36 0.24
19 0.094 9.59 22 14.08 1.52 6.39 42 4.92
20 0.086 9.98 1.93 13.42 1.9 6.97 3.66 0.31
23 0.115 9.37 2.11 12.99 245 6.56 3.28 0.15
24 0.125 10.42 1.50 17.3 1.35 9.72 7.51 12.8
25 - - - - 2.28 6.97 3.07 0.63
A. alba
6 0.114 15.68 2.32 15.04 0.75 6.49 8.29 0.03
7 0.090 16.04 2.97 8.76 0.56 2.87 5.46 0.16
12 0.101 7.82 1.40 9.05 1.36 6.48 5.03 1.09
13 0.103 8.21 3.73 8.5 0.45 2.08 5.10 0.04
14 0.105 9.44 1.82 8.32 0.63 4.21 6.64 22.16
Limit *,%*
FS 0.052 10.6-25.0 1.8-5.0 12.0-25.0 0.6-2.5 3.3-10.0 3.7-8.0 0.50
PA,. AA 0.065 6.0-17.0 1.3-4.9 8.0-28.3 0.6-6.0 2.3-15.0 1.0-10.0 0.50

Notes: explanation see in Table 3
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Table 5. Correlation between

sites in all countries).

F. sylvatica

elements in the foliage of Fagus sylvatica, Picea abies and Abies alba (26

Elem. P K Ca Mg S Al B Cu Fe Mn Na Zn
N 0.170 | 0.461 |[-0.439 |-0.129 | 0.479 | 0.120 | 0.057 | 0.501 |[-0.058 | 0.176 | -0.196 | 0.065
P 1.000 | 0.134 |-0.024 |-0.105 | 0.499 | 0.414 |-0.162 | 0.496 | 0.254 | 0.393 | 0.435 | 0.242
K 1.000 |-0.402 |-0.424 | 0.137 | 0.109 | 0.094 | 0.493 | -0.186 | 0.386 |-0.074 |-0.002
Ca 1.000 | 0.300 |-0.406 | 0.059 | 0.139 |[-0.368 | 0.191 |-0.370 | 0.053 | 0.027
Mg 1.000 | -0.041 | -0.101 | 0.240 |-0.061 | -0.018 |-0.400 | 0.249 | -0.133
S 1.000 | 0.197 |-0.261 | 0.503 | 0.179 | 0.435 | 0.202 | 0.253
Al 1.000 |-0.050 | 0.001 |-0.115 | 0.446 | 0.441 | -0.041
B 1.000 | 0.010 |-0.190 | 0.071 | 0.009 |-0.336
Cu 1.000 | 0.102 | 0.311 |-0.023 | 0.088
Fe 1.000 | 0.108 | 0.144 | 0.659
Mn 1.000 | 0.384 | 0.162
Na 1.000 | 0.153
A. alba
N -0.195 | -0.164 | 0.186 | 0.082 | 0.605 | 0.513 | 0.252 | 0.470 |-0.352 | 0.285 | 0.027 [ -0.162
P 1.000 | 0.277 |-0.388 |-0.011 |-0.126 |[-0.067 | 0.051 |-0.404 | 0.540 |-0.011 |-0.123 | 0.536
K 1.000 |-0.300 |-0.195 |-0.199 | 0.513 | -0.414 | 0.328 | 0.526 |-0.486 | 0.759 | 0.089
Ca 1.000 | 0.151 0.241 0.174 | 0.275 |[-0.086 | 0.022 | 0.014 | 0.029 | 0.056
Mg 1.000 | 0.025 |-0.145 | 0.062 |-0.207 |[-0.098 |-0.361 |-0.125 | 0.123
S 1.000 | 0.330 | 0.003 | 0.325 |-0.271 | 0.323 | 0.110 | 0.086
Al 1.000 | -0.118 | 0.611 | 0.285 |[-0.202 | 0.747 | -0.133
B 1.000 | 0.078 | -0.119 | 0.506 |-0.466 | -0.103
Cu 1.000 |-0.255 | 0.174 | 0.494 | -0.516
Fe 1.000 |-0.556 | 0.438 | 0.486
Mn 1.000 | -0.494 | -0.176
Na 1.000 | 0.022
P. abies

N 0.012 |-0.262 | 0.007 |-0.293 | 0.856 | 0.035 |[-0.172 |-0.361 | 0.043 |-0.263 |-0.235 | -0.191
P 1.000 | 0.331 0.143 | 0.423 | 0.048 | 0.064 |-0.089 | 0.203 | 0.176 | 0.403 | 0.082 | 0.414
K 1.000 | 0.150 | 0.226 |-0.270 | 0.174 |-0.087 | 0.244 | 0.249 |-0.177 | 0.494 | 0.539
Ca 1.000 | 0.493 |-0.046 |-0.147 |-0.011 | 0.367 | 0.239 | 0.259 | 0.052 | 0.481
Mg 1.000 |-0.288 |-0.348 |-0.048 | 0.290 |-0.052 | 0.395 |-0.079 | 0.495
S 1.000 | 0.107 |-0.210 |[-0.383 | 0.145 |-0.268 |-0.056 | -0.185
Al 1.000 | 0.205 | 0.276 | 0.026 |-0.014 | 0.511 | -0.198
B 1.000 | 0.132 | 0.178 | 0.385 | 0.242 | 0.030
Cu 1.000 | 0.190 | 0.195 | 0.421 | 0.444
Fe 1.000 | -0.004 | 0.480 | 0.669
Mn 1.000 |-0.030 | 0.101
Na 1.000 | 0.305

Note: Marked correlations are significant at p < 0.005; Elem. — element.
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at al. (1997) and Maiikovska (1996), the allowable limit value for B in the foliage of forest
trees ranges between 15 and 50 mg.kg™.

Calcium is an essential element and concentrations of this element in tree foliage de-
pend on its availability in soil. In principle, the Ca concentrations correlate with Mg levels.
Variation range of Ca in foliage (in mg.kg') was as follows: 1978 — 12 237 for 1-year-old
spruce needles; 7306-9749 for 1-year-old fir needles, and 645313813 for beech leaves. In
plants Ca is not as mobile as Mg and thus it is being accumulated in older plant tissues. The
highest concentrations were determined for beech in Krivopilja (RO) for fir in Pieniny (PL)
and for spruce in the Synevir (RO). According to Stefan et al. (1997) the allowable limit
value for Ca in the foliage of beech ranges between 4000 and 8000 mg.kg™'. The European
arithmetical mean value for Ca in foliage is 4860 mg.kg' for spruce and fir.

Copper is an essential microelement. The concentration of Cu ranged for 1-year-old
spruce needles between 3 and 11 mg.kg!, for 1-year-old fir needles between 4 and 8mg kg
!"and for beech leaves between 6 and 15 mg kg'. For the entire Carpathian Mts range the
highest concentrations were determined for spruce in Polana (SK), for fir in Magura (PL)
and for beech in Kuzij (RO). According to Martikovska (1996), the allowable limit value for
copper in the foliage of forest tree species is between 2 and 3 mg.kg'. Stefan et al. (1997)
gives a value 2.5-3 mg.kg™! for spruce needles; Martikovska (1996) considers foliar Cu con-
centration < 5 mg.kg' as limit level and values >100 mg.kg' as indicative of extreme load
by air pollutants. Total copper concentrations > 5 mg.kg' is present on about 2/3 of the
Slovak territory. Copper was present only in 0.4% of the studied stomata of fir needles.

Phosphorus is an essential element and its limit values range from 1000 to 2000 mg.kg™!
(Stefan et al., 1997; Marikovskd, 1996). Foliar concentrations of P ranged for 1-year-old
spruce needles between 1005 and 1882 mg.kg!; for beech leaves between 1000 and 1937
mg.kg"! and in 1-year-old fir needles between 995 and 1733 mg.kg'. For the entire Car-
pathian Mts range the highest concentrations were determined in Romania for spruce (Stana
de Vale) and beech (Kuzij — UA), and for fir in Polana (SK).

Iron is a typical essential element with physiological enzymatic function. In higher
concentrations its effects on plants are toxic. According to Stefan et al. (1997) normal con-
centrations in healthy spruce needles are close to 50 mg.kg' and in healthy beech leaves
about 129 mg.kg'. Innes (1995) found in 2- years-old Norway spruce needles concentra-
tions in a range of 40-169 mg.kg' and in Scots pine needles (Pinus sylvestris L.) values
in a range of 77-373 mg.kg'. Optimal value for Fe in foliage is within the range 50-200
mg.kg' (Marikovskd, 1996). In this study, Fe concentrations in lyear old spruce needles
were 76-3482 mg.kg'; in beech leaves 99-1090 mg.kg™!, and in 1-yearold fir needles 71-323
mg.kg!. Concentration of Fe is elevated in all studied tree species and it is obviously con-
nected with the presence of Fe in fly ashes emitted from heating plants. The highest Fe
concentrations were determined in spruce needles — Rarau (UA); in beech leaves — Magura
(RO) and fir needles in Pol'ana (SK).

Potassium is an essential element. It can be replaced by rubidium, caesium, barium,
lead and thallium. Essential to all organisms, it has electrochemical, catalytic and enzy-
matic (enzyme activation) functions, and supports osmoregulation and hydration. Oxygen
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deficiency disturbs water balance (withering tips of leaves, contorted older leaves, prema-
ture loss of older needles, rotting roots). Variations in potassium concentration in foliage
of forest tree species are controlled by soil. The concentration of K ranged for 1-year-old
spruce needles between 4213 and 10844 mg kg™, for 1-year-old fir needles between 3382
and 9959 mg.kg!' and for beech leaves between 6453 and 13813 mg.kg'. According to the
data K concentration from 5000 up to 10000 mg.kg™' is optimal and sufficient. Markert et
al. (1996) found in Scots pine 4400 mg.kg'. The highest concentration was determined in
Stana de Vale, Romania (spruce), Magura, Poland (beech) and Polana, Slovakia (fir).

Magnesium concentration in foliage of forest trees depends on its soil content. Optimal
nutritional values for Mg range from 600 to 1500 mg.kg"' (Stefan et al., 1997). The Mg
concentrations are higher in older needle classes of healthy trees. In regions affected by
air pollutants, the Mg concentrations increased up to the 3rd year needle class, and then
dropped. Low values of Mg correlate with needle yellowing. Maiikovska (1996) showed
that concentration of Mg in the needles of older trees (4000 mg.kg') was lower in com-
parison with younger individuals (6200 mg.kg™"). The range of Mg found in this study are
as follows: 717-1721 mg.kg! for spruce needles, 1382-3680 mg.kg™' for beech leaves, and
1124-1857 mg.kg!' for fir needles. The Ca concentrations in principle correlate well with
the Mg levels. The highest Mg concentrations were determined in Stana de Vale, Romania
(spruce); Malé Karpaty—Geldek, Slovakia (beech) and Pieniny, Poland (fir).

Manganese is an essential element that becomes toxic in higher concentrations. Its
mobilization indicates the disturbance of a physiological balance leading to a change of
the Mn/Fe (normal ratio should be 1:2) (Marikovskd, 1996). According to Markert et al.
(1996), Mn concentrations in spruce needles correlate well with needle loss. Therefore Mn
is being used as an indicator of tree damage (Maiikovska, 1996). Manganese mobilization
indicates an unstable state in the regime of mineral substances of forest stands as well as
trees. According to Stefan et al. (1997), needles the limit of insufficiency of Mn is about
20 mg.kg" for spruce with an optimal content > 50 mg.kg'. Stefan et al. (1997) found in
healthy 1-year-old spruce needles 320 mg.kg' and in damaged needles 1300 mg.kg', and
in healthy beech leaves 940 mg.kg'. Innes (1995) found in 2-years-old needles of spruce
100-5540 mg.kg' and in pine 150-1740 mg.kg™'. In this study, Mn concentration in tree
foliage ranged from 28 to 1389 mg. kg for spruce (1-year-old needles); from 39 to 2741
mg.kg! for beech and from 13 to 2856 mg kg for fir (1-year-old needles). The highest
values of Mn in spruce needles were found in Stana de Vale (RO), in beech leaves in Vi-
horlat-Morské Oko and fir needles in Stoliky (SK).

Sulphur and nitrogen are essential plant nutrients. S and N air pollutants as SO,, H.S,
NO,, NH,, or HNO; can cause increased foliar concentrations of both elements in plants.
With regard to damage to forest ecosystems, three main reasons of S toxicity should be
considered: damage to roots from elevated concentrations of S in humus complex, damage
to foliage by S metabolites resulting from excessive SO, and H,S uptake and redistribution
and accumulation of S in older organs (older leaves, wood, etc.). Sulphur is an important
nutrient limiting the growth of plants — both excess and deficiency of S may cause growth
reduction (Innes, 1995).
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Concentrations of S in 1-year-old spruce needles ranged from 1140 to 1780 mg.kg, in
beech leaves from 1550 to 2730 mg.kg ', and in fir needles from 1230 to 1890 mg.kg'. Ac-
cording to Innes (1995) S concentrations in spruce needles range from 800 to 1000 mg.kg™',
what corresponds with our data (Marikovska, 1988). In polluted regions the S concentration
in spruce and fir needles increases markedly up to 5000 mg.kg'. The values from 1000
to 1500 mg.kg! for coniferous trees and 1000 to 2000 mg.kg! for broadleaved trees are
considered as sufficient. Higher concentrations should be considered undesirable. These
observed high values confirm marked impact of sulphur oxides in the entire range of the
Carpathian Mountains. The highest values of S were found in spruce in Kryvopilja (UA),
in beech in Magura (RO) and in fir in Magura (PL).

Concentrations of N in 1-year-old spruce needles in the Carpathian Mts ranged from
11700 to 17700 mg.kg™', in beech leaves from 18000 to 29700 mg.kg™', and in 1-year-old fir
needles from 11700 to 15500 mg.kg'. Martikovska (1996) considers 13500-17000 mg.kg™!
as sufficient foliar concentrations for tree species. The S/N ratio in the foliage of spruce
needles ranged from 0.086 to 0.125, in beech leaves from 0.073 to 0.121, and in 1-year-old fir
needles from 0.09 to 0.114 (Table 4). The S/N ratio is a sensitive indicator of S accumulation
in the foliage of forest trees subjected to atmospheric pollution. Molar ratio of protein S and
protein N ranges from 0.05 to 0.15 (Stefan et al., 1997) and it is relatively constant for all
tree species. The S/N ratio is no optimally balanced (Table 2) in all study tree species when
compared with the limit ranges. The highest values of N were found for spruce in Synevir
(UA), for beech in Polana (SK), and for fir in Magura (PL).

Sodium concentrations (in mg.kg") in 1-year-old spruce needles ranged from 42 to 154
mg.kg ', in beech leaves from 50 to 168 mg.kg™!, and in fir needles from 38 to 75 mg.kg™'.
Markert (1993) reported in pine needles 101 mg.kg"' and Marikovska (1996) found values
lower than 100 mg.kg™! in forest trees. Sodium is an essential element for higher plants and it
has an important electrochemical function. The highest values of Na were found for spruce
in Rarau (RO), for beech in Kozie Chrbty—Vychodna (SK) and for fir in Polana, (SK).

Zinc is an essential element for plants. Zinc is a constituent of chlorophyll, activates en-
zymes, and takes part in dehydrogenase, protein degradation and formation of growth agents
(Marnikovska, 1996). In this study, foliar Zn concentrations ranged as follows: 11-101 mg.kg™!
for 1-year-old spruce needles; 25-63 mg.kg! for beech leaves and 27-41 mg.kg™! for 1 year
old fir needles. The highest Zn concentrations were determined for spruce in Kryvopilja
(UA); for beech in Uzhodsky pass (UA) and for fir in in Polana (SK). According to Stefan
et al. (1997) optimum for Zn concentrations for the spruce needles are about 50 mg.kg™"

The principal component analysis (PCA) was used for data processing and determination
of interrelations of the concentrations of elements accumulated in the foliage of studied
tree species (Table 6). 95.3% of total variability was explained by means of 9 factors. All
weights of components in PC1 (the first principal component) up to PC9 (the last principal
component) are comparable for the Carpathian Mountains. Individual components PC1 up
to PC8 have different significances. PC1 accounts for 29.6% of commonality and shows the
highest negative values: for sites, K, Cu, Na, Zn, partially for P, Ca, Mg, Fe (beech leaves);
for Zn partially for sites (spruce needles); and for sites, partially for N, P, S and Cu (fir
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Table 6. Percentage of explained variance for night factors obtained in the PCA (Varimax analysis).

Fagus sylvatica

;:l;‘li‘l‘t‘;'(,vyf)' i- 29.6 44.9 59.7 69.8 78 845 88.8 92.8 953
f::i‘;’;le 1 2 3 4 5 6 7 8 9
Site 0.804 | 0.051 0.314 0.023 0.121 0.143 038 | -0.110 | -0.016
N 0.460 0.369 0.660 0.283 20.093 | -0.140 0.143 0071 | -0.070
P 0509 | -0.024 | 0295 0222 | -0.623 | 0342 0.104 0.182 -0.089
K 0595 | 0327 0068 | -0493 | -0.251 0.174 0.159 0343 | -0.155
Ca 0573 | 0150 | 0355 0.155 0.140 0570 | -0073 | -0281 | -0.175
Mg 0.607 | -0.548 | 0220 0017 | 0199 | -0.109 0240 | -0.130 0.346
S 0.428 0.480 0.637 0.290 0114 | 0069 | 0.035 20.030 | 0.198
Al 0.029 0.605 | -0.483 | 0257 0443 | 0190 | 0055 | 0072 | -0115
B 0.142 0050 | -0493 | 0.603 0.355 0.145 0404 | -0201 | -0.030
Cu -0.621 0.074 0336 | 0.046 0134 | -0.518 0.068 0.390 0.006
Fe 0525 | 0549 0.241 0.124 0.454 0.187 20012 | 0230 | -0.035
Mn 20405 | -0.449 | -0.118 0.688 0117 0.175 0240 | 0031 | -0.028
Na 0487 | 0671 0357 | 0007 | -0.002 | 0.001 0155 | -0.127 0.340
Zn 0840 | 0122 0.281 0138 0.176 0.039 0.261 0.158 0.054
Picea abies
Site 20.395 | 0.035 0.218 0.019 0.114 0.149 0505 | -0.148 | -0.027
N 0.226 0.252 0.458 0238 | -0.087 | -0.146 0.185 20.095 | -0.116
P 20250 | -0.016 0.205 0.186 | -0.584 | 0356 0.135 0.244 -0.148
K 0293 | 0224 | -0047 | -0.414 | 0235 0.181 0207 | -0.460 | -0.258
Ca 20281 | -0.103 0.246 0.130 0.131 0594 | -0094 | -0377 | -0201
Mg 0298 | -0.374 0.153 0014 | -0187 | -0.113 0311 0.174 0.576
S 0.211 0.328 0.442 0.243 0107 | 0072 | 0045 | -0.040 | 0329
Al 0.014 0413 | -0.335 0.215 0415 | 0198 | -0071 | -0.097 | -0.192
B 20070 | 0034 | -0342 | 0506 0.333 0.151 0525 | -0269 | -0.049
Cu 20305 | 0050 | -0233 | 0.039 0126 | -0.539 | 0.089 0.522 0.010
Fe 20258 | 0375 0.167 0.104 0.425 0.195 0,016 0308 | -0.059
Mn 20199 | 0307 | -0.082 | 0.577 -0.110 0.182 0312 | -0041 | -0.046
Na 0239 | 0459 | -0248 | 0006 | -0.002 | o0.001 0202 | 0170 | 0565
Zn 0413 | 0.083 0.196 0115 0.165 0.040 0.339 0.211 -0.089
Abies alba

Site 0470 | 0.067 0.051 0.086 | 0.085 0024 | -0224 | 0204 | -0.029
N 0.373 0.046 0.335 0112 | 0190 | -0218 0472 | -0.241 0.003
P 0315 | 0079 | 0233 | -0455 | 0074 | -0267 0.128 0.291 0311
K 0.043 | -0480 | 0113 | -0.156 0.011 0130 | -0215 | -0.121 0.432
Ca 0.116 0.083 0.416 0.368 0.520 0294 | -0.030 | 0.092 0.420
Mg 20055 | 0.075 0.246 0.517 0307 | -0572 | 0302 | 0.096 0.176
S 0.278 0.039 0.421 0114 | 0367 | 0306 0310 | 0460 | -0272
Al 0280 | -0.370 | 0227 | -0.097 0.133 20098 | 0250 0.153 0.124
B 0.060 0.295 0217 0.219 0512 | -0464 | -0225 | -0131 -0.239
Cu 0.405 0174 | 0150 | -0172 0.058 0191 | -0424 | 0103 | -0.190
Fe 0273 | -0.342 | 0244 | -0.086 0310 | -0.040 | 0.142 0.178 0.416
Mn 0.163 0353 | -0.002 | -0476 | 0.054 0.163 0229 | -0004 | 0387
Na 0.127 0491 | 0.027 0.068 0.061 0.114 0284 | -0.042 | 0.007
Zn 0288 | -0.070 | 0475 20083 | -0200 | 0232 0174 | -0.697 | -0.062

Note: Characteristic elements for the factors are marked in bold type.
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needles). PC2 accounts for 44.9% of variability and shows: the highest positive values for
Al, and Fe (beech leaves), partially for Mg negative values; the highest positive values for
Al, Fe, Na (spruce needles); the highest negative values for K, Al, Fe and Na (fir needles).
PC3 accounts for 59.7% of variability and has the highest positive values for N and S (beech
leaves, spruce and fir needles). PC4 (69.8% of variability) has: the highest positive values
for B and Mn (beech leaves and spruce needles), partially negative values for K (spruce
needles); and negative values for P and Mn (fir needles). PC5 (78% of variability) has: the
highest negative values for P and partially positive values for Fe (beech leaves); the highest
negative values for P, partially negative value for Al and partially positive values for Fe
(spruce needles); the highest negative values for Ca and B, e (spruce needles); PC6 (84.5%
of variability) has: the highest negative values for Ca (beech leaves); the highest negative
values for Ca and Cu (spruce needles); the highest negative values for Mg (fir needles). PC7
up to PC9 account for less than 5% of total variability: for site, B, Cu, Na (beech leaves);
for site, K, Mg, Na (spruce needles); for N, Cu, S, Zn, Fe (spruce needles).

Epicuticular waxes

The epicuticular waxes (EW) provide a physical barrier to protect foliage from pathogen
infection (Mengen, 1996). It is well known that air pollutants can alter seriously the appear-
ance of these waxes (Kerstien, 1996) and that these changes are dramatically manifested in
leaves of aspen growing under elevated O, (Maiikovskd et al., 1998; Karnosky et al., 1999,
2002). Differences in EW structure were quantified by a coefficient of occlusion (Q) (ar-
ithmetical mean of wax quality of 200 stomata per leave). Percentage of EW in wax tube
distribution classes (Table 1) for spruce is shown in Fig. 1, fir in Fig. 2, and for beech in
Fig. 3. Evaluation of EW quality by Q for all forest tree species and all sites is presented in
Table 7. The Kolmogorov—Smirnov test revealed statistically significant differences in the
quality of stomata between 25 studied localities (Fig. 1) for 83% spruce, 66% fir, and 63%
beech (Table 8). Statistically significant differences between the qualities of stomata of other
samples were not found. The highest Q for spruce needles had the value 3.80 for Yablunitsa
(Ukraine) (approx. 45% damage of EW) comparing to 2.29 in Vychodnd (Slovakia). It is
interesting that the worst state of EW was found in Ukraine (Yablunitsa), where at the same
time we found increased concentration of all studied elements in spruce needles. On the
contrary in Slovakia (Vychodnd), where we found least damaged EW, also the concentra-
tion of studied elements was lower in spruce needles as well the lowest concentration of
SO, were found. It appeared to be connected with increased presence of fungi and mycelia,
which get on disturbed surface of spruce needles much easier (Maiikovska, 1996), as well
as with the occurrence of various particles deposited in the stomata (Table 9).

The highest Q for fir needles had value 2.47 for Stoliky (Slovakia) (approx. 30% dam-
age of EW) comparing to 1.31 in Vychodna (Slovakia). The Stoliky site is one of the most
polluted ones in the Carpathian Mts and at the same time it is being subjected to the impact
of heavy metals emission and SO, from three smelter complexes. The Vychodna site is
subjected to SO, emission the least (Mafikovskd, 1996).
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Table 7. Evaluation of epicuticular waxes by coefficient of occlusion ,,Q.

Fagus sylvatica Picea abies Abies alba

Site x(SD) Site x(SD) Site x(SD)
2 1.65(0.82) 1 2.42(1.04) 6 2.06(0.89)
4 2.14(0.82) 3 3.29(1.08) 7 2.23(1.00)
6 2.11(0.93) 9 2.71(0.91) 9 2.46(1.31)
9 2.74(1.01) 12 3.07(0.81) 12 1.78(0.74)
10 1.70(1.00) 13 2.90(1.06) 13 2.47(1.16)
11 2.58(1.00) 14 2.29(1.11) 14 1.31(0.80)
12 1.92(0.77) 15 3.36(0.92)

14 2.27(1.01) 16 3.69(0.85)

15 1.85(0.78) 19 3.36(0.92)

16 1.85(0.70) 20 3.80(0.83)

17 2.37(1.00) 23 2.81(1.04)

19 1.76(0.84) 24 2.86(1.12)

20 2.58(1.03) 25 2.51(0.99)

21 2.06(0.95)

22 2.03(0.93)

23 1.97(0.93)

Notes: explanation see in Table 3

The highest Q for beech leaves had value 2.74 for Stefanové (Slovakia) (approx. 30% dam-
age of EW) comparing to 1.65 in Javorina (Czech Republic). Stefanovi is being influenced
mainly by emissions from heating plants (Povazska Bystrica and Zilina) (Maiikovskd, 1996).
The Javorina (CZ) site is influenced by emissions the least (Suchara et al., 2007).

Qualitative analysis of air-borne pollutant particles from the surface and stomata of foliage
and fungi effects is presented in Table 9. Characteristics of particles deposited in the stomata
of the studied foliage are given in Table 2. Particles of E and B (ash) category were present
in 100% of foliage from all localities. Stomata of the observed trees contained Al and Si
of mineral and ash origins; Fe from mineral particles, ash and Fe,O, found in a vicinity of
metallurgy complex and thermal power plant; Ca, Mg, K, and Cl originating from mineral
and biological particles. The industrial particles were present almost in all localities, with
the exception of category F,in Babia Gora, Pieniny (Poland), Stefanova and Polana (Slova-
kia); category F,in Fundata (Romania); category F, in Morské oko, Polana (Slovakia) and
Vizhnitsa (UA). Ba was found at Brenna (PL), Polana (SK), Synevir, Yablunitsa (UA). Cu
was found at Polana (SK), Vizhnitsa (RO), Magura (RO). Cr was found at Magura (PL).
Mn was found at Babia Gora, Brenna, Magura (PL), Vizhnitsa, Uzhodsky pass (UA), Ra-
rau (RO) and V in Brenna (PL). Zn was found at Brenna, (PL), Vizhnitsa,Uzhodsky pass,
Yablunitsa (UA), Fundata Magura (RO), Ni Vizhnitsa (UA). Particles containing Ge were
found only in Magura (RO).
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Table 8. Kolmogorov —Smirnov test of stomata quality.

Fagus sylvatica

Site| 4 6 9 10 11 12 14 15 16 17 19 20 21 22 25
2 14.07 {3.20 |5.85 |0.90 [5.10 [2.77 |2.23 |1.88 [0.69 |2.96 |1.56 |[3.41 |3.04 |2.53 |2.34
4 - 0.85 |4.24 (5.04 |3.46 |[1.12 |1.14 |[1.43 | 1.11 |[1.27 | 218 [2.17 |1.04 |1.60 |1.80
6 - - 4.21 |4.15 (344 (121 | 1.19 |0.92 [1.09 |1.27 |1.58 [2.17 |0.56 |0.73 |0.93
9 - - - 6.07 |0.78 |5.37 [3.00 |4.01 |4.12 | 1.81 |4.08 |0.90 [4.78 [4.34 |4.89
10 - - - - 5.57 |3.71 (4.49 |2.24 |(2.54 |3.65 |1.34 |4.10 [3.99 |3.49 [3.29
11 - - - - - 4.62 |2.23 (3.45 |3.57 |1.24 [3.54 |0.33 [4.01 [3.60 |4.11
12 - - - - - - 2.38 | 0.51 |0.25 [0.63 |2.16 |3.05 [0.67 |1.12 |0.63
14 - - - - - - - 1.80 {195 |040 |1.96 |1.30 |1.75 | 1.31 |1.82
15 - - - - - - - - 0.29 | 1.82 |0.68 [2.57 |0.68 |0.86 |0.50
16 - - - - - - - - - 1.95 {0.29 |2.68 |0.70 |1.03 [0.67
17 - - - - - - - - - - 1.97 [0.75 | 1.68 | 1.36 | 1.73
19 - - - - - - - - - - - 2.69 | 146 |1.09 |0.95
20 - - - - - - - - - - - - 2.58 |2.27 |2.63
21 - - - - - - - - - - - - - 0.54 10.75
22 - - - - - - - - - - - - - - 0.51
Picea abies
Site | 3 5 8 9 12 13 14 15 18 19 20 23 24 25
1 399 618 | 193 | 195 |4.21 [2.21 |[1.26 [4.19 |4.55 |3.34 |4.73 |2.11 | 1.81 |0.66
3 - 225 (378 |3.72 | 1.84 | 272 | 527 | 1.70 | 1.88 |0.61 |2.14 |249 |2.21 |3.06
5 - - 544 526 |3.12 |5.00 |746 |0.61 [0.78 [091 |1.07 |4.02 |445 |4.81
8 - - - 1.25 [3.50 | 210 |2.57 [ 419 | 455 |2.84 [4.72 | 141 | 1.72 | 141
9 - - - - 226 |2.02 |3.21 [4.15 |4.50 |2.73 [4.68 | 1.18 | 1.65 | 1.09
12 - - - - - 247 | 548 |2.70 | 297 | 1.25 | 3.20 |2.07 | 247 |3.08
13 - - - - - - 449 (339 |3.76 |2.89 |3.97 | 050 |[0.65 | 1.63
14 - - - - - - - 452 | 535 [4.22 (545 |3.36 |3.09 | 1.78
15 - - - - - - - - 0.47 | 1.20 |0.67 |3.33 |3.05 |3.75
18 - - - - - - - - - 1.34 1031 |3.63 [3.35 |4.04
19 - - - - - - - - - - 1.57 [ 1.90 | 2.11 |2.65
20 - - - - - - - - - - - 3.84 |3.57 |4.23
23 - - - - - - - - - - - - 049 | 1.22
24 - - - - - - - - - - - - - 1.23
Abies alba
Site 7 9 12 13 14
6 1.788 1.658 1.421 3.322 7.013
7 - 1.397 3.071 1.655 6.596
9 - - 2.682 0.673 5.027
12 - - - 4.993 5.550
13 - - - 9.284

Notes: explanations see in Table 3
=1358; P, ,=1628; P, =1950)
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Table 9. Categories of air-borne particles found on the surface and in the stomata of spruce, fir, and beech
foliage [%], fungi effect [%] and elements.

_ |Fungi effect in %* Category of particles in %** Presence of elements (X ray spectrum)***
o 1 |2 (3 |4|A]|B E |F, |F, | F > 50% <50%

1 [33 (67 |- |- [33]100 [100 |17 [50 | 50 Al,Ca,Fe,S,Si K.Mg,Ti

2 |67 |33 |- |- |67 [100 | 100 |33 |50 | 50 Al,Ca,CLS,Si K,Mg,Na

3 167 (33 |- |- |67 100 [100 | - |50 | 100 Al,Ca,Fe,P,S,Si1,Ti K,Mg,Mn

4 |67 | - |33 |- [67 |100 [ 100 [50 (83 | 67 Al,CaFeK,S,Si Mg, Na,Ti

5 - |50 {50 [- |67 | 100 | 100 |33 |67 | 50 Al,Ca,Fe,Si,Ti,Zn Ba,K,.Mg,Mn,V
6 [50 [50 |- |- |67 [100 | 100 |33 |33 | 17 Al,Ca,Fe,K,Mn,Si,Ti Cr.K.Mg

7 |67 [33 |- |- [67|100 [100 | - (33 | 67 Al,Ca,Fe,Si,Ti K.Mg

8 [50 [50 | - |- |33 ]100 |100 |67 |33 | 100 Al,Ca,Fe,Si,Ti K.Mg.S

9 |67 [33 |- |- (33 ]100 [100 |- |67 | 33 Al,Ca,Fe,Mg,Fe,Si K,Ti

10 |50 |50 | - |- [67 | 100 | 100 |33 [67 | 33 Ca,Cl,Fe,K,Na,Si K,Al

11 {67 [33 |- |- [33]100 | 100 |67 |33 - AlFe,Si K,Mg,Ti

12 |33 |17 |50 |- |33 | 100 | 100 | - |67 - Al,Ba,Ca,Fe,S,Si,Ti K.Mg.Cu

13 |33 |67 | - |- [33|100 | 100 |67 [33 | 33 Al,Ca,Fe,Si,Ti K.Mg

14 |33 |67 | - |- [33|100 | 100 |67 |33 | 100 Al,Ca,Fe,Si,Ti K.Mg

15 |17 |33 |50 |- [33 | 100 | 100 |33 [33 | 33 Al,Ca,Fe,S,Si,Ti K.Mg

16 |33 |17 |50 |- [33 | 100 | 100 |67 |33 | 33 AlFe K,Si Ca,Mg.Ti

17 150 | - |50 |- |33 | 100 | 100 |67 |33 - Ca,Cu,Fe,Ni, Ti,Zn ALK, Mg ,Mn,Si
18 |50 | - |50 |- [67 | 100 | 100 |67 |33 | 100 | AlCa,lFeNa,Si,Ti Ba,K.Mg

19 |33 |17 |50 |- [33 | 100 | 100 |67 |33 | 33 Al,Ca,Fe,Si,Ti K.,Mg,Mn,Na
20 |17 |33 |50 |- |67 [ 100 | 100 |67 |33 | 100 Al,Ba,Ca,K ClL,Fe,Mg,Na,Ti,Zn
21 |17 |33 |50 |- [67 | 100 | 100 |67 | - | 100 Al,Ca,Fe,S,Si K.Mg.Zn
22 |33 |17 |50 |- |33 [ 100 | 100 |33 |33 | 100 |AlCa,GeFeKJFeS,Si | ClL,MgNa,Cu,Zn
23 |33 |17 |50 |- |33 [ 100 | 100 |33 |33 | 100 Al,Ca,ClFe,Si K,Mg,Na,Ti
24 |33 |17 |50 |- |33 [ 100 | 100 |33 |33 | 100 Al,Ca,Fe K,Si K,Mg,Mn
25 |17 |33 |50 |- |67 [ 100 | 100 |33 |33 | 100 AlCa K,Mg,Ti
26 |33 |17 |50 |- |33 [ 100 | 100 |33 |33 | 100 Al,Ca K.Mg,Ti

Notes: explanations see in Table 3

* Fungi effect (infection) was classified according to 5 classes: 1 — absence of fungal particles (spore and myc-
elium); 2 — < 10 particles; 3 — 11 to 25 particles; 4 — > 25 particles with covering less than 25% of surface, and
5 —>25% of foliage surface covered.

#* Category of particles were divided into four basic groups: biological (A), mineral (B), coal and fuel oil ash (E), and
industrial — category F, (cement and lime plant); category F, (iron plant) and category F, (others technologies).
##%* Presence of elements reflects chemical composition of particles shown in Table 2. Elements with the maximal
concentration are in bold.
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It is theoretically possible to wash away the particles settled on the foliage surface
but there is no possibility to wash away the particles deposited in the stomata of foliage
(Marikovska, 1996). The presence of these particles in stomata increases total concentration
of studied elements in the foliage. Especially dangerous is if nutrition elements (Fe, Mg,
Ca and K) are present in insufficient amount. Moreover their presence in stomata cannot
be used from physiological aspect. For example, concentration of Mg was below the limit
in all studied spruce sites in Ukraine and Slovakia (Table 3). Mg was present also in parti-
cles occurring in foliage stomata on all studied localities of Ukraine and Slovakia (except
for locality Stefanov4, Mal4 Fatra Mts) (Table 9). On the basis of this finding we can state
a critical depletion of Mg-basic nutrient in spruce foliage in Ukraine and Slovakia. Nutri-
tion deficiency resulted in a discoloration and dysfunction of the assimilation organs. This
finding needs detailed and continuous research.

Conclusion

The following conclusions were drawn based on evaluation of foliage of Picea abies, Abies

alba and Fagus sylvatica on 26 sites (1101 trees) in the Carpathian Mts forests:

1. The Carpathian Mts forests are subjected to air pollution impact. We recorded significant
effect of SO,, which resulted in increased S concentrations in forest tree foliage on all
sites. Sulphur concentration exceeded the European limit values in all sites. Increased
concentration of S in the foliage was also manifested as the disturbed S/N ratio and N/S
correlation disturbance.

2. The Carpathian Mts forests have unbalanced concentration of nutrition elements and
microelements. We found increased concentrations of Al (50% of sites), Ca (88%), Cu
(100%), Fe (94%), K (38%), Mg (75%), Mn (25%), N (56%), Na (88%), P (6%), Zn
(31%) in the leaves of beech. Concentration of B has not exceeded European limit values.
Spruce needles had increased concentrations of Al (20%), Ca (33%), Cu (93%), Fe (53%),
K (67%), Mg (13%), Mn (20%), Na (60%), P (7%), Zn (47%). Concentrations of B and
N have not exceeded European limit values. Fir needles had increased concentrations of
Al (80%), Ca (100%), Cu (100%), Fe (20%), Mg (60%), Mn (60%), Na (40%), P (20%).
Concentrations of B, K, N and Zn have not exceeded European limit values.

3. We found above-limit concentrations of Mn in beech leaves (Stefanova and Geldek), in
spruce needles (Babia Gora, Brenna, Stefanové and Vychodnd), in fir needles (Vychodna).
Mn mobilization values indicate the disturbance of a physiological balance leading to
the change of the ratio with Fe. Abnormal ratio of Fe/Mn was found in Geldek, Fundata
(beech), Rarau, Uzhoksky Pass (spruce) and Vychodna (spruce, fir). Above-limit and
below-limit concentration of nutritionally significant elements cause deterioration of
the health condition of the studied forest trees and disturb biogeochemistry of forest
stands.

4. The SEM investigation of foliage waxes of 3 forest tree species from 26 sites in the
Carpathian Mts showed a statistically significant difference in mean wax quality be-
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tween studied tree species in individual localities. Epistomatal waxes were damaged, as
detected by creation of net-like and amorphous waxes. The most damaged stomata in
spruce needles were from Yablunitsa, Synevir and Brenna; in fir needles from Stoliky
and in beech leaves from Mala Fatra, Morské Oko and Yablunitsa. All spruce needles in
the Carpathian Mts had more damaged stomata than fir and beech foliage.

5. Foliage surfaces of three forest tree species contained Al, Si, Ca, Fe, Mg, K, CI, Mn,
Na, Ni, and Ti in all studied sites. In the site Magura, Romania the particles with a high
content of Ge were found. Exceedance of individual elements on surfaces of foliage
hinders opening and closing of stomata and it is not physiologically usable for trees.
Presence of these metals on foliar surfaces can be used as an indication of environmental
pollution in the Carpathian Mts forests.

Translated by the authors
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